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ABSTRACT OF DISSERTATION

THIN FILM INTEGRATED OPTICAL WAVEGUIDES FOR BIOSENSING USING LOCAL

EVANESCENT EIELD DETECTION

A waveguide is a high refractive index material that is surrounded by lower refractive 

index cladding. This waveguide structure can be used to carry light confined to the high refractive 

index core. Surrounding the core of the waveguide is a decaying evanescent light field that 

extends into the cladding layers. The intensity profile of the evanescent field is dependent on the 

refractive index of the cladding. The changes in the local intensity of the evanescent field can be 

used to detect refractive index changes near the core of the waveguide.

A high refractive index film deposited on a flat, low refractive index .substrate can be 

used to form a waveguide with a planar geometry. The planar design allows the upper cladding 

refractive index to be modified by attaching proteins or patterning organic films. This design also 

allows the evanescent field intensity to be measured using near field scanning optical microscopy 

or a silicon photo detector array.

The fabrication and characterization of a waveguide device with a coupled light source 

was accomplished. The evanescent field response to thin films of patterned photoresist was found 

using NSOM. Light intensity measured at the surface of the .sample showed significant response 

to the presence of the photoresist features. Light response to a protein affinity assay was found 

and results indicated that protein concentration could be inferred from local evanescent field 

measurements. A buried silicon photo detector was fabricated and characterized. The results 

show the field responds in a significant matter to uniform and pattered features on the waveguide

core.
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Chapter 1 -  Affinity chemistry and evanescent field detection

1.1 Introduction and Motivation

The work described in this dissertation involves the fabrication of a novel biosensor 

device based on using affinity chemistry as a selective sensing technique. An optical method to 

determine binding between probe and analyte was employed. This optical technique detects 

binding of the target analyte directly by using local evanescent array coupled (LEAC) detection 

of the light field surrounding the core of a thin, planar waveguide (see Figure 1.1). A waveguide 

device confines and guides light through total internal reflection using a refractive index 

difference between a core

region of high refractive 

index and cladding region(s) 

that have lower refractive 

index. The approach here is 

reagentless, such that the 

binding events are detected 

without the use of any 

fluorescent tags or 

radiolabels. The evanescent 

wave around the core of the 

waveguide shifts spatially in 

response to the binding

Ftchcd tllm forms 
the planar 
wavesuidc

l.iulii imiiichcd iiitoihc u:i\c”uidc

Figure 1.1: LEAC sensing device. Waveguide built on a wafer 
with buried detector array for real-time detection of local 
evane,scent field changes due to analyte binding to probe regions. 
Poly(dimethylsiloxane) microfluidic network allows a liquid

between probes immobilized ^ ê probe regions.

on the surface and targets (analytes) in the solution above the waveguide. Previous research has



shown that DNA and antibodies or other proteins can be used to capture specific analytes [ 1 -15|. 

There are capture regions on these molecules that can specifically bind to only one type or a small 

number of types of target molecules. This specificity of binding between these species can be 

used to form a sensor to detect these target molecules. A flat surface area can be used to 

immobilize these capture molecules or probes in regions as small as 10 to 20 (im in diameter. 

Multiple, distinct probe regions can be patterned on the surface to form a sensor that can bind 

multiple types of analytes. However, the binding between the attached probes and the analytes in 

solution must be quantified. The evanescent field surrounding the core of a planar optical 

waveguide is sensitive enough to respond to the binding events and can be quantified accurately 

to determine the initial concentration of each analyte. The following sections will introduce 

affinity chemistry and optical waveguide design and explain the advantages that make the 

combination of the two an effective biosensing concept.

1.2 Affinity chemistry

An example of affinity chemistry is the antibody/antigen interaction. Antibodies are 

molecules that are part of an immune system that have specific binding pockets called epitopes. 

These epitopes are a series of amino acids that form a unique binding structure that will 

specifically bind with an infection generating agent like a flu virus or other pathogenic or 

mutagenic molecule. If the epitope will bind to one specific type of antigen (antibody generator), 

the antibody is called monoclonal. If a larger class of molecules will bind with the antibody, the 

antibody is a polyclonal antibody. An example of a monoclonal antibody would be an antibody 

that would preferentially capture E. coli OI57;H7 out of a solution. However if the antibody 

would bind with any type of E. coli, it would be polyclonal. There are other proteins that can 

form a probe/analyte pair that can be rrsed in affinity binding. For example, a protein pair that is 

used in linking chemistry is the avadin/biotin interaction. Avadin has four binding sites that can 

each bind one of the smaller biotin molecules. Also, affinity binding takes place between a strand 

of nucleic acid base pairs and its complementary strand. Any ofthe.se specific binding



interactions can be used to form a sensing device that is able to capture one or more target 

molecules from a mixture of similar species. Therefore, affinity binding chemistry is any binding 

mechanism where one probe specifically prefers to bind to one analyte type or one class of 

analytes. This sensor uses affinity chemistry as a selective capture technique and any number of 

pairs of probes/analytes can be incorporated into the design in order to form tests for the 

particular molocules.

1.3 Immunoassays

Many analytical tools have been developed that use antibody-antigen interactions called 

immunoassays [6-13]. Immunoassays can detect any chemical, protein, polysaccharide, or 

pathogen that causes an immune response in a human or animal [14]. When an animal or human 

experiences an immune response, the antibodies that have been produced in the blood specifically 

attach to the antigen and label it for de.struction by white blood cells [ 15]. The phenomenon 

exploited by the various immunoassays demonstrates this fact: the monoclonal antibody will only 

bind to one specific chemical, protein, polysaccharide, or pathogen [16]. The primary difference 

between the various immunoassays is the way the different tests determine when an 

antibody/antigen binding event has occurred. Some of the most common ways to detect an 

antibody-antigen binding event include color change of a test surface [17], colored solution [18|, 

or expression of a fluore.scing molecule [9].

The use of monoclonal antibodies (antibodies that will bind to only one fairly specific 

type of analyte) as an analytical method for determining the presence of a specific antigen has 

been well established. There have been kits available to carry out Enzyme-Linked 

ImmunoSorbant Assays (ELISA) for a number of years [19]. There are two different ways to 

determine the concentration of a particular antigen using an ELISA te.st. The first method shown 

in figure 1.2 [20] is called the sandwich assay. It is called this because two antibodies bind to the 

antigen. One antibody is attached to the well and the other is labeled with an enzyme and attaches 

to the bound antigen. This assay is for antigens that are large enough to have two epitopes that



will easily allow two antibodies to bind to the antigen. An epitope is the area of an antigen 

molectde that binds with an antibody and is also known as the antigenic determinant site [21

RE/USENTS:
A b  specific fo r A g  of interest V /  
(coating the wells) * 

Unknown sample

Allow time to  react
Wash away unbound substances

PO S ITIV E SAMPLE

Ag 's are present 
A bind to Ab

N EG A TIV E  SAMPLE

Ag is absent

'“W V * ( y y y
REA6ENTS: £  
enrytne-labcled Ab specific fo r  ■ 
the Ag of interest

Allow time to  react 
Wash oway unbound E -Ab ’s

E E E e E
P  --------------

Y Y Y
REASENTS:
colorless substrate f o r  enzyme

POSITIVE: substrate converted to 
colored product 
NEGATIVE: m  color change 
(substrate not converted)

E E E  E E
-II

 ̂ Y Y Y
Figure 1.2: Binding steps for a specific immunoas.say test called the sandwich ELISA. 
Antigens bind to antibodies attached to a solid surface (top). Enzyme linked antibodies are 
added and form a .sandwich by binding with captured antigen (middle). Substrate is added 
that reacts with the enzyme to cause a color change that is proportional to antigen 
concentration (bottom) [20].

The second type of ELISA that is used to detect analytes is shown in Eigure 1.3 [22]. 

This type is called the competitive binding assay. It is called this becau.se any antigen in the 

unknown sample must compete with enzyme labeled antibodies that are added to the test. The 

particular benefit of this assay is for the detection of small antigens that have only one epitope or 

have closely spaced epitopes. The competitive binding format is also able to detect small 

concentrations of antigen.



Well

Antibodies

ICC

Analyte

Wash.

Unbound
material
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Conjugate

m

More Less 
Analyte Analyte

Figure 1.3: Competitive Binding ELISA. 1) Antibodies are attached to the well surface. 2) 
Sample solution is introduced containing possible analyte and enzyme labeled analyte. 3)
The analyte in the sample solution competes for binding locations with the labeled analyte.
4) The well is rinsed to remove any unbound material. 5) Substrate is added, which reacts 
with the enzyme linked analyte. 6) Degree of color change is inversely proportional to 
sample analyte concentration [22].

The shortcomings of the ELISA test are that it may take 1 to 2 hours to run, it tests for a 

single analyte, needs an absorbance spectrophotometer to quantify results, and requires specific 

labeled reagents. If different antibodies were covalently attached in regions on a plate then the 

test would be multi-analyte. If the specific binding properties of antibodies could be used in a 

multi-analyte assay employing a label free binding detection mechanism, the test would be much 

more versatile.

1.4 Immunoassay Microarrays

An improvement to the design of the ELISA tests are the various immunoassays that use 

antibodies covalently attached to a thick-film waveguide and using the sandwich assay with 

antibodies labeled with fluorescent tags. An example of this type of system is shown in Figure 1.4 

and is representative ol the different designs produced by the researchers at the Center for 

Bio/Molecular Science and Engineering located at the Naval Research Laboratory [25]. This 

biosensor is based around a glass cover slip that functions as a thick waveguide. Several types of 

antibodies are patterned on the cover slip and light is coupled into it. The resulting evanescent 

field provides the excitation for the labeled antibodies. Fluore.scent emission from the waveguide 

surface is focused by a graded index lens array (GRIN) through optical filters onto a Peltier-



cooled CCD imaging array. This system does have multi-analyte capability but it also has the 

disadvantage of requiring the addition of antibodies that have florescent tags in order to recognize 

antigen/antibody binding events. In addition, for small antigens, the sandwich method does not

Flow Chamber
C ...............-

Diode Laser

Waveguide 
Support r

GRIN Lens Array

Emission Filter 

CCD Imaging Array

Figure 1.4: Immunoassay based on fluorescently labeled antibodies and the sandwich 
assay. Sample is confined to the surface using PDMS channels and fluorescent excitation 
is caused by light in a glass slide functioning as a thick slab waveguide. Analyte 
concentration is measured by detecting fluorescence with a CCD element [25].

exhibit good performance and the regents would need to be changed to operate on a competitive

binding assay format.

1.5 LEAC seasor concept

The technique of spatially patterning antibodies has been established [23-25]. However, 

the detection technique used in this research to identify probe/analyte binding events has not been 

incorporated into any known bio.sensor device. This new detection method is based on mea,suring 

the changes in the evanescent wave field intensity surrounding the core of an optical waveguide. 

When light is guided down an optical fiber or planar waveguide by total internal reflection, the 

electromagnetic field intensity does not immediately drop to zero at the core/cladding interface. A 

small amount of the light escapes the surface and, if not coupled away, exists outside the 

waveguide core. This field of light outside of the core is called the evanescent wave field. For a



very thin waveguide, most of the optical energy is contained in the evanescent field. For a 

waveguide with a thickness of 100 nm, the exponentially decaying evanescent field extends 

approximately 1 pm into the cladding layer. The evanescent field profile depends on several 

factors including the thickness of the core, the indices of refraction of the core and cladding 

regions, as well as the wavelength of the propagating light. Therefore, by correlating the 

evanescent field strength with refractive index changes in the upper cladding, the presence of 

captured analyte can be detected and the extent of filled antibody-antigen binding sites can be 

determined. From this information, the concentration of the desired analytes in the original 

sample can be found.

The optical waveguide developed in this .study consists of core optical films 50 to 100 nm 

thick in original designs with attached regions of different specific capture probes sensitive to 

various analytes of relevance and practical interest (see figure 1.5). The waveguide is contained in 

a fluid reservoir that serves as a method for introducing the te.st analyte as well as acting as the 

optical cladding layer on the upper

surface of the waveguide. Coupled 

light is guided down the core and 

through any immobilized probe 

layers. The adjacent aqueous phase 

has a lower refractive index, n/ =

1.33, causing total internal reflection 

of the light, ffowever, evanescent, 

non-propagating optical fields tail 

out exponentially into the cladding

Substrate
SiO,

Probe
Laver

Figure 1.5: Refractive index profile for an asymmetrical 
silicon nitride waveguide on silicon dioxide with 
attached probe & analyte.

outside the waveguide core and can be detected by introducing higher index probes that intercept 

the non-propagating optical field and guide it to external photodetectors. One example of such a

10



detection apparatus is a near-field scanning optical microscopy (NSOM) tip. More conventional 

detection utilizes common solid-state arrays (CCDs) and other photo.sensitive solid-state devices.

When analyte binds to the attached capture layer, the thickness of the organic layer 

effectively increases by 5 to 20 nm or more depending on the type of analyte. Since the bound 

antibody-analyte layer’s typical refractive index of tip = 1.45 is higher than the surrounding fluid, 

it combines with the optical film to function as the waveguide core. The field strength in the 

cladding is a function of the refractive indices of all the layers and the thickness of the core 

layers. Specifically, adsorption of the analyte layer increases the effective core thickness, 

reducing the penetration of the evanescent optical fields into the adjacent Huid regions. Thus, 

changes in the penetration of the optical fields into the fluid can be sensed to determine the 

presence or absence of specific analytes. By monitoring changes in the evanescent field 

penetration surrounding each region of immobilized antibodies, a number of analytes can be 

detected and quantified simultaneously.

1.6 Waveguide Optical Theory

Light propagating down a planar 

waveguide does so by total internal reflection.

If the angle at which the light strikes the 

internal surface of the waveguide is less than 

the critical angle 6(. then all of the light is 

reflected as shown in figure 1.6. If the angle

sinusoid iiiifii îty pixUife inside core 
Claddina - n.

. r_ i

Cladding - n.
exponentially decaying 
evanescent field outside core

Figure 1.6: Total internal reflection in a 
symmetrical waveguide showing light power
profile inside the core and the cladding 

IS greater that the critical angle, then some of evane.scent field

the light escapes the core of the waveguide. The critical angle is determined by the refractive 

index of the waveguide core («/) and the refractive index of the cladding {tij) according to the 

relationship:

^^ = s in “' ( ^ )  
n,

Equation

11



Using this scheme, waveguides can transmit light over long distances with very little loss in 

intensity [26], Simultaneous with the light’s reflection off the internal surface of the waveguide is 

the creation of an electromagnetic field at the surface of the core. This field extends into the 

suiTOunding media and is called the evanescent wave. The intensity of the field decays 

exponentially with distance from the surface of the core. The effective distance this field 

penetrates into the external cladding is usually less that one wavelength of light and is very 

sen,sitive to the incident angle 9̂ , the refractive indexes of the core (n,) and the cladding {1x2).

For planar or cylindrical waveguides, the light can travel down the waveguide in different modes 

depending on the dimensions of the waveguide [271. A mode is the spatial distribution of optical 

energy in one or more dimensions. Based on the wavelength of light, material indices of 

refraction, and dimensions of the waveguide, the mode that will be propagating through the 

waveguide with index profile shown in figure 1.5 will be the first order transverse electric (TE) 

mode [28]. This distribution of light inten.sity with location is shown superimposed on the 

symmetrical waveguide show in figure 1.6. The light intensity profile follows a sine curve inside 

the core and evanescent light field in the cladding regions exponentially decays to zero.

1.7 Analyte Detection Method

The most common example of a waveguide is a fiber optic cable (see figure 1.7). The 

largest application for fiber optic cables is the telecommunications industry. A telecom fiber has a 

cylindrical geometry made of a plastic

[̂ iaixiingcoated glass fiber. The mode(s) of light 

propagation are determined by the fiber 

core size and refractive index difference 

between the core and cladding. A mode of 

light propagation is a particular 

electromagnetic profile that is carried with

Q . Cere

Figure 1.7: Basic fiber optic cable geometry 
showing a high refractive index cylindrical core 
surrounded by cladding and a plastic jacket [27]

low attenuation down the core of the waveguide. If a single mode of light propagation is desired.



the light will be distributed with the highest intensity at the center of the core. The single mode 

glass fiber has a 4 to 10 |am core depending on the guided wavelength, with 1310 nm or 1550 nm 

being typical wavelengths used in the telecom industry [27J. For a single mode fiber guiding 

visible wavelengths, the core must be smaller than for the longer wavelengths used for 

communications. To expose the evanescent field for sensing purposes, a section of the fiber optic 

cable can be heated so the glass is melted. The heated portion of the cable is then stretched which 

thins the glass fiber and thereby exposes the evanescent field. The field can then interact with the 

air or solution surrounding the fiber. This is one technique whereby the evanescent field can 

provide a source for fluorescence excitation, but measuring the spatial intensity shift of the field 

locally is difficult because of the delicacy of the construction and the cylindrical nature of the 

fiber.

1.8 Planar waveguides

A second common geometry of waveguide is the planar waveguide. The refractive index 

differences between the core and cladding are typically larger than for optical fibers and the light 

is guided down a square or rectangular core rather than a cylindrical fiber. This thin-film, planar 

format has several benefits over other geometries:

1) Having the waveguide core built on a wafer makes it easier to pattern regions of 

probes on specific areas of a flat surface using microtluidic channels, contact 

printers, or inkjet printers.

2) A microfluidic network can be u.sed to bring the sample solution to the attached 

probes.

3) The waveguide geometry can be designed to modify the evane.scent field 

penetration distance into the cladding so binding interactions can be measured 

with high sensitivity.

In the studies described in this dissertation, the waveguide design that was 

determined to have the best geometry for this sensor was planar and guides single

13



wavelength light that is in the visible range (654 nm). To create a waveguide, a film of 

non-stoichiometric silicon nitride with a refractive index of approximately 1.8 was 

deposited on top of a thermal oxide wafer

as shown in figure 1.8. Silicon nitride is a
lOOnniSiN Him Ridge waveguide

. , . , , 2um ofSiO ,linear optical material transparent to light

cladding 

Silicon substrate Polished edge

Figure 1.8: An asymmetrical 2 |im 
wide, planer ridge waveguide 
fabricated on a thermally oxidized 
silicon wafer.

of wavelengths in the visible range. The 

thermal oxide formed the lower cladding 

(n=l .45) and optically shielded the 

waveguide core from the silicon substrate 

(n=2.1). For the structure to form a

waveguide there must be a region of high refractive index material surrounded by lower 

index cladding material. Therefore, the thermal oxide wafer with a surface refractive 

index of 1.45 was coated with a film of refractive index of 1.8. On top of the film was air 

(n=1.0) or aqueous solution (n=1.33) or attached proteins (n=1.4-1.5). This structure will 

always guide one or more modes of light. Using a bulk film as a waveguide is not a 

convenient geometry unless the evanescent field is only used for fluorescent excitation.

But in this ca.se a localized waveguide was desired to simplify the evanescent field 

measurement. So a 2 to 5 pm wide ridge was fabricated by partially etching the film so 

the light was confined horizontally and guided only in the ridge area. This geometry also 

reduced the number of horizontal and vertical propagating modes. The light was guided 

with a higher intensity in the ridge area and the probe regions were placed on the ridge 

waveguide so the evanescent field was able to come into contact with as much of the 

binding area as possible.

When local binding events take place within the evanescent field above the core, the 

refractive index of the upper cladding next to the core changes due to the displacement of the 

fluid in the upper cladding by the bound analytes. The field adjusts to a new intensity profile as
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the refractive index changes. These binding events form an additional self assembled layer 

(adlayer) on the surface of the core. Capturing the analytes msing affinity binding is only half of 

the sensor. Changes in the evanescent field distribution must be detected to find where the shifts 

(if any) have taken place. If the field profile has changed and that change can be detected, the 

binding events can be measured without using any additional reagents or enzyme/nano- 

particle/radioactive/magnetic/fluorescent labels. The degree of spatial shift in the evanescent field 

intensity depends on the refractive index changes in the upper cladding. With very small analytes 

the adlayer thickness due to binding will not change significantly but the small molecules will 

still cause a refractive index change by displacing fluid near the surface. Thus this sensing 

technique would result in a greater detected signal when the analyte for detection was a protein 

rather than a low molecular weight amino acid or environmental contaminate such as toluene. If 

the sensing of small molecules was necessary, the evanescent field detection method could be 

used to ob.serve the results from a competitive affinity assay using labeled analyte.

1.9 Evanescent field detection

To detect and measure the evanescent field intensity, near field scanning optical 

microscopy (NSOM) may be used to scan the surface and measure the evanescent field intensity 

and surface topography (figure 1.9). Benefits of using NSOM are:

1) The tip collects light from a ~ 100 nm

aperture and the scan resolution is lower

In these studies the intensity was 

measured several times per micron so 

very detailed images of the evane.scent 

field can be acquired.

Figure 1.9: NSOM device measures 
topography and light intensity by scanning 

15 a tip with a 100 nm aperture across the 
surface of the sample.



2) The topography of the sample is measured at the same time as the light intensity.

3) A 100 pm length of the waveguide was scanned in ~5 min.

Disadvantages of using NSOM are:

1) The NSOM is an expensive and bulky laboratory instrument and must be on an air table 

and connected to a computer.

2) The NSOM tip must be in contact with the surface therefore any microfluidic network 

over the waveguide must be removed and the waveguide must be dry.

3) The tip scanning on the surface can also damage patterned regions or captured analyte. 

An alternate way the evanescent field

profile is measured is using a buried detector 

array. The detector array was fabricated under 

the waveguide in the lower cladding on the 

waveguide chip. The benefits of this method 

were that the detectors measure the evanescent 

field at a constant distance away from the 

center of the waveguide core. Since the 

evanescent light field decays exponentially 

with distance into the cladding, moving the 

NSOM tip away from the surface results in 

lower detected power. Since the NSOM tip 

measures topography and field intensity via

Nitride
SiO, 

n 1.45

p-Si
SiO,

Silicon

Waveguide

Wavcuuide

SiO, Detector 

Silicon substrate 1„,J
Figure 1.10: Cross section of two buried detector 
designs, (top) Uniform polysilicon detector strip 
fabricated at the CSU cleanroom, and (bottom) 
Avago detector design with isolated 9.5 pm long 
detector blocks.

surface contact, the tip moves away from the waveguide due to changes in surface topography. 

Measuring at a constant distance from the core with a buried detector array would reduce the 

chance that these topography effects would have .secondary effects on the detection of a spatial 

shift in the field intensity. The distance between the core and detector array can be optimized to 

increase sensitivity to changes in surface refractive index changes. An additional advantage with



a detector array is with the appropriate circuitry, the light field for the whole length of the 

waveguide can be measured in real time as sample is introduced on the waveguide surface. The 

disadvantage of using a buried detector array is the resolution of the field measurement. Typical 

detector devices (figure 1.10) measure the field at 10 )im to 100 |o,m intervals down the length of 

the waveguide. The detectors also absorb more of the power from the waveguide than NSOM. 

The amount of light launched into the waveguide must increa.se in order to have the same 

propagation distance as for a sample with no buried detector array.

In general, to detect an analyte, the evanescent field profile of the waveguide is measured 

before the analyte is allowed to bind to the probe region. Then after binding, the light profile is 

measured again to determine if there is a shift in the field. If a shift is observed, then the quantity 

of analyte can be calculated by using a standard response curve for that analyte. So detection of a 

response would indicate the presence of an analyte and degree of shift would help determine the 

amount of analyte. Since the response for separate probe regions can be determined, the presence 

and concentration of several analytes can be determined at the same time for one sample. 

Detecting the spatial shift in the evanescent field intensity is a more direct way of measuring 

analyte concentration and avoids the use of any fluorescent tags, added reagents or sample 

preparation.

1.10 Research aims

The aims of this research that will be addressed in this dissenation are;

1. Establish a theoretical background for a method for reagentless detection of 

affinity binding using evanescent field shifting.

2. Determine the optimal method for interrogation of the evanescent field for 

detecting small shifts in intensity due to upper cladding refractive index changes.

3. Develop a functional prototype device based on a planar optical waveguide with 

patterned micro-scale probe regions specific for a relevant analyte incorporating 

an evanescent field detection method.
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As an effort to accomplish the preceding three aims, the following questions and 

variables pertaining to this sensor will be addressed:

Optimal waveguide design: What waveguide geometry results in single mode 

propagation ot light? Using NSOM and buried detector arrays, what are the evanescent field 

intensity profiles for single mode propagation of light in a ridge waveguide? What are the 

challenges for attaching proteins to the waveguide surface using PDMS microfluidic channels? 

How well do numerical simulations compare with the measured results using NSOM and the 

buried detector designs? What are the observed surface and buried detector light field profiles 

when different features are attached to the top of the waveguide?

Light response to the following features will be examined:

1. High refractive index features fabricated with the same refractive index 

as the core material.

2. Polymer features made of a photoresist film that approximate the 

refractive index profile of biological features

3. A multilayer protein immunoassay using two concentrations of C- 

reactive protein with a negative control

For the preceding features, the effect of the thickness, length, and spacing of the features will be 

considered to determine the limits of detection and the geometry parameters for a quantitative 

sensor. The thickness studies will help determine the smallest analytes that can be detected using 

the shitting of the evane.scent field. Determining the response to differing lengths of features will 

help the design of capture regions for optimal sensitivity while providing a significant signal for 

detection. Spacing of the features effects interference between adjacent capture areas and the 

maximum number of analytes that can be detected for an active waveguide.

In chapter 2 the basics of waveguide design and the phenomenon associated with the 

detection method will be discussed. In chapters 3 and 4 the response of the light field to 

fabricated and patterned features as measured using NSOM will be presented. Chapters contains
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information about buried detector design, fabrication and some results that characterize the 

response of the detectors. Chapter 6 concludes the dissertation and presents some areas for future 

improvement of the sensor device.
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Chapter 2 -  Optical Waveguides

2.1 LEAC Waveguides

This chapter describes the fabrication and characterization of sub-micron thickness 

planar, optical waveguides for application to the local evanescent array coupled (LEAC) device. 

The planar waveguide was fabricated out of silicon nitride deposited with a reaction ion sputter 

deposition. The films were characterized using AFM (atomic force microscopy), ellipsometry and 

XPS (x-ray photoelectron spectroscopy). The optimal design of the waveguide was determined 

for single mode light propagation and the surface evanescent field intensity was determined using 

NSOM.

2.2 The Evanescent field

The light propagated by a symmetrical waveguide is carried in two spatial regions. Inside 

the core the intensity profile fits a sine curve with the peak intensity in the center of the 

waveguide core. The remainder of the guided power travels outside the core in the evanescent 

wave. The surface intensity of the evanescent wave matches the power just inside the core but 

then decays exponentially to zero at an infinite distance from the core. The evanescent field 

penetration depth {dp) into the cladding regions is defined as the distance when the power drops to 

I/e ot the power level at the edge of the core. The penetration depth is defined as:

/I
d , = - Equation 2.1

'- /to

where X is the wavelength of the propagating light, «/ and 112 are the refractive indices of the core 

and the cladding respectively 6>is the angle of illumination in the core and the quantity iiisin^O is 

the effective index of the waveguide mode.
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Figure 2.1 shows two symmetrical waveguides with different core thicknesses (d). The 

thinner the core {cl —> 0), the larger amount of the field is contained outside the core and the 

evanescent field will have a larger penetration depth. The term symmetrical indicates that the 

cladding has the same refractive index on each

side of the core. The planar waveguide devise 

pictured in figure 2.2 is an asymmetrical 

waveguide, therefore the evanescent field 

profiles are not uniform as for a symmetrical 

system. However, the same trends apply when 

changing the core thickne.ss, cladding refractive 

indices or the wavelength of propagating light. 

The upper cladding for the waveguide shown in

( l « X  
d >il d.
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r
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Figure 2.1: Increasing the core thickness reduces 
evanescent field penetration into the cladding 
regions, ko is the initial magnitude of the 
propagation vector.

figure 2.2 is the air or water that contains the binding events that are detected. The lower cladding 

is Si02 on a silicon water that is used as a substrate for the deposition of the film that makes up 

the core of the waveguide. Changes can be observed in the amount of evanescent field penetration 

as the core thickness is changed. As the core .

n = 1.0
NSOMtip

n, = 1.45hto

A M

jjtn
Silicon dioxide

1.45

n = 1 .8
core

thickness d is decreased, the farther the

evanescent field will penetrate into the upper

and lower cladding. So typically for a core

thickness of 50 nm to 500 nm with a core of

index 1.8, lower cladding index of 1.45 and an

upper cladding index of 1.0, the penetration into

the cladding would be approximately 200 nm Figure 2.2: Evanescent field response to
binding events as measured by NSOM. The 

for the thinner core to 75 nm for the thicker field intensity shifts spatially up out of the
lower cladding as a response to analyte 

core. Therefore, the evanescent field penetration binding.



depth is sensitive to several properties including cladding and core indices, the thickness of the 

core and the wavelength of light used.

The penetration of the evanescent field can be used to probe the binding events that occur 

for a capture region on top of the core of the waveguide. In figure 2.2, a capture region can be 

observed on top of an active waveguide in air. Some analyte has bound to the probes on the 

surface forming an adlayer next to the

waveguide core. The binding of the 

analytes (organic molecule with n =

1.3 to 1.5) displaces the fluid (n = 1.0 

or 1.33) next to the core and changes 

the effective refractive index of the 

upper cladding. Light in the 

evanescent field will interact with 

these bound species causing a local 

shift in the field as it re.sponds to the 

changed refractive index profile. The

Figure 2.3; Light intensity as measured using NSOM 
while the tip is lifted away from the surface of a 4 fim 
wide ridge waveguide. Penetration depth measured 
experimentally to be 126 nm for this waveguide.

binding of target analytes must take place within the penetration depth of the evanescent field to 

increase the degree of response. The typical size of an antibody/antigen pair with linking to attach 

it to a surface is between 10 nm and 30 nm depending on hydration and analyte molecular weight. 

These binding interactions fall well within the confines of the evanescent wave (see figure 2.3). 

The attached probes will cause a spatial shift in the field away from the observed intensity for a 

bare waveguide. There are two ways to determine binding of the target. Before binding and after 

binding field profiles could be taken, or the profile of a probe region exposed to the sample may 

be compared with the same probes that aren’t incubated with analyte. If there is a difference 

between the signals from the exposed sample and the unexpo.sed, then the degree of shift 

indicates the amount of binding of analyte to the probes. With proper calibration of the response

22



Nitrogen 
or -M-

NH.

o vacuimi svsteiii
r-M-Argon /K

'' rj k.
__2b£___________

Shutter

to differing concentrations of analyte in complex milieu with possible non-specific binding 

interactions, the shift of the evanescent wave can be used as a quantitative and qualitative 

indicator of analyte concentration.

2.3 Deposition of the Nitride film

The substrates used for waveguide 

core deposition are silicon wafers with 2 |xm 

of thermal formed Si02. A reactive sputtering 

technique (Nordiko, see figure 2.4) with argon 

plasma sputters silicon on the wafer surface, 

which then reacts with nitrogen radicals from 

a NH3 or N2 plasma. This reactive sputtering 

forms an amorphous non-stoichiometric layer 

of silicon nitride (SiN^). The thickness of the 

film varies over the .surface of the wafer by no 

more than .several nanometers over a 4 in

Water
Sample

1

Plasma

Silicon taract

A

kJ
Rotating magnetic pin array

Figure 2.4; Amorphous silicon nitride was 
deposited using reactive sputter deposition. 
Argon plasma sputtered silicon onto the 
sample, which then reacted with nitrogen 
contained in the plasma

wafer diameter as shown in figure 2.5. Over a typical waveguide length of 15 mm, the thickness 

of the core varied less than 1%. The base pressure of the plasma during sputter deposition can be 

adjusted to alter the refractive index of the film. Deposition pressure was set at 12 mTorr to

2 4
Position (in)

(I 0.5 I 1.5 2 2.5 3 3.5 4
Position (in)

Figure 2.5: a) Centerline thickness profile and b) contour plot for a sputter deposited nitride 
film on 4-inch wafer
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produce a film index of 1.8. Using atomic force microscopy (AFM) the film roughness of the 

deposited nitride film was found to be ~ 1.0 nm root mean square (RMS) for a 1 |J.m x 1 pm 

region as seen in figure 2.6.

An atomic composition analysis, x-ray photoelectron spectroscopy (XPS), was done on 

the film at two different sampling depths. For the shallow angle of 15° the x-rays only interrogate 

the top 1.5 nm of the film surface. Examination of the XPS spectra in figure 2.7 indicates that the 

surface of the film is mostly a silicon and oxygen mixture with a small amount of nitrogen. The 

carbon and fluorine were probably present due to surface contamination of the sample from the 

wafer container. According to this compositional analysis, the surface chemistry for probe 

attachment would be expected to be the same as any Si02 glass substrate. As the XPS angle is 

increased to 45° the sampling depth is about 4.5 nm, the concentration of silicon stays about the 

same while the oxygen decreases and the nitrogen increases. So this would indicate more silicon 

nitride, which is the expected bulk film material.

24



-'* -1

r-H 1.00

0 . 7 5

0 .5 0

0 . 2 5

1.00

Lower cladding surface 
Silicon Dioxide (SiO^)

iMage Statistics

lug. Z range 2 5 .8 7 3 nn 
I M g . Mean 0 ,0 0 0 0 0 1 nn 
I Mg. Raw Mean 5 3 .3 5 4 nw 
lug. Rms CRgl 0 .4 0 4 iim 
I M g . Ra 0 , 2 8 5 dm

Bom Statistics

2 range 2 .8 7 9 nM
Mean 0 .0 1 0 HM
Raw Mean 4 9 .1 3 2 nM
Rms CRql 0 .3 7 4 HM
Mean roughness CRaJ 0 .2 8 4 nM
Box H cliMension 8 5 5 .4 7 nw
Bom y 3 iMens ion 5 0 3 .9 1 HH

0.75

0 .5 0

0.25

Waveguide Surface 
Silicon Nitride (SiN^)

IMd9e Statistics
1m9 . 2 range g.eii HM
I H9 . Mean 0 .0 0 0 1 HM
I M9 . Raw Mean -1 5 5 .7 1 nw
I Mg. Rms CRq) 1 .0 1 4 nM
1m9 . Ra 0 .G47 HM

Bok Statistics

2 range 2.757 HM
Mean -0.404 nM
Raw Mean -13G.98 HM
Rms tRq^ 0.397 nM
Mean rouglmess CRa.) 0.323 nw
Bok k aiHension 367.19 nM
Bom y diMension 339.84 nM

0 . 7 5 1 .0 0 MM

Figure 2.6: AFM roughness scans for thermal oxide and silicon nitride surfaces. SiOa 
roughness was 0.4 nm and SiN  ̂roughness was 1 nm.
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nm of the film showing mostly silicon and oxygen as composition. (Right) Top 4.5 nm of 
the film indicating an increase in nitrogen concentration.
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2.4 Prototype waveguide designs

The waveguides fabricated were all of an asymmetric refractive index profile with silicon 

dioxide at the lower cladding. There were two reasons why an asymmetric design was chosen 

over a free-floating waveguide with symmetric cladding. Waveguides fabricated with a solid 

lower cladding were more mechanically durable and allowed moderate pressure from washing or 

patterning to be applied without risk of damage to the waveguide. The solid substrate waveguides 

also had a less complex fabrication procedure. Free-floating designs would require additional 

etching and masking steps in order to remove the solid cladding material under the waveguide.

A 500 nm and 100 nm thick nitride film were deposited so the evanescent field 

characteristics for a variety geometries could be .studied. The whole surface of the film was not 

used as a waveguide, instead a width of the film 

was masked and the remainder etched to form a 

rib or a ridge that confines and guides the light. If 

the whole thickness of the film is etched away 

leaving a strip of material, the waveguide is 

termed a rib waveguide. If only part of the film is 

etched, the waveguide is called a ridge
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waveguide. Using lithography and CF4/O2 

etching, the width and thickness of the 

waveguides were controlled. CF4 plasma was a 

very effective etchant for silicon nitride with a
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Figure 2.8; Cross .section of four test 
waveguide geometries showing width and 
etch depth.

100 nm film being completely etched in less than one minute. The addition of oxygen into the 

plasma removed any organic photoresist residue from the surface and also removed any possible 

polymerization byproducts of the CF4 from building up on the masking photoresist.

Four geometries of waveguides were fabricated in order to study the surface mode 

characteristics (see figure 2.8). The wafers were masked using the mask design shown in figure
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2.9. Using the 500 nm thick film, a 250 nm ridge waveguide was etched into the film using 

CF4/O2 plasma in a MicroRIE plasma etcher. Three waveguide types were fabricated out of the 

100 nm film samples. A

completely etched 100 nm rib, 

a 10 |im wide ridge 

waveguide with a partial etch 

of 10 nm, and a 2 p,m wide 

ridge with a 18 nm partial 

etch were fabricated. To 

launch light into these 

structures, a technique called 

end-fire coupling was used. 

After etching to form the 

waveguide, the back of the 

wafer was scribed with a 

diamond tip pen and the

Figure 2.9: Four inch x four inch chrome-on-glass mask for 
fabrication of 2 to 30 p.m wide waveguides.

sample broken to expose an edge perpendicular to the waveguide. The sample was then attached 

with Crystalbond 509 (thermoplastic polymer that softens at 160 °F and flows at 275 °F) to a 

dummy sample so the waveguide was protected between the two wafers (Aremco). This wafer 

stack can then be placed in a holder for edge polishing with successive applications of 20 |a,m 

down to 0.05 pm polishing papers. Light is then launched from a single mode optical fiber by 

aligning the center of the fiber with the polished edge of the waveguide. After bonding the fiber 

and the waveguide chip to glass plates the alignment is stabilized by bonding the edges of the 

glass plates together. The fiber is connected to a 10 mW, 654 nm laser diode using a ST fiber 

connection. To maximize the coupling efficiency between the fiber and the waveguide, a .single
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mode optical fiber with a core dimension of 4 )im was chosen. This fiber type has the smallest 

core size of available fiber types and the single mode provides for the best mode matching to 

excite a single mode in the planar waveguide. The alignment of the 4 pm core of the optical fiber 

with the 100 nm by 10 pm core of the planar waveguide resulted in significant coupling losses 

and was the most time consuming aspect of waveguide fabrication.

2.5 Near field scanning optical microscopy (NSOM)

After end fire coupling, the sample was ready for surface evanescent field intensity 

measurement. The NSOM has a basic geometry as shown in figures 1.9 and 2.10. The tip has a 

hollow aperture through the center that was scanned across the surface of the waveguide (figure 

2.11). The aperture was 100 nm in diameter and light was collected through the aperture and sent 

through a photomultiplier tube and 

then sent to a detector. The scan 

regions are 100 pm by 100 pm on the 

sample surface. Typical .scan sizes 

collect 256 data points per line scan 

and an image was composed of 256 

line scans producing a 256x256 data 

array. Therefore for the largest 

physical scan area, each data point 

along a line scan was collecting the 

light over 0.39 pm of the sample and 

displaying it as a single point or pixel of the image. The scan speed of the tip is 1.1 s per forward 

scan. Slowing the scan speed or scanning a smaller physical region will increase the magnitude of 

the signal received and averaged for each data point in the array. This will also reduce the average 

tip speed over the surface and affect the noise in the topography measurement. A laser reflecting

Figure 2.10: a-SNOM instrument [WiTec] (Ulm, 
Germany)
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off the top of the tip allows the topography to be measured while simultaneously measuring the 

light intensity through the aperture in the tip. This dual measurement capability was valuable in 

helping to determine the location of the waveguide or any probe regions on the sample.

There are several negative features associated with ™ -̂---------- -

using this method to measure the surface evanescent field.

The tip sliding in contact with the surface can disturb soft 

topographical features such as attached biological molecules.

Topography variation can cause issues with how the 

evanescent field intensity is measured. The optimal case 

would be to measure the evanescent field inten.sity at the

Figure 2.11; Images of the 
top of the NSOM cantilever 
tip showing the reflection of 
the deflection laser and the 
100 nm aperture where light 
is collected.

cofe/cladding interface regardless of any features attached to 

the surface. Unfortunately, the tip was unable to operate 

using this mode of light collection. When the tip was on a 

bare portion of the waveguide, away from any attached 

probes, the tip was in contact with the top surface of the core.

However if the tip scans over a region of attached probes or 

probes with bound analyte, the tip moves away from the upper surface of the core. This resulted 

in a lower amount of detected power due to the evanescent field exponential decay as the tip-to- 

core distance was increased. This decrea.se in detected power, as the tip moves away from the 

core, was something that must be considered when looking at the evanescent field response to 

features that have a lower refractive index than the core.
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a) 250 nm ridge. 10 |.tni wide b) lOOnm rib. 10 uin wide

c) 10 nm ridge. 10 j.im wide d) 15 nm ridge, 2 gm wide
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Figure 2.12: Surface mode profiles for preliminary waveguide geometries shown in figure 2.8. 
The 15 nm ridge waveguide with a 2 g.m width with the evanescent field profile shown in the 
lower right was determined to be single mode and a suitable geometry for sensor fabrication.

2.6 Waveguide geometry and modes

Figure 2.12a shows the surface evanescent field intensity for the 250 nm ridge 

waveguide. The relatively large core size and width resulted in multiple propagating modes. The 

mode beating in this structure resulted in areas of the waveguide having nodes, or regions of zero 

detected field. This was not an optimal design because these nodes result in areas where there is 

minimal evanescent field penetration into the upper cladding. For the three samples fabricated
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from the 100 nm film multimode behavior was also observed in some structures. Figure 2 .12b 

shows the surface field profile for the 10 p,m wide 100 nm rib waveguide. Calculations done by 

G. Yuan indicated this structure has about 30 propagating modes. For the 10 p.m wide, 10 nm 

ridge structure .seen in Figure 2.12c, only 3 lateral modes were observed in the NSOM scans with 

no mode beating observed down the length of the waveguide. For a ridge waveguide with a 2 |am 

width and an etch depth of 20 nm, only one lateral mode was supported and the profile appears to 

be single mode (Figure 2.12d). As seen in Figure 2.12d, the 2 |im ridge waveguide geometry has 

the least number of propagating modes and is the best candidate for the sensor waveguide.

The increase in thickness of the core increases the number of vertical modes and 

increasing the width allows multiple horizontal modes to propagate. Increasing the number of 

propagating modes makes determination of the evanescent field response difficult and 

complicates the data analysis. Mode beating between the guided modes induces oscillation that 

may interfere with the response caused by the presence of probe/analyte binding. In addition to 

the beating of the guided modes, for a multimode waveguide, the evanescent field does not 

extend as far into the cladding regions and changes in cladding refractive index (such as during 

sample binding) will result in a smaller shift in the field.

2.7 Fabrication summary

The sensor is based on an asymmetric planar optical waveguide. To fabricate this 

device an approximately 100 nm thick silicon nitride film is deposited by reactive ion sputtering 

on a thermally oxidized silicon wafer. The film was deposited using a Nordiko 7000 with a 

silicon target and NFÎ  as the nitrogen source. This sputtering method for film deposition results 

in an average RMS surface roughness of approximately 2 nm and etching of the silicon nitride 

increases the surface roughne,ss to a RMS value of 2.53 nm (Figure 2.13). The roughness does 

have an appreciable impact on the scattering losses from the waveguide and the ob.served noise in 

measuring the surface evanescent field intensity. The substrates used to deposit the silicon nitride
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are thermally oxidized silicon wafers with 2 |im of oxide (Noel Technologies, Campbell, Ca). 

Individual waveguide chips are fabricated from the dielectric coated wafer using conventional 

photolithography and dry etching techniques (see figure 2.14). Approximately 1 in x 1 in chips 

were scribed from the wafer and prepared for processing by rinsing in acetone, methanol, and 

deionized water. After a 120°C dehydration bake, Microposit SI818 positive photoresist was 

spun on a chip at 5000 to 6000 rpm to obtain a 1.8 pm thick layer. Following a 90°C prebake, the 

photoresist was expo.sed using a Karl Suss contact aligner, and the sample was developed and 

inspected. Ridge waveguides were etched in a Technics MicroRIE plasma etcher in a two step 

process. An initial etch using O2 at SOW was used to descum the sample then the 15 nm 

waveguide ridges were etched at 50 W using a 4:1 Cp4:02 mixture. After stripping the 

photoresist, clean edges were backside scribed and cleaved perpendicular to the waveguides. 

Facets on this cleaved edge were polished using a progression of 9 decreasing alumina grit sizes 

(figure 2.15) from 30 down to 0.05 pm to allow for end-fire fiber coupling to one of the 2 to 3 pm 

wide waveguides. Shown in figure 2.16 are images of the surface scattering produced by end fire 

coupling the fiber to the waveguide and the top and side views of the device. Figure 2.17 shows 

electron micrographs of the surface and edge of some rib waveguides that are ready to be bonded 

to another wafer for the polishing procedure.
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Nitride etched once witli C’F /O, plasma RMS roughness -  2.52 nm 
Roughness ii\ erage amplitude = 2.00 nm
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Nitride etched twice with Cl' /(.), plasma RMS roughness = 4.28 nm 
Roughness average amplitude = 3.46 nm
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Figure 2.13; Plasma etching the nitride surface increases the RMS surface roughness from 
2.52 nm after one etch to 4.28 nm after 2 etching steps. Roughness measured using AFM.
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Figure 2.14: Fabrication flow diagram for waveguide and surface features. Fabrication of the 
waveguide begins with deposition of a silicon nitride film on a silicon wafer with 2 |j,m of 
thermally formed silicon dioxide. Lithography is then carried out on the sample to mask 
narrow lines on the sample that will form the waveguides after a dry plasma etching step 
using CF4 and Ô .

In the fabrication of the high refractive index features, an additional lithography and etching 
step is needed to form those features. For deposition of proteins or patterning of photoresist 
features, the waveguide is polished and then those features are patterned on the waveguide 
surface. After polishing and patterning features, light is launched into the waveguide by 
using a laser diode coupled to a single mode optical fiber. The end of the fiber is aligned 
with the polished facet of the planar waveguide and the coupling stabilized to allow the 
sample to be moved as shown in Figure 2.16.
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Figure 2.16: End-fire coupling and view of completed waveguide with bonded fiber
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2.8 Conclusion

The process for the creation of a planer 

optical waveguide from a film of amorphous 

silicon nitride on thermal oxide has been 

developed and implemented. Wet polishing of 

the wafer edge was accomplished and end-fire 

coupling was used to couple 654 nm light into 

the waveguide core. The surface evanescent 

field intensity in air was measured for several 

geometries using NSOM to determine mode 

profiles. The geometry of the waveguide and 

the number of propagating modes have an 

effect on the surface light intensity. It was 

found that a less than 3 |im wide ridge 

waveguide formed from partial etching a film 

with a thickness of 100 nm would result in a 

single mode waveguide.
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Figure 2.17: Electron micrographs of 
unpolished waveguide edge
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Chapter 3 -  Features on the waveguide'

3.1 Fabrication of high index features on the waveguide surface

The first step in determining the evanescent field response to features on the waveguide 

was to fabricate some features that had a similar height and longitudinal extent to biological 

probe regions. The most easily fabricated

features are of the same refractive index as the 

core of the waveguide. This type required only 

an additional lithography and etching step to 

fabricate. The feature thickness was easily 

adjusted through control of the etching times. 

The waveguide fabrication details can be 

found in Chapter 2 and the fabrication flow 

diagram for the high refractive index features 

is shown in figure 2.14. Nitride features 7 pm

l op view 

 ̂ 3 pm
—*1 b-3.3pm

t Light *■
- L  10 pm

Longiliidal view
9 nm

Light 1 
, t '

b— 7 pm —H
' > 1.,̂: - ■ ‘ . '̂-’1

<S8 nm
1*

f
■

Figure 3.1; Geometry of high refractive index 
features fabricated on the waveguide surface to 
determine the evanescent field response to 
surface refractive index changes.

long and 9 nm thick were fabricated (see figure 3.1) on a waveguide and the field response was 

measured using NSOM.

3.2 S/N and power modulation for NSOM results

To analyze the response of the evanescent field to the features fabricated on the core, it is 

useful to calculate the change in detected power. For the following experiments in this chapter

Text from this chapter first appeared in a manuscript: Stephens, Matthew D., Guangwei Yuan, Kevin L. 
Lear, David S. ttandy, “Optical and physical characterization of a local evanescent array coupled biosensor: 
Use of evanescent field perturbations for multianalyte sensing,” Submitted Aug 18, 2009 to Sensors and 
Actuators B: Chemical.
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and chapter 4, the AP value, the power modulation, is defined as the absolute value of the average 

signal over the pattern less the average power before the pattern divided by the power before the 

pattern (see Equation 3.1).

{Light _  in _ pattern) -  {Light _ before _ pattern)\ P  = X100% Equation 3.1
{Light _ before _ pattern)

This power modulation measurement provides a normalized standard that is useful for comparing 

the response to features with differing heights, lengths and refractive indices. The magnitude of 

the power modulation must also be compared with the amount of noise present in the signal 

generated through NSOM scans of the surface evanescent field intensity. The RMS (root mean 

square) noise for a signal is defined as the square root of the absolute value of the sum of 

variances from the signal (see Equation 3.2). The variance is the expected square deviation of the 

signal from the average signal. In other words, the RMS noise is roughly equivalent to the average 

difference between a data point and the average signal.

RMS =
Equation 3.2

where X, is an individual data point and there are n data points in the signal. The S/N 

(signal to noise ratio) for a specific response of the evanescent field to a feature is defined 

as the average difference between the input signal and the signal over the feature divided 

by the RMS noise on the input signal (see Equation 3.3).

S _ Signal _  {Light _ in _ pattern) -  {Light _ before _  pattern) Equation 3.3 
N  RMS _ noise RMS _ noise

The code used to calculate these quantities from the NSOM array data is shown in Appendix B.
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According to the International Union of Pure and Applied Chemistry’s Goldbook, the 

limit of detection of an analytical method is defined as the concentration or quantity that can be 

detected with reasonable certainty according to the following equation:

= X  ̂+ ks'i, Equation 3.4

where X̂  is the signal that corresponds with the limit of detection, X^ is the mean of blank 

measurements, ^ is a numerical factor chosen according to the confidence level, and 5* is the 

standard deviation of blank measurements. For the each of the features studied in chapter 3 and 4, 

the feature height corresponding to the limit of detection at a confidence level of 95% will be 

indicated.

3.3 NSOM results for high refractive index features

Uniform evanescent field intensity was measured before the feature. At the feature the 

surface field was observed to increase over the feature (see Figure 3.2). Figure 3.2 is composed of

40 ^

50 r  
60 
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60 E •
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30 40 50 6a 70
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(a)

- J ( b )

100pm 60 80
Figure 3.2: First feature in a series of four. Fight travels from left —> right, (a) Topography 
of 4 |im wide waveguide with 34 nm etch depth. Feature size is == 7 |J.m in length and 5 nm 
thick, (b) Surface light inten.sity measured with NSOM, (c) Total light measured in photon 
counts carried in the waveguide after subtracting the background. An increase in surface 
evanescent field intensity is observed over the feature followed by oscillations.
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three images. The top image (a) is a false color (grayscale) image of the topography of the

40 60 80 toopm
Figure 3.3: Response to first, second and third closely spaced high refractive index features in 
series. Light travels from left ^  right, (a) Topography of 4 pm wide waveguide with 34 nm 
etch depth. Each feature size is ~ 7 pm in length and 5 nm thick, (b) Surface light intensity 
measured with NSOM, (c) Total light measured in photon counts carried in the waveguide 
after subtracting the background. An increase in light was observed over each feature. 
Oscillation period is approximately 14 pm between the features.

waveguide and any surface features found within the scan region. The middle image (b) is a false 

color (grayscale) image of the 2D light intensity measured at the surface of the sample using the 

NSOM tip. The bottom image (c) is the total light intensity in photon counts averaged across the 

width of the waveguide after background subtraction. Almost all of the light field responses to 

patterned features will be presented in this format in this chapter and the next.

The light before the region was bound to the first order mode and its intensity profile 

determined to be a single Gaussian distribution centered on the waveguide. As the light 

encountered the feature, the light distribution spatially shifted up due to the refractive index 

change at the surface and part of the light was promoted to a higher order mode. As the light exits 

the area, the distribution of light drops so that more was carried in the lower cladding and the
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higher order mode was no longer supported by the geometry of the waveguide. The fraction of 

waveguide power carried in the higher order mode was either coupled back into the fundamental 

mode or lost into the cladding regions. As seen in Figure 3.2, as the light exits the feature, the 

intensity drops and the field oscillations decay back to a uniform intensity level (see Figure 3.5). 

The oscillations are a result of the guiding conditions changing as the light traveled through the 

feature region.

The decaying mode beating that was observed was due to the weakly bound higher order 

mode interfering with the guided mode. The mode beating influenced the spacing of patterns 

along the waveguide. A stable field before a pattern was needed to ensure the measured effects 

could be separated from adjacent patterns. This experiment placing the patterns 35 |j.m apart for 9 

nm thick features determined that 35 p,m was insufficient spacing (see figures 3.3c and 3.4c). The 

oscillations observed in the evanescent field between features had not decayed out of the 

waveguide before the light encountered the next feature.
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Figure 3.4: Re.sponse to third and fourth high refractive index features in series. Light travels 
from left - > right, (a) Topography of 4 p.m wide waveguide with 34 nm etch depth. Each 
feature size is s  7 p,m in length and 5 nm thick, (b) Surface light intensity measured with 
NSOM, (c) Total light measured in photon counts carried in the waveguide after .subtracting 
the background. The oscillation period outside the feature region was larger than inside the 
feature region.

20 ir'llT'lllllll...I'li'lilU n u l l  I l l l i w  HIM.... I I ....................... .... .............. ................

Figure 3.5: Re.sponse to fourth high refractive index feature in series. Light travels from left 
right, (a) Topography of 4 pm wide waveguide with 34 nm etch depth. Each feature size is 7 
pm in length and 5 nm thick, (b) Surface light intensity measured with NSOM, (c) Total light 
measured in photon counts carried in the waveguide after subtracting the background. 
0.scillations were observed to decay after the last feature. Oscillation period = 40 pm after the la.st 
feature.
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To determine the effects of feature length and thickness on the evanescent response, a 

second sample was fabricated with a feature length of 13 |im and a thickness of 30 nm (figure 

3.6). The response increased when length and thickness of the feature was increased (see table 

3.1). Also the features were placed 190 pm apart and the field was observed to return to a 

uniform value between features.

(a)

(b)

- (c )

- (d )

pm
Figure 3.6: Response to a larger high refractive index feature. Light travels from left —> right, 
(a) Topography of 4.5 pm wide waveguide with 21 nm etch depth. Feature size is = 13 pm in 
length and 30 nm thick, (b) Surface light intensity measured with NSOM, (c) Total light 
measured in photon counts carried in the waveguide after subtracting the background showing 
a larger increase in light over the feature than was observed for thinner features, (d) Cross-
section of the topography scan showing the location of high refractive index feature. 
Oscillation period is approximately 34 pm after the feature.
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3.4 Numerical simulation of field response to high refractive index feature

The beam propagation method (BPM) 

is a mathematical modeling approach that can 

describe the 2D and 3D propagation of optical 

energy in a waveguide. The surface light 

intensity profile for this planar waveguide 

structure can be modeled using BeamPROP 

(RSoft), which is based on the beam 

propagation method. To confirm the NSOM 

results of the response to high refractive index 

features, the waveguide with a high refractive
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Figure 3.7: BeamPROP and experimental
results (top) for a high refractive index

. . .  • , . ■ feature. Simulated geometry (bottom). Lightindex feature was simulated using BeamPROP ... i. r „  i f. • u.^ travels from left ^  right. Surface evanescent
, ^  I , field increases as a response to the feature,by Cj . Yuan. Figure 3.6 shows the topography

and light intensity as measured using NSOM for a feature with a thickness of 30 nm. The 

geometry and an overlay of the light intensity with the simulated response using BeamPROP is 

shown in figure 3.7 (simulation done by G. Yuan). As can be seen, the light profile generated by 

the BeamPROP simulation has the .same trends as observed with the NSOM. The simulation 

accurately predicted the magnitude of the initial change in field intensity. The decaying 

oscillations were also predicted after the feature. The strong quantitative agreement between 

laboratory measurements and model predictions gives confidence in the experimental procedure 

and methodology. These simulation results also validate the assumptions about how the 

waveguide operates.

3.5 Summary of experimental results for high refractive index features

Several conclusions may be drawn from the analysis of these results of the data shown in 

figures 3.2 to 3.7. The evanescent field responded in a significant manner to 9 nm and 30 nm
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thick features attached to the core. The power modulations for each feature are shown in table 

3.1.

Feature 1 -  Fig 3.2 2 -F ig  3.3 3 -F ig  3.4 4 -  Fig 3.5 Fig 3.6

Ap 16.7 % 50.8 % 47.9 % 70.3 % 66.1 %

Length 7 pm 7 pm 7 pm 7 pm 13 pm

Height 5 nm 5 nm 5 nm 5 nm 30 nm

S/N 10.4 26.1 25.3 21.5 25.2

LOD 0.822 nm 0.83 nm 1.3 nm 1.5 nm 1.32 nm

Table 3.1: Power modulation values and feature sizes for four high refractive index features in 
series and one larger feature. S/N is the non normalized power modulation divided by the 
RMS noise level and the limit of detection (LOD) is the thickness of the pattern in nm that 
corresponds to the signal generated at the limit of detection as defined in equation 3.4.

These are good approximations of the dimensions of common probe/analyte interactions 

involving the capture and detection of proteins. Results from these high index features indicate 

that probe/analyte binding events forming a layer of biological material 10 to 20 nm thick may 

induce a measurable spatial shift in the evanescent field intensity. The second conclusion that was 

drawn was that for feature lengths as small as 7 pm, the field shifted and responded in a 

significant manner. The feature length had an impact on the number of capture regions that were 

placed on the active region of the waveguide and influenced the multianalyte capabilities of the 

sensor. The smaller the features were made while still producing a measurable and significant 

response, the more sensing elements that could be placed in the device. The third conclusion that 

was made was the oscillations produced by each feature might affect the signal received at the 

other features. For these high refractive index features, the oscillation period was about 35 to 40 

pm and it appeared to take three periods for the oscillation to decay. This produced some 

interesting effects in the fields measured from the features fabricated with 35 pm spacing. As 

shown in figure 3.3, the oscillations reinforced each other and the power modulation increased for
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each subsequent feature. Ideally the normalized response from features with the same refractive 

index profile and geometry would be the same. The spacing of adjacent features should be 

designed such that the light field is uniform as it encounters a feature. This would better ensure 

the response measured at each feature would be the light re.sponse to that feature alone. The.se 

results indicate that it should be possible to directly detect the binding events associated with 

proteins interacting with probe regions using the shift in the evanescent field.

3.6 Evanescent field response to photoresist features

The designed operation of this device for the detection of relevant analytes is ba.sed on 

capturing targets out of a sample milieu [29-34] and allowing the capture events to interact with 

the evanescent field. The .sensor elements are patterned in an array attached directly to the high 

refractive index core of the waveguide. When an aqueous mixture is brought into contact with 

the sensor surface, complementary analytes diffuse toward the capture regions and bind or 

hybridize with their respective probes [35-38]. As the capture events take place, the sample 

milieu immediately adjacent to the core, assuming water with a refractive index of 1.33, is 

displaced by the captured analytes that have a refractive index from 1.35 to 1.6 [41-43]. Binding 

occurs at the surface of the waveguide core, and as a result the bound analyte becomes part of the 

optical cladding of the waveguide. By monitoring the evanescent field it is possible to infer that 

binding is occurring in locations where there is a shift in the field intensity.

However, there are a number of important issues to be addressed in this system.

{1) The degree to which the evanescent field change depended on the .size of 

the analytes that bind to the surface.

(1) The effect of adjacent capture regions on the signal obtained from a 

region.

(2) The minimum size for a capture region that provides a detectable change 

in the evanescent field.
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To begin to address these issues, the probe/analyte regions were emulated by patterning 

the waveguide with an organic film having an index similar to that of biological material. A 

reproducible means of fabricating these regions is via the use of photolithography techniques. The 

optical field around these photoresist features was experimentally determined NSOM. The 

following sections describe the patterning of the photoresist features, the interrogation of the 

surface evanescent field and the computer simulated response to a representative feature.

Features were fabricated on the waveguide using lithographically patterned organic films 

with thicknesses of 60 nm and 130 nm. The presence of the organic material on the waveguide 

caused up to a 70% change in the intensity of the evanescent field over the patterned region and 

the excitation of a weakly bound higher order mode. The waveguide core and surrounding 

cladding were numerically simulated using BeamPROP and these predictions were in quantitative 

agreement with the experimental results obtained using NSOM.

Biological analytes have a refractive index of 1.35 to 1.6 depending on composition and 

hydration. The core of the waveguide has an index of 1.8 and photoresist has an index of 1.6 as 

determined using ellip.sometry. Determining the response to a patterned organic film is believed 

to better approximate the detection of analytes of interest than the detection of artificial core 

thickness changes. Patterning photoresist features on the waveguide provides a refractive index 

profile closer to that of real analytes and gives more insight into the creation of a sensor capable 

of measuring relevant analytes. Using patterned photore,sist, the evanescent field response to 

changes in feature length, spacing and thickness was determined.

3.7 Creating the photoresist features on the waveguide

Earlier in this chapter, the effect of core thickness changes on the local evanescent field 

was explored [39, 40]. To more accurately approximate the refractive index profile of a probe 

layer with captured analyte, photoresist was used to more closely match the refractive index of 

biological features. Waveguides were fabricated as described in Chapter 2 and then a thin layer of 

photoresist (Shipley 1818) with a refractive index of 1.6 was patterned to approximate the

47



refractive index profile and size of attached probe/analyte (see figure 3.8). To simulate capture of 

a series of large proteins or virus particles on the waveguide surface, the photoresist thickness 

was set between 60 and 130 nm. To obtain films of this thickness, the stock SI 818 photoresist 

was thinned by the addition of a low viscosity

solvent, Proplyene glycol monomethyl ether 

acetate (PGMEA). The thinned photoresist 

was dispensed on the sample and spun at 5000 

to 6000 rpm to create the film, which was then 

baked, exposed, and developed using the same 

procedure as prescribed for the .stock S 1818. 

The thickness of the layer of the photoresist

1

op down view 
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Waveguide

f
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i i

130 nm thi :k photc)resist 10 pm

Figure 3.8. Geometry of uniform resist 
features patterned on the waveguide.

was then determined using the topography capabilities of the NSOM. Initially the SI 818 was 

diluted 1:1 by mass with PGMEA, however this resulted in a photoresist coating of 

approximately 150 nm, which was larger than desired. A solution of 2:1 solvent/photoresist was 

created and used to coat a wafer at 6000 rpm. This resulted in an approximately 130 nm thick 

layer of the photoresist. An additional dilution (2.6:1) was produced allowing for the creation of a 

60 nm layer of photoresist if spun at 5000 rpm.

3.8 Measuring light response

NSOM was used to interrogate the light field surrounding the waveguide and quantify the 

impact of the polymer adlayer regions on the evanescent field. In this discussion, the term adlayer 

is used to represent the presence of a photolithograpically patterned feature on the surface of the 

waveguide core. The instrument used to observe the field, an alpha-SNOM (Witec, Ulm, 

Germany) was placed on an air table and suspended by tension cables to provide a vibration free 

platform ensuring that topography was measured with reduced environmental noise. The NSOM 

acquired simultaneous topography and surface evanescent field intensity by raster scanning a 

cantilever tip across the surface of the sample (see figure 1.9). The tip operated in contact with
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the surface of the waveguide and collected light from the evanescent field through a 100 nm 

diameter aperture. This collected light was then amplified with a PMT, and a 2D intensity plot of 

the local evanescent light field was created. The topography of the sample was determined 

through deflection of the cantilever tip in contact with the surface. I'he deflection of the tip was 

determined by the change in signal from a detector that collected light from a laser beam 

reflecting off the tip of the cantilever. The cantilever tips were held in place by a magnet and 

were aligned with the fiber optic cable that collected the light through the tip aperture. The optical 

path alignment was accompli.shed by observing the tip through the instrument’s CCD display.

The tip was brought in contact with a waveguide and the .stage adjusted such that light traveling 

down the waveguide was observed through the aperture of the tip. The aperture was usually 

centered over a strong scattering center of the waveguide. This provided a strong signal and light 

was easily visible through the aperture. The signal from the detector was then monitored as the 

position of the fiber optic cable was changed using the x-y positioning knobs. Centering the 

fiber’s location over the aperture maximizes the detected signal, producing the best S/N ratio in 

the light intensity scans. To quantify the evanescent field intensity, a 100 p,m x 20 pm area was 

scanned while collecting topography and light intensity information. The default settings for the 

image generation were 256 line scans with 256 data points taken per line scan. The normal 

scanning speed used was 0.8 to 1.2 s per line scan in the forward direction and 0.5 s in the reverse 

direction. If a smaller area was scanned, the number of line scans, .scan speed, and data points per 

line remained the same.

The procedure for measuring the evanescent field strength was as follows: a dc power 

supply inputted 20 to 40 mA to a laser diode with an output wavelength of 654 nm. The laser 

diode was connected to a length of single-mode optical fiber. The fiber provided the light source 

to end tire couple light into the waveguide film. The waveguide chip and the associated fiber 

were bonded onto an aluminum block to provide a stable platform allowing movement of the chip 

without negatively impacting the coupling alignment. The sample was placed on the stage of the
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NSOM and the tip brought down into contact with the surface of the waveguide chip. To 

complete the testing, light/topography scans were taken to determine the evanescent field 

intensity on the surface of the chip. The data was analyzed using the Image Control (WiTec) 

image analysis software or exported and plotted with Matlab (The Mathworks).

3.9 Modeling field distribution using the beam propagation method

Using the commercial software package BeamPROP from RSoft, the 2D optical power 

distribution was simulated for a waveguide structure with one adlayer feature [40, 50]. The core 

of the waveguide was simulated using a refractive index of 1.822, the lower cladding layer with 

1.45 refractive index, upper cladding of air with 1.00 refractive index and the feature with 1.55 

refractive index. The simulated feature was 8.5 pm long. The incident beam was assumed to be 

the TEoo mode at a wavelength of 654 nm and the thickness of the photoresist layer was 130 nm. 

The exit boundary condition was set to be a non-reflective boundary. This best approximates the 

propagation when the waveguide was long enough so that reflections from the end of the 

waveguide were negligible. The transverse and longitudinal grid spacing was 10 nm and 100 nm, 

respectively. The software package solved the 2D Helmholtz equations that described field 

propagation (simulation done by G. Yuan). The overlay of the NSOM data with the simulation 

output can be seen in figure 3.11.

3.10 Results and discussion

Several adlayer sizes and thicknesses were .studied to quantify the evane.scent field 

response to the presence of the patterns. Figure. 3.8 shows an evenly spaced set of 4 photoresist 

regions fabricated to a thickness of 130 nm. The measured evanescent field over the bare 

waveguide was observed to have a uniform Gaussian profile, indicating a single bound mode 

(figure 3.9). This single mode behavior was optimal for quantification of the response to the 

presence of an adlayer. Specifically, if the waveguide contained two guided modes, the signal 

from an adlayer may not be distinguishable from the oscillation between the modes. As seen in 

figure 3.10, as light encounters the photoresist feature, there is a drop in the measured surface
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Figure 3.9. Cross-section plot of the light intensity (top) and topography (bottom) 
of an approximately 3 |im wide ridge waveguide etched 14 nm. Light profile 
indicates a single bound mode.

light intensity followed by a sharp increase at the end of the feature. The lower part of figure 3.10 

shows the light intensity measured along the centerline of the 2 |j,m wide waveguide. The 

response from the BeamPROP simulations for the 8.5 |im long, 130 nm thick feature is shown in 

figure 3.11. The centerline scan data shown indicates that AP -  70%. The measurement and 

simulation results shown in figure 3.11 are in excellent agreement with respect to the normalized 

modulation depth of 70%. Both figures 3.10 and 3.11 indicate a strong change in the optical 

evanescent field when the propagating light reaches the adlayer region and past the adlayer, a 

large damped oscillation of the evanescent field is observed. This oscillation may be caused by 

the excitation of a second order mode that interferes with the guided first order mode [40]. In this 

case, leaky higher order mode(s) are excited due to the increase in refractive index near the core 

that effectively increases the core thickness. The increase in effective core thickness results in a 

power di.stribution shift where more of the optical power is contained within the core. If the 

thickness of the layer is large enough, the guiding conditions of the waveguide change such that 

the propagation of two or more modes becomes possible. Any higher order modes that become 

excited during the adlayer regions were no longer as tightly bound when the light travels back to 

the bare waveguide. The transient presence of the higher order mode with the guided mode
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caused the observed oscillation in the surface evanescent field intensity. The oscillation decayed 

to zero when the power excited into the higher order mode was coupled back into the 

fundamental mode or was lost from the waveguide. This oscillation impacted the spacing of 

adjacent capture regions. To obtain interference free measurement from each capture region, the 

regions were .spaced so that the light field was able to return to a uniform value. This leaky mode 

was also observed in the BeamPROP simulation of the light response to the features. A spacing of 

200 jam was sufficient to allow the evanescent field to return to a uniform value.
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Figure 3.10: Light travels from left -> right. zlP = 76.9 % for (c) and zlP = 70.9 % for (g).
(a-d) Experimental light response to the .second of four photoresist features, (a) 

Topography of 2.0 pm wide waveguide with 14 nm etch depth. Feature size is = 8.5 pm in 
length and 130 nm thick, (b) Surface light intensity measured with NSOM, (c) Total light 
measured in photon counts carried in the waveguide after subtracting the background, (d) 
Cross-section of the topography scan showing the location of photoresist feature.

(e-h) Response to the fourth photoresist feature: (e) Topography of 2.0 pm wide 
waveguide with 14 nm etch depth. Feature size is = 8.5 pm in length and 130 nm thick, (f) 
Surface light intensity measured with NSOM, (g) Total light measured in photon counts 
carried in the waveguide after subtracting the background, (d) Cross-section of the 
topography scan showing the location of photoresist feature. The two features show similar 
response and indicate that 190 pm was enough spacing to allow the field to return to a 
uniform value.
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nm thick, 8.5 |im long photoresist feature. Light sampled along the top surface of the 
core and photoresist feature. zlP = 51.9 %. Oscillation period is ~ 25

As may be seen in figures 3.11 and 3.12, the measured evane.scent field intensity at the 

surface of the sample decreased as the tip was scanned over the region where there was patterned 

photoresist. Two things were considered when looking at the surface evanescent intensity plots 

generated using NSOM. The evanescent field decayed exponentially as the tip was moved away 

from the surface of the core. Any topographical feature with refractive index lower than the core 

will produce this effect. This effect occurred for all sizes of topographical features even if the 

refractive index change was not large enough to cause a shift in the evanescent field. Therefore as 

the tip scanned over a photoresist adlayer, the measured field strength decreased since the tip 

moved away from the core/cladding interface. The .second effect that occurred was the detection 

of the shift in the evanescent field as a response to the refractive index change. The presence of 

the higher refractive index material caused the light to shift up toward the adlayer out of the lower 

cladding. These two phenomena produced opposite effects on the light intensity measured at the 

surface. The tip shifting away from the core reduced the detected signal and the evanescent field 

shift increa.sed the detected signal. For surface features with refractive indices similar to that of
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the core, the effect of the shifting light field was larger than the tip/core distance change and the 

measured light tended to increase over the adlayer features. In the case of adlayers with refractive 

index of 1.6, the tip shifting up was the dominant effect on measured light intensity.

To investigate the dependence 

of signal strength on feature size, a 

series of adlayers of different lengths 

were fabricated, shown schematically 

in Figure 3.12, each with a height of 

60 nm. The shortest length studied 

was approximately 3 pm. For the 3.9 

pm feature seen in Figure 3.14, the 

drop in intensity was followed by an

Top down view

T " 1  1

— >

100 pm

20 pm 10 pm 5 pm 4 pm 3 pm

Figure 3.12. Geometry of variable size resist 
features patterned on the waveguide. Photoresist 
more closely approximated the refractive index of 
biological features.

oo
(c)

(d)

20 40 60
pm

80 100

Figure 3.13. Light response to small photore.sist feature, (a) Topography of 2.0 pm wide 
waveguide with 14 nm etch depth. Feature size is a  3.9 pm in length and 70 nm thick, (b) 
Surface light intensity measured with NSOM, (c) Total light measured in photon counts 
carried in the waveguide after subtracting the background. AP = 45.6 %. (d) Cross-section of 
the topography scan showing the location of photoresist feature.
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increase and then decaying oscillations indicated that the feature was large enough to cause a 

change in the evanescent field. A similar response was generated by the 2.7 jam adlayer length, as 

seen in Figure 3.14. The o.scillations were definitively present when the 2D light intensity scan 

was analyzed rather than the total optical power (figure 3.14b). Thus, while it appears there is a 

minimum length of probe region that is able to generate a significant observable signal, it appears 

that 3 and 4 |am feature sizes still excite a measurable response in the evanescent field. Many 

current microarray technologies use 20 to 75 |im diameter spots, which are well over the 

minimum size that can cause a significant response in the evanescent field.
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Figure 3.14: Light response to the smallest fabricated feature, (a) Topography of 2.0 pm wide 
waveguide with 14 nm etch depth. Feature size is a  2.7 pm in length and 50 nm thick, (b) 
Surface light intensity measured with NSOM, (c) Total light measured in photon counts 
earned in the waveguide after subtracting the background. AP = 26.4%. (d) Cross-section of 
the topography scan showing the location of photoresist feature.
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3.11 Conclusion

The evanescent field response in the cases that were studied point toward several 

conclusions. The presence of the organic material on the surface of the waveguide core excites a 

weakly bound mode that caused decaying interference with the bound mode. This was a result of 

the waveguide core dimensions being near the single mode/multi mode boundary. Any feature 

large enough to elicit a respon.se in the evanescent field was also ob,served to excite a higher order 

mode over the adlayer region. This result indicated that the probe regions should be spaced 

sufficiently far apart to allow for the light field to return to a uniform value. For the system 

studied here, a spacing of 150 to 200 p,m was enough to allow the oscillation to decay to zero.

The evanescent field intensity, measured at the surface of the waveguide/adlayers, decrea.sed as 

the tip was scanned over the adlayer region and a sharp increase in evanescent field intensity was 

observed after the end of the adlayer. The decrease in surface light intensity was due to the 

photoresist feature being at a lower refractive index than the core. The power modulation, due to 

the presence of the adlayer and the degree of oscillations, increased as the height and length of the 

adlayer increased as seen in table 3.2.

Feature Fig 3.10c Fig 3.1 Of Fig 3.11 Fig 3.13 Fig 3.14

AP 76.9 % 70.9 % 51.9% 45.6 % 26.4 %

Feature
Height

130 nm 130 nm 130 nm 70 nm 50 nm

Feature
Length

8.5 pm 8.5 pm 8.5 pm 3.9 pm 2.7 pm

S/N 15.9 14.6 9.11 3.99 2.79

LOD 8.5 nm 9.7 nm 14.8 21 nm 14.4 nm

Table 3.2; Power modulation values and feature sizes for photoresist features shown in the 
figures. S/N is the non normalized power modulation divided by the RMS noise level and 
the limit of detection (LOD) is the thickness of the pattern in nm that corresponds to the 
signal generated at the limit of detection as defined in equation 3.4.
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Given the low amount of noise involved in measuring the evanescent field with the 

NSOM, the apparent minimum length of adlayer that generated a discernable signal was less than 

the measured 3 pm. The BeamProp simulation results, which contain no adjustable parameters, 

agree with the measured results and show the same patterns when encountering a photoresist 

region. These guidelines that have been determined give insight on the design of size and spacing 

of capture regions in further experimental devices.
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Chapter 4 -  Protein immunoassay on the waveguide^

4.1 Introduction

There is considerable demand for a rapid, quantitative, multianalyte sensor for the 

detection of biological or environmental analytes. A thin film optical waveguide built on a silicon 

wafer has been used as a platform for local evanescent array coupled (LEAC) detection of analyte 

binding. Using a visible guided wavelength and an optical waveguide core thickness of 100 nm, 

the evanescent field was found to be sensitive to the refractive index changes within 150 nm of 

the core. In this chapter, results are de.scribed from an experiment using a poly(dimethylsiloxane) 

(PDMS) microtluidic network to pattern a four-layer C-reactive protein (CRP) immunoassay with 

saturated, dilute, and zero CRP concentrations on the surface of the LEAC sensor. The 

immunoassay is carried out by immobilizing Anti-CRP on the waveguide using a Avidin/Biotin 

non-covalent link and then allowing buffer solutions containing the analyte to incubate with the 

antibody regions. The surface evanescent field profile for each concentration of CRP was 

determined using near field scanning optical microscopy (NSOM). The measured values 

compared well to simulated responses obtained via the beam propagation method (BeamPROP). 

Using the topography capabilities of the NSOM the pattern heights were measured. For saturated 

CRP the complex height was 14.8 nm, for the dilute concentration the height was 12.4 nm, and 

the height with no bound CRP was 11.6 nm. The measured evanescent field modulation was AP =

^Text from this chapter first appeared in a manuscript: Stephens, Matthew D. Xinya He, Rongjin Van, 
Charles S. Henry, Kevin L. Lear, David S, Dandy, “Evanescent Field Response of a Planar Optical 
Waveguide to a Quantitative Immunoas.say Measured using Near Field Scanning Optical Microscopy," 
Submitted on Aug 22, 2009 to Analytical Chemistry.
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23% for the saturated CRP, 20% for the dilute CRP pattern, and 18% for no CRP, demonstrating 

the quantitative capabilities of the LEAC biosensor.

4.2 Protein concentration assay using evanescent field response

This chapter describes progress toward development of a label-free method of detecting 

CRP (analyte) binding through a shift in evanescent field intensity around an optical waveguide. 

This study was a step in the process of developing an integrated devise for biosensing using 

relevant immunoassay chemistry and presented a more realistic representation of a bioassay than 

the surrogate polymer features described in

BSA

CRP pentamer

Anti-CRP antibody 

Avidin

Biotinylated BSA

/ / / T 7  7 2 / / / 7.7 7 /  / 7'7 7 T  f  / / J

Figure 4.1: An immunoassay complex 
consisting of biotinlyted BSA, Avidin, 
Anti-CRP and CRP.

chapter 3. The biorecognition elements (anti- 

CRP probes) were patterned in an array 

immobilized directly onto the surface of the 

core of a planar waveguide. As analyte in 

solution binds to a complementary probe 

region, the effective index of refraction and 

biological adlayer thickness both change, 

thereby changing the optical properties of the 

waveguide cladding. These changes cau.se a spatial shift in the evanescent field intensity. The 

thickness of the core was engineered .so the evanescent field was able to interact with the cladding 

layers tens to hundreds of nanometers from the core. The benefit of using this type of sensor is 

that it locally detects the direct analyte binding to the immobilized probes on the waveguide 

surface. There is no labeling of the analyte or addition of labeled probes needed for detection or 

quantification of binding.

Results will be presented that demonstrate the quantitative response of the evanescent 

field of a waveguide to a patterned immunoassay. The immunoassay was patterned using a 

PDMS microfluidic network (pFN) [44-50]. The anti-CRP/CRP system (.see Figure 4.1) was
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selected to be representative of typical antibody/antigen interaction, and it is an important 

oxidative stress biomarker. The probe regions for each analyte concentration were separated from 

one another on the waveguide surface to allow the signal from each region to be determined 

independently. This segregation allows the
-----------------------.

-  .  1placement of multiple probe regions along the 

waveguide. The microfluidic system was 

operated to allow simultaneous detection of 

several concentrations of analytes on the same 

waveguide. Although the same probe was 

patterned multiple times along the surface, it 

would be straightforward to immobilize a 

different probe type in each region, thereby 

making the device multianalyte capable.

The four-layer CRT immunoassay was 

patterned using a PDMS microfluidic channel 

oriented perpendicular to a waveguide 

fabricated on a silicon wafer (See figure 4.2b). 

Several concentrations of CRT were allowed 

to incubate with the anti-CRP. A high 

concentration was studied to ensure that nearly 

all the available binding sites on the surface 

were filled with protein. A dilute concentration 

was used to pattern less than a monolayer of 

protein. Also, there were some patterns that had 

the final patterned layer as anti-CRP, because

Top view of sample chip b)

Jght

3 l-im

o  c ) L
) '

Removable PDMS channels
Polished face

Figure 4.2: a) Molded PDMS stamps with 3, 6, 
and 12 channels for patterning, b) Three- 
channel network attached to a waveguide chip.

Figure 4.3: Fluorescence image of 4-layer 
immunoassay with FITC labeled Anti- 
CRP patterned using a PDMS channel
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buffer with no CRP was added to that channel. The CRP used as analyte here was labeled with a 

fluorescent tag FITC to allow redundant quantification of the CRP binding using fluorescence 

microscopy. An example of this CRP immunoassay using a PDMS channel with a width of 40 

|am is shown in figure 4.3. Xinya He and Brian Murphy carried out the immunoassay patterning 

on the waveguide surfaces [51,52].

4.3 Waveguide fabrication

Waveguides were fabricated as detailed in Chapter 2. But in brief, they were fabricated 

by depositing a 100 nm silicon nitride film using reactive ion sputter deposition (Nordiko 7000, 

Inverness Medical, Louisville CO) on a thermally oxidized silicon wafer (2 |J,m Si02, Noel 

Technologies, Campbell, CA). Standard photolithography techniques were used to mask for the 

creation of waveguides out of the nitride film using Microposit S1818 positive photoresist (Rohm 

and Haas Electronic Materials Corporation). After masking, the nitride surface was etched 15 to 

20 nm to form 2 jam wide ridge waveguides using a 4; 1 Cp4:02 plasma etch (Technics Micro RIE 

Series 800) at 50 W and 250 mTorr. The wafer was then scribed on the back surface and cleaved 

in preparation for edge polishing to expose a facet of the nitride film for end-fire light coupling 

using a laser diode and single mode optical fiber. This fabrication procedure resulted in a single 

mode of light propagation at 654 nm wavelength and an evanescent field large enough to extend 

into the patterned proteins and surroundings up to 150 nm away from the waveguide surface.

4.4 Immunoassay patterning

Poly(dimethylsiloxane) (PDMS) was used to form a pFN for patterning the immunoassay 

on the SiN, waveguide surface (See figure 4.3a). Using the PDMS pFN allowed the remainder of 

the surface to remain free from nonspecific binding and the dimensions of the patterned regions 

could be easily controlled. The volume of fluid needed to fill the channels was usually only a few 

microliters, reducing the reagent costs for the system. Prior to patterning, the nonreacted 

oligomers in the PDMS were removed u.sing a solvent extraction process [51,52]. After curing the
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PDMS in a 65°C oven for 2 h, the stamps were placed in stirred triethylamine for 2 h with a 

solvent replacement after 1 h. Additional oligomer was extracted from the stamps by treating for 

2 h in stirred ethyl acetate and then 2 h in stirred acetone. After oligomer extraction, the stamps 

were placed in a 65°C oven for 2 h to evaporate solvents.

Before the stamps were used to pattern proteins, they were exposed to air plasma for 45 s 

at a power of 18 W (Harrick Scientific, PDC-32G). The stamps formed a non-covalent seal with 

the waveguide surface and were able to be removed when the protein patterning was finished.

The immunoassay was formed in a series of four patterning steps.

1. 2.5 mg/mL Biotin-BSA was patterned for 90 min on the SiN  ̂followed by a flush 

using phosphate buffered saline (PBS, 50 mM phosphate, 0.9% NaCl, pH 7.4)

2. Avadin was added followed by a PBS flush

3. 2.5 mg/mL biotin-anti-CRP was added and allowed to incubate for 30 min 

followed by a PBS flush

4. Differing concentrations of FlTC-labeled CRP were allowed to incubate for 30 

min followed by a PBS Bush and removal of the PDMS pFN.

4.5 NSOM of protein patterns

Near field scanning optical micro.scopy (WiTec alphaSNOM) was used to quantify the 

effect of the patterned immunoassay on the surface evanescent field intensity. The NSOM 

acquired simultaneous topography and surface evanescent field intensity by means of a cantilever 

tip that is scanned across the surface of the sample. The tip was in contact with the surface of the 

waveguide and collected light from the evanescent field through a 100 nm diameter aperture. This 

collected light was amplified with a PMT and a 2D-intensity plot of the local evanescent light 

field was created. The topography of the sample was determined through deflection of the 

cantilever tip in contact with the surface. The data was analyzed using the Image Control (WiTec) 

image analysis software or exported and plotted with Matlab (The Mathworks).
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4.6 Evanescent field response

Using a three channel PDMS pFN (figure 4.2b), patterns were created on a waveguide 

surface and subsequently analyzed with the NSOM to measure the surface evanescent field 

intensity. The three channels were incubated with CRP concentrations of 600 pg/mL, 0.6 pg/mL, 

and 0 pg/mL of CRP in PBS. The NSOM was used to take 100 pm x 20 pm scans along the 

waveguide with the tip in contact with the surface, simultaneously collecting topography data and 

evanescent field intensity. The pFN used to pattern the samples for NSOM analysis had channel 

widths of approximately 75 pm. The four-layer immunoassay thickness measured by the NSOM

Distance (|um)

Figure 4.4: Two 75 pm long features on waveguide. Light response results to the features 
with CRP concentrations of a) 600 pg/ml and b) 0.6 pg/ml respectively. Data from NSOM 
scans are shown as solid lines and the BeamPROP simulation results are shown as dashed 
lines. Oscillation period is approximately 40 pm.

was 12 to 18 nm after drying, depending on the CRP concentration. To more readily quantify the 

average power in the waveguide, the 2D light intensity image for each scan area was condensed 

into a ID line where each value was the light intensity at each point along the waveguide. As seen 

in Figure 4.4, light is propagating from left to right and as the light encounters the pattern, the 

measured surface intensity increases. After the pattern, an oscillation in light intensity was 

observed. This oscillation was caused by the excitation of a second order mode that interfered 

with the guided first order mode. In this case, the higher order mode(s) may become excited due 

to the increase in refractive index near the core, which effectively increases the core thickness.
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The increase in effective core thickness resulted in a power distribution shift where more of the 

optical power was contained within the core. If the thickness of the layer was large enough, the 

guiding conditions of the waveguide change such that the propagation of two or more modes 

became possible. Any higher order modes that became excited during the patterned region were 

no longer as tightly bound when the light travels back to the bare waveguide. The transient 

coexistence of the higher order mode with the guided mode caused an observed oscillation in the 

surface evane.scent field intensity. The oscillation decays to zero when the power in the higher 

order mode was coupled back into the fundamental mode or was lost from the waveguide.

CRP Concentration Pattern thickness Measured AP Simulated AP
0 fig/ml 11.6 nm 18.2 % 21 %
0.6 ftg/ml 12.4 nm 19.9 % 22 %
600 fig/ml 14.8 nm 23.3 % 25 %

Table 4.1: CRP concentration/pattern thickness vs. intensity modulations.

The data displayed in Table 4.1 show the response to all three immunoassay 

concentrations and predicted power modulation (R. Yan) from using the BeamPROP software 

with no adjustable parameters in the software model. The two-dimensional simulation results 

were obtained using commercial software by RSoft and these were in agreement with the 

laboratory results. The incident beam was assumed to be the TE mode at a wavelength of the 654 

nm. The longitudinal light intensity along the waveguide and the BPM simulation results are 

shown in Figure 4.4. The experimental data is shown as a solid line and the results of the BPM 

simulation are shown as a dashed line. For the simulation profile shown, the high CRP pattern 

thickness was 15 nm and was assumed to have a refractive index of 1.45, a value typical of 

organic material. Figure 4.4 shows the total detected light intensity along the waveguide for two 

different concentrations of the CRP antigen. The high concentration of CRP (600 |ag/mL), which 

corresponds to saturated monolayer analyte coverage, yields a AP value of 23%. For the low
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concentration of CRP (0.6 |a.g/mL), which was expected to have less than a monolayer of CRP 

bound to the surface, the observed AP value was 19.9%. The observed power modulation for no 

CRP present was 18.2%. The evanescent field undergoes a larger power shift for the higher 

concentration of CRP, demonstrating the quantitative ability of this .sensor. This ob.served 

increase in AP with CRP concentration was supported by the numerical BeamPROP simulations 

(R. Van).

“ J  (a)

=1

20
25

8000

6000

4000

0.08

0.06

0.04

«■

10 20 30 40 50 60 70 ; 80 90 K

---
1__________

, 1

20 40 60 ; 80 If

- y v 7 \ / \ ________

1 --------■------ 1--------------

20 40 60 80 1C

(b)

(c)

pm
Figure 4.5; Control feature with no captured CRP. (a) Topography of 2.6 pm wide ridge 
waveguide with 13 nm etch depth. Feature size is =; 40 pm in length and 4.9 nm thick, (b) 
Surface light inten.sity measured with NSOM, (c) Total light mea.sured in photon counts 
carried in the waveguide after subtracting the background. AP=13  for buffer only added to 
the pFN. (d) Cross-section of the topography scan for the immunoassay feature.

To determine the effect of pattern size on evane.scent field response, an additional 

experiment was done with a three-channel PDMS pFN using channels 40 pm wide. Figures 4.5 to

4.7 show the topography of the waveguide and the immunoassay pattern, the light intensity image 

over the same area as the topography scan, and the total light intensity in the waveguide. Figure 

4.5 shows the re.sults for the 3.4 nm thick pattern with no CRP added. As can be seen, due to the 

nonspecific binding, the light field re.spon.se of only the attached antibody can not be seen
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graphically. However, calculating the AP with equation 3.1 indicated a signal change of 7 %. 

Figure 4.6 shows the results for the 9.0 nm thick pattern with a less than monolayer coverage of 

CRP. The average intensity of the tight field increased as it encountered the protein layer and 

AP=\?,% for low CRP concentration. Figure 4.7 shows the results for the 10.6 nm thick pattern 

resulting from incubation with a high concentration of CRP. The signal change for the high CRP 

concentration was calculated to be 17 %.

Figure 4.6: Light response to low CRP concentration, (a) Topography of 2.6 qm wide ridge 
waveguide with 13 nm etch depth. Feature size is = 40 |xm in length and 9.0 nm thick, (b) 
Surface light intensity measured with NSOM, (c) Total light measured in photon counts 
carried in the waveguide after subtracting the background. zlP=13.0% for low [CRP]. (d) 
Cros,s-section of the topography scan for the immunoassay feature.
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Figure 4.7: Light response to high CRP concentration, (a) Topography of 2.6 |a,m wide ridge 
waveguide with 13 nm etch depth. Feature size is « 40 jam in length and 12.8 nm thick, (b) 
Surface light intensity measured with NSOM, (c) Total light measured in photon counts 
carried in the waveguide after subtracting the background. ZlP=16.6% for high [CRP]. (d) 
Cross-section of the topography scan for the immunoassay feature.

CRP Concentration 0 |4g/ml 0.6 |4g/ml 600 |4g/ml

Pattern thickness 4.9 nm 9.0 nm 12.8 nm

Measured AP 7.3 % 13.0 % 16.6%

S/N 4.85 6.26 5.67

LOD 2.19nm 2.9 nm 4.5 nm

LOD Concentration - 0.441 |4g/ml

Table 4.2: Power modulation for 40 p,m channel width for quantitative CRP immunoassay. 
S/N is the non normalized power modulation divided by the RMS noise level and the limit of 
detection (LOD) is the thickness of the pattern in nm that corresponds to the signal generated 
at the limit of detection as defined in equation 3.4. The limit of detection concentration is the 
concentration of CRP that would produce the detection signal indicated in equation 3.4.
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4.7 Conclusion

The specific binding of protein molecules, CRP in this case, was directly detected via 

monitoring of the evanescent field at the surface of a planar waveguide. The presence of the 

immunoassay proteins on the surface of the waveguide core excites a weakly bound mode that 

caused decaying interference with the bound mode. This phenomenon was a consequence of the 

waveguide core dimensions being near the single mode/multi mode boundary. Any feature that 

was large enough to produce a response in the evanescent field was also observed to excite a 

higher order mode over the patterned region. This excitation process indicated that the probe 

regions should be spaced 500 |im apart to allow for the light field to return to a uniform value.

The detected power changed as the amount of CRP bound to anti-CRP changed, that is, 

as the target concentration changed. The increase in coverage of CRP in the pattern increased the 

refractive index of the upper cladding next to the core and the degree of light response also 

increased. The observed results from monolayer coverage showed a zlP of 17% to 23.3% and less 

than monolayer coverage showed a AP of 13% to 19.9% depending on the pattern size. The 

observed power modulation for the two channel sizes indicated that the AP would be larger for 

larger feature lengths. This trend agreed with BeamPROP simulation results for the light response 

to the patterns. This indicated that the light response was quantitative with respect to the 

concentration of CRP for this waveguide sensor. According to the noise levels observed in the 

light signal, the less than monolayer coverage results were above the limit of detection as defined 

by Equation 3.4. A lower limit of detection can be obtained if the .signal from the evanescent field 

can be measured without the surface topography impacting the signal. As a next step in the design 

of the sensor, buried detector elements were used to measure the evanescent field intensity. The 

buried detectors were at a uniform distance from the waveguide core and were not subject to 

surface topography effects when measuring the field and are di.scu.ssed in Chapter 5.
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Chapter 5 -  Buried detector sensing

5.1 On chip evanescent field detection

This chapter describes results obtained using a planar waveguide fabricated on a chip that 

contained underlying (buried) silicon photo-detectors. The detectors were located 1.0 pm to 1.4 

pm away from the core of the waveguide in order to intersect with the evanescent field in the 

lower cladding. The detectors converted the optical field received from the evanescent field to 

electrical signals. A change in signal received by a detector indicates a change in the refractive 

index of the upper optical cladding. For example, a change in refractive index may indicate the 

presence of adsorbed species on the upper surface of the waveguide. The detector operates in real 

time and indicates the degree of coverage of a species adsorbed to the waveguide surface through 

a relative shift of the evanescent field.

The buried detector format provides significant opportunities for localized detection of 

chemical or biological analytes in complex milieu through monitoring of the evanescent field 

[53]. The shift in the detected optical signal as a result of bulk refractive index changes on the 

surface of the waveguide is presented as proof of principle. In addition, the predicted response to 

the refractive index changes via numerical modeling is compared with the measured detector 

response.

5.2 Buried detector concept

To form an evanescent field detection array on the waveguide chip, the photoelectric 

effect of a semiconductor material was used. The photoelectric effect is the phenomenon by 

which a material will relea.se electrons when it absorbs energy from light or other electromagnetic
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radiation. In semiconductors, low energy light such as visible photons can promote electrons out 

of the valence band and into the conduction band where they can be induced to flow when the 

material is biased with an electrical voltage [55]. For example, amorphous, polycrystalline silicon 

(polysilicon) located in the lower cladding of a planar waveguide can form a photodiode and 

detect adsorbed evanescent field (see figure 5.1

[54|). For this waveguide, which propagates 654 

nm light, the polysilicon was able to absorb 

photons of this energy and respond by releasing 

electrons, which are measured to determine 

photocurrent [56, 57].

An advantage of buried detector array 

sensing was that the sensing elements were always 

located at a constant distance away from the 

core of the waveguide. This detection 

paradigm had the benefit of measuring the 

shift in the field for a capture region without 

needing to observe secondary effects such as 

field oscillation to confirm a response. With 

a buried detector array the field intensity was 

also determined without the added 

complication associated with the surface 

topography affecting the core-detector 

distance. Two buried detector devises were 

studied to determine the properties of the 

waveguide and the detector response to

Figure 5.1: Silicon photodiode response 
versus wavelength of the incident light 
[54].
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Figure 5.2: Cross sections of two buried detector 
designs. (Top) CSU design incorporating a solid 
polysilicon detector strip under the ridge waveguide 
and (Bottom) Avago design with discrete detector 
elements under a rib waveguide.

refractive index changes on top of the waveguides. Figure 5.2 shows the basic geometry of the
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two detector designs studied. The first devise studied was a detector that was designed and 

fabricated in the CSU cleanroom from a multilayered film sample deposited at the Army 

Research Lab (ARL). The second devi.se was fabricated with the cooperation of Phil Nikkei and 

his colleagues at Avago Technologies.

The predicted response generated for an 8.5 pm long feature of refractive index 1.56 

using a detector array is shown in figure 5.3. As seen on the left part of the figure, the simulated 

detectors were placed 0.5 pm away from the core of the waveguide. The response of the field to 

an increase in refractive index of the upper cladding region, as predicted by the model, is a shift 

in the guided light out of the lower cladding and toward the feature. The shift in field due to the 

feature causes the detected power in the lower cladding to decrease. Figure 5.3 compares this

•10 hi)
l.ength (pm) Length (pm)

Figure 5.3: Light intensity cross section for a SiN  ̂ waveguide with 8.5mm feature (top). 
Simulated detector array response & NSOM with simulated response to feature (bottom).

with the response to the same feature simulated with BeamPROP and measured by NSOM. The

majority of the response seen in the figure on the lower right was due to the tip shifting up over

the patterned feature and a smaller amount of evanescent field power was detected even though

the field inten,sity above the core increased.
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The buried detector concept has several disadvantages. The polysilicon detector regions 

in the lower cladding were designed to intercept the evanescent field and convert the photons to a 

current that could be measured. The presence of the detector regions converted the guided power 

in the waveguide from optical to an electrical signal. This increased the propagation loss from the 

waveguide and reduced the amount of waveguide that was effective in guiding light. The 

detectors afso have a size larger than the NSOM tip aperture, so the resolution of the light profile 

as measured using the detectors would be less than if the field was measured using NSOM.

There were also several advantages to using a detector array rather than NSOM to detect 

the evanescent field. The detector array can measure the evanescent field while the top of the 

waveguide was open so sample may be delivered to the surface using a microfluidic network. The 

detectors were also capable of measuring the intensity along the length of the waveguide 

simultaneously and in real time, hereby enabling the monitoring of binding of analyte(s) for all 

probe regions on the waveguide at the same time. The on-chip detection of the waveguide power 

profile had the advantage of requiring less power, cost and instrumentation than the NSOM 

detection method.

The results from the BeamPROP simulations indicated that the buried detector array was 

a better way of profiling the evanescent field response to features of all thicknesses. Therefore, 

the fabrication and response of the detector arrays were carried out to determine the optical and 

electrical properties of the integrated devices as well as the 

expected response to index changes above the waveguide.

5.3 CSU detector array fabrication

As a first step in looking at the application of a 

buried detector to profile the evanescent field for this 

sensor device, a prototype detector was designed and

100 nm
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- L ,
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T
150 nm ■

SiO,
11=1.45
p-Si

Si(T

1pm

Silicon ‘ 1
fabricated in the CSU semiconductor cleanroom. In order Figure 5.4; Wafer composition and

dimensions for CSU detector
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tor a buried detector to be fabricated, a multilayer film structure from ARL was used as a starting 

material. Figure 5.4 shows the initial multilayer film structure. The substrate was a thermal oxide 

wafer and three films were deposited on the substrate in order to form the sensing, cladding and 

waveguide layers. The thermal oxide isolated the polysilicon detector layer from the .silicon 

substrate to allow the bias current of the detector to only travel through the polysilicon. An 

additional layer of silicon dioxide provided optical isolation between the core of the waveguide 

and the detector region while still allowing the field to reach the detectors.
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11 mm
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100VV power 
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BOB ‘ ----------------►
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Figure 5.5a: First step in fabrication of CSU buried detectors: Mask with photoresist for 
CF4/O2 and BOB etch steps for plateau formation.
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Figure 5.5b: Photoresist deposition for masking for waveguide fabrication for CSU 
buried detector design.
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Figure 5.5c: Polysilicon detector strip fabrication for CSU buried detector 
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Top down view

Figure 5.6: Overall view of CSU detector array with laser diode and power supply and 
meter to measure the photocurrent response of the detectors
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To form the waveguide and sensor complex, a series of etching steps were used to 

remove the deposited films. The first fabrication step (figure 5.5a) was to mask an 11 pm strip 

with photoresist (SI 818) and tuse CF4/O2 plasma to etch through the silicon nitride and silicon 

dioxide layers to expose the polysilicon layer. Buffered hydrofluoric acid (BOB) was used to 

remove any remaining silicon dioxide on the polysilicon layer to allow for good electrical contact 

between the polysilicon and the metal contact. A dry etch was used to accomplish the initial etch 

instead of a wet etch in order to define the 11 pm wide area with minimal undercutting of the 

mask. The buffered HF removed photoresist and silicon nitride but the plasma etch was selective 

in etching the nitride and SiOa at a much faster rate than the photoresist mask (table 5.1). The 

next fabrication step was to mask a 3 pm wide strip on top of the plateau to form the ridge 

waveguide (figure 5.5b). Applying the CF4/O2 plasma for 7 seconds etched the nitride layer 15 

nm and formed the waveguide ridge. The next step was to remove most of the polysilicon from 

the wafer leaving 6.5 pm of poly.silicon on each side of the waveguide block allowing metal to 

contact each side (figure 5.5c). The sample was masked with a 24 pm wide photoresist feature 

and the sample was etched with high oxygen content plasma. The oxygen plasma selectively 

etched the polysilicon and did not etch photoresi.st or silicon dioxide. After these etching steps, 

the sample was masked with two layers of photoresist to form a liftoff mask for removing metal 

that was evaporated on the surface. First a photoresi.st called LORI OB was spincoated on the 

surface and baked. Then a layer of S 1818 was spun on top of the LOR I OB coated sample and 

then baked. The sample was then exposed and developed as normal. The LORIOB resist layer 

developed and washed away at a fa.ster rate than the S1818. This process formed a structure that 

was undercut to allow for the solvent rinse to dissolve the masking layer after metal evaporation 

(see figure 5.5d). Two layers of metal were evaporated on the sample. Titanium was used as an 

adhesion promoter for gold, which formed the electrically conductive contacts that connected to 

the two sides of the polysilicon strip and formed detectors. The metal contacts that were deposited
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were 100 |a.m wide with a spacing of 10 |J,m. The contacts were all connected to the same detector 

strip and discrete detectors were not formed for this particular design. Current flow between 

adjacent detectors was reduced by minimizing the distance between the ends of the electrode 

pairs. After the metal was deposited and the excess removed through acetone/methanol/water 

rinses, the edge of the sample was polished to prepare it for light coupling. The sample was then 

attached to a fiber and laser diode and was ready for initial light intensity profiling using a 

benchtop current reader. Figure 5.6 shows a diagram of the coupled waveguide and the 

dimensions of the detector array.

5.4 CSU detector response

To determine the photocurrent response of each detector, one contact probe of the meter 

(Keithley 2400) was placed on the common ground pad and the other placed on one of the 

individual contacts. The detector region was biased with 10 volts. It was observed that the 

detector array would respond to environmental light. The photocurrent was measured five times 

for three detectors with the bench light on and off. The photocurrent response was observed to 

increase by approximately 0.2 mA, or 4 % of the total current, each time the detector was 

monitored with the bench light on. This initial analysis indicated that the detector regions were 

responding to the environmental light and thus should respond to changes in guided light in the 

waveguide. The next step in looking at this buried detector design was to profile the detector 

response for the bare waveguide with air as the upper cladding. The results of the detectors for the 

bare waveguide are shown in figure 5.7a.

To obtain a valid re.sponse from each detector, the signal from a photodetector must be 

normalized to avoid signal variations due to changes in background signal. This is accomplished 

using a reference detector and is analogous to the normalization done to obtain the power 

modulation values for the experiments in chapters 2 and 4. Changes in the environment or in the 

power supply can effect the input power launched into the waveguide. To obtain a signal from
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each detector, the photocurrent for each detector signal was normalized using the photocurrent 

response of a reference detector that was located away from any features patterned on the surface.

An experiment was done to determine the change in the detector response when the bulk 

refractive index of the upper cladding was increased. The detector response was measured with 

air as the upper cladding and then vegetable oil was added on top of the waveguide to increase the 

cladding index. As seen in figure 5.7b, the photocurrent detected for the bare waveguide was 

lower than the current detected after the upper cladding index was changed. Based on the 

BeamPROP simulation results .seen in figure 5.3, this was not the expected result of this 

experiment. The increase in upper cladding index should have resulted in lower power measured 

by the detectors due to an upward shift in the evanescent field. One possible explanation for this 

effect may be that since the oil was not confined to the top surface of the waveguide, some oil 

Bowed between the fiber and the polished face of the waveguide. The oil then formed a more 

efficient coupling connection due to better index matching in the fiber/air/waveguide interface.

Determining the loss characteristics of this waveguide and detector array is a useful 

calculation for comparison with other structures. The loss in decibels of an optical waveguide is 

defined as:

= ’0log,o(-^) Equation 5.1

Where Po is the initial power in the guide and P is the power measured at some point 

down the length of the guide. A more accurate loss calculation was done using a collection of 

data to determine the loss rather than a single point. The data was fit using a linear or exponential 

form as .seen in equations 5.2 and 5.3:

L O G ,,{ l,,)  = m*{D)  + LO G ,,{I,)
-X*D

Equation 5.2 
Equation 5.3/  = f ̂ PC  0

where Ipc is the photocurrent at each detector, m is the slope of the line found by minimizing the 

sum of squared differences between the data and the best fit line, D is the detector number, /« is
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the initial photocurrent coupled into the waveguide, and A. is the exponential decay constant. The 

loss in dB/mm for the propagation of light in a waveguide was found by using equation 5.4 or 

5.5.

Loss _dB  I mm = m * 100

Loss _ d B  I mm -  LOG^^^{e * 100 Equation 5.5

Figure 5.7c shows the loss calculation for the CSU buried detector using equation 5.2. The 

waveguide loss was calculated to be 13.6 dB/mm for the bare waveguide and 17.4 dB/mm after 

oil was added to the surface.
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Figure 5.7a: Detector power profile for the CSU buried detector device with nothing 
added to the waveguide surface.
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Figure 5.7b: Detector power profile for the CSU device when the upper cladding 
refractive index is changed using vegetable oil on the waveguide surface

Figure 5.7c: Changing the upper cladding from air to oil affects waveguide loss for the 
CSU buried detector device. Bare waveguide loss = 13.6 dB/mm, With oil = 17.4 
dB/mm. Ipc is the photocurrent measured at each detector.
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Table 5 .1 Etch types used in detector fabrication

Material Etched Etchant Etch rate and Notes
Reactive ion 
sputtered Silicon 
nitride. N2 or NH3 
as nitrogen source

35 seem CF4 and 10 seem O2 
plasma in Micro RIE. Power 
is 50 watts. Pressure is 
around 240 mTorr

From experiments on 2/4/05 measuring 
thickness with ellipsometry in CSU 
cleanroom: 2.16-2.36 nm/second. 
Removes poly-silicon isotropically

Silicon nitride 
chemically vapor- 
deposited from a 
gaseous mixture 
of ammonia and 
dichlorosilane

HE concentrations from 9 to 
49 weight percent and times 
from 1 to 5 minutes.

T (A) = 2.55 -r 0.65(HF) - 9.3t + 3.2(HF)t

T = thickness change of nitride film in 
angstroms
HP = Weight percent 
t = time in minutes
“Experimental design applied to the 
etching of silicon nitride in HP solutions” 
by Guilinger, T.R.; Kelly, M.J.; 
Weygandt, W.S.

Reactive ion 
sputtered Silicon 
oxide. O2 as 
oxygen .source

1: 10 HE: H20 (HE from 
bottle).

Typically u.sed for stripping oxide

Used to remove 
silicon oxide

Buffered Oxide Etchant 
(BOE) or Buffered HE (BHE)

It contains ammonia fluoride that will 
decompose to make up to fluoric ion 
consumed during etch process.

Used to remove 
silicon nitride 
film

Phosphoric Acid : The etch 
temperature is 160°C

Will not etch silicon.

Poly-Silicon A premixed solution, of nitric 
acid, HP, and DI water, used 
to etch poly-silicon.
4500 ml DI water 
4500 ml Nitric Acid 
200 ml HP (49%)

To increase the etch rate, the process 
temperature can be increased to 50°C. 
Silicon Etchant will etch silicon oxide, 
though slowly. 
httD://microlab.eecs.berkelev.edu/labman
ual/chanl/1.9.html, or 
http://microlab.berkeley.edu/labmanual/ch 
apl/JMEMSEtchRates2(2003).pdf

Native oxides 1:25 HP: H20 (HP from 
bottle).

Used for HP dips to strip native oxide 
without removing much of other oxides 
on the wafer.

Oxides 5: 1 buffered hydrofluoric 
acid (a.k.a. buffered oxide 
etch, BOE).

Because this solution is buffered, its etch 
rate does not vary much with use. Best for 
controlled etching of oxides.

single-crystal
silicon

Potassium hydroxide solution 
at 80°C. Mixed from 1000 g 
KOH pellets : 2 liters H2O. 
Solution is .self-heating. Let it 
sit a few hours before using. 
Pattern with nitride.

Used for anisotropic etching of single-
crystal silicon. Attacks (100) and (110) 
planes much faster than (111) planes.
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5.5 Avago detector design

The second design that was implemented was the Avago detector [54|. This detector had 

the general structure and dimensions shown in figure 5.8. This detector also u.sed polysilicon to 

form the photodiode to detect the presence and strength of the evanescent field in the lower 

cladding. It was formed using a series of metal and dielectric deposition steps separated by 

chemical mechanical polishing steps. This design incorporated discrete detectors that were 9.5 

p,m long and were separated by 0.5 jam. The cross section of the Avago detectors is shown in 

figure 5.8a. Three scanning electron micrographs of the detector design are shown in figure 5.8. 

The micrographs (taken at the CSU Central Instrument Facility) show the 100 nm rib waveguide

An ago burried detector

WaNcguidc wiNlth: 1.7 pm 
height: 100 nm

Material: Silicon nitride

Waveiiuide
Contacts
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r
Delector 
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C o n tac ts!

-----  0.3 p m

T
Silicon substrate
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d)

section of metal connections and polysilicon detector region, c) Top view of the 
waveguide, and d) decoder circuitry for detector measurement.
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made of silicon nitride in the center and the polysilicon detector region below it. On each side of 

the waveguide, the metal contacts and vias can be seen. The Si02 dielectric insulated the detector 

blocks from each other and the silicon substrate. A top view of the waveguide and detector pads 

is shown in figure 5.8c. The differences between this detector design and the CSU detector were 

the smaller, separated detector blocks and the increased spacing between the core of the 

waveguide and the detectors. Also in the Avago device, the waveguide was a fully etched rib 

waveguide, which according to simulation and NSOM experimental results, was multimode at 

654 nm.

5.6 Results from Avago detector

The response for the detectors was determined for the bare waveguide with air as the 

upper cladding. The detector response is shown in figure 5.9. For the first four detectors an 

increased loss rate was observed. This was due to the transient propagation of the high order 

modes or cladding modes as the light was initially end-fire coupled into the waveguide. The loss 

rate for the first four detectors was ~ 37 dB/mm. After the initial loss of leaky modes in the first 

300 to 400 pm of the waveguide, the
Power loss in the wavemiide

propagation loss for the remainder of the 

waveguide was approximatly 8 dB/mm. 

Detector-to-detector variations in the signal 

were likely due to scattering from the 

waveguide and multimode interference. The 

approximate estimated loss from expermental 

results for a waveguide of this type with no 

hurried detector array was around 1 dB/mm

Detector number
Figure 5.9: Loss characteristics of buried 
detector device fabricated at Avago

with a theoretical calculation predicting a loss of less than 0.05 dB/mm. Theoretical loss was 

calculated a.ssuming only adsorbtion of light in the waveguide material. The increased loss 

observed in actual waveguides is the result of scattering due to the roughness of the surfaces and
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sidewalls of the waveguide. Additional losses were observed in these devices due to power 

adsorption by the detector elements.

A measurement was done to 

determine the effect of a refractive index 

change on the detected power. The detector 

response of the device was determined in 

air and then a layer of bovine serum 

albumin (BSA) was added to the upper 

surface of the waveguide. BSA is used 

commonly to block non-specific adsorption

Figure 5.10: Avago sample response to 
uniform BSA patterning on the surface

of proteins and other molocules on surfaces. The results of the BSA layer addiditon are shown in 

figure 5.10. Consistant with the simulation results shown in figure 5.3, the addition of a higher 

refractive index layer to the waveguide surface shifted the evenescent field distrobution and thus 

reduced the field detected by a buried array. The observed signal after the addition of BSA to the 

surface decreases, as predicted by the simulation. This result indicated that a hurried detector 

array was able to respond in a significant manner to the addition of a small layer of biological 

material to the surface of the waveguide.

5.7 Conclusion

Through the laboratory and simulation experiments conducted with these two detector 

designs it may be concluded that it is feasable to fabricate an integrated local evanescent field 

detection system on the same chip as the waveguide. The buried detectors were successful in 

detecting the light and can be used to determine the propagation loss for the waveguide structures. 

The scatter in the data received from measuring the detector respon.se limited the usefulness of 

the results in these preliminary studies. However, changes in bulk refractive index and uniform 

surface films had an measurable effect on the detected power and the propagation losses of the 

waveguides.
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Chapter 6 -  Conclusions and Future work

6.1 Introduction

In the course of these studies, a number of important discoveries were made regarding the 

characteristics of the LEAC sensor. The waveguide geometry for single mode propagation of 

light and the NSOM and buried detector array profile for light propagation were documented. The 

observed surface and buried detector light field profiles to different features attached to the 

surface were determined. Features that were studied included high refractive index features 

fabricated of the same refractive index as the core, polymer film features of refractive index 1.6, 

and a quantitative protein immunoassay. Thickness and length of features were varied to 

determine the size effects on signal. The minimum feature heights and lengths that produced a 

response were determined using the evanescent field profiles. The minimum feature spacing was 

found in order to ensure a clear detected signal for each probe region. The challenges associated 

with attaching proteins to the waveguide surface using PDMS microfluidic channels were 

determined. Numerical simulations were also used to predict and quantify the expected response 

of the evanescent field to these features. The simulations were compared with the measured 

results using NSOM and the buried detector designs. Additional areas for future study and 

improvement were found and are discussed at the end of this chapter.

6.2 Waveguide design

Several waveguide designs were fabricated to determine the evanescent field surrounding 

each of the cores. The planar waveguides were formed through the deposition of a silicon nitride 

film on thermal oxide wafer. The silicon nitride film formed the core material for the planar
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waveguide. Thermal oxide on the silicon wafer served as the lower cladding. The waveguides 

were fabricated u.sing photoresist masking and plasma etching. This masking and etching 

procedure formed the waveguide to confine the light to a narrow region of the wafer. As seen in 

figure 6.1, four designs were fabricated in order to determine the surface evanescent field 

intensity tor waveguides of various geometries. The ideal evanescent field intensity for detection 

of binding events was a uniform field, guided down the core. If multiple modes of light 

propagation were guided down the core, the observed surface evanescent field intensity varied 

due to interference between modes. Therefore, a single mode of light propagation was necessary 

to maintain a uniform field. Light with a wavelength of 654 nm was coupled into the waveguide 

structures shown in figure 6.1. The surface evanescent field intensity was measured using NSOM. 

The waveguide geometry shown at the bottom of figure 6.1 was found to be single mode. All the 

other waveguide structures guided multiple modes using a wavelength of 654 nm. It was 

determined that the maximum waveguide width for single mode propagation was approximately 3 

pm and the maximum etch ridge depth was

approximately 20 nm. For films thicker than 100 

nm multiple vertical modes were observed and 

for waveguides wider than 3 pm multiple 

horizontal modes were observed to propagate in 

the structure. It may be concluded from these 

experiments that, for a core refractive index of 

1.8, the appropriate geometry for single mode 

light propagation was a core thickness less than 

100 nm, with ridge widths less than 3 pm and 

ridge heights less than 20 nm.

lOpm

."'OOnni

.S ilicon D io.xide

lOOnm
ridge

I Op in
lOOnml siuKtc

Silii.!)ii niuxidc
1 OOnin 
rib

10pm
lOOiim:

IOOmn I

________ Nilfidc __
S|Ik\ii; I iio\ dc

2pm
_ _
r:Silicon Dioxide

lOnm 
I ridiie

‘ I5nm 
ridoe

Figure 6.1: Four test waveguide geometries 
fabricated out of silicon nitride films 
depo.sited on thermal oxidized silicon wafer 
substrate. Top three structures were found to 
be multimode. The bottom structure was 
found to guide only a single mode and was 
the geometry used in the sensor design.
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6.3 Evanescent response to core thickness changes

After the determination of the appropriate geometry for a ridge waveguide to achieve 

single mode light propagation, the evanescent field response to features of various sizes on the 

core of the waveguide was determined. As a first step in determining evanescent field response, 

features of the same refractive index as the core were fabricated on the surface of the waveguide. 

This resulted in a structure that increased the core thickness at specific regions along the 

waveguide. To form these core thickness changes, a secondary masking procedure was used to 

mask 10 pm long regions of the core and an additional etching step was added to reduce the 

thickness of the entire film a few additional nanometers. The evanescent field response to the 

high refractive index feature on the waveguide is shown in figure 6.2. Light was propagating 

from left to right, and the topography of the waveguide and the fabricated feature are shown in 

figure 6.2a. The 2D surface evanescent light inten.sity is shown in figure 6.2b and a line plot

Figure 6.2: Response to a larger high refractive index feature. Light travels from left ^  
right, (a) Topography of 4.5 p,m wide waveguide with 21 nm etch depth. Feature size is = 13 
pm in length and 30 nm thick, (b) Surface light intensity measured with NSOM, (c) Total 
light measured in photon counts carried in the waveguide after subtracting the background 
showing a larger increase in light over the feature than was observed for thinner features.
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showing the total evanescent field intensity for the whole waveguide is found in figure 6.2c. As 

observed, the light intensity increased when it reached this high refractive index feature. After the 

feature, the light intensity oscillated and decayed back to a uniform value. This basic respon.se 

profile was observed for all high refractive index features fabricated on the core. The oscillation 

of the light after the feature affected the response from an array of features that were closely 

placed along the waveguide. This first experiment to determine the response to refractive index 

changes provided several insights into the design of capture regions. The light intensity shifted in 

a significant manner in respon.se to a 10 to 20 nm thick layer of material on the core. This 

thickness range is typical of the size range of several dried layers of proteins or other biological 

molecules attached to a surface. For these thin features, the surface evanescent field intensity as 

measured using NSOM increased over the feature. The light exiting the feature oscillated in a 

decaying manner and returned to a uniform value, indicating the appropriate feature spacing was 

100 to 200 pm.

6.4 Evanescent response to patterned polymer features

As a next step in determining the evanescent field respon.se, photoresist was used to 

pattern surface features on the waveguide core. The use of photoresist film produced a feature 

that was between 60 and 120 nm. The refractive index of the polymer film was determined to be 

near 1.6 and since the refractive index of proteins and other biological molecules are assumed to 

be 1.4 to 1.5, this provided a more realistic refractive index profile than the high index structures 

studied in chapter 3. The response to features fabricated from photoresist was closer to the 

expected response to biological materials than the response from core thickness changes. Various 

lengths and thicknesses of photoresist were patterned on the core of the waveguide and the 

evane.scent field response determined using NSOM. The evane.scent field response was observed 

to decrease as the feature was encountered, as seen in figure 6.3. After the feature, a sharp 

increase in field intensity was observed and then the field oscillated in a decaying manner before 

returning to a uniform intensity. For features of this thickness and refractive index, the evanescent
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field intensity decreased over the feature 

because the distance between the NSOM tip 

and the core of the waveguide increased. The 

expected re.sponse of the light field to a 

refractive index increase on the core was a 

shift of power from the lower cladding up into 

the upper cladding (see figure 6.4). However, 

the combined effect of increasing the distance 

between the core and the tip resulted in the 

observed decrease in intensity over the feature.

20 M) 00 SO
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Figure 6.3; BPM light intensity cross 
section (top) and overlay of NSOM data 
and BPM as measured on the waveguide 
surface (bottom).
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Figure 6.4: Light field shifting as feature thickness increases (BeamPROP) [531 

In the case of these photoresist features, similar to the phenomenon observed for high refractive 

index features, the o.scillations in the evanescent field intensity after the feature impacted the 

spacing between the features. The analysis of these experimental results indicated several 

conclusions. 1 o obtain a measurement of the evanescent field response to a feature that is 

independent of the surrounding features, the spacing between features should be at least 150 to
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200 |jm. The surface evanescent field was able to respond to features of this thickness range, 

which is representative of the capture of virus particles. Also, the increased distance between the 

tip and the core of the waveguide was the dominant effect on field measurement, and resulted in a 

decrease in observed intensity to these features.

6.5 Quantitative immunoassay

The next step in the development of the sensing device was to determine the response to 

an immunoassay. As a representative test, a quantitative C-reactive protein immunoassay was 

carried out on the surface of the waveguide. The immunoassay regions were patterned using 

PDMS microfluidic channels. The three-channel PDMS network allowed the attachment of anti- 

CRP to the waveguide surface using the biotin-avidin non-covalent linking mechanism. The three 

channels contained the same attached antibodies, but each channel was exposed to different 

concentrations of the CRP analyte. Concentrated (600 pg/mL), dilute (0.6 (ig/mL) and zero 

concentration CRP solutions were added to the microfluidic channels. The 5-layer immunoassay 

formed biological material features on the waveguide core that, after drying, were measured to be 

between 12 to 15 nm thick, depending on the CRP concentration. For these relatively thin 

features, the shift upwards of the evanescent field due to the change in refractive index was 

expected to be the dominant response as seen in the simulated profiles in figure 6.4. The surface 

evanescent field intensity and the BPM simulation results to the high and low CRP features are 

shown in figure 6.5. The evanescent field intensity increased over the feature and was followed 

by decaying oscillations. This experiment with the immunoassay on the waveguide indicated that 

the evanescent field response could be used as a quantitative test to determine protein 

concentration.

90



b)
I \
! I .
' '
' \ j

\ I

Uala

S im u lation

' C\
I fJ
I ^  'I

V a/
i

Vift \ /

0 so 100 ISO 20
Oislance (jim)
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6.6 On-chip evanescent detection

The use of NSOM to determine surface evanescent field intensity was effective, but this 

detection method had several disadvantages. The instrument was large, needed a connection to a 

computer, required a large initial monetary investment and the measurement of field intensity was 

affected by surface topography. A new 1-1

method of evanescent field detection built 

on the same waveguide chip may solve 

several of these problems. An on-chip 

evanescent field detection method has the 

advantage of being small, requiring lower 

amounts of power, and may be fabricated to 

detect the evanescent field intensity at a 

constant distance from the waveguide core.
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Figure 6.6: BeamPROP simulated NSOM and 
buried detector response for features of 
increa.sing thickness |53].

This buried detector design also has the advantage of not needing to contact the top of the 

waveguide. This means that a microfluidic device may be placed on a chip surface to allow 

delivery and mixing of small sample volumes to probe regions patterned on the waveguide core.
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Figure 6.5 show.s the .simulated response from NSOM and a buried array 2 pm away from the 

core for features of increasing thickness (n = 1.45). The response for NSOM was not monotonic 

due to the effects of surface topography on evanescent field measurement. According to the 

simulation results shown in figure 6.6, the NSOM response to a feature 20 nm in height would be 

the same response as a 90 nm feature. The response for a buried detector decrea,ses monotonically 

for increasing feature thickness. Also, in the range of 0 to 30 nm, which was the typical thickness 

for immunoassay binding, the sensitivity of the detector was higher than that of the NSOM.

The buried detector was based on using polysilicon to intercept evanescent field light in 

the lower cladding and convert the light to electrons that were then measured. This photo current 

response was in the nano-amp range and the current measured at each detector indicated the 

optical power traveling in the waveguide. The expected respon.se to surface features on the 

evanescent field is to cause a shift of light out of the lower cladding and reduce the power 

detected by the buried detectors. For the

Avago detector device, a uniform bovine 

serum albumin (BSA) film with a 

thickness of approximately 1.5 nm |52] 

was deposited to the surface of the 

waveguide. The photo current response for 

the detectors was determined before the 

film patterning, and after, as shown in

Figure 6.7: Avago sample response to 
uniform BSA patterning on the surface [53]

figure 6.7. The photocurrent measured for the bare waveguide was, on average, higher than the 

photo current after the BSA was attached. This indicated that the buried detectors responded to a 

thin biological film attached to the waveguide core.

6.7 Buried detector improvements

One of the disadvantages of the CSU buried detector design was the continuous detector 

strip under the length of the waveguide. For this detector geometry, there is the possibility that
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current from several detector regions could be collected while only biasing a single pair of 

contacts. Biasing the surrounding detectors while measuring a detector in the center could reduce 

the signal transferred between contacts. This would better confine the current flow to be parallel 

between the contacts and the detectors would measure the power at a more specific area of the 

detector strip.

The waveguide design for the Avago buried detector could also be improved. The 

waveguide used was a 100 nm rib waveguide made of silicon nitride. The waveguide should be a 

15 nm rib waveguide, 2 to 3 |im wide fabricated out of a film of 80 to 100 nm. Changing the 

waveguide geometry would result in single mode behavior and the light propagation would be 

less effected by sidewall roughness. An additional improvement would be to increase the number 

of buried detector elements, which would improve the ability of the detector array to observe 

some of the finer details of the evanescent field profile that are seen in NSOM scans. For 

patterned features of 10 to 40 jam the response would be difficult to determine if the detector size 

was 10 pm. The minimum detector size is limited by two phenomena. The fabrication techniques 

are limited in the minimum size of features that can be created. Also, the photocurrent generated 

by a detector block must be large enough to measure with the current meter. As the size of the 

detector region is decreased, the evane.scent field intercepted by the detector is smaller and the 

signal from that element decreases.

An additional problem with buried detector devices is the increased absorption of the 

propagating light. The propagation loss of a waveguide without a detector array is approximately 

1 dB/mm. The addition of a buried detector array increases the propagation loss to approximately 

8 dB/mm. The waveguide-to-detector distance could be optimized to both reduce propagation 

losses and receive significant power at each detector. The NSOM tip collects light at each point 

but does not remove power from anywhere but at the current location of the tip. This is unlike the 

buried detector array, which removes power at each point along the waveguide regardless of the
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biasing of the detector elements. Optimizing the spacing between the core and detector elements 

as well as the size of the detector elements is necessary for improving the operation of the 

waveguide.

With a buried detector design, constant background subtraction of the dark current is 

necessary. The buried detectors are sensitive to the environmental light and the temperature of the 

device. Optical shielding of the devise is necessary to reduce the effect of outside light on the 

current readings from the detectors. A thermal conductive base attached to the sample may be 

necessary to maintain the same temperature across the whole waveguide chip. This would 

maintain uniform optical and electrical properties of the waveguide and detectors as the device is 

operated.

6.8 Waveguide modifications

Another factor that could be experimented with is the refractive index of the core. If the 

core was a lower refractive index than 1.8, for the same core thickness, more of the power would 

be in the evanescent field in the cladding. This would allow the detectors to be placed farther 

away from the core and still receive the same amount of evanescent field. If more of the power 

were outside the core, the sensitivity may be enhanced for any binding events that occur in the 

upper cladding. If the core refractive index were decreased, the core could be made thicker while 

maintaining the evanescent field penetration depths into the cladding regions. The thicker core 

region would enhance the coupling efficiency and more light would be launched from the fiber 

into the rib waveguide.

Any change that increases the optical coupling efficiency between the fiber and the 

waveguide film would be beneficial. The limitation for the number of probe regions and the 

device’s multianalyte capability is the amount of power that can be guided. Each probe region on 

the surface of the waveguide causes a small amount of scattering due to the interfaces between 

the materials that have different refractive indices. Therefore, the more power that can be guided, 

the larger the number of probe regions that can be patterned on the waveguide. End-fire coupling
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requires three-dimensional adjustment in order to align the fiber with the polished facet of the 

waveguide. Other coupling types may provide more launched power or may reduce the amount of 

time required for coupling. For example, grating coupling may allow easier fiber alignment by 

reducing the adjustment that is needed for launching the light into the waveguide but requires 

fabrication of a grating element on the waveguide chip.

The light used in this device had a wavelength of 654 nm, which is a red visible 

wavelength. Changing the wavelength of the light launched into the waveguide would be a way to 

change the mode profile and the evanescent field penetration without changing the waveguide 

core geometry or refractive index. An example would be a waveguide built out of the 100 nm 

nitride film and partially etched 20 nm with a width of 3 pm. This waveguide is single mode at 

654 nm but it is very near the single mode/multimode boundary. Etched any deeper or any wider 

and more than one mode would be carried in the structure. If a shorter wavelength of light was 

coupled into this waveguide, it would be multimode and the evanescent field would penetrate a 

smaller distance into the cladding regions. A longer wavelength coupled in this waveguide and 

the waveguide would be single mode and the evanescent field would penetrate farther into the 

cladding regions than at 654 nm. This phenomenon can be used to have the evanescent field 

penetration be tuned to only examine a certain amount of the upper cladding without having to 

redesign the geometry or indexes of the material. Alternatively, several wavelengths can be used 

in a single device to perform depth profiling of the refractive index changes at multiple distances 

from the core.

6.9 Device improvements

One of the additional improvements in increasing the area for patterning probe regions is 

to have multiple active waveguides on the same chip. This could be achieved through splitting of 

one waveguide or having multiple parallel waveguides (see figure 6.8). The advantage of splitting 

one waveguide is the light source would only need to be coupled to one central waveguide that 

would split into an even number of waveguides, which would be u.sed for probe patterning. The
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only limitation would be the power needs 

to be sufficient in each split to detect the 

field (see figure 6.9). If multiple parallel 

waveguides were used, enough power 

would effectively be coupled into each 

waveguide but alignment might be more 

difficult. There could be several possible 

solutions to coupling into multiple 

waveguides. The light source could be 

free to move left and right along a prism

........... ..... ^

Figure 6.8: SEM Micrographs of photoresist 
structures for fabricating waveguide splits.

coupler with a micro adjustment used to move the light source back and forth to couple light into 

the waveguide of choice. Or a large diameter light source may be used to launch light into 

multiple parallel waveguides simultaneously using a tapered coupling design.

Waveuuide Switchino

Figure 6.9: Possible device with 4 waveguides using 
splitting with detector array
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6.10 Conclusion

The fabrication of a thin film, planar waveguide that maximizes shifts in the evanescent 

field for small refractive index changes near the core has been accomplished. The fabrication and 

preliminary testing of a simple polysilicon buried detector design has been completed. The 

evanescent fields have been profiled using NSOM and two on-chip detector designs. The 

evanescent field response to features, both artificially fabricated and self-assembled have been 

determined with these measurement techniques. The experimental results were compared to BPM 

simulations and the simulation results agree well with the experimental data. The development 

and testing of this optical detection method and evane.scent field measurement system has 

indicated that this is a good combination of technology for a sensing device.

6.11 Further experiments

The quantitative immunoassay that was done indicated the evanescent field could be used 

to detect the concentration of a protein in solution. Signals received from the immunoassay 

patterns were significantly different from each other and could be correlated with amount of 

protein binding. However, none of the experiments that were done involved the patterning of 

probe regions directed against multiple analytes. An additional experiment should be done 

involving immunoassays for separate analytes on the same waveguide sample. With the NSOM 

detection technique, measurement of the evanescent field before and after protein binding is not 

practical. To avoid before and after testing of the evanescent field intensity, control regions must 

be patterned using probes that are not exposed to the analyte. One or more probe regions should 

be exposed to buffer only to determine the evanescent field response to the attached probes 

without any analyte binding. Using this method, only a single measurement would be necessary 

to determine the response to differing concentrations of analyte. This will also calibrate the 

differing responses generated by different probes or attachment chemistry. Also an experiment 

using complex sample milieu is recommended to determine the effects of nonspecific binding on 

the response from an immunoassay.
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In the previous experiments, analyte binding took place completely separate from 

evanescent field measurement. In the eventual device design, the aqueous sample would be 

delivered to the waveguide surface using a microfluidic pumping and mixing device. The real-

time evanescent field measurement is only possible if a fluid flow cell is present on top of the 

waveguide. For future work, incorporation of a molded PDMS microfluidic network attached to 

the waveguide for sample delivery is recommended. The effect of the PDMS material on the 

operation of the waveguide and detector array should be determined. The response to real-time 

binding of analyte with the buried detector array while the flow cell is attached should be 

compared with the results obtained without the PDMS network above the waveguide. The 

presence of the PDMS material on the waveguide core may increase absorption of light and 

increase the propagation loss from the waveguide. The flow cell should be designed to minimize 

contact of the PDMS microfluidic network with the waveguide so the majority of the waveguide 

is exposed to the sample fluid.

In future experiments involving patterned arrays of probes on the waveguide, the 

recommended feature size of the capture region is 30 to 40 ^m in length. Spacing between 

features of at least 200 mm is recommended to allow the evanescent field to stabilize after each 

feature. A stable input field is necessary to determine an accurate power modulation value for 

each probe region.
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Appendix A: Cleanroom Procedures

A.l Lithography for waveguide fabrication

The photoresist procedures used to mask the silicon nitride surface to form the waveguides used

are as follows:

1) The wafer surface was cleaned with a series of washing steps in a laminar flow hood to 

remove any polar and non-polar contaminates. First the sample was cleaned with acetone. A 

small amount of acetone was allowed to remain to wet the sample surface and methanol was 

used to rinse the acetone away. While the sample was still wet with methanol, deionized 

water was used to remove any remaining soluble contaminates and any organic solvents. The 

sample was then dried using a jet of compressed nitrogen.

2) The sample was then heated on a hot plate set to 120°C for at least 2 min to completely 

dehydrate the sample.

3) The sample was then removed from the hot plate and allowed to cool and placed on the 

vacuum chuck of a spin-coating device. The speed of the spin coater was .set to the 

appropriate setting. After the speed was set the sample was allowed to return to rest and 

photoresist was pipetted onto the sample surface.

4) The spin coater was activated for 30 s or until the photoresist had reached a uniform thickness 

acro.ss the width of the sample.

5) The sample was then removed from the spincoater and placed on a hot plate at 95°C for 2 

min. The sample was then removed from the hot plate and allowed to sit for 5-30 min to 

allow for water diffusion into the photoresist film. Water is necessary for the reaction with 

UV light in the exposure process. For thicker photoresist films the rest time is longer to allow 

complete diffu.sion of water into the film. In some cases, the photoresist films were stored in 

deionized water to increase the water penetration into the film.
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6) The sample is then dried and in the cases of photoresist that forms an edge bead, the edges of 

the sample were cleaned using a razor to allow the mask to properly contact the photoresist 

surface. The intensity of the ma.sk aligner lamp is determined to calibrate the time required 

for exposure using a Karl Suss portable UV intensity meter Model 1000. The sample is then 

placed in the ma.sk aligner (Karl Suss KSM MJB3) and adju.sted to place the exposed regions 

in the correct area. The sample is then brought into contact with the mask and the lamp 

activated to expose the photoresist.

7) The sample is then removed from the ma.sk aligner to develop the photoresist. A small 

amount of the appropriate developer is added to an open sample container. The sample is then 

added to the developer solution and the developer solution is swirled to wash away the 

developing photoresist. When the sample is observed to clear and developing resist is no 

longer observed, the sample is removed and the developer removed from the sample using 

deionized water. Usual developing times for a 1 to 2 pm thick photoresist film are 10 to 30 s.

8) The photoresist features are then examined using an optical microscope to determine if the 

mask features were reproduced successfully.

The photoresist used primarily for the fabrication of waveguides was the Rohm and Haas 

Microposit .Shipley 1818 positive photoresist. A spin speed of 4000 to 5000 rpm produced a 

thickness of S1818 that was approximately 2 pm. The do.se of light required to expo.se S1818 was 

150 mJ/cm^ at 405 nm. For the Karl Suss mask aligner irsed this indicated an exposure time of 

approximately 10 to 20 s depending on variations in the lamp power output. The developer used 

for this photoresist was AZ400K diluted in a 1:4 mixture of developer:water.

There were several factors that effected the probability of success of patterning features on 

the samples. The photore.sist .should be used before its expiration date. Older photoresist was 

observed to have inconsi.stent exposure and developing properties, which result in photoresist
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features that have widths inconsistent with the mask. Care must be taken also with developing 

times. When observing the developing photoresist films the tendency is to allow the film to sit in 

the developing solution too long. If the sample is over developed, photoresist features may 

completely detach from the sample or be dissolved away. In some cases, to allow the narrow 

features to develop correctly, the samples were only exposed to the developing solution for 4 to 5 

.seconds.

A.2 Micro RIE Etching

In order to fabricate the waveguides once the appropriate lithography has been accomplished on 

the sample, the samples are placed in a Technics MICRO-RIE to etch the silicon nitride film. The 

procedure used to etch the film is as follows:

1) With the sample chamber empty the vacuum pump is turned on and the chamber is pumped 

down to < 100 mTorr.

2) The etching gasses are turned on and the flow rates for each are set using the mass flow 

control knobs. The etchant used in etching silicon nitride is CF4 plasma. In addition to CF4,

O2 is also added to remove any organic contamination or CF4 polymerization deposition on 

the photoresist during etching.

3) The plasma power is turned on and adjusted to the appropriate level. The etch rate of the 

silicon nitride increases as the plasma power is increased. A power of 50 watts was chosen to 

provide an etch rate on the order of a few nanometers of nitride etched per second.

4) Plasma power and gas flow rates are turned off and the sample chamber pressurized to allow 

.samples to be placed inside the reactive ion etch chamber. Samples to be etched are 

surrounded by dummy wafer samples and are secured down using tape. The etch rate across 

the width of the sample was observed to be more uniform if the sample was surrounded by 

scrap wafer samples of the same height as the .sample.
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5) The chamber was closed and the vacuum pump was started and allowed to pump down until 

the chamber reaches a pressure < 100 mTorr.

6) The gasses are then turned on and the flow rates are observed until they reach a uniform 

value. Any additional flow rate adjustments are done before the power is activated. In some 

cases, an oxygen plasma etch was done to remove any surface organic contamination before 

the CF4 plasma etch. In order to etch the nitride for the fabrication of waveguides, a flow rate 

of 40 seem of CF4 and 10 seem of O2 was irsed. Using a power of 50 watts, the usual etch 

time was between 7 and 10 s to form waveguide ridges. If a rib geometry was required the 

etch time was extended to remove all the silicon nitride from the sample surface.

7) The etching chamber was then pressured and the samples removed and waveguides were 

fabricated as described in chapter 2.
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Appendix B: Matlab Code 

B.l Data plotting and background subtraction using Matlab

Topol = [...] ; % 256 by 256 topography data array from the NSOM 

ZScalefactor = 0.000305180437862873;

ZOffset = 140;

Topol = (Topol + ZOffset) * ZScalefactor;

Lightl = [...] ; % 256 by 256 light intensity data array from the NSOM 

for i=l;256

Light 1(i,1)=Light1{i,2) ;

end

%Flip the images so light goes left -> right 

Topo=Topol;

Light=Light1; 

for c=l:256

Lightl(:,c)=Light(:,257-c);

Topol(:,c)=Topo(:,257-c);

end

% Mean Column value with background subtraction

a = 90;

b=170;

for c=l:256

top(c)= mean(Lightl(a-20:a,c)); 

mid(c)= mean(Lightl(a:b,c)); 

bottom(c)= mean(Lightl(b:b+20,c));
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SumLightl(c)= mid(c) -(top(c)+ bottom(c))/2; 

ZScalefactor = 2;

ZOffset = -0.5;

% Z Units = counts

SumLight1(c)= (SumLightl(c) + ZOffset) * ZScalefactor; 

SumTopol(c)=mean(Topol(a :b, c)) ;

end

x=(l:256)*(100/256);

Y=(a:b)* (40/256); 

figure (1)

subplot(4,1,1), pcolor(x,y,Topol(a;b, :)),axis ij, shading 

interp,ylabel('um')

subplot(4,1,2), pcolor(X,y,Light 1 (a:b, :)),axis ij, shading 

interp,ylabel('um')

subplot(4,1,3), plot(x,SumLight1),ylabel('Counts'), xlabel('um') 

subplot(4,1,4), plot(x,SumTopol),ylabel('um'), xlabel('um')

B.2 Power modulation calculation code

% Calculation of the pattern thickness 

Feature_Start=35;

Feature_Stop=75;

Fs=round(Feature_Start/100*256);

Fe = round{Feature_Stop/100 * 2 56) ;

Before_start = 75 ;

Before_end=l00 ;

Bs=round(Before_start/100 * 256);
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Be=round(Before_end/100*256) ;

Thickl=(mean(SumTopol(Fs:Fe))-mean(SumTopol(Bs:Be)))*1000; 

fprintf('Thickness of pattern 1 is %-.2f nm\n',Thickl)

% Calculation of power modulation 

Feature_Start=35;

Feature_Stop=75 ;

Before_start=l;

Before_end=35;

Fs=round(Feature_Start/100 *256 ) ;

Fe=round(Feature_Stop/100 * 2 56);

Bs=round(Before_start/100*256);

Be=round(Before_end/100*255);

DPl=abs((mean(SumLightl(Fs:Fe))-

mean(SumLightl(Bs:Be)))/mean(SumLightl(Bs:Be)))*100; 

fprintf('The power modulation is %.lf %%\n',DPl)

B.3 Noise and S/N calculation code

% Calculation of noise on the input power signal 

% Definition of RMS Noise:

% defined as the square root of the absolute value of the sum of

% variances from the signal region

Signal_Start=60; % starting X-axis location of input power 

Signal_End=75; % ending X-axis location of input power 

Ss=round(Signal_Start*(255/100)); % column location of start 

Se=round(Signal_End*(256/100)); % Column location of end 

Avg=mean(SumLightl(Ss:Se)); % Average light input signal
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% variance of a random variable or distribution is the expected square 

% deviation of that variable from its expected value or mean 

for i=Ss:Se

Variance(i)= (SumLight1(i)-Avg)^2; % array of variances

end

Variance=mean(Variance); % Variance of the input power 

RMSl=sqrt(abs(Variance)) % RMS noise of the input power in counts 

% Signal to noise ratio is defined as the signal or in this case the 

% non normalized power modulation devided by the RMS noise level 

SbyN=abs((mean(SumLightl(Fs;Fe) )-mean(SumLight1 (Bs:Fs)) )/RMSl); 

fprintf('The S/N is %.2f\n',SbyN)

B.4 Calculation of limit of detection

% Limit of detection calculation 

H0=Thickl; % Feature height in nm

Xbar=mean(SumLight1 (Bs:Be)) % Average light input signal 

Xf=mean(SumLightl(Fs:Fe)) % Average signal inside feature 

signal=Xf-Xbar % Non normalized signal 

k=0.95; % Confidence factor

sb=std(SumLightl(Ss:Se)) % standard deviation of blank measurements

XL=abs(HO *(k*sb)/ (Xf-Xbar) ) ; % Height in nm corresponding to the limit 

of detection

fprintf('The thickness corresponding to the LOD is %-.3g nm.\n\n',XL)

% Limit of detection calculation for CRP immunoassay with 

% concentration calculated.

H0=Thick2; % Feature height in nm 

C0=0.6; % Pattern concentration in ug/mL
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Xbar=mean(SumLight2(Bs:Be)) % Average light input signal 

Xf=mean(SumLight2(Fs:Fe)) % Average signal inside feature 

signal=Xf-Xbar % Non normalized signal 

k=0.95; % Confidence factor

sb=std{SumLight2(Ss:Se)) % standard deviation of blank measurements 

XL=abs(HO*(k*sb)/ (Xf-Xbar)); % Height in nm corresponding to the limit 

of detection

fprintf('The thickness corresponding to the LOD is %-.3g nm.\n',XL)

% concentration corresponding to the limit of detection

C=abs(CO*(k*sb)/((Xf-Xbar)- (Xf-Xbar)*DP1/DP2)); % Signal from blank

subtracted

fprintf('The concentration corresponding to the LOD is %-.3g 

ug/mL.\n\n',C)
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