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CHAPTER 1 

INTRODUCTION 

I.l Introduchon 

Liquid core waveguides (LCWs) have proven to be an important component in 

ophcally based analytical tools. LCWs are similar to optical fiber wherein a liquid core is 

surrounded by a cladding of lower refractive index. In accordance with Snell's law, the 

core-cladding interface allows light to be totally internally reflected within an angular 

range go\emed b\ the ratios of refractive index. In this way, light can be confined in the 

core for a number of analytical applications. Microfabrication is a collection of 

processing techniques used for making small devices. Combining the techniques of 

microfabrication and L,CWs could allow compact ana!>sis systems to be fabricated. One 

important aspect of LCWs is the need to have a low index cladding. Teflon ^^ 

Amorphous Fluoropolymer (Teflon AF), made by Dupont, is a low index of refraction 

polymer that is available in various fomis including tubing and solutions. Unfortunately. 

Teflon AF tubing can not easily be integrated into a microanalysis system. A process has 

been dexeloped to produce LCWs that can be integrated into a microanalysis system 

using Teflon AF solution. 

Optically based detection is widely used in analytical systems because of the 

possibility of high selechvity and sensitivity to extreinely low quantities of materials [1. 

3, 4, and 5]. LCWs have been primarily used for long path-length optical absorption/ 

transmission and fluorescence spectroscopy. The research discussed in this thesis has led 



to the development of a method to create LCW microchannels for fluorescence 

spectroscopy. 

As mentioned previously a LCW has a low refractive index cladding that 

surrounds a liquid core of higher refractive index. Snell's Law describes the cone of light 

captured by the waveguide. To maximize light collection and guiding, it is important to 

have a collection angle that is as large as possible. To allow this, the cladding index must 

be distinctly lower than that of the liquid core. There are few materials in existence that 

have a lower index of refraction than water, 1.33, the most useful liquid core for many 

applications. Teflon AF is a material that has a refractive index that ranges from 1.29 to 

L31. depending on formulation and process parameters. Given the refractive index of 

Teflon, the collecting cone in a LCW would be 9.9° to 14.1°, the half angle for ray 

acceptance. Though TAF has a suitable refractive index, its "non-stick" characteristic 

prevents it from readily adhering to other materials and itself Therefore, special 

fabrication techniques are required to deposit the TAF and bind it to itself 

Overtime, various methods for constructing LCWs have been developed b\ R. 

Altkom [3], P Dress [4], and K. Dasgupta [5]. These researchers used both Teflon AF 

coated and solid Teflon AF tubes to form LCWs. Both P. Dress et al and R. Altkom have 

focused much attention on decreasing the loss and attenuation of LCWs. Each developing 

novel methods of creating low loss LCWs. These LCWs improve upon losses reported by 

Scheab and McCreery [4] v\ho used uncoated glass capillaries as LCWs for Rainan 

spectroscopy. Low loss is another important parameter for LCW microchannels. 



Before discussing processing techniques and other approaches to fabricating 

LCWs, a brief background of LCWs will be discussed. Chapter 11 talks about the 

scientific theory and purpose for LCWs. A number of sensing techniques have been 

developed for molecular detection, such as electrochemical, optical absorption, and 

interferometric sensing. However, fluorescence sensing is the most widely used method 

in biotechnology [10]. The objective of this research is to develop a microfabrication 

process to create LCW channels that can be integrated into a microanalysis system. It is 

important to have channels with minimal loss so that small intensity signals may still be 

detected. LightTools simulation software will be use in Chapter II to illustrate loss in the 

LCW as propagating rays are attenuated. This loss of propagating rays could be due to 

disconformities in the channel that cause scattering or absorption in the lightguide. 

The LCW fabrication process is performed using techniques common to the 

making of semiconductor devices. These steps include photolithography, etching, spin 

coating, and bonding. The fabrication methods associated with LCWs must be careful 1\ 

de\ eloped and optimized. There are man> glasses, photoresists, and etching solutions. In 

Chapter III the design and fabrication steps for processing the LCWs will be discussed. 

Loss calculations and measurements attained from the microchannels will also be 

presented. 

Finally, Chapter IV will draw conclusions about the research and experiments 

surrounding the LCWs. From this project, contributions were made to the engineering of 

LCWs for optical sensing. These contributions will be summarized along with the goals 

for future research regarding LCW microchannels for fluorescence detection. 



CHAPTER II 

THEORETICAL BACKGROUND 

2.1 Introduction 

Absorption/transmission and fluorescence spectroscopy are well-known uses for 

LCWs. Absorption/transmission spectroscopy can be used to measure the concentration 

of a species in a solution by measuring how much light has been absorbed or transmitted 

b> a given sample as a function of wa\ elength. In accordance with Beer-Lambert's Law, 

the sensitivit\ of this type of spectroscopy can be improved using long optical-path 

length. Beer-Lambert's Law identifies a linear relationship between the absorbance and 

concentration of the absorbing species. This relationship is exponentially related to the 

distance through which the measurement is taken. This will be explained further in 

section 2.3. Fluorescence spectroscop\ can be used to detect the presence of a target 

species based on the spectmm of light collected. In both cases, LCWs can be used to 

enhance each of these spectroscopies. 

Microfabricated LCWs for use in fluorescence measurement systems have been 

studied in this research. For fluorescence detection, a critical step is to separate the 

excitation light from the emission spectrum. LCWs operate on the principal of total 

internal reflection (TIR). To achieve TIR, a high index core material has to be surrounded 

by a low index cladding material. Prior to this research six types of LCWs have been 

reported: (1) internally or externally metal-coated tubing (2) uncoated glass tubing (3) 

internally or externally plastic-coated tubes, (4) entirely plastic waveguides made of 



perfluorinated polymers (PTFE)(5) Teflon tubes and (6) Teflon intemally or externally 

coated tubes [17]. 

In this research, a low index cladding material has been added to etched glass 

channels by spin coating to make LCW channels. This chapter will discuss ophcal 

properties of LCWs; specifically, loss associated with LCWs, absorption/transmission 

spectroscopy, fluorescence spectroscopy, and the evanescent wave within the LCW. 

2.2 Optical Properties 

2.2.1 Optical Fiber and LCWs 

As mentioned previously, LCWs are similar to optical fibers in that they both 

include a cladding of lower refractive index than the solid or liquid core. Figure 2.1 

illustrates an optical fiber composed of three main layers: a jacket, cladding (n2), and 

core (nl). 

Jacket Cladding 
(n2) 

Figure 2.1: Optical Fiber Illustrahon. 

Core(n1) 



The jacket of the optical fibers protect the fragile cladding and core, the cladding and 

core work in conjunction to guide light through the center of the core when n2<n|. Onh 

light that enters the optical fiber at angles smaller than the acceptance angle, Go, will be 

reflected down the core. The angle that light can enter the core is described by the 

numerical aperture (NA): 

\^ 
\.4 = n,sm0,=y-„2^)2. [2.1] 

This is due to the phenomenon described b\ SnelLs law that relates the entrance angle Go 

to Gi by 

«o sin ^o = «| sin &i [-•-] 

where /;,, is the refracti\e index material outside of the fiber. Rays of light that are 

incident at larger angles are partiall\ reflected at the core-cladding interface, and 

eventually pass out of the fiber [14, 15]. 

In the case of the LCW. the core of the wa\eguide is tilled with a water-based 

solution (n = 1.33) and surrounded b>' a material with a lower rcfracti\e index, such as 

Teflon AF (n = 1.30). When the core is illuminated or sample fluoresces, some light is 

captured in the wa\eguide, and propagates through the liquid core reflecting from the 

core-cladding boundary". Similar to a fiber, the cone of light accepted into the core of the 

LCW depends on the refractive index of the cladding. In any waveguide there is a range 

of allowable ray angles that will undergo TIR. This range is primaril\ governed b} the 

relative refracti\c indices of the core and cladding materials. In the ideal case of a 



cylindrical waveguide, an acceptance cone can be calculated using the following equation 

that gives the half angle of the light cone that will undergo TIR, Gc. 

c o s [n cladding/ U core] = Gcollection [ 2 . 3 ] 

Equation 2.3 describes the collection angle according to the refractive indices of the core 

and cladding. 

2.2.2 Optical Loss in LCW 

In principle, all of the captured signal should be detected, but the quality of the 

wa\ eguide go\ems the amount of light propagated through the LCW to the detector. The 

key issue related to characterizing LCWs is the amount of loss in the waveguide. To 

detect small signals, loss in the LCW must be minimized. Total loss in a system. 

calculated as (dB/m) is gi\en b\ the expression: 

/o i i=—logio [2.4] 

where L is the length of the LCW, L is the intensity measurement at point 1 (at the 

beginning of the LCW, and L is the intensity measurement L distance away from L. 

2.3 Optical Spectroscopies 

2.3.1 Absorption/Transmission 

Man\ sensing techniques ha\ e been developed for molecular detection, including 

ophcal absorption/transmission and fluorescence sensing [9]. In absorption/transmission 



spectroscopy, the amount of radiant power (from and extemal source) absorbed by the 

molecules in the material or solution is measured [14]. The theoretical amount of light 

absorbed is described by Beer's Law: 

/ = V"'" [2.5] 

or expressed logarithmically as: 

-̂  = Iogr = log/o/ / [2.6] 

where I is the intensity of the transmitted light, IQ is the intensity of the light entering the 

material. In equation 2.5 [18], a is the absorption coefficient with units of cm'' and x is 

the path length of the light tra\eling through the measurement s\stem. Transmittance is 

expressed as T in equation 2.6 and is equivalent b> the ratio of I to L. If a high absorption 

coefficient is desired long path lengths and small volumes are suitable for absorption/ 

transmission spectroscopy,. 

2.3.2 Fluorescence Spectroscopy 

Fluorescence measurements can be sensitive techniques used to determine ver\ 

low level analytc concentrations [15]. Molecular fluorescence, usually used in optical 

sensors, is a method of photoluminescence. This type of spectroscopy uses an extemal 

radiation source for excitation. Light emitted from the fluorescing sample is analyzed 

[14]. There are two primary variables associated with fluorescence spectrometrv quantum 

efficiency and the intensity of the fluoresced signal. 

Fluorescence occurs when a molecule quickly transitions from a higher to a lower 

energy state emitting a photon. With weakly absorbing species, the intensity of the 



measured fluorescence is linear with analyte concentration. Fluorescence quantum 

efficiency, gi\en in Equation 2.7 is the ratio of the fluoresced radiant power, cpp, or 

intensit} signal, to the absorbed intensity signal, cD̂  [14] 

^,=^- [2.7] 

2.4 Lvanescent Wave in LCWs 

Light traveling through a LCW is generally confined to the core of the guide, but 

the light energ} associated with the propagating signal may penetrate into the lower 

refracti\e index cladding [15]. The light energy of the signal is the evanescent wave. 

E\anescent means "tending to vanish," which is fitting because the wa\e deca>s 

exponential!} with distance n, w ith respect to the interface. In the case of a LCW where 

the cladding material has a lower retractive index than the core, when the light 

experiences TIR at the core-cladding interface, some of the energ\ of the light waxes 

penetrates into the cladding [33]. The depth of penetration, found in equation 2.7 [15], 

describes the distance of penetration as: 

d^=J\2n4"^'0-{„Jn,)'p\. [2.8] 

P Dress et al. associates the distance of penetration to ten times the wavelength of the 

light propagahng in the guide [34 J. In this equation, 

G = (7r/2) - Gcn.,cal [ 2 . 9 ] 

The principle of evanescent wa\e is shown in Figure 2.2 [15]. For illustrative 

purposes, single mode propagation is shown in Figure 2.2 (a) with three rays having three 



different incident angles. In Figure 2.2 (b), the electric field intensity of the three rays is 

shown falling off exponentially beyond the core-cladding interface. The highest order 

mode, 3, has the highest incidence angle, Gi, therefore has the largest penetrahon distance, 

dp into the cladding [9]. 

Electric field f 
Intensity 

Figure 2.2: Principle of single mode c\anescent wave motion. 

As the acceptance angle, G, increases so does the depth of penetration and 

intensity of the electric field at the surface (Eo). Equation 2.8 defines this relationship. 

£ = £oexp(-.Y/J^,) [2.10] 

In equation 2.10, Eo is the electric field at the surface of the guide. The closer the 

refractive indices of the core and cladding are to each other, the deeper the evanescent 

wave penetrates [9]. According to P. Dress et al., with an excitation source of wavelength 

10 



364nm. the waveguide cladding must be at least 3.64pm thick to ensure insignificant 

signal loss do to light penetrating into the cladding. Penetration through the Teflon AF 

cladding will cause refraction and scattering between the cladding and glass, resulhng in 

a decrease in propagated intensity. 

2.5 LightTools Simulation 

LightTools is optical modeling software that allows the user to set up, view, 

modity and analyze optical systems [14]. The simulation software includes ray tracing 

tools that allow the user to characterize an optical system prior to fabrication or for 

comparison w ith a fabricated de\ ice. It is strange to use ray tracing software for 

describing waveguides, but because these LCWs are highly multimode this is an 

acceptable approach. Unfortunately, e\ anescent wave penetration can not be simulated 

with this software package; therefore, a complete comparison can not be made with 

LightTools. 

2.5.ITeflon-Coatcd I.CWs 

In the following simulation a Teflon AF 2400 (n=1.29) cylindrical LCW is 

created and filled with water (n=l .33). An illumination and detection source is placed 

axialh to produce and detect the propagated signal. This setup is shown in Figure 2.3. 



Illumination 
Source 

pet 14,2003 I 
|eflontube6_6l2003.1 
JghtTools Verion 3.2.0 

/ 

Figure 2.3 Teflon AF 2400 simulation. 

The simulations in Figure 2.4 (a) through (c) illustrate signal loss in a 

progressively worse LCW. Signal loss is caused when reflections of the propagating 

signal diminish in a waveguide. As discussed previously, this loss can be a resuh of 

imperfections, roughness, or particles in the LCW. In each illustration, the number of 

light rays was held constant while the numbers of reflections were decreased. The 

number of reflections in this setup signifies an increase in light attenuahon for the LCW. 
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Light attenuation is a result of channels with surfaces that are rough. Figure 2.4 (a) shows 

the maximum amount of light with the highest number of reflections. The rate at which 

light attenuates is increased in figures (a) through (b), demonstrating the result of 

increasingly worse LCWs. 

In (a) of Figure 2.4 100% of the light that propagates at angles higher than the 

crihcal angle is detected. In the following simulations, as the waveguide gets worse (with 

respect to the percentage of light attenuated) the captured signal decreases. The excitation 

source in this simulation is an isotropic light source. Only rays within the 14° acceptance 

cone are captured by the waveguide. This acceptance angle was calculated from equation 

2.3. the half angle of the light cone that will undergo TIR. For Teflon® AF 1600, Gcoiiect.on 

= 9.9° and for Teflon® AF 2400, Gcoiiection =14.1°. This can be seen closer in Figure 2.5, 

where the isotropic source has been restricted to a 14° cone, eliminating excess rays. On 

the left side, the water is contained in a media with index of 1.31 and on the right in an 

index of 1.29. The LCW on the right collects all the light arising in the 14° cone, while 

the one on the left permits some fraction to escape because of the higher index. 

13 



(a) 

Figure 2.4: Simulation of increasing roughness in the LCW. (a) Maximum number of 
reflechons, (b) 15 ray reflections in core, (c) 7 ray reflections in core. 

14 



Water (n = 1.33) Water (n = 1.33) 

n = 1.31 

Figure 2.5: Illustrahon of collection angle of Teflon AF, for two formulations with 
different indices of refraction. 
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2.5.2 Uncoated Light Guide Simulation 

Due to the laws of total internal reflection, a glass cladding with a liquid core 

cannot operate as an effective LCW. As can be seen in Figure 2.6, where n core is less than 

n cladding, only a few emitted rays reach the end of the glass tube. Other rays are captured 

at the air-glass interface, while many rays of light simply refract out of the core. 

Figure 2.6: Illustration of light illuminating liquid core in glass tube. 

Assuming the glass is a dielectric media that is linear, homogeneous, isotropic, 

nondispersive, and nonmagnetic, the following Fresnel equations can be used to model 

the uncoated glass light guide. 

TE:rx=(ni cos Gi - n : cos G2)/(ui cos Gi + n2 cos G2) [2.11] 

TM: /-v= (n2 cos G| - n^ cos G2)/ (112 cos G| + ni cos G2) [2.12] 

16 



The equations explain the reflectivity of the interface liquid for TE and TM polarization 

m the glass channel, where TE is transverse electric and TM is transverse magnetic 

polanzation. When ni<n2 extemal reflection occurs the magnitude of the reflectivity is 

rx=(n2-ni)/(n2 + n,) [2.13] 

at Gi equal to 0, and increases to unity at G, =0 [12]. The actual reflectivity response for 

the refracti\ e indices related to Figure 2.5 can be seen in Figure 2.6. 

Reflectivity of Glass and Water Interface 

1.0 -

0.8 -

' ' D.6 -

0.4 -

0.2 -

0.0 

TM 
TE 

—"• 1 • r -
0 10 20 

-• \ ' r 

30 40 50 60 

Angle (0) 
70 80 

I 
90 

Fitzure 2.7: Reflecti\itv of the water (n=1.33) filled glass (n=1.47) tube. 
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From the graph in Figure 2.6. it can be concluded that reflection does not occur 

for a light guide that consist of a glass capillary filled with a water based soluhon. Light 

that reaches the detector using this interface is not from TIR in the core of the guide. 

2.6 Exishng Contributions 

As menhoned earlier several novel attempts have been made to create LCWs. 

Methods that used glass or fused silica tubes coated with reflective metals, very clean 

glass or fused silica, polymers, plastic tubes, and tubes coated intemally or externally 

with low refractive index material [3]. The most recent attempts have been the latter, 

tubes coated with low index materials. For the LCWs, a low indexed polymer material is 

added to the cladding of the tube, so that a high index fluid may flow through the core. 

These LCWs were designed and fabricated for specific functions such as using LCWs to 

measure and control pH-value and for Raman spectroscopy [3] applications. Tubes 

coated with highly reflective metals have found beneficial uses in visible absorption 

spectroscopy in the microwave and infrared region [16-18]. These waveguides are 

desigifrtf to guide light through any core that is transparent regardless of the refractive 

index of the liquid. Because of the reflectivity the light could be collected over large 

angles. However, highly reflechve metal tubes are documented to have high loss [16-18]; 

therefore, they are not ideal for use in fluorescence spectroscopy. 



Another t> pe of LCW is formed from clean bare glass tubes. The LCWs were first 

used h>- Schwab and McCreery for Raman spectroscopy by guiding light through TIR at 

the glass-air interface [17, 18]. The glass capillaries are uncoated and frequendy water 

filled which offered low loss results as low as 8 dB/m at 632.8nm for capillaries of 

340pm inner diameter and 520pm outer diameter [16-18]. Bare glass LCWs have proven 

to be ver> instrumental in a variety of spectroscopies, such as Raman, fluorescence, 

absorption, as well as others [3]. But this LCW technique is not adequate due to their 

need to be kept extremeh clean. Scratches on the extemal surface can also be detrimental 

therefore the capillary must be handled with extreme care before, during and after use to 

maintain system integrity [16-18]. 

Plastic capillaries are another form of LCWs developed for use in spectroscopy 

systems. They are considered an ideal choice for a range of spectroscopic applications [3]. 

These LCWs are extremely flexible and resistant to breaks. The propagating light is 

contained completely within the core of the LCW. The majority of research has invohed 

perfluorinated polymers poly(tetrafluoroethylene) (PTFE) and other plastics with 

refracti\e indices of 1.34 and 1.35 [3]. Losses as low as 0.57 dB/m at 632.8nm have been 

reported for these wa\eguides by Tsunoda et al. [16-18]. Plastic capillaries ha\e worked 

as low loss LCWs as long as the liquid core has a higher refractive index than the plastic 

capillary. This becomes an issue when working with solutions of lower refracti\e index, 

such as water. 

More recent advancements in LCWs center around glass capillaries or tubing 

coated inside with a low index of refraction polymer. Several attempts ha\e been made to 



create low loss LCWs that accept liquid cores for use in fluorescence, Raman, and 

absorption/transmission spectroscopies. R. Altkom et al. report on a liquid-core optical 

fiber based capillary made with an amorphous polymer of index 1.29 called Teflon AF. 

The documented results claim loss below 3 dB/m when the capillary is filled with a 

transparent liquid, transmitting light via TIR [3]. Similar to this waveguide, P. Dress and 

H. Franke report on a LCW fabricated by coating the inner core of a glass tube with 

Teflon AF [19, 20]. Documented results show a loss of 1.6 dB/m. The LCWs made 

entirely of Teflon AF show improvement over tubing that was coated with the low 

indexed material. 

P Dress and H. Franke have also created LCWs that increase the accuracy of 

liquid analysis and pH-vlaue control [20]. These LCWs are reported to exhibit the same 

accuracy for detennining pH-value as electrochemical pH meters. The Teflon AF 2400 

irmer coated glass tubes created were useful for detecting concentrations as low as 50pg// 

of methlenblue in water. In an experiment to test the use of LCWs for optical pH-value 

control an indicator, which changes color at a pH = 4.5 was used. During evaluation, 

when the pH range nears 4.5, the transmitted intensity increased dramatically [20]. The 

increase in intensity saturated when the color of the indicator was complete at pH = 3 as 

sensed by an optical detector. Though sending the purpose for which this LCW was 

fabricated, the waveguides are not suitable for creating a monolithic microanahsis 

system. 
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CHAPTER III 

FABRICATION OF MICROCHANNELS 

3.1 Introduchon 

Dupont produces a family of amorphous fluoropolymers (Teflon AF) that are 

unique in their optical clarity, temperature resistance, chemical resistance, and low 

refracti\e index. These properties make them an ideal cladding material for LCWs. This 

patented material is available in several forms: tubing, powder and solution. Teflon AF is 

available in several grades that vary by index of refraction and percent composition of 

resin in the solution: Tefloir AF 2400 (n = 1.29, 1%), 1600 (n = 1.31. 6%), and 1601 (n 

= 1.31, 18%). Several LCW experiments have been completed using glass and porous 

polypropylene tubes coated internal]},' with Teflon AF 2400 [3]. P Dress and H. Franke 

reported loss as low as 1.6 dB/m at 632.8 nm for 3-mm-i.d. tubes filled with water [3]. 

Altkom e! al.. who used Teflon AF 2400 externally coated silica tubes, report loss of 

approximately 1 dB/m, using water -filled 530pm—i.d. tubes [3]. Similarly, having 

measured Teflon AF 2400 tubing with a 250pin inner diameter using ImM fluorescein as 

the core excited with a 521.8 nm LED, a loss of 2.3 dB/cm was recorded. The data 

obtained is presented in Figure 3.1 [27]. 
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Figure 3.1: Teflon AF 2400 tubing intensity versus distance measurements. 

These measurements were taken by stabilizing 20cm of Teflon AF 2400 tubing, 

then filling the tube with fluorescein, which tluoresced with a broadband centered at 

521.8nm. The LED source had a peak emission of 390.6nm and was directed transversely 

with respect to the axis of the core. The excitation source was moved horizontally 1 to 2 

cm a\\a\ from the optical bundle at a time, recording the intensity at each centimeter. 
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Several disadvantages where documented with the use of Teflon AF coated 

tubing. For the silica tubing used by Altkorn et al , light propagating in the silica wall was 

documented [3]. There is also a need for less fragile LCWs [3], and LCWs that may be 

integrated into a microanalysis system or other MEMS applications. Therefore, a method 

of fabrication has been developed which incorporates LCWs for use in a microanalysis 

system. 

Channels have been etched into glass wafers, and coated with a low refractive 

index amorphous fluoropolymer solution. By capping these etched channels with a flat, 

similarh coated wafer, a LCW is formed. Chapter III reports on the fabrication steps 

necessary to produce these LCWs and compares results obtained from the coated 

microchannels versus uncoated microchannels. 

3.2 MicroChannel I-'abrication 

3.2.1 Photolithographv 

Lithography is a process used to transfer a pattern from a reticle or mask to the 

layer of photoresist located on the wafer or substrate intended for the partem [23]. 

Several types of lithography exist; photolithography, electron beam, x-ray, and ion beam. 

Photolithography is the most common lithography in semiconductor manufacturing [23]. 

In semiconductor processing a combination of short exposure wavelengths, projection 

printing with high end lenses, phase shift masks, and high-contrast resists allow images 

as small as 50nm to be processed [25]. There are several primary steps invohed in 

photolithography: spin coating of photoresist, sottbake (PAB), exposure, post-exposure 
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bake (PEB). developing, and hard bake. These basic steps hold true for nearly any 

photolithographic process, but details can vary according to the process parameters. In 

photolithography UV radiation exposes the photoresist, which comes in two forms, 

negatne and positive. When exposed to light, positive photoresist becomes soluble and 

dissohes more quickly during the development process; where as exposure to UV light 

causes negatixc photoresist to become less soluble [12]. Negative photoresist was used in 

these experiments for fabricating a protective etch mask. 

Straight microchannels were fabricated in 2" x 1" Borofloat and 2.5-inch diameter 

Soda-lime glass waters. Glasses can have different etch characteristics depending upon 

their composition and will produce channels with different cross-section profiles. The 

wafers were cleaned using a piranha etch [65 70°C; 5:1 (sulfuric acid: hydrogen 

peroxide)], followed by a thorough deionized (DI) water rinse, and dehydrated for twenty 

minutes at 120°C (atmosphere). SU8-2075 photoresist was used as the hardmask for the 

etch step. Before spinning on the photoresist, AP300 Series adhesion promoter was spun 

on to the wafer at 4000 RPM for 30 seconds. This adhesion promoter increases the bond 

of the photoresist to the glass surface. Increasing adhesion of the photoresist is necessary 

for a better quality etch and allows longer etch times. Photoresist was spun coated onto 

the wafer within 30 seconds of adhesion promoter application. As specified by 

MicroChem, photoresist was applied to the glass in a nickel size puddle then ramped to 

1000 RPM in increments of 500 and spun for 30 seconds. The photoresist coated glass 

was then placed in the first of two pre-exposure bakes. The first bake at 65°C for 5 

minutes removed top layer solvents from the photoresist. The second bake at 95°C for 15 
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minutes removed the remaining solvents from the photoresist. Two additional minutes 

were added to the original bake time to insure removal of all solvents before exposure. A 

cooling time of 15 minutes followed the pre-exposure bakes. 

A photomask was created using Adobe Illustrator and printed on a plastic 

transparency with an AGFA 3000 dpi printer. 200 pm and 400 pm diameter parallel 

lines, running the length of the wafer were patterned in the SU8 photoresist via a Canon 

PLA 501F using a mercury arc lamp. Exposure of the mask and photoresist lasted 17 

seconds. The wafer was then post exposure baked (PEB) at 95°C for 10 minutes. After 

cooling, the partem was developed using SU-8 developing solution (from MicroChem) 

and hard baked using natural sun light for two hours [25]. 

3.2.2 Borosilicate and Soda-Lime Glass 

Three principal raw materials are used to make glass: silica, lime, and sodium 

carbonate [28]. B\ mixing secondary materials with the basic primar> materials in the 

proper percentages different types of glasses are obtained. These glasses can be placed in 

three categories: soda-lime, lead, and borosilicate. Three glass types were used for 

fabricating microchannels in this research: borosilicate (brand names Borofloat" and 

Pyrex") and soda-lime. These glasses rendered similar etch characteristics, but the quality 

and shape of the etched channels differed. Roughness of the soda-lime wafer with peak 

roughness of 12 microns, which included sharp edges and pin holes throughout the 

surface, as measured by a Dektak II; whereas roughness of borosilicate wafers were 
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nearly half that of soda-lime. Soda-lime and borosilicate glass, with refractive indices of 

1.532 and 1.472 [27| respechvely, were both used for fabricahng LCWs. 

Borosilicate and soda-lime glass have different chemical compositions, requiring 

different etch solutions. Borosilicate is documented to be highly resistant to attacks from 

water, alkalis, acids, and organic substances, while maintaining qualities suitable for 

optical applications, MEMS, anodic bonding, and application as silicon on insulator 

(SOI) [22]. Two types of borosilicate glass were used in this research, Borofloat* and 

Pyrex 7740" Borofloat and Pyrex contained nearly the same chemical composition: 13%) 

B2O3. 4%) NajO/ K2O, 2%. AI2O3, and 81% Si02. With this chemical composition, only 

hydrofluoric acid is needed as the etching solution. Due to different etch solutions, the 

Borofloat and Pyrex microchannels rendered different etch cross sections, with the 

etching of P>'rex being more isotropic than that of Borofloat. Etching characteristics of 

Borofloat and Pyrex will be discussed in section 3.2.3. 

Soda-lime glass is one of the most common commercial glasses available [27], 

and the least expensive multi-purpose glass. Unlike borosilicate glass, soda-lime is not 

resistant to high temperatures or sudden thermal changes, or corrosive materials. These 

characteristics do not degrade its ability to be used in fabrication of microchannels for a 

LCW. but could become a problem once integrated into a total microanalysis system. 

Soda-lime is composed of 60-75%) silica, 12-18% soda, and 5-12%) lime. Etching 

parameters for soda-lime glass and characteristics of the resulting etch quality and shapes 

are discussed in the following section. 
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3.2.3 Etching 

Following photoresist hard bake, an etch process was used to transfer the 

photoresist image to the glass. Several types of etching exist: wet etching, plasma 

etching, ion milling, and reactive ion etching. The etching method used for this process is 

wet etching. Wet etching is a purely chemical process. A primary parameter involved in 

wet etching is the etch rate, measured as etch depth per unit of hme. The etch rate is 

directly dependent on the rate-limiting step [26]. There are three important processes 

involved in wet etching: (1) movement of the etchant species to the surface of the wafer, 

(2) a chemical reaction with the exposed surface that produces soluble by-products, and 

(3) movement of the reaction by products away from the surface [26]. The slowest of 

these processes is defined as the rate-limiting step. Drawbacks to wet etching include a 

lack of anisotrop\, poor process control, and excessive particle contamination [26]. 

Howe\er, the high selectivity, deep channels, and limited substrate damage of wet 

etching makes this method the right choice for etching glass channels. 

Separate wet etch procedures were used for Borofloat, Pyrex and soda-lime glass. 

The etching procedure de\'eloped for soda-lime glass [25] involved a more extensive 

preparation process than for borosilicate. The solution for soda-lime etch includes the 

following ingredients: 50 ml of distilled water (DI H2O), 20 ml of nitric acid (HNO3), 20 

ml of phosphoric acid (H3PO4), and 30 ml of hydrofluoric acid (HF). Prior to etching, the 

backsides of the wafers were protected w ith an etch proof film. Then the wafers were 

placed in their respective etching solutions. After the solution is mixed and cooled for 15 

minutes, the protected soda-lime wafer is placed right-side-up in the etching solution 
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using plastic tweezers. After 40 seconds, the wafer is removed from the etching solution 

and placed in a beaker of sulftiric acid. This step allows gas bubbles to be released from 

the etched surface. Surface roughness could be a result of not releasing the bubbles from 

the etched channels. Once all gas bubbles were released, the wafer was rinsed in distilled 

water, and returned to the etching solution. The wafer remained in the etching solution 80 

seconds, before being placed in the sulfuric acid. After which the wafer is rinsed and 

retumed to the etching solution, repeating the sulfuric acid, distilled water steps every 80 

seconds, until the desired etching time is completed. The etch rate for soda-lime glass in 

this solution is approximately 9 microns per minute. Once the etching was complete, the 

wafer experienced a final sulfiaric acid submerging before being rinsed with distilled 

water. The photoresist mask was removed, the wafer was cleaned by piranlia etch, 

thoroughl> rinsed with distilled water, and then dehydrated via a 30-minute II5°C oven 

bake. Figure 3.1 shows a micrograph of the etched soda-lime channel taken with a 

scanning electron microscope (SEM). 
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Figure 3.2: Wet etched soda-lime channel. 

Wet etching was performed on the borosilicate wafers using a solution of 

hydrofluoric acid (at room temperature). The etch time (17 minutes) was determined 

according to the etch rate (approximately 7 pm/minute) needed to render 120 pm 

(top/bottom) deep channels. Similarly, soda lime channels were etched to render 60-pm 
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deep channels. After etching, the wafer was rinsed in distilled water and dried in an oven. 

Figure 3.2 is a micrograph of the etched borosilicate channel. 

Figure 3.3: Wet etched borosilicate channel. 

Wet etching performed on Pyrex® wafers used a solution of H3PO4, HF, HNO3 

and DI water (at room temperature). The etch time (60 minutes) was calculated according 

to the etch rate (1 pm/minute) needed to render 60 pm (top/bottom) deep channels. 

Finally, the wafer was rinsed in DI water and dried in an oven. Figure 3.3 is a microscope 

picture of the cross section of the microchannel etched in Pyrex. 
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Figure 3.4: Wet etched Pyrex cross-section. 

As seen from the picture above, the etching solution used for Pyrex glass rendered 

more isotropic channels than Borofloat and soda-lime. The etch also extended far beyond 

the mask limitations which could be due to premature lifting of the photoresist mask 

along the sides of the microchannel. 

3.2.4 Channel Roughness (Related to Etching) 

As noted before, roughness or aberrations in a LCW will cause unwanted signal 

loss resulting from scattering in the waveguide. Wet etching will etch the mask while 

etching the channel in the surface. In this case, the SU-8 photoresist mask is artacked and 

adhesion to the surface of the glass is threatened. As etching time increased, the 

photoresist mask stabilit\ decreased and the mask begins to lift. This was extremeh 

problematic when deep channels were desired. Therefore, it was important to choose 

etching parameters that minimized surface roughness in the microchannel. Soda-lime and 

borosilicate glass etching resulted in channel roughness, but at different extremes. Thick 
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coatings of Teflon AF alleviated some of the concems regarding roughness, as will be 

discussed later. 

Microchannels etched in soda-lime and Borofloat rendered similar shapes, but the 

roughness of the channels in each varied widely. Measurements of channel dimensions 

and roughness were taken with a Veeco Interferometric Microscope. The 3-dimensional 

display recorded a peak roughness of 8 microns. Figure 3.4 is a micrograph showing 

obvious rougliness in the soda-lime channel wall. Roughness of this magnitude will cause 

loss in a LCW. 

Figure 3.5: Channel in soda-lime glass showing high surface roughness. 
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Borosilicate glass rendered smoother etching results, deeper channels, and 

required minimal preparation resulting quicker processing. Channels ranging from 60 pm 

to 120 pm deep in borosilicate glass required long etch times. Long duration wet etching 

increased roughness in the channel because as the "new" glass is being etched, glass 

pre\iously exposed to the etching solution continued to be etched. This increased 

roughness in the walls of the channel, while the less exposed base was smoother. 

Roughness caused by wet etching in borosilicate is shown in Figure 3.5. Because the 

mask was attacked, photoresist hard mask lifted causing increased roughness in the 

surface of the glass. If the Teflon AF does not fill the voids or disconformities in the 

surface, poor chemical or thermal bonding may occur. 
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Figure 3.6: Roughness in etched borosilicate channel. 

From the photo it is obvious that there is roughness in the microchannel. As 

measured by the Dektak profilometer, this roughness peaked at 6 microns lor borosilicate 

and 12 microns for soda-lime. It will be shown in section 3.3 that the right thickness of 

Teflon AF helps to smooth this roughness. 

34 



3.3 Teflon AF 

3.3.1 Adhesion Promoter 

One of Teflon's" main characteristics is its non-shck property, making adhesion 

to a glass wafer difficult. To allow adhesion of the Teflon® AF layer, a monolayer 

fluorocarbon-based solution was deposited and cured to the glass wafer. FSM 660 (by 

C>tonix) was used to treat the surface prior to Teflon® AF applicahon. The fluoroalkyl 

monosilane solvent provides low surface energy to oxide surfaces therefore allowing 

better adhesion of fluoropolymers [20], such as Teflon® AF. A small amount of FSM 660 

was deposited on the wafer, spun coated, and finally dehydrated at 90° C for 10 minutes, 

leaving onh a monolayer of fluoroalkyl monosilane bonds. 

3.3.2 TAF Spin Coating Parameters 

Se\eral Teflon AF solutions were used for experimental purposes due to their 

viscosity and resulting thicknesses. The Teflon" AF family of resins contains several 

forms that \an. by index of refraction and percent composition of the resin in solution: 

Teflon® AF 2400 (n = 1.29, 1%). 1600 (n = 1.31, 6%), and 1601 (n = 1.31, 18%)). Based 

on the calculations and results of Dress et al. [1], it was necessary to have close to a 5 pm 

layer of Teflon® AF. The evanescent field of the light propagating through the I,CW 

extends into the cladding material. To ensure that it does not interact with the glass 

channel, a minimum thickness is needed. More importantly, to render smooth channels 

thick Teflon AF is necessar\ to feel voids resulting of the wet etch on the glass surface. 

Teflon® AF 2400 was initially used but due to low resin content, produced sub-micron 
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thicknesses that would require multiple coatings. All attempts at multiple coatings were 

ineffective at producing a smooth surface. Teflon® AF 1600 (6%), spun at 3500 rpm, 

produces 4 pm thick coatings. Teflon® AF 1600 was used to coat the soda-lime glass 

channels and borosilicate channels. Table 3.1 shows thickness and refrachve index as a 

result of the various spin speeds. 

Microchannels for this research were processed using the following procedure: (I) 

Spin: 3500 RPM/ 30 seconds; (2) Bake I; 112° C/ 15 minutes; (3) Bake 2: 165° C/ 15 

minutes; (4) Bake 3: 330° C/ 30 minutes. A Micrograph of Teflon spun coated on a 

Borofloat microchannel can be seen in Figure 3.7. In this figure. Teflon AF coats the 

entire channel uniformly, but roughness from the original glass layer can be seen through 

the laver of Teflon AF. 
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Table 3.1: Teflon AF spin coating and refractive index measurements. 

Teflon 

(1601. 18%) 

(1601, 18%) 

(1600,6%) 

AF Type 

T.AF: FC-75( 

1.0:0.5 

1.0:1.0 

1.0:2.0 

1.0:0.5 

1601, 18%) 

Spinning 
Parameters 

4500 RPM/ 40 sec 

4500 RPM/ 60 sec 

1000 RPM 
2000 RPM 
3000 RPM 
3500 RPM 

1000x2 RPM 
2000x2 RPM 
3000x2 RPM 
1000x3 RPM 
200 RPM 
300 RPM 

4500 RPM/40 sec 

4500 RPM 40 sec 

4500 RPM 40 sec 

3500 RPM 40 sec 

Resulting Thickness (um) 

9.8 
12.9 
12.4 
15.6 

14.3 
13.8 
18.4 
17.7 

1.4 
0.9 
0.7 
1.5 
1.4 
1.5 
3.1 
2.2 
1.2 
8.6 
3.1 
5.0 

3.2 
4.5 
1.5 
1.6 
1.0 

3.8 
4.0 

Refractive 1 
(n) 

ndex 

1.296 
1.302 
1.299 
1.303 

1.304 
1.302 
1.301 
1.311 
1.299 
1.298 
1.290 
1.300 
1.299 
1.298 
1.300 
1.301 
1.298 
1.301 
1.301 
1.299 

1.302 
1.302 
1.302 
1.302 
1.302 

1.302 

1.302 
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Figure 3.7: Micrograph of Teflon coated Borofloat channel. 

Figure 3.7 shows a cross-sectional view of the Teflon AF in the microchannel. 

This view verifies the uniformity of the Teflon AF layer. This unifomi coating is critical 

to light guiding and minimal scattering in the LCW. 
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Figure 3.8: Cross section of Teflon AF 1600 on Borofloat. 

The cross section of the Teflon AF 1600 shown in Figure 3.7 has approximately 

2pm of Teflon AF on the surface of the microchannel. Though the layer of Teflon AF in 

the Borofloat channel is uniform, roughness in the walls of the channel is major concem. 

In the micrograph of Figure 3.8 roughness of the glass channel can be seen through the 

Teflon AF 1600 (6%) 2pm thick coating. 
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(b) 

Figure 3.9: Roughness in the Teflon AF 1600 (6%o) coated Borofloat channel (a) 
edge of channel, (b) base of channel. 

In the above micrographs. Figure 3.8 (a) shows that TAF 1600 (6%) has filled in 

at least 2pm of roughness from the bare glass channel. There are still ripples that appear 
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in the channel that may cause signal loss. Through increasing the thickness of the Teflon 

AF, the rippling effect seen in Figure 3.8 (b) may decrease, also minimizing the chance of 

the evanescent wave reaching the jagged glass surface. 

One wa>' to increase the thickness of the Teflon AF layer is to increase the 

number of layers in the channel. Increasing the layers of Teflon increases the thickness as 

seen in Table 3.1, but simultaneously decreases the uniformity of the waveguiding layer. 

Therefore, another method of increasing the thickness of the cladding is necessary to 

avoid issues conceming the evanescent wave, and most of all scattering that may be 

associated with roughness in the channel. 

Teflon" AF 1601 (18%)) is a very viscous solution that produces relatively thick 

coatings of Teflon® (15 pm on flat wafer, 70 pm in channel) even at high spin coating 

speeds (4500 RPM). With this thickness, roughness in the channels would significantly 

be reduced. Unfortunately, this property commonly resulted clogging of charmels during 

the annealing process. Figure 3.9 shows how Teflon AF 1601 (18%) nearly filled the 

channel, allowing very little room for fluid to flow. 
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Figure 3.10: Teflon AF 1601 (18%) layer in microchannel. 

Since the thickness coated with the fastest spin speed was still far too much, it *" 

was necessary to dilute the Teflon® AF 1601 solution. Veiy few solvents are capable of 

diluting Teflon AF. A perfluorinated solvent, 3M™ Fluorinert™ FC-75 was chosen to 

dilute the Teflon AF solution. The Teflon AF solution was diluted 2:1 with FC-75 that is 

capable of diluhng the Teflon solution while not compromising the optical properties of 

the coating. The Teflon AF 1601 (18%) coated channels in Borofloat and Pyrex were 

processed using the following procedure: (1) Spin: 3500 RPM/ 30 seconds; (2) Bake 1: 
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112° C/ 15 minutes; (3) Bake 2: 165° C/ 15 minutes; (4) Bake 3: 330° C/ 15 minutes. 

Figure 3.10 is micrograph of a Teflon AF 1601 (18%, 2:1) coated Borofloat 

microchannel. 

Figure 3.11: Teflon AF 1601 (18%, 2:1) coated Borofloat microchannel. 

This coating of 2:1 Teflon AF 1601 (18%)) decreased the amount of the ripples 

without clogging the channels. The film thickness ranges from approximately 5pm along 

the wall of the channel and 24.7pm at the base. This prevents the evanescent wave from 

interacting with the glass of the channel. Figure 3.11 shows a significant decrease in 
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roughness with the application of the Teflon AF 1601 (18%) 2:1 solution compared to the 

original glass wafer and previous coating Teflon AF 1600 (6%). 

Figure 3.12: Roughness comparison in microchannels. (a) uncoated, (b)Teflon AF 1600 
(6%) coated, (c) Teflon AF 1601 (18%) 2:1 coated microchannels. 

LCWs were completed by thermally bonding the coated channels to a flat 

similarly coated wafer (of equal dimensions). In order to create LCWs a bond between 

the Teflon AF channel layer and Teflon AF flat layer is required. This bond is initiated by 

heat, and then the free elements from each layer create a chemical bond. 

3.4 Glass-to-Glass Bonding 

Microchannels without Teflon AF coatings were created so that the waveguiding 

properties of coated and uncoated channels could be compared. Two methods were used 

to produce glass to glass bonding. The first method used a spin-on UV curable epoxy 

(Masterbond UV-15) with a refractive index similar to glass at n=1.42. This epoxy was 

spun onto the glass microchannels and a flat substrate (comparable in size) at 4500 RPM 
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for 30 seconds. Immediately following this spin coating the layers were joined together 

and exposed with a mercury lamp for 58 seconds. After exposure the cured epoxy was 

baked at 100°C for I hour to ensure curing of the solution. 

The second method involved the Borofloat borosilicate microchannels. These 

channels where attached to an identical flat glass substrate through thermal bonding. 

Etched Borofloat channels were placed in a furnace on top of a 1 pound weight, covered 

with a flat Borofloat glass, and then a second 1 pound weight was placed on top of the 

pair wafers increasing pressure to insure complete surface bonding. The thermal bonding 

set up can be seen in figure 3.12. 

Flat Glass 
Wafer Wafer with 

Microchannels 

Figure 3.13 Glass to glass thermal bonding setup. 
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Once the wafers were in place in the ftimace the temperature increased to 620° C within 

120 minutes, and remained at 620° C for 90 minutes. The uncoated glass microchannels 

were tested in comparison with the Teflon AF coated microchannels. 

3.5 Results and Discussion 

3.5.1 Measurement Setup 

Figure 3.13 shows a schematic diagram of the experimental set-up used to 

quantify' the optical properties and performance of the microchannels. This arrangement 

consists of a transverse illumination system, a channel positioning system, and a 

detection system. 

• 390 nm LED 

Microscop 
Objectiv 

To Spectrometer 

Figure 3.14: Illustration of measurement setup. 
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The waveguide analysis measurements were made using an LED (395 nm) as the 

excitation source. The UV light was transversely focused on the channel using a 

microscope objective, thereby illuminating a small segment of the channel (-250 pm). 

The channel was filled with a 1 mM solution of fluorescein. The wafer was attached to a 

translation stage to vary the position along the channel that was being illuminated. The 

UV light causes the illuminated segment of fluorescein solution to fluoresce. An ophcal 

fiber bundle was positioned at the end of the channel to collect light exiting the channel 

and to direct the light to a spectrometer (Ocean Optics card spectrometer, mounted in a 

PC). The actual setup is seen in Figure 3.13. The end of the microchannel was open, but 

fluid remains in the channel through capillary forces. 
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Figure 3.15: Actual measurement setup. 

3.5.2 Fluorescein Measurements 

The peak intensity of the fluorescence signal, seen in Figure 3.13, is measured at 

530nm, as a function of distance x between the illumination point and the detection optics 

at X = 0. The quality of the waveguide can be determined by quantifying the loss in 

intensity and calculating the absorphon coefficient a using equation 2.5. Some of the 
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measured loss will be due to re-absorption by fluorescein along the optical path, an effect 

we must correct for in order to get a true assessment of losses due to imperfections in the 

waveguide. The absorption coefficient due to re-absorption, as a function of wavelength, 

has been measured using a UV/VIS spectrometer to be 0.21 cm"' for 0.25 mM solution 

and 0.29 cm"' for I mM soluhon at 530 nm [28]. 
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Figure 3.16: Graph of Intensity versus Distance for Soda lime and Pyrex Teflon coated 
Microchannels. 
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From linear fits to the data in Figure 3.14, we calculate an attenuation coefficient 

of 1.38 cm"' for the Pyrex® channels and 1.21 cm"' for the soda-lime glass channels. For 

these experiments, 1 mM solution was used. Correcting for re-absorption the absorption 

coefficients are 1.09 cm"' for Pyrex® and 0.92 cm"' for soda-lime. A similar set of 

experiments using a Teflon® AF 2400 tube showed an attenuation coefficient, corrected 

for self-absorbance, of 0.07 cm"'. The tube had an i.d. of 250 pm and an o.d. of 500 pm. 

The radial s> mmetr> and low surface roughness of the commercial tube are the main 

reasons for the superior light guiding. Furthermore, the index of refraction was also lower 

for the tube compared to the fabricated microchannel. The difference in the intensity 

between the two t\pes of channels was attributed simply to the volume of fluorescein 

being excited in each channel. Since the sealed P\rex" channel was formed from two 

etched channels, it had approximately twice the cross-sectional area of the soda-lime 

glass channel and hence, produced intensities on the order of double that of the soda-lime 

channel. 

In order to test the effect Teflon® AF has on light collection and waveguide 

properties of channels, a comparison was made between microchannels with and without 

a Teflon® coating. Figure 3.15 shows the results of a transverse illumination experiment 

using coated and uncoated channels. 

50 



10000-

-J2 

iti 1000 
c 
0 

100 

Un-coated 
Teflon coated 

Background Intensity 

0 
—r 
4 8 

I 

10 

Path Length [mm] 

Figure 3.17: Graph of coated and uncoated channels intensity versus distance. 

Fluorescein solution was injected into both channels. The graph shows a dramatic 

difference in the intensity collected out of each channel (~ 30 •). However, over the first 4 

mm the calculated loss is similar for both un-coated and coated channels. As the 

LightTools simulation suggest, the uncoated lightguide rapidly attenuates, therefore 

emitting little to no light at the end of the guide. This result indicates that the coated 

channel captures significantly more light generated in the channel, but due to roughness 

in the microchannel the light attenuates, lineariy decreasing the amount of light detected 

as the distance of the microchannel increases. Since the coating material it.self has shown 
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to be an effective waveguide when used in tube form, the deficiencies must lie in the 

geometry and roughness of the glass channels. 

Figures 3.16 and 3.17 successfully prove that Teflon AF-coated microchannels 

ha\'e significant advantages over uncoated channels. The hypothesis for loss in the 

channel centered around the channels having a rough etch and the Teflon AF coating 

being thin, each causing significant loss in the propagahng signal. Therefore, during data 

collection, as the excitation source moved further from the fiber bundle, the intensity of 

the signal decreased rapidly. This problem was addressed by choosing a thicker 

photoresist coating for the LCW microchannels. As seen in Figure 3.12 (c), this thicker 

coating reduced roughness in the channels, as well as reduced the opportunity for the 

e\anescent wa\e to penetrate through the Teflon AF layer to the glass interface were 

scattering could occur. Two concentrations of the Fluorescein [30] were used for 

detechon comparison, lOmM and lOpM. During data collection to avoid intensity 

saturation on the Ocean Optics Spectrometer, the integration count for detection was 

reduced to 10. Figure 3.18 shows a comparative increase in intensity and more gradual 

drop off in intensit\ compared to pre\iously measured channels. Table 3.2 compares the 

calculated loss of uncoated microchannels, soda-lime, Pyrex coated w ith Teflon AF, and 

the improved Borosilicate Teflon Al- coated channels. The calculations were made using 

equation using equation 2.4. 
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Figure 3.18: Graph of Fluorescein Detected in Teflon AF-Coated Microchannels. 

Table 3.2: Loss Calculations for LCW Microchannels. 

Uncoated 

Soda-Lime TAF Coated 

Pyrex TAF Coated 

Borosilicate TAF Coated 

Calculated Loss 

.79 dB/mm 

.61 dB/mm 

.53 dB/mm 

.31 dB/mm 
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In order to assess the minimum analyte detection limits in the channels, a point-

to-line optical fiber bundle was used to illuminate the entire channel. The experimental 

set-up was the same as shown in Figure 3.13 with the exception that the light from the 

LED was directed to the channel using the point-to-line fiber bundle. The point end of the 

bundle was illuminated by the LED and the line end was posihoned directly over the 

channel to illuminate the entire charmel. A constant, wavelength-independent dark-count 

intensit}' of 100 counts/second was present in each measurement, which was readily 

accounted for. For the 1 second integration times employed, the noise level was ± 3 

counts/second. A low-concentration detection limit between 10 and 20 nM for this 

particular experimental configuration is reported. The same experiment was carried out 

using un-coated channels. The results mimicked those of the previous loss experiment 

(Figure 3.15) in that very little light made it to the collection fiber even at high 

fluorescein concentrations. 
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CHAPTER IV 

CONCLUSION 

LCWs maximize path length while minimizing volume. Scientist often use 

fluorescence based spectrometry for detecting hydrocarbons [30], pathogenic bacteria 

[31], and identifying proteins [8]. Luminescent reactions or light emitting organisms are 

the natural base for the large growing area of biosensors [4]. Combining the technology 

of the LC^A's and microchannels opens doors for micro scale fluorescence spectroscopy. 

Important aspects of the LCW fabrication include the photolithography process, 

etching parameters. Teflon AF adhesion and coating, and bonding. The SU-8 mask must 

be processed correctly during the photolithography step or premature lifting may occur 

causing ripples, or additional roughness along the channel wall. Not every glass is 

appropriate tor etching microchannels. Extreme roughness causes increased signal loss 

and can be a\oided b> using the right glass and etching solution. After etching the proper 

thickness, spinning and baking parameters of Teflon AF can increase the chance of 

having quality chamiels. The microchannels ma> not be as successftil if the coating is too 

thick, thin, or not uniform. 

Microfabricating liquid core waveguides show promise as components in high 

sensitivity detection and analysis systems for micro total analysis systems. Liquid core 

waveguide systems can be constmcted using Teflon® AF coatings allowing measurement 

of analytes in aqueous solutions. The present results indicate that the amount of light 

collected in a transverse illumination scheme is significantly enhanced through the low 
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index coating. From Figure 3.11 and Table 3.2, we see a correlation between loss in the 

LCW microchannels and the Teflon coating used to coat the channel. Uncoated channels 

proved to have the highest loss of .79dB/mm. This result was expected since the 

refractive index of the glass (n=1.47) is much greater than that of the liquid core 

(n=1.33). These refractive indices do not obey the laws for TIR; therefore would have a 

higher loss than guides that have a cladding of the lower refractive index than their core, 

such as with the loss results of Teflon AF 1600 and 1601 which have loss measurements 

of .61 and .53 for TAF 1600 and .31 for TAF 1601. Teflon AF 1601 rendered a thicker 

coating of Teflon allowing the roughness of the microchannel to be filled in. 

Currently work is underway to integrate LCW microchannels into a microanalysis 

svstem. Methods of mixing and transporting biological samples to the LCW for detection 

have been proposed and designed. Fabrication of a total microanalysis system w ill not 

take the place of the current systems in used but could make the process of sample 

detection portable, inexpensive, and fast. There are still issues that must be confronted 

with adding on-chip optics and possible multilayer plumbing that allow several 

biosamples to be simultaneously detected. 
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