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Abstract

Microscale fluorescence activated cell-sorting (µFACS) by switching of continuous flows

in microsystems is a new technology being developed to identify and separate cells.

Different elements of the µFACS, fabrication of opto-biochips, particle detection and

velocity measurement, and flow switching, are studied in the present work.

Different techniques to fabricate biochips are presented. Masters with inverse patterns

of biochips were fabricated by direct laser-writing, and by lithography and dry etching.

Biochips were fabricated by casting polydimethylsiloxane (PDMS) on the masters. In a

different approach, biochips with integrated waveguides and microchannels were fabricated

photolithographically on glass substrates using a negative photoresist, SU-8. The system

includes multimode waveguides with combiners and splitters for utilizing lasers of different

wavelengths for the identification of different particle types.

Detection of particles in commercial biochips and micropipettes using a custom plastic

optical fiber launch-and-detect tip is described. The velocity of the microparticles has

been measured by the spatial response of the tip and the dynamic response of the

moving microparticles. In a glass biochip with etched microchannels and ion-exchange

waveguides, the double peak signal from moving microparticles at the intersection of

microchannel and waveguide was used to determine the velocity of the microparticles in an

electroosmotic flow. Microparticle flow switching has been realized in PDMS biochips.

In the SU-8 opto-biochips, two excitation waveguides carrying two different

wavelengths intersect the microchannel at two points separated by a known distance.



One large output waveguide carry fluorescence signals to a single filtered detector. The

loss in SU-8 waveguides was measured for two different wavelengths. The velocities of

the microparticles were determined by the captured fluorescence from the double peak.

Simulations based on beam propagation method were used to predict the performance of

the SU-8 waveguides and the intensity at the two intersections has been compared with the

experimental results.
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Kuate, and Hooman Hosseinkhannazer for generously helping me with my research.

I would like to acknowledge the Canadian Institute for Photonic Innovations (CIPI), the



Natural Science and Engineering Research Council of Canada (NSERC), and Micralyne

Inc. of Edmonton for the financial support. My sincere thanks to the staff of NanoFab and

Machine Shop for their contribution to this thesis.

I would like to acknowledge friends from local Indian community, Indian Students

Association (ISA) and Society for the promotion of Indian Classical Music and Culture

amongst Youths (SPIC MACAY). Due to my association with these organizations, I have

been privileged to be a part of the fraternity and the city of Edmonton has always been a

home away from home.

I am indebted to Dr. Prabhat Dwivedi for his kind support as an elder brother. Our

unending and invaluable personal and academic discussion over coffee, lunch and walk

towards Saskatchewan river will always be in my memories. I am grateful for the friendship

of Shaine Joseph, Aravind V., Arvind Prasad, Rohit Malik, Ashish George, Sushil Rana,

Mahesh Pai, Sunil Bandaru, Naveen Srivastav, Biswaroop Palit, Yogesh Godwal and Jayson

for their support both on personal and professional levels.

As all good acknowledgements go, I must especially thank my parents, Mrs. Pushplata

Goel and Dr. Satish Goel. I have been blessed with unlimited support and encouragement

over the years. There is no way I could have gotten where I am, professionally or

personally, without my parents pushing and prodding and most of all reminding me that,

“Everyone worships the rising Sun”. I would like to thank everyone in my joint family,

especially my uncle Mr. Girish Goel, for having confidence in me and being proud at what

I was at each and every moment of my life. I gratefully acknowledge my sister and my best

friend Anjali for always standing besides me and her invaluable support and advice.

Finally the last mention goes to the most important person in my life after my PhD,

my fiancée Pooja. I again thank my family to give me this most precious gift of lifetime.

Although we have met for just two weeks, her support and dedication to seeing me achieve

this goal has been ineffable. I can only begin to thank Pooja for providing me the most

beautiful days of my life. Starting next month I look forward to a lifetime of growing

together with her.



Contents

1 Introduction 1

1.1 Flow Cytometry (FCM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Fluorescence Activated Cell-Sorter (FACS) . . . . . . . . . . . . . 2

1.1.2 Principle of the FACS in the Present Work . . . . . . . . . . . . . 3

1.2 Microscale Fluorescence Activated Cell-Sorting (µFACS) . . . . . . . . . . 4

1.3 Current State of the Research on Opto-Biochips . . . . . . . . . . . . . . . 6

1.3.1 Biochips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.2 Optical Integration in Biochips . . . . . . . . . . . . . . . . . . . . 7

1.3.3 Previous Research in Micro-Optical Systems Lab . . . . . . . . . . 9

1.4 Scope and Goals of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 12

2 General Principles of Microfluidics and Integrated Optics 13

2.1 Microfluidics Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Microfluidics Flow Properties . . . . . . . . . . . . . . . . . . . . 13

2.1.2 Flow Velocity in Laminar Flow . . . . . . . . . . . . . . . . . . . 17

2.1.3 Comparing Pressure Driven Flow and Electroosmotic Flow . . . . . 21

2.2 Integrated Optics Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.1 Waveguiding Principle . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.2 Structure of a Waveguide . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.3 Requirement for Integrated Optics . . . . . . . . . . . . . . . . . . 25

3 Fabrication Techniques for OptoBiochips 27

3.1 Material Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Different Fabrication Approaches in the Present Research. . . . . . . . . . 28



3.2.1 Direct Device Fabrication by Laser-Writing . . . . . . . . . . . . . 29

3.2.2 Master Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.3 Device Fabrication Using Polymers . . . . . . . . . . . . . . . . . 36

3.2.4 Direct Device Fabrication on SU-8 . . . . . . . . . . . . . . . . . 39

4 Optical Detection I - Microcapillary, Ion-exchanged and PDMS biochips 45

4.1 Optical Detection in Glass Capillary by Plastic Optical Fiber . . . . . . . . 46

4.1.1 Launch and Detect Tip using Plastic Optical Fiber . . . . . . . . . 46

4.1.2 Application to Velocity Measurement of Microparticles . . . . . . . 48

4.2 Microparticle Detection in Ion-Exchanged Opto-Biochips . . . . . . . . . . 51

4.2.1 Fluorescence from Dye in the Microchannel . . . . . . . . . . . . . 51

4.2.2 Anomalous Etching of the Ion-Exchanged Glass . . . . . . . . . . 52

4.2.3 Electroosmotic flow, Microparticle Detection and Velocity

Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3 PDMS Biochips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3.1 Electroosmotic Flow . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.3.2 Electroosmotic Flow Switching . . . . . . . . . . . . . . . . . . . 67

5 Optical Detection II - SU-8 Opto-Biochips 69

5.1 Design Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 Propagation Loss Measurements . . . . . . . . . . . . . . . . . . . . . . . 72

5.2.1 Loss Measurement at 635 nm . . . . . . . . . . . . . . . . . . . . 74

5.2.2 Loss Measurement at 530 nm . . . . . . . . . . . . . . . . . . . . 75

5.3 Optical Detection and Velocity Measurement of Microparticles . . . . . . 77

5.3.1 Detection with Plastic Fiber Below the Intersection . . . . . . . . . 78

5.3.2 Collecting Fluorescence from the SU-8 Output Waveguide . . . . . 82

5.4 BPM Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.4.1 Flux Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6 Conclusion 96

6.1 Summary of the Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



6.2 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . 98

Bibliography 101

A Material Properties 113

B Procedure for Fabricating Master by Lithography (Positive photoresist) 115

C PDMS Casting and Bonding 119

D Procedure for Fabricating Biochips by Lithography (SU-8, Negative

Photoresist) 122



List of Tables

2.1 List of physical parameters affecting electroosmotic and pressure-driven

flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5.1 Velocity measurement in SU-8 biochips with the PMT fiber under the

intersection points. The distance between the intersection points is 200

µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2 Velocity measurement in SU-8 biochips. The PMT fiber is butt-coupled

with the output waveguide. The distance between the intersection points is

600 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

A.1 Properties of different materials used in the present work . . . . . . . . . . 114



List of Figures

1.1 Schematic diagrams of (a) Flow cytometry, and (b) Fluorescence-activated

cell-sorting in flow cytometry [1]. . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Schematic diagram of cell-sorting experiment. . . . . . . . . . . . . . . . . 3

1.3 Different components of a flow cytometer. . . . . . . . . . . . . . . . . . . 5

1.4 Two different biochips fabricated on glass and PDMS. . . . . . . . . . . . . 7

1.5 A commercially available microfluidic toolkit sold by Micralyne Inc. of

Edmonton, Alberta. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Laser-written biochip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.7 Biochip with ion-exchanged waveguides. . . . . . . . . . . . . . . . . . . . 10

1.8 Two-level biochip with integrated optics . . . . . . . . . . . . . . . . . . . 11

2.1 Pressure driven flow and electroosmotic flow in a microchannel . . . . . . . 14

2.2 A schematic of the effect of hydrodynamic pressure. . . . . . . . . . . . . . 18

2.3 Dimensionless velocity profile due to pressure driven flow . . . . . . . . . . 19

2.4 Dimensions of the microchannel with one particles inside it. . . . . . . . . 19

2.5 Dimensionless velocity profile due to electroosmotic flow for different κh

values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Snell’s law and Total Internal Reflection. . . . . . . . . . . . . . . . . . . . 24

2.7 Light propagation in a waveguide due to total internal reflection. . . . . . . 25

3.1 Different approaches to fabricate biochips used in the present research. . . 29

3.2 Schematic of the Laser writing setup . . . . . . . . . . . . . . . . . . . . . 30

3.3 Screen-shot of the Labview interface of motor controlled board. . . . . . . . 31



3.4 Different parts of biochip with Y-shape microchannel fabricated by NOA.

The pictures A, B and C are the parts joining the microchannel with

three reservoirs respectively. The picture D is the Y-shape part of the

microchannel and picture E shows the NOA waveguides joining with the

walls of the microchannel. . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 A NOA chip with microchannels and waveguides (Figure 3.4 (E)). NOA

ridges work as the core of the waveguide and the walls of the microchannel.

Light is propagating through the waveguide and shining light at a point

on the microchannel. The white spots are due to scattered light from

imperfections in the walls. . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.6 Different designed generated on glass slide by laser writing process, work

as masters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.7 (a) Depth measurement of the microchannel by the contact profilometer

(this case shows the depth of left T shown in the mask layout in Figure B.1),

and (b): SEM result of the side view of a cross on wafer. . . . . . . . . . . . 35

3.8 (a) Optical Profilometer picture to find the height of the microchannel

(53.11 µm), and (b) Optical profilometer pictures to find the roughness of

the top surface of the microchannel. . . . . . . . . . . . . . . . . . . . . . 36

3.9 Two PDMS chip with microchannels and reservoirs. The master was

fabricated by the direct laser-writing. . . . . . . . . . . . . . . . . . . . . 37

3.10 Schematic of the Hot Embossing process after fabricating the master. . . . . 38

3.11 (a) The master after hot embossing is performed. In this case, the silicon

master was bonded on pyrex by anodic bonding, (b) PMMA plate after hot

embossing is performed. In this case, the silicon master was bonded on

pyrex by anodic bonding before hot embossing. Several parts of the silicon

masters were remaining on the plate. . . . . . . . . . . . . . . . . . . . . . 39

3.12 Different chip designs on the mask (a) Y-shape channel and intersecting

waveguides, (b) straight channel and intersecting waveguides, (c) for

continuous electroosmotic flow, and (d) t-shape channel and intersecting

waveguides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41



3.13 Different parts of Biochip fabricated by SU-8 on glass as described in the

text below and represented on the chip in Figure 3.12. . . . . . . . . . . . . 42

3.14 Picture showing the scan taken by a contact profilometer on glass substrate

with SU-8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.15 Picture showing the scan taken by a contact profilometer of two input

waveguides in SU-8 with air cladding. . . . . . . . . . . . . . . . . . . . . 43

4.1 (a) Schematic of the launch-and-detect plastic optical fibers head, and (b)

Incoming and outgoing light from a launch-and-detect tip. . . . . . . . . . 46

4.2 Particle inside a biochip. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 Spatial response of the POF with stationary particle in the biochip. . . . . . 48

4.4 Schematic of experiment to detect microparticles in flow through a

micropipette. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.5 Full PMT scan over 30 seconds for moving fluorescent microparticles in

the micropipette. Each value shown is the average of 200 raw samples

taken at 10 000 samples per second. There are 16 particles with various

velocities observed in this window. . . . . . . . . . . . . . . . . . . . . . . 50

4.6 Detail of the different particles (not on scale). . . . . . . . . . . . . . . . . 50

4.7 Propagation of light through the waveguide splitter and PMT signal

scattered from microchannel. . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.8 (a) SEM image before bonding of the glass cover plate, and (b) Two-

dimensional beam propagation simulation showing the split of waveguide

light into two distinct beams in the microchannel. . . . . . . . . . . . . . . 53

4.9 Schematic of experiment to move and detect microparticles by

electroosmotic flow inside biochip . . . . . . . . . . . . . . . . . . . . . . 54

4.10 18 frames showing movement of one fluorescent microsphere in a

electroosmotic flow at 50V. Frames in this picture are 1/3 s apart. Laser

light from the waveguide on the left illuminates the microchannel. The

fluorescence is brightest in frames 6 and 14. . . . . . . . . . . . . . . . . . 56

4.11 Detection of two particles in two direction at different voltages passing

through microchannel-waveguide intersection. . . . . . . . . . . . . . . . . 57



4.12 Scan through the PMT at 200V showing movement of two particles. . . . . 58

4.13 Graphs showing the variation of two particles velocity with applied voltage

(a) by video frames (b) by PMT scan. . . . . . . . . . . . . . . . . . . . . . 59

4.14 Graph showing the variation of velocity with applied voltage. Here,

velocity is the average of the velocities of two particles measured by the

two different methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.15 Experimental setup for observing the electroosmotic flow (between

reservoirs A and B) in the PDMS biochip. . . . . . . . . . . . . . . . . . . 61

4.16 24 frames showing movement of one fluorescent microsphere in a

electroosmotic flow at 200 V. Each frame is 1/3 s apart. The particle

position is indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . 62

4.17 15 frames showing movement of one fluorescent microsphere in a

electroosmotic flow at 500 V. Each frame is 1/3 s apart. The particle

position is indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . 63

4.18 12 frames showing movement of one fluorescent microsphere in a

electroosmotic flow at 1000 V. Each frame is 1/3 s apart. The particle

position is indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . 64

4.19 Different frames showing movement of one fluorescent microsphere in a

electroosmotic flow for different voltages around the corner. The bead

position is indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . 65

4.20 Graph showing the variation of velocity with applied voltage in PDMS

biochip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.21 Experimental setup for observing the switching of the electroosmotic flow

in PDMS biochip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.22 9 frames showing the switching of fluorescent microsphere in a

electroosmotic flow at 500 V. Each frame is 2 s apart. The bead position is

indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.1 Two SU-8 waveguide designs. . . . . . . . . . . . . . . . . . . . . . . . . . 71



5.2 Dimensions of different points of the waveguide microchannel combination.

The white region is the core (SU-8) and the dark region is the cladding

of the waveguides. (a) Start region, (b) Intersection region, where the

two waveguides shine light on two points of the microchannel, (c) Middle

region, where the two waveguides join together and again split into two

waveguides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.3 Schematic diagram of the experimental set-up to measure loss in SU-8

biochip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.4 Plot of the measurement of the scattered light at 635 nm from different

points of the SU-8 waveguide. Two plots correspond to the launching of

input light from two waveguide entrances. Different points on this graph

are discussed in Figure 5.5 . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.5 Measurement of loss at 635 nm from between points C, D, H and I of the

two SU-8 waveguides. The loss was found to be 3.1 dB/cm and 2.5 dB/cm

corresponding to the launching of input light from two waveguides. . . . . . 75

5.6 Plot of the measurement of scattered light at 530 nm from different points

of SU-8 waveguide. Two plots correspond to the launching of input light

from two waveguide entrances. Different points on this graph are discussed

in Figure 5.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.7 Measurement of loss at 530 nm from between points C, D, H and I of the

two SU-8 waveguides. The loss was found to be 5.2 dB/cm and 6.1 dB/cm

corresponding to the launching of input light from two waveguides. . . . . . 76

5.8 The schematic of the experimental setup used for fluorescence detection of

microparticles in SU-8 biochip. The syringe tip is used to control the flow

of microparticles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.9 An image of the experimental set-up used for optical detection of

microparticles in SU-8 biochip. The laser light is launched from the

multimode fiber connecter at the far side and the PMT fiber is underneath

the chip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



5.10 12 frames showing movement of one fluorescent microsphere in a pressure-

driven flow. The frames in this picture are 1/6 s apart. The bead position is

indicated by a circle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.11 (a) Plot of 10, 000 points over 100 s PMT signal, and (b) PMT response

(mV) from 6 particles as a function of the time (seconds). . . . . . . . . . . 81

5.12 The picture of the experimental setup as shown in Figure 5.8(b) . . . . . . . 83

5.13 Plot of 10, 000 points over 100 s PMT signal. There are more than 60

peaks within the span of 100 s, indicating the movement of more than 30

particles in 100 s. Eight particles represented here are shown in Figure 5.14. 84

5.14 The PMT scan between 7th and 49th second showing the movement of 8

particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.15 Details of the PMT signal corresponding to eight particles as shown in

Figure 5.14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.16 Details of the PMT signal corresponding to four particles. From the

relative size of the plots as described in Figure 5.15, the peaks related to

these four particles are recognized. . . . . . . . . . . . . . . . . . . . . . . 87

5.17 Dimension of a structure with waveguide and microchannel as shown in

Figure 5.1 (A). All the numbers are in micrometers. The core of the

waveguide is of index 1.59, the index of the the microchannel is 1.33 and

remaining part is considered with index 1.5 due to the limitation in BPM

simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.18 Laser beam propagating into the waveguide consisting of straight sections

and S-bends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.19 Laser beam propagating into the waveguide consisting of straight sections

and S-bends from a different angle. . . . . . . . . . . . . . . . . . . . . . . 92

5.20 Variation of the power of laser beam in the microchannel. The graphs show

that the power at the two intersections is distributed almost equally even

after changing the entry point of the incident laser light. . . . . . . . . . . 93

5.21 Picture of the two waveguide-microchannel intersections when the entry

point of the incident light is changed. . . . . . . . . . . . . . . . . . . . . . 93



5.22 Intensity profile using inside a microchannel as shown in Figure 5.21, all

values are in µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.1 A schematic of a proposed device after laser-writing. The white part is air

where laser-writing will takes place and rest part will have photoresist. . . 99

B.1 (a) LEdit design to make the mask, and (b) actual mask after developing. . . 116

B.2 Process steps for fabricating silicon master with positive photoresist and

deep reactive-ion etching. . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

D.1 Process steps involved to fabricate opto-biochips with SU-8. . . . . . . . . 123



List of Symbols

oC degree Celsius

ε permittivity

εr relative permittivity

η viscosity

κ inverse Debye length

µr relative susceptibility

φ, ψ electric potential

ρf charge density

ζ zeta potential

c speed of light

C Coulomb

D laser spot-size

E electric field

g Gravitational acceleration

h microchannel half-width

kB Boltzmann constant

L length of the microchannel

M molarity

NA Avagardo’s number

n index of refraction

n∞ ionic number concentration

z valance

px pressure-gradient

Re Reynolds number



List of Abbreviations

µTAS micro-total-analysis-system

µFACS microscale fluorescence activated cell-sorting

BOE buffered-oxide etching

BPM beam-propagation method

CCD charged coupled device

DAQ data acquisition

dB decibel

DI de-ionized

EDL electric double layer

EOF electroosmotic flow

FACS fluorescence activated cell-sorter

FCM flow cytometry

ICPRIE inductance-coupled reactive-ion etching

IPA isopropyl alcohol

LOC lab-on-a-chip

MEMS micro-electro-mechanical system

MOS micro-optical system

MST microsystem technology

min minute

mm millimeter

mV millivolt

NanoFab University of Alberta, Micromachining and
Nanofabrication Facility

NOA Norland optical adhesive



nm nanometer

PC polycarbonate

PDF pressure-driven flow

PDMS polydimethylsiloxane

PETG poly-ethylene ere-phthalate glycol

PMMA polymethymethacrylate

PMT photomultiplier tube

POF plastic optical fiber

PP polypropylene

RMS room-mean square

SEM scanning electron microscope

UV ultraviolet

V volt

VI virtual instrument

WG waveguide



Chapter 1

Introduction

1.1 Flow Cytometry (FCM)

Cells are the basic structural and functional unit of all living organisms, sometimes called

the “building blocks of life.” Flow cytometry (FCM) is a technology that simultaneously

measures and analyzes the properties of cells or, in general, any specimen that needs to

be analyzed. The basic principle of flow cytometry is to individually detect the optical

signal from each moving particle in a fluid stream as it moves past a source of light. The

optical signal is in the form of fluorescence, which is the absorption of a photon of short

wavelength and subsequent emission of a photon of longer wavelength [1, 2]. The first

flow cytometer, able to analyze single cells was reported in 1965 [3], when the cells were

analyzed at a rate of 500 per second. The commercialization of the flow cytometers was

started in the 1980s after the availability of fast computers [4]. At present, flow cytometers

can analyze samples at a very high rate (up to 100,000 cells per second [5]).

Figure 1.1(a) shows a basic structure of a typical flow cytometer where the sample

detection takes place [1]. The three main units of a flow cytometer are the fluidics system,

the optical system, and the electronics system. The fluidics system consists of a flow

chamber where the cells are injected into the core of a sheath flow. The optics system

has a laser source and a detector. The cells capture the light from the laser and the detector

collects the fluorescence or scattered light. The electronics system consists of a detector

and data-analysis system. The detector converts the optical signal to an electronic signal,

which is processed by the computer using data-analysis system.

1
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(a) (b)

Figure 1.1: Schematic diagrams of (a) Flow cytometry, and (b) Fluorescence-activated
cell-sorting in flow cytometry [1].

Comprehensive reviews on current status of flow cytometry have been presented in

[1, 5, 6]. Some of the applications of flow cytometry are in the field of cell biology [7],

disease diagnostics [8], environment monitoring [9] and genetics [10].

1.1.1 Fluorescence Activated Cell-Sorter (FACS)

In most of the flow cytometer applications, the flow of the particles is directed towards the

exit of the flow chamber. Cell-sorting in flow cytometry allows the separation and isolation

of the cells of interest from mixed population at the exit of the flow chamber for further

analysis [1, 5].

Figure 1.1(b) shows a jet-in-air system, which is the most commonly used method for

cell-sorting. In this system, the nozzle assembly vibrates at a high frequency and the liquid

stream of cells is converted into droplets containing single cells. As the droplet intercepts

the laser beam, the detector collects the fluorescence signal from the cell and identifies it.

Then, the droplets are electrically charged accordingly, and deflected by a strong electric

field into the collecting containers. Using this method, a commercial cell-sorter at present

can sort up to 25,000 cells per second [11], compared to the earlier systems developed in
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1977 (500 cells per seconds) [2], and in 1985 (20,000 cells per seconds) [12].

1.1.2 Principle of the FACS in the Present Work

As discussed above, the commercial cell-sorters are widely used for different cell-sorting

applications [11] and have a very high rate. However, they are still far away from the reach

of the common user because they are very costly ($250,000 [13]) and they work on a very

delicate mechanism. Some of the limitations include perturbations in droplet formation

and difficulty in generating identically charged droplets [13]. Different methods have been

used to achieve FACS during the past several years [14].

Figure 1.2: Schematic diagram of cell-sorting experiment.

Contrary to the method of electronically deflecting charged droplets containing single

cells, an alternate method based on switching continuous flow by changing the direction

of the flow electro-mechanically can be used as shown schematically in Figure 1.2. In this

method, first the cells are recognized and then their flow is switched at the moment they

arrive at the switching point B.

If two types of cells must be sorted, the fluidic system should have two output reservoirs

(X and Y) to collect different kinds of cells. As the identification of the cells is required,
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the cytometer may need to allow two different wavelengths of light to be delivered to the

fluidics system. After the cytometer identifies the cell of interest, they can be separated

using an upgraded electronics system to initiate sorting decisions and switch the flow

accordingly.

Two different types of cells flowing in the fluidics chamber are shown in the Figure 1.2.

Light from two lasers, L1 and L2 illuminates the two points in the chamber and the two

detectors D1 and D2, capture the fluorescence from the cells. These detectors D1 and D2

have filters corresponding to the spectra of the two different cells.

When a cell of type 1 arrives at the intersection of L1 and the chamber, the detector D1

gives a signal to the data-acquisition unit (DAQ) and a computer records the exact time

when the particle arrives at the intersection. If the velocity of this cell can be determined,

the time t1 taken by this cell to reach the point B can be calculated. At point B the flow of

this cell can be switched towards reservoirs X using switching electronics. In a similar way,

the detector D2 captures the fluorescence from the second type of cells. By measuring their

velocity, the time t2 taken by one of these cells to reach the point B can be found and they

can be deflected to move to output reservoir Y. This way, each type of cell can be collected

at their respective output reservoir. In principle, many different types of cells could be

collected at many different reservoirs using this method.

1.2 Microscale Fluorescence Activated Cell-Sorting
(µFACS)

In contrast with FACS, a µFACS has number of advantages over conventional FACS.

µFACS are portable in size, more economical, and do not require rigorous training for

sample tagging and instrument operation [13, 15]. One of the major advantages to realizing

a µFACS is the possibility of integrating the different parts on one platform. Some work

has already been carried out to achieve µFACS and is discussed in references [13, 16].

A schematic of a micro-flow cytometer system having different operating units is

described in Figure 1.3(a). In place of a flow chamber in conventional flow cytometers

(Figure 1.1(b)), the fluidics part consists of a Y-shaped microchannel to sort two types

of microparticles. Figure 1.3(b) describes the integration of both the fluidic system and
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(a) A schematic of flow cytometer system comprising fluidics, optics and electronics.

(b)
Flow of moving microparticles in an opto-biochip.
The output waveguide captures fluorescence from
microparticles illuminated by incoming light.

Figure 1.3: Different components of a flow cytometer.

the optical system on the same platform [17]. The intersecting input waveguides guide

the laser light to the particles at the intersection, I, and the output waveguide captures

the fluorescence from the microparticle, which is collected by the photomultiplier tube

(PMT). If the input waveguide splits into two as indicated in Figure 1.3(a), then light of

two different wavelengths can be delivered to two points in the microchannel. The output

waveguide can capture the signals from both these points at the same time.

We refer to such a system as a biochip with integrated optics or an opto-biochip. The

principle of cell-sorting is similar to the one described in Section 1.1.2. From the above

discussion, some of the important elements to demonstrate the µFACS are listed below:

• An opto-biochip having microchannels and waveguides

• Photomultiplier tube (PMT) detection system
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• Mechanisms to observe the flow in the microchannel

• Velocity measurement

• Software to collect data recorded by the PMT

• Flow switching

A review of opto-biochips and current state of the ongoing research is discussed in the

following section.

1.3 Current State of the Research on Opto-Biochips

A microsystem is defined as an “intelligent miniaturized system comprising sensing,

processing and/or actuating functions” [18]. MicroSystem Technology (MST), the science

of producing miniaturized systems, allows for device miniaturization and at the same time,

better performance, lower cost and higher reliability. Some of the different research fields in

Microsystems technologies are Micro-Electro-Mechanical Systems (MEMS) [19, 20], Very

Large Scale Integrated (VLSI) circuits [21], Opto-Electronics [22, 23] and Microfluidics

[24, 25]. MST’s have most important and promising applications in the area of Medicine

[26] and Biology [27].

Research to combine many necessary components and functionality on a small chip

leads to integrated microsystems [28]. Micro total analysis systems (µTAS) [29, 30],

originated in 1983 [31], are the combination of MEMS and fluidic microsystems [19].

The development of µTAS was continued by Manz and Harrison in the 1990s [32, 33] by

scaling down for better separation performance and analytical ease [29, 30]. Later, it was

realized that these devices can be used in different applications ranging from medical and

chemical analysis [34, 35] to astrophysics [36].

1.3.1 Biochips

One type of µTAS are called “labs-on-a-chip (LOC)” or “biochips” [37]. Biochip is a

device fabricated on different materials (glass [38], silicon [39] and polymers [40]) with

embedded micron-sized microchannels. Research of microfluidic biochips has accelerated
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the last decade driving due to their ever-increasing applications in biomedical diagnostics

and chemical analyses. In 1998, “Booms in Biochips” recognized biochips as one of

the discoveries transforming ideas about the natural world and also offering significant

benefits to the society [41]. The growth in biochip research can be correlated with the total

biochip market size, which was about $2.0 billion in 2004 and is projected to grow to about

$5.1 billion in 2009 with a compound annual growth rate of 20.2% [42]. The number of

publications in the field of microfluidics in terms of manuscripts have also grown rapidly

rising from just 77 publications in over 43 different journals in 1999, to 581 publications in

165 journals in 2003 [43].

(a) A Micralyne Biochip (b) A PDMS biochip.

Figure 1.4: Two different biochips fabricated on glass and PDMS.

A commercial biochip by Micralyne Inc., Edmonton, Canada is shown in Figure 1.4(a).

These biochips are made by fusing together two pieces of glass, the lower one of which

has etched grooves that become the channels. Polymers have been used to bring down

the cost, and reduce the fabrication time. Hot embossing on polymethacrylate (PMMA)

[44] and rapid prototyping in polydimethylsiloxane (PDMS) [45, 46] are two methods

used extensively to fabricate biochips in polymer. These two methods are a part of the

present research and are discussed in Section 3.2.3. Figure 1.4(b) shows one such biochip

fabricated in PDMS and sealed on glass.

1.3.2 Optical Integration in Biochips

A cell or any chemical species can be identified by detection methods in microsystems.

Fluorescence sensing is the most widely used methodology in biochip technology [47, 48].
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Fluorescence detection offers sensitivity and compatibility with standard biochemical

reactions [39, 49]. There has been a requirement for a high-performance fluorescence

detection system due to the many functions being implemented on a small platform [50].

Figure 1.5: A commercially available microfluidic toolkit sold by Micralyne Inc. of
Edmonton, Alberta.

Traditional fluorescence detectors use bulky and discrete elements which are expensive

and require precise alignment [51]. The advantages of integrated biological analysis

systems are reduced when these systems rely upon large and fragile optical sensing

equipment. The microfluidic toolkit (Figure 1.5) sold by Micralyne has such a bulk-optical

system. This toolkit costs tens of thousands of dollars and utilizes a Micralyne chip (as

shown in Figure 1.4(a)) which itself costs several hundred dollars.

An integrated detection system should be chosen based on factors like sensitivity, sample

volumes and scalability to dimension comparable to the microchips, for miniaturization of

the whole device [52, 53]. The requirement of optical detection in biochips leads to opto-

biochips.

One of the goals of the present research is to eliminate the bulky optics used in the

microfluidic toolkits and use waveguides to shine light on and capture fluorescence from

moving microparticles and deliver it directly to a photomultiplier tube controlled by

LabVIEW running on a computer. The optical detection system has been integrated in
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polymer biochips[54, 55]. Different detection techniques are summarized in the review

papers [23, 56].

In recent years, biochips were fabricated in our lab by different methods which are

discussed in the following section.

1.3.3 Previous Research in Micro-Optical Systems Lab

In the Micro-Optical Systems (MOS) lab, the theme of the research is to integrate

microfluidic biochips with integrated optics. This way, the whole system can be

miniaturized and can enhance the capabilities of a biochip analysis system. Three different

methods of fabricating microfluidic devices with integrated waveguides have already been

developed in our lab and are discussed below.

Laser-Written Microchannels and Waveguides

In this research, microchannel walls and waveguides were written in UV-curable Norland

optical adhesives (NOAs - index of refraction 1.53) on glass substrates [57] (Figure 1.6(a)).

After washing away the uncured adhesive, the channels were sealed with a thin microscope

slide cover. This way, channel walls with intersecting waveguides were created. The total

fabrication time for such systems is about an hour. A completed biochip fabricated by this

method is shown in Figure 1.6(b).

(a) Laser-written channel walls
and intersecting waveguide.

(b) Laser-written crossed channel
system with glass lid. Circle at left
is a reservoir for introducing fluid
samples.

Figure 1.6: Laser-written biochip.
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In this approach, the fabrication time is short and the system has been successfully tested

for microparticle detection [57]. A drawback is that the polymer structures are not very

robust and a very delicate handling is needed while supplying fluid through the reservoir.

Microfluidic Biochip with Ion-Exchanged Waveguides

In the second method, waveguides in biochips were developed through a silver ion-

exchange method in the same glass substrate that holds the microchannels [58, 59].

In this approach, multimode waveguides were integrated with conventionally etched

microchannels in glass biochips. These biochips were fabricated by fusing together two

pieces of glass, the lower one of which has etched grooves that become the channels.

Figure 1.7(a) and Figure 1.7(b) show the propagation of the light along a straight and a

circular-shaped ion-exchanges waveguides respectively [60].

(a) Light propagation inside a biochip with ion-
exchanged waveguide.

(b) Light propagation
and bending inside a biochip with
ion-exchanged waveguide.

Figure 1.7: Biochip with ion-exchanged waveguides.

This work presents a method to realize a device having microchannels and waveguides

on the same platform. It has some drawbacks due to anomalous etching of microchannels

[61] and a long and multi-step fabrication process. These biochips have been used to detect

fluorescence from microparticles and to measure their velocities, which is a part of the

present research and discussed in Chapter 4.

Two-level Biochip with Integrated Optics

In place of having fluidics and optics functionalities on the same level, biochips were

fabricated with two layers, one for the fluidics and one for the optics. In a two-level
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biochip, the lower layer of the chip is made of silicon and provides the light guiding regions,

while the upper PDMS/glass layer contains microfluidic channels [62] (Figure 1.8(a)). The

light was guided and collected through metallized silicon v-groove hollow waveguides.

Figure 1.8(b) is the picture of the complete device.

(a) Device concept (b) A completed device

Figure 1.8: Two-level biochip with integrated optics

The two-level biochips chips were used successfully to shine light onto moving

microparticles and to capture fluorescence from them. They have disadvantages such as

complicated multi-level fabrication process and the difficulty in measuring the particle

velocity.

Electronics and Data Analysis System

A critical component of a flow cytometry system is a sensitive light detection system using

a photomultiplier tube (PMT). A fibre-fed system housed in a box in which the PMT, high-

voltage socket, collimating optics (ball lens) and thin film filters are contained has been

constructed [63]. The light enters the box via a pick-up fiber, and is collimated by a

ball lens and filtered by two narrow bandpass 10 nm filters. The whole setup has been

calibrated and fluorescence detection from microparticles, flowing through micropipette

and microchannel, has been demonstrated. The details can be found in [64].
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1.4 Scope and Goals of the Thesis

The emphasis in this thesis is on developing elements for microflow cytometer and to

generate capabilities to use it as a cell-sorter. Based on the requirements to use the flow

cytometer as a cell-sorter, there are two major goals of this thesis. The first is to fabricate an

opto-biochip. The second major goal is the development of the flow system in an integrated

biochip and the measurement of the velocity of moving microparticles . This was carried

out by optical detection. In addition to the design and operation of the chip itself, the

operation of the waveguide and sensitivity of the detection system were other important

aspects and are summarized herein.

In later chapters, the following topics are described in detail:

• The overview of general principles of microfluidics and integrated optics is provided.

Comparison between pressure-driven and electrokinetic flow and their behaviors, and

requirement of integrated optics (Chapter 2).

• Fabrication techniques for opto-biochips by laser writing, lithography and a rapid

prototyping on polymer. A direct and single step fabrication of microchannels with

integrated waveguides in a single material, SU-8. (Chapter 3).

• Optical detection and velocity measurement in a microcapillary, ion-exchanged opto-

biochips and rapidly prototyped biochips (Chapter 4).

• The development of techniques for optical detection, velocity measurement and

waveguide loss measurement in SU-8 opto-biochips (Chapter 5).

• The summary of results and suggestions for future work (Chapter 6).



Chapter 2

General Principles of Microfluidics and
Integrated Optics

2.1 Microfluidics Overview

2.1.1 Microfluidics Flow Properties

Microfluidics refers to the science of manipulation of very small reagent volumes, and

the fabrication and formulation of devices and processes to handle such reagents. The

dimensions of microfluidic devices range from millimeters down to micrometers [65, 66].

Microparticles suspended in the fluid or particle of fluid become comparable in size with

the device itself. Due to this, different forces become dominant and certain physical

phenomenan change at the microscale. Some of the physical phenomena, which are very

important to study at the microscale, are Reynolds number, laminar flow, diffusion, and

surface tension [24]. Some of these parameters are defined in the following section.

Laminar and Newtonian Flow

Laminar flow is a flow regime in which fluid motion is smooth and orderly, and in which

adjacent layers or laminas slip past each other with little mixing between them. For

most flows in microchannels, the flow is laminar and the familiar turbulent mixing of

macroscopic devices vanishes. A Newtonian flow is a type of flow in which shear stress is

linearly proportional to the velocity gradient in the direction perpendicular to the plane of

shear. The constant of proportionality is known as the viscosity.

13
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Compressible fluid

A fluid is called compressible if changes in the density of the fluid have significant

effects on the solution. If the density changes have negligible effects on the solution, they

are ignored and the problem is called incompressible. In reality, all fluids are compressible

to some extent. In fluid mechanics, an incompressible fluid is a fluid whose density ρ is

constant, and it does not change through time. The water based systems in the present work

can be considered as incompressible.

Reynolds number and Laminar flow

The most striking feature of microfluidic devices is the dominant role of viscosity in

mass transport phenomena. The Reynolds number is a measure of the ratio or the relative

importance of the inertia force on an element of fluid to the viscous force of an element.

When the Reynolds number is less than approximately 1000, the flow will be laminar [67].

For a microscale flow the Reynolds number, Re is given by

Re =
ρv(2h)

η
(2.1)

where ρ is the density, v is the velocity and 2h is the width or depth of the microchannel.

In the present work, ρ = 103 Kg/m3 for water, 2h ≤ 100µm is the channel width,

η = 10−3N.s/m2 and a typical velocity is < 1 cm/s. This leads to Re < 1 implying

laminar flow.

Electric Double Layer (EDL)

Figure 2.1: Pressure driven flow and electroosmotic flow in a microchannel
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Consider a horizontal microchannel formed by two parallel plates made of glass, as

shown in Figure 2.1. Like many solid surfaces, the walls of the microchannel carry

electrostatic charges (negative for glass). When an aqueous solution (generally electrical

neutral) flows in the microchannel, the counter ions (positive for glass) from the bulk liquid

are attracted towards the wall. Due to this, the counter-ion concentration near the solid

surface becomes higher (and co-ion concentration becomes lower) than that in the bulk

liquid far away from the wall. There is a net charge in the vicinity of the walls due to the

excess counter-ions, which balances the charge at the wall. The layer between the charge

wall and the layer of the aqueous solution containing the balancing charges is called the

electrical double layer (EDL). The charge density of counter-ions decreases from the wall

to the edge of the EDL in the liquid.

When an external field Ex is applied, the counter-ions will move towards the cathode

and drag surrounding liquid with them due to viscosity. This ion drag results in a net flow

of bulk liquid along the wall, which is called electroosmotic flow.

The electric potential φ(x, y), is the algebraic sum of the potential due to the external

electric field Ex and the potential due to the electric double layer ψ(y), is given by,

φ(x, y) = (φ0 − xEx) + ψ(y) (2.2)

where φ0 is imposed potential at x=0.

Poisson-Boltzmann equation

The Poisson-Boltzmann equation defines the potential distribution in the EDL. The EDL

potential ψ(y) can be derived as [68],

∂2ψ(y)

∂y2
=

2zen∞
ε

sinh

(
zeψ

kBT

)
(2.3)

where z is the absolute value of ionic valance of the electrolyte, ε is the permittivity of the

medium, kB is the Boltzmann constant and T is absolute temperature. The ionic number

concentration, n∞ (unit, m−3) in the bulk electrolyte, can be expressed as,

n∞ = 1000×M ×NA (2.4)
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where M is the molarity (mol/L) and NA is the Avogadro number (6.022× 1023mol−1).

Double layer thickness

The double layer thickness is a very important quantity in electroosmotic flow and

depends explicitly on the liquid density and the wall-liquid interface. Using the Debye-

Huckel approximation, z=1 and ψ = 25 mV, the zeta potential for water [69]. and applying

boundary conditions in the microchannel, the solution of equation 2.3 is,

φ(x, y) = [φ0 − xEx] + ζ
cosh(κy)

cosh(κh)
(2.5)

where ζ is a surface potential, called zeta potential [69] and κ is the inverse double layer

thickness or Debye-Huckel parameter, which can be expressed as,

κ =

(
2n∞z2e2

εkBT

)1/2
(2.6)

This parameter depends strongly on molarity (because of n∞, as shown in equation 2.4)

and type (because of factor z) of the electrolyte. For a symmetric 1:1 (z=1) electrolyte, the

permittivity of water 6.96×10−10 C2N−1m−2 and at room temperature, the inverse double

layer thickness can be written as (equation 2.6),

κ = 3310
√

Mµm−1. (2.7)

In the present work (Section 4.2.3 and Section 4.3), a 10−4 molar solution was used. So

the inverse Debye length is 33.10 µm−1 corresponding to EDL of 0.03 µm.

Navier-Stokes Equation

The Navier-Stokes equation describes the flow of fluids in any system. For the present case

of flow of microfluids, these equations can be deduced by combining all the forces per unit

volume on the fluid, and balancing forces on a fluid element. Newton’s law for fluids can

be written as:

ρ
d−→v
dt

= F = Fviscous+Fpressure+Felectric+Fbody (2.8)

or,
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ρ
∂−→v
∂t

+ ρ(−→v .
−→∇)−→v = η∇2−→v −−→∇P + ρf

∂φ

∂x
+ ρ−→g . (2.9)

Equation 2.9 represents the Navier-Stokes equation where g is the acceleration due to

gravity. Here, ρf is the net charge density of free ions. For steady-state conditions in a

channel of constant cross-section with laminar flow, the Navier-Stokes equation will take

the following form

η∇2−→v =
−→∇P − ρf

∂φ

∂x
− ρ−→g . (2.10)

2.1.2 Flow Velocity in Laminar Flow

When there is a fully developed flow in the microchannel, the velocity in the y-direction

(vy) can be taken as zero. Also, for one-dimensional continuous flow, ∂vx/∂x=0, and so

the velocity vx is solely a function of y. For a horizontal microchannel (gx = 0), and there

is no pressure gradient in y-direction (along microchannel width). So the Navier-Stokes

equation for the x-direction becomes,

η
d2vx

dy2
=

∂P

∂x
+ ρf

∂φ

∂x
(2.11)

where vx is the velocities and gx is the acceleration due to gravity in x- direction.

For a fully developed flow, the pressure gradient ∂P /∂x is negative and a constant

quantity, which can be represented as,

px = −∂P

∂x
. (2.12)

Using the boundary conditions (at y = h, vx = 0, and at y = 0, dvx/dy = 0), the

solution of equation 2.11 is given by [68]

vx(y) = vx =
h2px

2η

[
1−

(y

h

)2
]

+
|ε|Exς

η

[
1− cosh(κy)

cosh(κh)

]
. (2.13)

Equation 2.13 gives an expression of variation of velocity across the microchannel due

to both electroosmotic flow and pressure driven flow.
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Velocity due to Pressure Driven Flow (PDF)

The first term in equation 2.13 is the flow velocity due to applied pressure gradient px only.

Pressure driven flow is also called Poiseuille Flow. The velocity due to pressure driven flow

can be expressed as,

vp =
h2px

2η

[
1−

(y

h

)2
]

(2.14)

and the maximum velocity at the center of the microchannel (y = 0) is,

vp,max =
h2px

2η
=

h2

2η

(
ρdg

L

)
. (2.15)

where ρ is the density of the liquid, d is the height of the liquid and L is the length of the

microchannel (Figure 2.2).

Figure 2.2: A schematic of the effect of hydrodynamic pressure.

The velocity due to pressure driven flow has a parabolic profile when plotted against

y/h, and depends very much on channel width 2h for given pressure gradient and the fluid

viscosity. Figure 2.3 shows the variation of dimensionless flow velocity (vp/vp,max) across

the channel due to pressure driven flow.

For a water density of 103 Kg/m3, g = 9.81m/s2 and the viscosity 10−3 Ns/m2 the

maximum velocity at the center of the microchannel can be represented as,

vp,max = 4.9× 10−3d(cm)× (h(µm))2

L(cm)
mm/ sec (2.16)

which can be calculated for hydrodynamic pressure height, microchannel length and

microchannel half width (Figure 2.2).
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Figure 2.3: Dimensionless velocity profile due to pressure driven flow

Figure 2.4: Dimensions of the microchannel with one particles inside it.

For the experiment discussed in Section 5.3, the values of t = 25µm, d = 2 cm and L

= 3 cm, give a maximum velocity due to pressure-driven flow of approximately 2 mm/sec.

The dimensions of the microchannel are shown in Figure 2.4. The calculated velocity

is higher than the maximum velocity, seen in the microflow experiment, as desribed in

Section 5.3. This can be explained by considering the position, size and density of the

microparticles. The diameter and density of the microparticles in the present research

are 15 µm and 1.05 × 103Kg/m3 respectively [70]. Due to the size of the particle, the

velocity at the edge of the particle will be different from the velocity at the center of the

particle. Figure 2.4 shows one such microparticle residing in the microchannel. From

equation 2.14 and figure 2.3 it is clear that the position of the microparticle effects the

velocity of the microparticle. Due to the density of the particle, it may sink to the bottom
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of the microchanel. The velocity of the microparticles decreases by more than 50 % (from 2

mm/s to 1 mm/s) if the particle flows at the bottom of the microchannel. Surface roughness

[71] and friction [72] from the walls also affect the velocity of the microparticles.

Velocity due to Electroosmotic Flow (EOF)

The second term in equation 2.13 represents the flow velocity due to electroosmotic flow

(EOF). The velocity as a consequence of imposed electric field Ex can be represented as,

ve =
|ε|Exς

η

[
1− cosh(κy)

cosh(κh)

]
(2.17)

The maximum velocity due to electroosmotic flow ( for y = h)will be,

ve,max =
|ε|Exς

η
=
|ε|Vxς

ηL
(2.18)

where Vx is the applied voltage across the microchannel and L is the length of the

microchannel.

Figure 2.5: Dimensionless velocity profile due to electroosmotic flow for different κh values.

Equation 2.17 shows that the electroosmotic velocity (ve) depends on the electric double

layer thickness κ−1 and the channel width 2h. For the permittivity of water, 6.96×10−10

C2N−1m−2, and zeta potential near wall of 25 mV [69], the velocity due to electroosmotic

flow can be represented as,
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ve,max = 1.74
V (volts)

L(cm)
µm/ sec (2.19)

for an applied voltage of 200 V, and 2 cm long microchannel (Section 4.2.3), the calculated

velocity is 174 µm/sec and for a 3 cm microchannel (Section 4.3), the velocity is 110

µm/sec. At 200 V the velocity was measured to be 400 µm/sec in glass biochips with ion-

exchanged waveguides (Section 4.2.3) which is quite differnet from the theoretical value. In

PDMS biochips, the velocity was 115 µm/sec at 200 V. The difference between theoretical

and experimental values of velocities may be due to a pressure effect as discussed in

Section 4.2.3.

Figure 2.5 shows the variation of dimensionless flow velocity due to the electroosmotic

flow at different κh values. It is clear that the velocity due to electroosmotic flow is

plug-like for high κh values (more than 100). For a 10−4 molar solution, the inverse

Debye length is 33.10 µm−1 (from equation 2.7). For the ion-exchanged opto-biochip

(Section 4.2.3) with 157 µm wide microchannel, the κh value is approximately 2598.

Similarly, for the PDMS biochip (Section 4.3), with 100 µm wide microchannel, the κh

value is approximately 1655. The κh values will give a fairly flat velocity profile throughout

the channel for electroosmotic flow during experiments.

2.1.3 Comparing Pressure Driven Flow and Electroosmotic Flow

The velocity distributions due to pure pressure driven flow and electroosmotic flow are

shown in Figure 2.3 and Figure 2.5. It is clear from equation 2.14 that for a given pressure

gradient px and viscosity µ, the velocity due to pressure-driven flow varies parabolically

and the maximum velocity is proportional to h2. The pressure driven flow becomes

impractical for very small channel width. Contrary to this, electroosmotic flow velocity is

a strong function of electric double layer thickness κ−1 for a given electrolyte and applied

electric field.

Also for small channel widths, the velocity profile due to electroosmotic flow can be

made to be flat by incorporating a fluid with higher molarity, which is directly proportional

to the inverse double layer thickness. So, for narrow channels, the electroosmotic flow

is more effective than pressure driven flow for κh À 1. This is a unique property of
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electroosmotic flow over pressure driven flow for very small channels.

Table 2.1: List of physical parameters affecting electroosmotic and pressure-driven flows

Physical
Property

General consequence Pressure
Driven
Flow

Electroosmotic Flow

Material
selection

Wall property changes
because of charge
distrubution

No effect
(should be
rigid)

Wall property changes double layer
thickness and in turn EOF changes.

Electric
Field

Changes flow of ions No effect Decreasing electric field results in
decrement of efficiency and resolution
and increasing electric field resuts
Joule heating.

Ionic
Concen-
tration

Inversely proportional
to surface potential
and EDL thickness
and generates high
currents.

No effect Decreasing ion concentration results
may result in sample adsorption.
Increasing ion concentration results in
Joule heating.

Buffer
pH value

Changes charge and
solute structure.

No effect EOF decreased at low pH, increased
at high pH.

Organic
Modifier

Changes zeta potential
and viscosity.

No effect EOF is usually decreased.

The advantages of EOF are a flat velocity profile that is independent of the microchannel

width. So, electroosmotic flow plays an important role for microflows. Table 2.1 presents

list of physical parameters affecting these two laminar flows.

Although the EOF gives a very homogeneous flow and can be used for small

microchannels, it has many drawbacks mostly due to the applied electric field and

properties of electrolyte. Researchers have used different methods to control EOF flow.

However, in many cases such as in Joule heating [73] it is very diffult to control EOF.

The poor resolution time is detrimental while using EOF for separation methods [74]. For

not-so-small microchannels, pressure driven flow gives a significant value of velocity and

one does not need to worry about understanding the effects of different chemicals used

in the experiments. Pressure driven flow can be achieved in microchannels by applying

a hydrostatic pressure in the microchannels. This method has been used in observing
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flow in capillaries with 200 µm diameter [64] and integrated SU-8 microchannels with

dimensions of 50 µm× 100 µm in the present research (Chapter 5). However the variation

of velocity with position leads to a spread of particle velocities and pressure driven flow is

more difficult to switch.

2.2 Integrated Optics Overview

Optics describes the behavior and properties of light and the interaction of light with

matter. As light is an electromagnetic wave, optics can thus be regarded as a sub-field

of electromagnetism [75]. We can find optical science a part of many related disciplines

including electrical engineering, physics, medicine, and others. Integrated optics [76] refers

to the implementation of different optical elements on a chip [77].

2.2.1 Waveguiding Principle

A waveguide is a structured inhomogeneous material medium. The central region of the

waveguide is the core, where a propagating electromagnetic wave is confined and guided.

The phase velocity of electromagnetic radiation (v) in a material is slowed relative to

vacuum (c) by a factor which is defined as the index of refraction of that material.

n =
√

εrµr =
c

v
(2.20)

where εr is the relative permittivity, µr is the relative permeability of the material.

Light bends at the interface between two media of different index of refraction, and may

be curved in a medium in which the refractive index is a function of position. The index of

refraction determines the amount of refraction between the two different media. Snell’s law

defines the refraction and bending of light when traveling between two media of differing

index of refraction as shown in Figure 2.6(a). In mathematical form, this law can be written

as,

n1 sin θ1 = n2 sin θ2 (2.21)

In the above case, light travels from a denser (high refractive index) medium with to
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(a) Snell’s Law (b) Critical angle in refraction (c) Total Internal reflection

Figure 2.6: Snell’s law and Total Internal Reflection.

rarer (low refractive index) medium, so the angle of refracted light, θ2 is bigger than the

angle of the incidence θ1. Now, at a certain critical angle, the angle of refraction is 90o

to the normal. This incidance angle is called the critical angle (Figure 2.6(b)) and can be

written as,

θc = sin−1

(
n2

n1

)
(2.22)

For any incident angle more than the critical angle (θ1 > θc), no refracted ray appears,

and the incident ray undergoes total internal reflection from the interface. This is shown in

(Figure 2.6(c))

2.2.2 Structure of a Waveguide

A dielectric waveguide consists of a dielectric material surrounded by another dielectric

material with a lower refractive index. These two materials are called the core and cladding

respectively. Propagation of light in a dielectric waveguide occurs due to total internal

reflection. Light propagation in a waveguide is shown in Figure 2.7 where n1 and n2 are

the index of refraction of core and cladding regions and θ1 is the incidence angle from air.

An example of a waveguide with a cylindrical core is the optical fiber, which is widely used

as a low loss transmission system for long distance communication [78].

A mode in a dielectric waveguide is a particular electromagnetic field pattern that

propagates along a uniform waveguide without changing its shape. These modes occur

because of boundary conditions imposed on the wave by the waveguide. Only a certain

discrete number of modes are capable of propagating along the waveguide [78].
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Figure 2.7: Light propagation in a waveguide due to total internal reflection.

In a single-mode waveguide only the lowest order bound mode can propagate at the

wavelength of interest. Single mode fibers are best at having very low losses over longer

distances. In multi-mode waveguides, many modes can propagate at the same time and

each mode propagates with a slightly different velocity and so the modes in a given optical

pulse arrive at the waveguide end at slightly different times. Thus, there is pulse spreading

in multimode waveguide which is not present in the case of singlemode waveguides.

Typically, multimode silica fibers have core diameter of 50 to 300 µm while singlemode

fibers have core diameter of 8-12 µm [78].

Multimode waveguides have several advantages over single mode waveguides. First, the

large core size makes it is easy to launch light into the waveguide and to connect similar

waveguides. Light can be launched into multimode waveguides using a light-emitting-

diode, whereas laser diodes are typically used to launch light into singlemode fibers.

2.2.3 Requirement for Integrated Optics

As discussed in Section 1.1.1, the detection unit is a crucial component for a flow cytometer.

Optical detection, and in particular fluorescence detection is the most common among the

integrated detection methods in the present biochemical systems [47, 56]. Traditionally,

bulk optical equipments, such as lenses and microscope objectives have been used for

fluorescence detection [33, 51]. Also, different types of optical fibers have been used to

launch and capture light on to a sample in a chip [79, 80]. These methods of detection

require precise mechanical alignment and suffer from instabilities due to vibrations and
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thermal gradients.

Since the 1960s, researchers have been combining different electrical and optical

components, such as diffraction gratings, beam splitters, modulators on the same dielectric

layer on a substrate. This field of optics is called Integrated Optics [76]. Integrated optic

devices are rugged and performance is theoretically much better, since all the components

lie on a common platform and are self-aligned . Integrated optics based on waveguides can

be fabricated on same substrate to match the microfluidic channels and can guide the beam

in the plane of the chip [49, 81].

The monolithic integration of diverse optical elements with electronic devices is a

great challenge. This is because each optical function typically requires a unique

material system. So material compatibility is a major issue to monolithically integrate

different photonic and electronic component on same platform. For our research, the

main motivation to use integrated optics is to fabricate waveguides and microchannel on

same substrate. The aim of our research is to investigate a material which can work

as a core region of waveguide and at the same time can be compatible to microfluidics

(Section 2.2.2). SU-8 is one such material, which is widely used to fabricate mirofluidic

devices [82, 83]. SU-8 can be used as the core of a waveguide (glass as a substrate material)

due to its excellent optical properties and a higher index of refraction (1.59) than glass

(1.50).



Chapter 3

Fabrication Techniques for
OptoBiochips

3.1 Material Selection Criteria

Fabricating and packaging microfluidic devices depends on careful material selection to

match mechanical, electrical, and other properties to functionality. Proper materials must

be chosen for the device substrate, the electrode layer, the fluid flow layer, any necessary

gasket or sealing material, and the packaging (in all its components) [40]. Some basic

criteria when choosing materials are as follows:

• Easy and fast ( 1 day or less) to fabricate or machine.

• Fabrication procedures are available in-house or from literature.

• Inexpensive and readily available.

• Non-toxic or (even better) bio-compatible.

• Rigid (for the substrate, packaging, and possibly flow layer) or flexible as necessary.

• Reproducibility is possible.

Other material selection criteria, of course, exist specific to each subsystem. In most

cases, the simplest routes have been taken where more complicated materials might be

more suitable in the long term.

27
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Fabrication of biochips started with silicon [32, 84, 85], glass [33, 86] and quartz

[87, 88] as substrate materials, with a set of microchannels etched into the surface. This

was primarily driven by the fact that fabrication methods were well established by the

semiconductor industry and several material properties of these materials make them very

attractive materials for use in microfluidic systems [39, 53, 89]. Companies like Micralyne

sell glass biochips, used extensively for biochip research [38]. There are limitations of

using microfluidic systems in glass, quartz and silicon for the rapid production of devices

and testing new applications [40]. A clean-room facility is required and the materials are

fragile.

During the past few years, people have started making microfluidic systems

and biochips from low-cost polymers such as PDMS (polydimethsilloxane), PMMA

(polymethymethacrylate), and PETG (poly-ethylene tere-phthalate glycol) [40]. One of

the main reasons to use these polymers for microfluidic applications is because their cost is

very low and they are less fragile than glass and silicon [90]. Many polymer materials have

good optical transparency and low electrical conductivity for high voltage applications such

as electro-osmotic flow. With polymers, the manufacturing process is simplified compared

to glass and silicon, and mass production of biochips is possible with polymers. Also,

a wide range of plastic material is available, which allows the manufacturer to choose

properties of the material suitable for their specific application [91, 92].

3.2 Different Fabrication Approaches in the Present
Research.

Different approaches to fabricating biochips used in the present research are shown in

Figure 3.1. A UV laser-writing system is used to fabricate complete devices in spun-on

UV-curable Norland-curable adhesives [93] on glass substrates (Section 3.2.1). A master

(defined in Section 3.2.2) is fabricated using either the laser-writing system (Section 3.2.2)

or lithography (Section 3.2.2). The master is used to fabricate biochips by PDMS casting

(Section 3.2.3) or hot embossing (Section 3.2.3) in PMMA. Biochips with integrated

waveguides are fabricated on glass in a single-step process by using a negative photoresist

SU-8 (Section 3.2.4). Properties of the materials considered for each subsystem in the
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Figure 3.1: Different approaches to fabricate biochips used in the present research.

present work are given in Appendix A.

3.2.1 Direct Device Fabrication by Laser-Writing

Laser-writing was used to fabricate waveguides and microchannels in one step. As the

NOA has a higher index of refraction than air and glass, the NOA ridges work as the core

of the waveguide where as the air work functions as cladding.

Laser-Writing Process

A He-Cd UV laser (325 nm from LiCONIX) writes ridges in spun-on UV-curable Norland

optical adhesives (NOAs) [93] on glass substrates. The uncured adhesive is washed away.

The total fabrication time for fabricating a device or a master is a few hours. Figure 3.2

shows a schematic of the laser writing setup.

The following method has been used to calculate the required speed v of the movement

of the stages where the substrate with NOA is placed. If the total energy required to cure

NOA is 4.5 joule/cm2 [93] then,
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Figure 3.2: Schematic of the Laser writing setup

4.5joules/cm2 =
Energy

Area
=

Time× Power

SpotArea
=

(D/v) W(
πD2/4

)=
4W

πvD
(3.1)

where W is the laser output power and D is the diameter of laser spot. Therefore,

v =
4W(watts)

4.5D(cm)
cm/sec (3.2)

For a spot size of 0.1 mm and output power of 0.1 mW, the motor speed can be calculated

from Equation 3.2 to be approximately 0.1 mm/sec.

The output power is a critical factor in determining the quality of the final shape of

epoxy. High power generates a size larger than the beam diameter due to thermal curing of

the polymer beyond the beam diameter. Low power results in partially cured shapes which

are often washed away during the rinsing process.

Pattern generation

A motor drive (Klinger, MD4) was used to move the stages. The motor control board

interface programmed in LabviewTM by Dean Spicer (M.Sc. 2005) is shown in Figure 3.3.

The controls for the stage are in the top left part. The controls for creating commands
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Figure 3.3: Screen-shot of the Labview interface of motor controlled board.

for the movement of axis are in bottom left part, queue for all these commands are in the

bottom right box. The design was first drawn in this software, the graphical result of one

design is shown in top right side of this figure. Laser fabricated patterns are shown in

Figure 3.6

Figure 3.4 shows different parts of the microfluidic chip fabricated by direct laser

writing. The pictures A, B and C are the parts joining the microchannel with three

reservoirs respectively. The picture D is the Y-shape part of the microchannel and picture E

shows the NOA waveguides joining with the walls of the microchannel. Figure 3.5 shows

the propagation of light along NOA ridge.

In this method, there was no need to design and fabricate a relatively expensive and time

consuming mask but it could not be used as a microfluidic device due to some limitations.

As only a few tiny epoxy ridges of NOA hold the chip, it was difficult to find a suitable way

to cap these chips to realize a robust microfluidic channel. An improvement to fabricate a

complete device by laser writing using different material is proposed in Section 6.2.
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Figure 3.4: Different parts of biochip with Y-shape microchannel fabricated by NOA.
The pictures A, B and C are the parts joining the microchannel with three reservoirs
respectively. The picture D is the Y-shape part of the microchannel and picture E shows the
NOA waveguides joining with the walls of the microchannel.

Figure 3.5: A NOA chip with microchannels and waveguides (Figure 3.4 (E)). NOA ridges
work as the core of the waveguide and the walls of the microchannel. Light is propagating
through the waveguide and shining light at a point on the microchannel. The white spots
are due to scattered light from imperfections in the walls.



Sec. 3.2 Different Fabrication Approaches in the Present Research. 33

3.2.2 Master Fabrication

In order to fabricate biochips in polymers [40], fabrication of an inverse pattern is required

to replicate in the polymer [45]. These inverse patterns are called masters and this

approach is known as Soft Lithography. Soft lithography allows the rapid reproduction of

features as small as 80 nm, creating a soft and inexpensive negative of the original master

(Section 3.2.2) [94]. This technique has found diverse applications, including patterned

surface deposition, photonics and microfluidic device fabrication [94, 95, 96].

There are several methods of master production in use today. One of the most

popular methods is using thick photoresist (SU-8) to create ridges of microchannels [45].

Two methods were used during this project to fabricate masters with inverse patterns of

microchannels. The first was direct laser writing without producing a mask and the second

was using lithography and deep reactive ion etching to produce a master of the desired

depth.

Glass Masters by Laser- Writing

A similar method, discussed in Section 3.2.2, was used to fabricate masters using laser-

writing process. The fabricated patterns are shown in Figure 3.6 which were then used

as masters to cast PDMS chips (Section 3.2.3) with opposite features. The PDMS

casting process is shown in Appendix C. The chips fabricated by laser-written masters are

inexpensive because the the expensive mask fabrication process is avoided in laser-writing

system.

The masters fabricated with the laser writing process are significantly inferior to other

methods. Because the polymer structures are not very robust they do not stand up to rough

handling. The final cleaning of uncured epoxy by acetone leaves behind some residues.

Ideally, the whole process should be completed in a clean room facility to produce much

cleaner microchannels.

Silicon Masters by Lithography and Dry Etching

The project to fabricate silicon masters was carried out at the Nanofabrication Lab at the

University of Alberta. The fabrication process is described in Appendix B. The masters
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(a) (b)

Figure 3.6: Different designed generated on glass slide by laser writing process, work as
masters.

fabricated by this method were used to prototype biochips by soft lithography in PDMS

and hot embossing in PMMA (Section 3.2.3).

Mask design and fabrication

The first step is to make a mask that can be used to fabricate masters in silica/glass. This

whole process is depicted in Appendix B. Later, the design was exported to the pattern

generator, which transformed this design to a glass substrate, by a laser writing process.

After this, the mask was developed on positive quartz and a chromium layer was patterned.

The final mask is shown in Figure B.1 (b).

Silicon dioxide deposition

Silicon dioxide is a high-quality electrical insulator and should be used as a barrier

material during different processes where shortcircuiting to the chip needs to be avoided.

In the present process, SiO2 was used as a etch mask for dry etching as described later in

this section. The oxidation on clean silicon wafer was done in a MiniBrute furnace. For

0.5 µm of oxide thinkness, the wafer were kept in the oven for 6 hours at 1050oC.

Lithography

The optical lithography process was used to achieve exact structure as on the mask

on silicon wafers. This process is shown schematically in Figure B and described in

Appendix B.

Wet Etching of SiO2

Usually etching processes are subdivided in two categories: wet and dry etching. After
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(a) (b)

Figure 3.7: (a) Depth measurement of the microchannel by the contact profilometer (this
case shows the depth of left T shown in the mask layout in Figure B.1), and (b): SEM result
of the side view of a cross on wafer.

developing the photoresist, it is used as an etch mask that delineates the pattern geometry

and protects the underlying film. Wet etching can be simply described as the dissolution of

the material in the appropriate etchant. The resist must be resistant to the etchant in order

to provide a good protection throughout the patterning process. Silicon dioxide is etched

in a buffered oxide acid solution (BOE) at room temperature. BOE consists of 10 parts of

Al2F3 and 1 part of H2SO4 and has typical etching values in the order of 800 Å/min.

Dry Etching of Silicon

After the lithography process, ICPRIE (inductance coupled plasma reactive ion etching)

was used to achieve a desired depth in the range of 50 µm. This dry processing technique

permits the fabrication of high aspect ratio silicon structures without limitation in geometry.

The results from the contact profilometer show (Figure 3.7(a)) the depth of the reverse

pattern of the channel after ICPRIE was about 50 µm. The SEM results (Figure 3.7 (b)) also

show the walls of the channel. The outside top surface was found to be smooth. The optical

profilometer shows a depth of 53 µm for same channel (Figure 3.8 (a)). The roughness was

found to be just 0.001% of the height (Figure 3.8 (b)). Using this process, the masters were

found to have very smooth walls which should result in polymer biochips with smooth

channel walls.



Sec. 3.2 Different Fabrication Approaches in the Present Research. 36

Figure 3.8: (a) Optical Profilometer picture to find the height of the microchannel (53.11
µm), and (b) Optical profilometer pictures to find the roughness of the top surface of the
microchannel.

3.2.3 Device Fabrication Using Polymers
Device Fabrication by PDMS Casting

The method of fabricating biochips using polydimethylsiloxane (PDMS) is discussed in

Appendix C. PDMS is a stable, high-resolution elastometer, which can be used to make

very accurate impressions of microstructures. PDMS can be used to rapidly prototype

complex devices even at room temperature. Fabrication time from idea to chip completion

can be less than 12 hrs. PDMS is a flexible rubber which protects against mechanical

shock and thermal cycling stress and has excellent dielectric properties [45, 97]. PDMS

is optically transparent in the visible range, so laser induced fluorescence detection can be

facilitated [54, 55].

After making the PDMS mixture and casting it in a vessel containing the master, the

vessel is kept in the vacuum oven at 80oC. The PDMS replica with negative relief channels

and reservoirs in the PDMS was peeled off from the vessel and placed either on a precleaned

microscopic slide or on another flat peice of PDMS.

The PDMS replica can be sealed with glass in two different ways. Reversible sealing

(PDMS/Glass Chip) was performed by heating the slide on a hot plate and then bringing

the two surfaces into contact with one another. Irreversible sealing (PDMS/Glass or

PDMS/PDMS) was performed by first oxidizing the two pieces in the low temperature
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(a) PDMS bonded on glass

(b) PDMS bonded on PDMS

Figure 3.9: Two PDMS chip with microchannels and reservoirs. The master was fabricated
by the direct laser-writing.

plasma and then immediately joining them together after removal from the RIE. After

PDMS surface oxidization, the walls of the channels present a layer of silanol (SiOH)

groups to an aqueous solution in contact with them. These surfaces are charged (SiO-)

when the solution is neutral or basic, and so the channels support EOF toward the cathode.

Plasma oxidation enhances the adhesion of PDMS with low surface energies, with a

hydrophilic surface. One such PDMS microchip, with Y-shape microchannel and reservoirs

(by irreversible sealing), is shown in Figure 3.9(a). Figure 3.9(a) shows a PDMS biochip

fabricated by bonding two pieces of PDMS (the top one has a T-shape microchannel) by

irreversible sealing. In both PDMS biochips, the master was fabricated by direct laser-

writing (Section 3.2.2). In the present work, PDMS has also been used to cap SU-8 biochips

(Section 3.2.4).

Hot Embossing

Hot embossing is a technique to replicate microfluidic devices using a silicon master on a

polymer plate that can be used for mass production of biochips. Hot embossing is stamping

of a pattern into a polymer softened by raising the temperature of the polymer just above its
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glass transition temperature [44]. First, the master used to define the pattern in the polymer

is made by microfabrication on silicon. Then it is bonded to thick pyrex by using anodic

bonding or a layer of epoxy so as to give a good support during the embossing process.

Several types of polymers have been used for this process, including polycarbonate (PC),

polypropylene (PP) and PMMA. After making the master, it is placed on top of the polymer

blank with the pattern towards the polymer (Figure 3.2.3).

Figure 3.10: Schematic of the Hot Embossing process after fabricating the master.

A hot embossing machine is used to apply uniform pressure and temperature above the

transition temperature of polymer. While applying the force, the master-polymer set is

cooled down to just below transition temperature to stabilize the polymer microstructure.

Another polymer plate can be bonded on top of the polymer plate with open microchannels.

We used the silicon masters and PMMA as the polymer. During the embossing process,

the substrate-PMMA sandwich was heated to the PMMA glass transition temperature

(105oC) and a pressure of 106 N/m2 was applied. The system was cooled down below

105oC.

In the first process, the master was bonded to the pyrex with anodic bonding [98]. After

the hot embossing process, the master and PMMA could not be separated easily so we tried

to remove it by applying extra force. This caused the master to shatter. The remains of the

master and the PMMA plate are shown in Figure 3.11(a) and Figure 3.11(b) respectively. In

the second process, the master was bonded to a pyrex plate by epoxy and the hot embossing
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(a) (b)

Figure 3.11: (a) The master after hot embossing is performed. In this case, the silicon
master was bonded on pyrex by anodic bonding, (b) PMMA plate after hot embossing is
performed. In this case, the silicon master was bonded on pyrex by anodic bonding before
hot embossing. Several parts of the silicon masters were remaining on the plate.

process was repeated. This time the master and the PMMA plate were separated easily but

while removing them the PMMA plate was broken. In both processes, the PMMA plate

was bent and the pattern of the nuts and bolts holding the silicon master and PMMA were

on the plate. In the second process, the channels were embossed but, due to the bending

and breakage of the plate, it could not be used.

Some improvements are necessary to realize good devices from PMMA by hot

embossing. There is a need to improve the hardware system which holds the master as well

as the PMMA plate. Also, the process steps during hot embossing are need be characterized

for optimum results. The masters can be fabricated by less fragile materials such as nickel

[44].

3.2.4 Direct Device Fabrication on SU-8

The photoresist , SU-8 ([99]), is a negative, thick, epoxy based, high aspect ratio resist. It

finds application in several MEMS areas, including microfluidics for SU-8 microchannels

and rapid prototyping with PDMS. SU-8 is a UV sensitive resist which can be spin coated

in a conventional spinner in thicknesses ranging from 1 µm to 300µm. SU-8 has been
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used in different microfluidics processes due to its high sensitivity, fairly good adhesion

properties, and relatively simple processing [83, 100].

SU-8 has very suitable properties of thickness and chemical stability, and has some

good mechanical and optical properties. However, despite all these advantages, the SU-

8 photoresist suffers from some disadvantages, namely adhesion selectivity, stress, use of

solvent-based developer and resist stripping [82].

SU-8 has quite low molecular weight and thus when non-crosslinked can easily be

dissolved by a number of solvents. SU-8 is patterned using a mask that blocks light

in locations that should have SU-8 removed (such as microchannels). The process steps

involved in fabricating SU-8 opto-biochips is discussed in Appendix D.

Mask design

In the present research, the SU-8 was used to fabricate opto-biochips on soda-lime glass.

A picture of the mask with different chip designs are shown in Figure 3.12. As the index of

refraction is 1.59, it can be used as a waveguiding material where the index of refraction of

the surrounding material is less than 1.59. Here the dark part is chrome in the mask, so the

corresponding region of SU-8 will be washed away after developing. Each chip consists

of several sets of incoming and outgoing waveguide designs. The design motivation is

discussed in Section 5.1. Points A to E in Figure 3.12(a) and points F to H in Figure 3.12(c)

are discussed next.

Fabrication results

Figure 3.13 shows the microscope picture of different points of the SU-8 chip design as

shown in Figure 3.12(a) and Figure 3.12(c). In this figure, pictures A to E are different

parts of the Y-shaped biochip which are identified in Figure 3.12(a). The picture A shows

the Y-junction of the biochip and B is the point joining the reservoir to the main channel.

Picture C shows the circular shape of the reservoir. Picture D gives a clear view of the

waveguide and microchannel intersection. A picture of the waveguide splitting and mixing

region is shown in E. Images F, G and H in Figure 3.13 represent different parts on biochip

fabricated for circulating electroosmotic flow (Figure 3.12(c)).

Figure 3.14(a) shows a contact profilometer scan across the microchannel of SU-8 on

glass substrate, which shows the depth of the microchannel to be approximately 42 µm.
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(a) (b)

(c) (d)

Figure 3.12: Different chip designs on the mask (a) Y-shape channel and intersecting
waveguides, (b) straight channel and intersecting waveguides, (c) for continuous
electroosmotic flow, and (d) t-shape channel and intersecting waveguides.



Sec. 3.2 Different Fabrication Approaches in the Present Research. 42

Figure 3.13: Different parts of Biochip fabricated by SU-8 on glass as described in the text
below and represented on the chip in Figure 3.12.
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(a) Microchannel with SU-8 walls. (b) The mixing waveguide region with air cladding
as shown in Figure 3.13 (E).

Figure 3.14: Picture showing the scan taken by a contact profilometer on glass substrate
with SU-8.

(a) Center-to-center distance, 400 µm as shown in
Figure 3.13 (D).

(b) Center-to-center distance, 600 µm

Figure 3.15: Picture showing the scan taken by a contact profilometer of two input
waveguides in SU-8 with air cladding.
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This picture shows non-vertical sidewalls although it is not possible to get a clear sidewall

shape using a contact profilometer due to the limitations of the instrument. The dimensions

of the mixing regions (Figure 3.13 (E)), are shown in Figure 3.14(b). Figure 3.15(a) and

Figure 3.15(b) show the dimensions of two input waveguides with air cladding with center-

to-center distance equal to 400 µm (similar to Figure 3.13 (D)) and 600 µm respectively.

With proper care during SU-8 processing and following proper procedures (Appendix D),

the desired depth and structures were achieved.



Chapter 4

Optical Detection I - Microcapillary,
Ion-exchanged and PDMS biochips

Detection methods in microsystems are essential to identify and quantify cells or chemical

species that are being analyzed. A high-performance detection system is very important

due to many fluidic functions and biochemical protocols being implemented on a small

platform. A detection system should be chosen based on factors such as sensitivity, sample

volumes and scalability to dimensions comparable to the microchips for miniaturization of

the whole device [23, 56].

The study to track and measure the velocity of microparticles within flowing streams

is of great interest and importance in industrial, medical and biological systems. Some of

their applications are in the measurement of the effect of various interventions on regional

blood flow and the study of fuel injection in combustion engines [101, 102].

Different techniques have been used to investigate flow of fluids in systems including

microchannels. A common technique to measure particle velocity is based on the Doppler

shift [103]. Particle Image Velocimetry (PIV) is another well established technique used

to measure fluid velocity fields in both macroscopic and microscopic flow systems [104].

For velocity measurements of fluorescent microspheres in microfluidic channels the Shah

Convolution Fourier Transform Detection (SCOFT) has been used [105].

In this chapter, fluorescent particle detection experiments in a microcapillary and a

glass biochip are described. In the first approach, a plastic optical fiber launch-and-detect

tip was devised. The velocity of microparticles was measured by knowing the spatial

response of the tip and the dynamic response of moving microparticles (in a pressure-

45
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driven flow) in a glass capillary. In glass biochips with ion-exchanged waveguides, the

input waveguide excites light at the two points in the microchannel. This double-peak

in the fluorescence signal from each moving particle (in electroosmotic flow) is used to

measure their velocities.

4.1 Optical Detection in Glass Capillary by Plastic Optical
Fiber 1

A photomultiplier tube (PMT) detection system was used to optically detect fluorescence

microparticles in a micropipette (see Section 1.3.3). This system uses commercially

available 1 mm plastic optical fiber to transport probe light to the biochip and return the

fluorescence emitted to a computer-controlled PMT.

4.1.1 Launch and Detect Tip using Plastic Optical Fiber

At first, to deliver light to the microparticles, laser light was focused directly onto the

microchannel and the collecting fiber positioned nearby. This method was abandoned as

two alignments are required and there is a possibility for laser light directly entering the

fiber and adding to the background signal in the PMT.

(a) (b)

Figure 4.1: (a) Schematic of the launch-and-detect plastic optical fibers head, and (b)
Incoming and outgoing light from a launch-and-detect tip.

1The work presented in this section has been published in an earlier paper [64].
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Figure 4.2: Particle inside a biochip.

In a more convenient method, a launch-and-detect tip was made by grinding and

polishing the sides of two plastic optical fibers (POFs) at a small angle (10o) to expose their

cores with 1mm diameter. This tip physically connects both fibers as shown schematically

in Figure 4.1(a). used in the detection of microparticle fluorescence. The exposed cores of

the fibers were placed in contact and the POFs were inserted into a plastic syringe tip to

hold them together. The tip was trimmed so as to be flush with the ends of the fibers and

the exposed core ends were polished. The dotted arrows in Figure 4.1(a) indicate probe

light, and the gray arrows indicate fluorescence from the microparticle (black dot).

The input fiber illuminates a region of the microchannel approximately 1 mm in size

and the output fiber collects emissions from the same region. In this arrangement, only one

spatial alignment on the order of 100 µm is necessary. An advantage is that laser light does

not shine directly on the pick-up fiber and only light that is emitted from the microchannel

enters the detection system. Figure 4.1(b) shows the incoming and outgoing light from a

launch-and-detect tip. The bright semicircular patch on the left is laser light emanating

from the tip and the dark receiving half of the tip is visible on the right.

The spatial response of the POF tip was characterized by measurements of fluorescence

from stationary microparticle at a fixed position in a biochip. The microparticles used

were 15 µm scarlet FluoSpheresTM from Molecular Probes [70] that have an absorption

maximum at 651 nm and emission maximum at 680 nm. The optical filters used were

thin film interference filters with a 10 nm pass band centered at 700 nm. The launch-
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Figure 4.3: Spatial response of the POF with stationary particle in the biochip.

and-detect (POF) tip, placed under the biochip, emits light from the laser (0.5 mW, 630

nm semiconductor laser) and captures fluorescence from the stationary microparticle. A

photograph of the assembly placed under a biochip carrying the microparticle (the white

dot) is shown in Figure 4.2. After coupling losses, attenuation, and reflections at the

biochip, the measured optical power at the top of the biochip was approximately 0.2 mW.

Assuming that this is the power in the center of the biochip at the level of the microparticle

and that the excitation beam is approximately 1 mm in diameter, the power incident on the

microsphere is approximately 50 µW.

The background signal from ambient light with no laser illumination was approximately

15 mV. When no particle is present but the laser illuminates the biochip, the background

signal (including scattered light from the laser) increases to approximately 45 mV. To find

the spatial response of the POF, the biochip and microparticle were moved a distance of

0.8 mm in 0.05 mm steps an dthe received power was recorded as shown in Figure 4.3.

The maximum response from a single microparticle is approximately 150 mV after the

background signal is removed, well above the noise level of a few mV, and a typical

response measured with this setup.

4.1.2 Application to Velocity Measurement of Microparticles

To demonstrate how the detection system may be used for the velocity measurement,

the fluorescent emissions from microparticles in a laminar flow were detected and their
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Figure 4.4: Schematic of experiment to detect microparticles in flow through a micropipette.

velocities calculated from the data. A cylindrical micropipette (200 µm diameter) was used

as the channel and the flow was driven by gravity as shown schematically in Figure 4.4. The

volume of flow and therefore the flow velocity in the pipette is proportional to the height of

the liquid in the reservoir (syringe tip). The height of the reservoir (and the flow velocity)

can be changed using the syringe attached to one side of the cylindrical micropipette[64].

A PMT scan of moving microparticles, at a gain of 107, over 30 seconds is shown in

Figure 4.5. In this figure, the signal is based on averages taken after every 200 samples

( 0.02 s). There are 16 full particles with various velocities observed in this window.

Figures 4.6 shows the details of the responses above the background for the particles

recorded at 19.7s and 22.0s. These two particles excite responses in the PMT of similar

shape but on different time scales and are clearly moving at different velocities, the one at

19.7s moving approximately four times as fast as the one at 22.0s. The velocities of these

particles was calculated by taking the ratio of the root-mean-square (RMS) pulse width in

millimeters for the detector response in Figure 4.3 to the root-mean-square pulse duration

in seconds of the particles derived from the sample data.

Let S(z) be the net signal above the background, where “position” z can be distance

traveled (as in Figure 4.3) or time (as in Figure 4.6). First, a subset of data pairs

[zi, S(zi), i = 1, N ] were selected corresponding to the signal from one particle and then
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Figure 4.5: Full PMT scan over 30 seconds for moving fluorescent microparticles in the
micropipette. Each value shown is the average of 200 raw samples taken at 10 000 samples
per second. There are 16 particles with various velocities observed in this window.

(a) Detail of the particle observed at 19.7s (b) Detail of the particle observed at 22.0s

Figure 4.6: Detail of the different particles (not on scale).
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the values were normalized so that

N∑
i=1

S(zi) = 1 (4.1)

The mean position of the pulse the mean-square duration of the pulse are defined as

〈z〉 =
N∑

i=1

ziS(zi), (4.2)

〈
σ2

z

〉
=

N∑
i=1

(zi − 〈z〉)2S(zi). (4.3)

From Figure 4.3, we find the RMS particle size in the detector to be 0.127 mm. The

RMS pulse durations for the particles at 19.7s (Figure 4.6(a)) and 22.0s (Figure 4.6(b))

were 0.0302 s and 0.130s respectively. The corresponding particle velocities are 4.2 mm/s

and 0.98 mm/s respectively.

4.2 Microparticles Detection in Ion-Exchanged Opto-
Biochips 2

4.2.1 Fluorescence from Dye in the Microchannel

Opto-biochips with ion-exchanged waveguides [60] were used to detect fluorescence from

a dye and from microparticles. Propagation of light in one opto-biochip is shown in

Figure 4.7(a). This opto-biochip has a 2 cm long microchannel and two reservoirs. One

waveguide, splitting into two parts is able to shines light at two point of the microchannel.

Light (0.50mW) from a 630 nm laser is launched at the entrance of waveguide through a

microscope objective (visible at the bottom part of Figure 4.7(a)). The light was split into

two waveguides and intersected with straight microchannel at two points, A and B. The

separation between these two points is 5 mm.
2The work presented in this section has been published in an earlier paper [61].
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This biochip was used to observe the fluorescence signal from the Nile Blue dye (Nile

Blue 690 from Exciton Inc., Dayton, OH). This dye has an absorption peak at 628 nm

and an emission peak at 660 nm. The dye was injected into the microchannel through

one reservoir and flows into the channel by capillary action. The emitted fluorescence was

captured by a 1 mm plastic optical fiber positioned on top of the chip and delivered to the

PMT. The pickup fiber was moved along the microchannel across the two intersections, A

and B.

(a) Light
guidance inside an ion-exchanged opto-
biochip having a microchannel with an
intersecting waveguide splitter.

(b) PMT signal from empty and dye-filled microchannel.

Figure 4.7: Propagation of light through the waveguide splitter and PMT signal scattered
from microchannel.

Figure 4.7(b) shows the variation of the intensity of the light (PMT signal) emitted from

the channel. The maximum PMT signal from the empty microchannel was approximately

50 mV. After the dye solution was injected, the PMT signals were increased approximately

5-10 times. The difference in peak signal at intersection points is due to the fast evaporation

of dye at intersection B, which is closer to the reservoir.

4.2.2 Anomalous Etching of the Ion-Exchanged Glass

The details of the fabrication of field-assisted ion-exchange waveguides in glass substrates

have been reported previously [58, 59]. An anomaly in the microchannel etching process

caused the waveguides to be deformed at the waveguide-channel interface resulting in the
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formation of irregularly shaped side-channels. A SEM image of one such intersection,

before bonding the glass cover plate, is shown in Figure 4.8(a). These etched side-channels

have a significant effect on the delivery of light into the channel. This will be discussed in

Section 4.2.3.

(a)

(b)

Figure 4.8: (a) SEM image before bonding of the glass cover plate, and (b) Two-
dimensional beam propagation simulation showing the split of waveguide light into two
distinct beams in the microchannel.

Figure 4.7(b) indicate strong coupling between the waveguides and the channel despite

the anomalous etching of the ion-exchanged glass. A two-dimensional (2D) multimode

beam propagation method (BPM) simulations were carried out to verify how the irregular

shape and optical index profile of the waveguides and side-channels behave. Figure 4.8(b)
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shows a plot of the 2D intensity pattern of the light as it propagates first along the waveguide

and then through the side-channel and main channel. The splitting of the light into two

distinct beams in the channel on either side of the intersection is clearly visible. This

demonstrates how the anomalous etching of the glass could produce a double peak effect,

which will be discussed in the following section.

4.2.3 Electroosmotic flow, Microparticle Detection and Velocity
Measurement

Electroosmotic flow (Section 2.1.2) of microparticles was observed in a laminar flow

inside a biochip fabricated by ion-exchange method by Hong Qiao (MSc 2003) [60]

(Section 1.3.3). Figure 4.9 shows the schematic of the experiment conducted to see

electroosmotic flow in a 2 cm long and 157 µm wide microchannel.

Figure 4.9: Schematic of experiment to move and detect microparticles by electroosmotic
flow inside biochip

Light from a laser diode was launched at one end of the waveguide through a 50 µm core

multimode fibers. Two platinum electrodes, connected to a high voltage power supply, were

used to apply an electric field along the microchannel. Figure 4.8(a) shows the SEM image

of the waveguide. When a fluorescent particle passes the intersection it emits two bursts

of light intensities as discussed next. Movement of microparticles due to EOF can be seen
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even at voltages as low as 20 V.

Determination of Velocity of Moving Particle

In the present method, the velocity of the particles was measured by fluorescence detection

in the PMT. By analyzing video sequences taken through a microscope, the velocity of

the flow was measured and the distance between the double peaks of light intensities was

determined. The velocity in subsequent experiments was determined by measuring the time

taken by particle in flowing between double peaks.

Figure 4.10 shows eighteen frames spaced 1/3 s apart taken from a video sequence of a

downward-moving microparticle passing the intersection under a driving voltage of 50 V.

The particle lights up just before it reaches the intersection, turns off and lights up again

just after leaving the intersection. This sequence is taken from the first part of a video

that records two particles that pass the intersection downward, then again upward after the

polarity of the 50 V driving voltage is reversed. This procedure was repeated for driving

voltages of 100 V, 200 V, 300 V, 400 V and 500 V.

Figure 4.11(a) is a screenshot of the LABView program 15 seconds signal window based

on averages that were taken after every 150 samples (0.015 s). Details of the PMT signal

(at a gain of 107) net responses above the background from two particles that pass through

the intersection in both directions are shown in Figure 4.11(b). Each particle produces two

peaks as it passes thorough the intersection in one way movement which can be explained

if the laser light has two intensity peaks near the waveguidechannel intersection. When

both particles have two way movement, corresponding to one voltage we get eight peaks.

The graph for six different voltages is shown in the Figure 4.11.

An expanded view of the double passing of two microparticles at 50 V is shown in

Figure 4.12. This double peak can be used to measure the flow velocity.

Determination of Velocity of Moving Particle by Captured Video

While capturing the signal with the PMT, the video was recorded. By analyzing the

video sequences, the speed of the flow can be measured and the distance between the

peaks can be determined in the following manner. This was done first converting the

video corresponding to one particular voltage to a sequence of frames. The time difference
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Figure 4.10: 18 frames showing movement of one fluorescent microsphere in a
electroosmotic flow at 50V. Frames in this picture are 1/3 s apart. Laser light from the
waveguide on the left illuminates the microchannel. The fluorescence is brightest in frames
6 and 14.
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(a) A computer screenshot of LABView program.

(b) PMT signal at different voltages.

Figure 4.11: Detection of two particles in two direction at different voltages passing
through microchannel-waveguide intersection.
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Figure 4.12: Scan through the PMT at 200V showing movement of two particles.

between each frame was 1/30 s. Knowing this, number of frames taken while going

between two points in the channel can be found. This way we could find the velocity

of particles related to a certain voltage. The velocity of two particles related to different

voltages show a linear graph, which is shown in Figure 4.13(a).

Determination of Velocity of Moving Particle by PMT Scan

After finding the velocity by a sequence of frames, the velocity at 50 V was used for the

calibration. The velocity at 50 V was assumed to be most accurate. This is because there

are more frames captured at 50 V due to slow movement of particle which lead to less error

in determining the time taken in moving between two points in the microchannel. From the

PMT data graphs, we can find the time taken in passing two peaks at 50 V. This way, we

calculate the distance traveled between the peaks in the PMT signals.

Another way to calculate the distance traveled by microparticles is to measure the width

of the microchannel by a microscope and using this width as a scale to measure distance

traveled by microparticle. The width was found to be 157 µm, so the change in the position

of the first particle over a 250 frame period, or 250/30 s, was found to be 418 µmm for a

velocity of 49 µm/s. Similarly, the second particle traveled a distance of 267 µm in 170



Sec. 4.2 Microparticle Detection in Ion-Exchanged Opto-Biochips 59

(a) (b)

Figure 4.13: Graphs showing the variation of two particles velocity with applied voltage
(a) by video frames (b) by PMT scan.

Figure 4.14: Graph showing the variation of velocity with applied voltage. Here, velocity
is the average of the velocities of two particles measured by the two different methods.
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frames with a a velocity of 46 µm/s. From the PMT signal data as shown in Figure 4.11(b),

the times between peaks for these two particles were 2.80 and 2.77 s respectively, giving an

average value of the distance between peaks of 136µm. The uncertainty in this calibration

is estimated to be approximately 15% due mainly to the uncertainty in measuring the

microchannel width from the image retrieved from the video sequence and the positions

of the microparticle at the start and end of the sequence.

After calculating the distance between peaks, the velocity at subsequent voltages can

be immediately determined by using the distance between peaks and the time taken by

particles in passing two peaks. Figure 4.13(b)shows an approximate linear graph of the

velocity of two particles related to different voltages. The average of the velocities of both

particles by two different methods as described above is given in figure 4.14. The velocity

for this microchannel has been calculated using equation 2.19, and was found to be 174

µm/sec at 200 V, which is less than the velocity measured from the above method. This can

be due to a possible hydrostatic pressure difference due to the liquid in the reservoirs. From

equation 2.16, it is clear that even a 1 mm pressure difference, can produce a maximum

velocity of approximately 150 µm/sec at the center of a 50 µm deep microchannel. The

existence of the hydrostatic pressure difference can lead to a higher velocity of the moving

microparticles [74].

Figure 4.14 shows a linear relation between velocity and applied voltage as reported in

[106], within the estimated 15% uncertainty. This method measures the particle velocity,

not the true fluid velocity as measured in [106]. The particle velocity may be different if

there is a surface charge on the microparticle which would lead to an electrophoretic drift

relative to the background fluid [68, 74].

4.3 PDMS Biochips

PDMS biochips were fabricated by casting PDMS on a laser-written master. Later,

the PDMS layer was peeled off and irreversibly sealed on a plain microscope glass

(Section 3.2.3). As discussed in Section 3.2.3, the PDMS has surface properties similar

to glass so the electroosmotic flow can be done [45].
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4.3.1 Electroosmotic Flow

The experimental setup to observe the electroosmotic flow in the PDMS biochip is shown

in Figure 4.15. This biochip has a T-shaped microchannel with total length of 3 cm (from

point A to B through the T-junction). The microparticles were injected from reservoir A and

flow towards reservoir B. This direction of the flow of the microparticles can be reversed

by reversing the polarity of voltage applied between two reservoirs.

Figure 4.15: Experimental setup for observing the electroosmotic flow (between reservoirs
A and B) in the PDMS biochip.

Figure 4.16 shows different frames captured from a video during the motion of one

microparticle due to electroosmotic flow at 200V. In this figure the frames are 1/3 s apart.

Figure 4.17 and Figure 4.18 show the frames captured at 500V and 1000V respectively.

The position of the microparticle is encircled in all the frames.

The width of the microchannel was measured using the microscope and verified to be

100µm, the same as the master (Section 3.2.2). Now, the distance traveled by the particle

during one frame (1/3 s) or several frames can be measured approximately and compared

to the width of the microchannel. This was accomplished by choosing two points in the

microchannel on the computer screen and measuring the distance between them with a

simple ruler. This ruler measurement can be converted to a distance by comparing with the

ruler width of the microchannel on the screen. The velocity can be determined by dividing

the distance by time between frames between this particular distance.

From these figures, an observation of the position of the particle when the voltage is
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Figure 4.16: 24 frames showing movement of one fluorescent microsphere in a
electroosmotic flow at 200 V. Each frame is 1/3 s apart. The particle position is indicated
by a circle.
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Figure 4.17: 15 frames showing movement of one fluorescent microsphere in a
electroosmotic flow at 500 V. Each frame is 1/3 s apart. The particle position is indicated
by a circle.
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Figure 4.18: 12 frames showing movement of one fluorescent microsphere in a
electroosmotic flow at 1000 V. Each frame is 1/3 s apart. The particle position is indicated
by a circle.
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Figure 4.19: Different frames showing movement of one fluorescent microsphere in a
electroosmotic flow for different voltages around the corner. The bead position is indicated
by a circle.
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Figure 4.20: Graph showing the variation of velocity with applied voltage in PDMS
biochip.

changed can be made. When the particle arrives at the T-junction, it moves further away

from the corner when the applied voltage is increased. This can be seen from different

frames in Figures 4.16(4th frame), 4.17 (6th frame) and 4.18 (4th frame) and in Figure 4.19.

A similar effect can be observed for the cases when the flow of the particle is reversed.

This is shown in different frames in Figures 4.16(21th frame), 4.17(13th frame) and 4.18

(9th frame) and in Figure 4.19. This can be explained by the fact that the velocity of

the particle increases when the applied voltage is increased. When the velocities of the

particles increase, there may be a dynamical effect due to centrifugal force away from the

corner around which the particle turns [67] since these microparticles are denser than the

background electrolyte [70].

Figure 4.20 shows the variation of the velocity of microparticle under EOF at different

applied voltages due to the motion in two directions as in the glass biochips with ion-

exchanged waveguides. The velocity is proportional to the applied voltage, which is

clear from the equation 2.18. The velocity inside this microchannel (3 cm long) has been

calculated using equation 2.19, and was found to be 110 µm/sec at 200 V. The velocity in

two directions were found to be different. This may be due to an additional component of

pressure driven flow due to a difference in fluid depth in the reservoirs.



Sec. 4.3 PDMS Biochips 67

4.3.2 Electroosmotic Flow Switching

Figure 4.21: Experimental setup for observing the switching of the electroosmotic flow in
PDMS biochip.

A similar experiment as shown in Section 4.3.1 was performed to observe the switching

of the microparticle from main microchannel to the microchannels on the two arms of the

T. The experimental setup is shown in Figure 4.21 where the microparticle is switched

from A to either B or C by changing the negative polarity of the applied voltage from B

to C using a manual switch S. The microparticles flow in reverse direction is observed by

disconnecting the reservoirs from the high voltage supply and connecting the voltage by

changing the polarity of the voltage in two reservoirs.

Figure 4.22 shows 9 frames of the video recorded while observing the switching of the

microparticle at 500 V. These frames are 2s apart. Each frame shows the position of the

microparticle and the polarity of the applied voltage. During frames 1, 2 and 3, the particles

flows from side A to C and its flow is reversed by during frames 4 and 5. Now the negative

voltage is applied at reservoir on the side B which makes the particle to flow from A to B

(frames 6 and 7). The particle flows back towards A after reversing the voltage. This was

the flow of the particle was switched from A to either B and C.

This way, the switching of the flow of the microparticles flowing in an electroosmotic

flow was demonstrated. The switching is a critical element for a cell-sorter as described in

Section 1.1.2.
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Figure 4.22: 9 frames showing the switching of fluorescent microsphere in a electroosmotic
flow at 500 V. Each frame is 2 s apart. The bead position is indicated by a circle.



Chapter 5

Optical Detection II - SU-8
Opto-Biochips

Realization of an optical detection system integrated with biochips is a current topic in

µTAS research (Chapter 1). A few systems based on integrated waveguides have already

been discussed in the previous chapter (Chapter 4). Although these methods provide a

platform for optical detection and microchannel on same device, difficulty in fabrication

and material selection was one of the major obstacles in achieving an opto-biochip. For

the glass biochips with ion-exchanges waveguides the fabrication process was a two-step

process and generated anomalous etching of the microchannel in the waveguide region.

The PDMS biochips do not have potential to be used as a dielectric waveguide. One

way to achieve waveguiding feature in PDMS biochips is guiding light in a hollow PDMS

microchannel [107], however such hollow waveguides in dielectrics are too lossy. The

hollow PDMS microchannels yields waveguides of low optical quality.

Researchers have been using polymers as a functional material for waveguides due to

ease of fabrication and compatibility with basic microfluidic platforms [23, 56]. SU-8 is

one such material which is already used extensively in fabricating microfluidic devices

[45, 79, 83, 108]. Using SU-8 as an optical waveguiding element was first reported by

Curtis et al. [109] and later used in different micro-optical applications [110].

This chapter presents the characterization of an opto-biochip, in which both a fluidic

system as well as optical waveguides are fabricated on glass in one processing step [111].

The fabrication process is shown in Appendix D and was discussed in Section 3.2.4. The

devices can be fabricated, packaged and tested in half a day.

69
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5.1 Design Motivation

One of the major considerations for flow switching (Section 1.1.2) is achieving the

exact time of switching, which can be measured by finding out the velocities of moving

microparticles. Here we employed a similar method used in our earlier research [61, 64],

discussed in Section 4.2. There, the velocity was measured using the double peak formed

by anomalous etching at the waveguide-microchannel intersection. The double peak

formed by this method was unexpected from the initial design but provided a way to

measure velocity. While this method provides a simple and accurate method to measure

velocity, it has the drawbacks of a cumbersome fabrication process, and an unpredictable

peak-to-peak distance which depends on the etching process of the microchannels.

In the present work, we have designed waveguide-microchannel intersections such that

a double peak is formed with pre-decided peak-to-peak distance. Also, light of two

different wavelengths can be propagated in these biochips to detect two microparticles

having emission spectra corresponding to these wavelengths. Velocities of the moving

microparticles can be measured directly from the spacings of the captured fluorescence

signals.

Two different types of light propagation systems are designed in this work, with different

dimensions as shown in Figure 5.1. In the first system (Figure 5.1 (a)), the input section

of the waveguide splits into two waveguides which shine light at two points of the

microchannel. The input section in the second system, called the ”mixer-splitter section”,

consists of two different input waveguides (1 and 2), combining (at point A) and then

splitting (at point B) into two waveguides shining light at two points of the microchannel.

This allows two wavelengths to travel along the waveguide at the same time (Figure 5.1

(b)). The microchannel and waveguide widths were chosen to be 100 µm and 50 µm

respectively. The white region is the core (SU-8) and the dark region is air which acts

as the cladding of the waveguides on the microchannel. For the output section of the

waveguide, the cladding is made in a parabolic shape to improve the amount of fluorescence

that is captured from moving microparticles. Figure 5.1 (b) is broken into three parts in

Figure 5.2, which shows different dimensions of the mixer-splitter waveguide. The mixer-

splitter region (Figure 5.2 (c)) consists of sections with different dimensions. The first
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Figure 5.2: Dimensions of different points of the waveguide microchannel combination.
The white region is the core (SU-8) and the dark region is the cladding of the waveguides.
(a) Start region, (b) Intersection region, where the two waveguides shine light on two points
of the microchannel, (c) Middle region, where the two waveguides join together and again
split into two waveguides.

set of S-bends (starting in the right side as shown in Figure 5.2 (a)) end at point C and

another set of S-bends start at point D. The waveguide width at points A and B is 150 µm

which becomes 100 µm between straight section of waveguide between points C and D.

The outer air cladding of the input section of the waveguide was 150 µm wide and the

separation between microchannel and waveguide edge was 100 µm in the above cases.

5.2 Propagation Loss Measurements

The propagation loss in the SU-8 waveguides was determined by measuring the scattered

light as a function of the position. Here, we have assumed that the scattering is proportional

to the local intensity of the propagating light. Figure 5.3 shows the experimental setup used

to study the optical performance of SU-8 waveguides. The loss measurements were carried

out using the second type of waveguide as discussed in Section 5.1 and shown in Figure 5.1

(b).
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Figure 5.3: Schematic diagram of the experimental set-up to measure loss in SU-8 biochip.

Figure 5.4: Plot of the measurement of the scattered light at 635 nm from different points
of the SU-8 waveguide. Two plots correspond to the launching of input light from two
waveguide entrances. Different points on this graph are discussed in Figure 5.5
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5.2.1 Loss Measurement at 635 nm

A multimode fiber with 50µm core diameter was used to deliver 200 mW of 635 nm laser

light to one of the entry points (Point 1 in Figure 5.2 (a)) of the long waveguide. The signal

from different parts of the waveguide was captured by a 1 mm core diameter fiber which

delivers the signal to the PMT. Contrary to the previous work (Section 4.1 and Section 4.2),

a Schott glass RG665 long pass filter with a cutoff at 665 nm was placed inside the PMT

[62]. The scattered light was measured by scanning with the pick-up fiber at 0.5 mm

intervals along the waveguide. The complete system can be visualized by a CCD camera

mounted on a microscope. The PMT pick-up fiber was positioned under the chip so that

the set-up can be viewed properly through the microscope. The scattered light from the

other waveguide was measured moving the input fiber to point 2 in Figure 5.2 (a)).

Figure 5.4 shows the variation of PMT signal with respect to the scattered light from

different points of the waveguide. As expected the scattered light decreases as we move

away from the light entry point until the intersection point. The excess scattering arises at

the two points where the waveguide splitting and mixing take place (points A and B). Due

to the scattering from the coupling region between S-bends and straight waveguides, more

light is scattered at these two places. The scattered light at different points of the waveguide

is compared in Figure 5.4 by changing the launching conditions from the waveguide 1 to

the waveguide 2. The PMT signal in mV is proportional to the optical power, so that

10log10(PMTsignal) is equal to the optical power in dB with an offset. As expected, at

the intersection point, the scattered reflection from microchannel wall increases abruptly.

Different points as displayed on Figure 5.4 are used to measure loss and discussed in

Figure 5.5.

Figure 5.5 shows different extremum points as displayed in Figure 5.4. The loss was

calculated by fitting a straight line between points C, D, H and I for both waveguides. The

loss was found to be 3.1 dB/cm and 2.5 dB/cm for launching the light into inputs 1 and 2

respectively.
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Figure 5.5: Measurement of loss at 635 nm from between points C, D, H and I of the two
SU-8 waveguides. The loss was found to be 3.1 dB/cm and 2.5 dB/cm corresponding to the
launching of input light from two waveguides.

5.2.2 Loss Measurement at 530 nm

The propagation loss of SU-8 waveguides was measured at 530 nm, using a similar method

as discussed in Section 5.2.1. Figure 5.6 shows the plots of the variation of the PMT

signal (in dB at gain of 106) from different points of the waveguide by changing the

launching conditions from the waveguide 1 to the waveguide 2. As discussed in the

previous section, at points A and B, the PMT signal increases. Different points as displayed

on Figure 5.6 were used to measure loss and discussed in Figure 5.7. Figure 5.7 shows

different extremum points as displayed in Figure 5.6. The loss was calculated by fitting a

straight line between points C, D, H and I for both waveguides. The loss was found to be

5.2 dB/cm and 6.1 dB/cm for launching the light into the inputs 1 and 2 respectively.

Different groups have presented the measurement of the propagation loss in SU-8

waveguides. Integrated microfluidic devices developed by Mogensen et al. [112] resulted

in a propagation losses of 1.4 dB/cm at 633 nm and 3 dB/cm at 530 nm. Lee et al. [113]

reported a loss of 4 dB/cm at 630 nm, while the loss from the work of Ruono et al. [114]

was found to be 1.1 dB/cm at 633 nm. Compared to the value of propagation loss as cited

by Mogensen et al., the loss of the SU-8 waveguides in the present work is higher. The

range of published losses are an indication that losses depend on how the waveguides are
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Figure 5.6: Plot of the measurement of scattered light at 530 nm from different points of
SU-8 waveguide. Two plots correspond to the launching of input light from two waveguide
entrances. Different points on this graph are discussed in Figure 5.7

Figure 5.7: Measurement of loss at 530 nm from between points C, D, H and I of the two
SU-8 waveguides. The loss was found to be 5.2 dB/cm and 6.1 dB/cm corresponding to the
launching of input light from two waveguides.
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fabricated. One possible reason for the higher propagation loss may be the roughness of

the waveguide walls. Despite the higher losses, there is ample power to detect particles.

5.3 Optical Detection and Velocity Measurement of
Microparticles

The device described in the Section 5.1 was tested to determine the feasibility of

fluorescence detection of microparticles and measurement of their velocities. This was

carried out by collecting signals directly with the PMT pick-up fiber directly underneath

the intersections and also butt-coupling the PMT fiber to the exit point of output SU-8

waveguide. The experimental set-ups for these two cases are shown in Figure 5.8(a) and

Figure 5.8(b) respectively. The microparticles are polystyrene scarlet FluoreSpheresTM

from Molecular Probes [70]. These particles have a uniform diameter of approximately 15

µm and absorption and emission peaks at 645 nm and 680 nm respectively [70].

The microparticles, diluted in de-ionized water, were injected into a micropipette

connected to one of the reservoirs. Thus, the microparticles were injected into the

microchannel by hydrodynamic pressure from the high pressure reservoirs (the reservoir

with the pipette tip) to the lower pressure reservoirs (the reservoir without the pipette tip).

The velocity of the microparticles will be proportional to the height of the liquid in the

pipette tip and can be changed by changing the height. For a 2 cm height of the water level

in the syringe tip, the volume of the water is approximately 200 µL, which can be calculated

either by knowing the volume of the liquid injected in the syringe tip or by measuring the

inside volume of the syringe tip up to the liquid level. So, for a 50µm × 100µm channel

size and a flow velocity of 200 µm/sec, it will take approximately 2 days for the syringe tip

to empty. It is clear that even a small height of water level in the syringe tip will generate

a continuous flow in the microchannel for a long time and the flow velocity will be nearly

constant for the duration of an experiment.

As the biochip is capped with PDMS, the flow of microparticles cannot be initiated by

just hydrodynamic-pressure and capillary action due to hydrophobic nature of the PDMS

surface (Section 3.2.3). Therefore, at the start a reverse pressure was applied to the low

pressure reservoir so that flow starts building up, which continues due to hydrodynamic
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(a) The PMT pickup fiber was underneath the chip.

(b) SU-8 waveguide is butt-coupled with plastic pick-up fiber
at the other end.

Figure 5.8: The schematic of the experimental setup used for fluorescence detection of
microparticles in SU-8 biochip. The syringe tip is used to control the flow of microparticles.

pressure. A 635 nm laser launched light on the entrance of the SU-8 waveguide using a

50 µm multimode fiber. Light from the input waveguide splits into two parts and shines

light at two points of the microchannel which can be collected by a PMT. The PMT signal

is collected by the computerized data acquisition (DAQ) system which is controlled by

a custom designed LabV iewTM program. A microscope and a CCD camera are used to

visualize and record the experiment.

5.3.1 Detection with Plastic Fiber Below the Intersection

The fluorescence from the microparticles was collected using the plastic optical fiber placed

underneath the microchannel-waveguide intersection point on the chip. The schematic view
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Figure 5.9: An image of the experimental set-up used for optical detection of microparticles
in SU-8 biochip. The laser light is launched from the multimode fiber connecter at the far
side and the PMT fiber is underneath the chip.

of the experimental set-up is demonstrated in Figure 5.8(a) and a picture of the experiment

is shown in Figure 5.9. As the distance between two points is 200µm, the PMT pickup

fiber with core diameter of 1 mm will easily capture the signal from both points at the same

time.

A video sequence with 30 frames per second of the flow of microparticles under

pressure-driven flow was recorded. Figure 5.10 shows 12 frames with 1/6 s spacing of

one fluorescent microparticle moving from right to the left. The center-to-center distance

between the waveguides intersecting the microchannel is 200 µm. It is clear from the figure

that the particle is visible only in frames 1 to 3 and 9 to 12. This microparticle lies exactly

in the intersection corresponding to frame 2 and frame 11. For this particle, it takes roughly

1.5 s to travel the distance of 200 µm between the two intersection points for an average

velocity of approximately 133 µm/sec.

The estimated velocity, by measuring the time between two intersection points, is not

very accurate, because the minimum time spacing between frames is only 1/30 seconds. A

more accurate time between peaks was measured from the PMT data, which was captured
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Figure 5.10: 12 frames showing movement of one fluorescent microsphere in a pressure-
driven flow. The frames in this picture are 1/6 s apart. The bead position is indicated by a
circle.

while recording the same video sequence as shown in Figure 5.10. The video sequence

and PMT data were recorded for a total of 100 seconds as shown in Figure 5.11(a). The

LabView VI samples the PMT signal and stores in a raw file. PMT data was averaged using

another VI file and stored in another file.

There was a time lag of approximately 3 seconds between the time on the video file on

the computer and data recorded by the PMT, which is due to the limitation of the capturing

software. The software stops capturing the video if a user hits any key which limits the user

to first start the LabView program to capture data before the video capture software.

As the particles move from right to left (Figure 5.10), there is a high probability for

two particles to be in intersection regions at the same time when the density of particles

flowing in the microchannel is high. This can be easily seen from the data between 32 and

68 seconds as shown in Figure 5.11(a). During 100 seconds of total recorded video, clear

evidence of six individual particles in the detection region was observed between 68 and

100 seconds as seen in Figure 5.11(b). It is also clear that no particle is flowing during first

30 s of the recorded data.
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(a)

(b) PMT signal

Figure 5.11: (a) Plot of 10, 000 points over 100 s PMT signal, and (b) PMT response (mV)
from 6 particles as a function of the time (seconds).

From 320,000 samples taken during the last 32 s interval of the experiment, 3200

averages were taken from each group of 100 consecutive samples. Figure 5.11(b) is a

plot of these 3200 points within 32 seconds representing passing of 6 particles. The

video frames in Figure 5.10 correspond to the first particle in Figure 5.11(b). The exact

time interval between two peaks corresponding to each particle can be calculated from

this graph. From this time interval, the velocity of each moving microparticle has been

calculated and tabulated in Table 5.1. The velocity was calculated by video frames and

PMT data and is compared in the table. These velocities are closely related to the velocities
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measured by video frames within 3-5 % difference.

Table 5.1: Velocity measurement in SU-8 biochips with the PMT fiber under the
intersection points. The distance between the intersection points is 200 µm.

Particle
Num-
ber

Velocity from video frames Velocity from PMT data

Frames Time between
peaks (s)

Velocity
(µm/sec)

Time between
peaks (s)

Velocity
(µm/sec)

1 45 1.50 133 1.43 140
2 35 1.17 171 1.20 167
3 40 1.33 150 1.37 146
4 50 1.67 120 1.74 115
5 55 1.78 109 1.78 112
6 55 1.75 109 1.75 114

From the measured velocity of different particles, the position of the particle in the

microchannel at the time of arriving at the intersection can be assumed. As discussed

before, this is due to the fact that the velocity profile under pressure-driven flow is nearly

parabolic (as discussed in Section 2.1.2). Therefore, it may be assumed that faster particles

are traveling near the center o fthe microchannel than slower particles. Therefore, the

second particle travels more towards the center, followed by the third and the first particles.

Other particles (fourth, fifth and sixth) travel more towards the walls in comparison to first

three particles.

5.3.2 Collecting Fluorescence from the SU-8 Output Waveguide

Figure 5.8(b) is a schematic of the set-up used to detect fluorescence from moving

microparticles by the SU-8 output waveguide. This set-up is similar to the one discussed

in the previous section except the PMT pick-up fiber is butt-coupled with the output SU-8

waveguide. The picture of the experiential set-up is shown in Figure 5.12. In this case,

the center-to-center distance between two waveguide-microchannel intersection points is

600µm.

The output SU-8 waveguide has a parabolic shaped air cladding with 50 µm width
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Figure 5.12: The picture of the experimental setup as shown in Figure 5.8(b)

(Figure 5.2 (b)). The parabolic shape was designed to increase the amount of fluorescence

light that can be collected by the output waveguide. As before, a syringe tip full of de-

ionized water mixed with microparticles works as a reservoir to supply the microparticles

in the microchannel. The velocity of the microparticles can be adjusted by changing the

height of the liquid column in the syringe tip.

A method similar to the one discussed in Section 4.2 and Section 4.3 was used to

record video sequence and captured data from PMT and measure the velocity of moving

microparticles. The time between peaks was measured using captured PMT data to achieve

a more accurate measurement of time. A 100 second PMT signal was recorded and

averages were calculated after every 100 samples (0.01 s). As the PMT signal was sampled

by LabView VI, a 100 seconds signal generated 10,000 points after averaging over a group

of 100 consecutive samples. Figure 5.13 is a plot of 10,000 points over 100 s PMT signal.

It can be observed from the plot that there are more than 60 peaks within the span of 100

s which indicates more than 30 particles passed by in 100 s. It is also observed that the

background light with noise also changes by approximately 6-7 % in the span of 100 s.

This change might be due to the change in laser power or the movement of the launching
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Figure 5.13: Plot of 10, 000 points over 100 s PMT signal. There are more than 60 peaks
within the span of 100 s, indicating the movement of more than 30 particles in 100 s. Eight
particles represented here are shown in Figure 5.14.

or pick-up fiber.

The PMT scan was analyzed to distinguish particles with clearly defined peaks. After

scanning through all the peaks it was found that between 7 and 49 seconds there was a very

clear indication of the movement of eight particles. The PMT scan between 7th and 49th

second is shown in Figure 5.14 where 16 peaks are indicated by corresponding the particle

number.

Figure 5.15 shows the details of the response of two peaks for each particle. The shape

of the PMT response was studied for both peaks for each particle. The first and the

second peaks for all the particles have a similar shape which validates our assumption

of identifying eight particles. As can be seen in Figure 5.13 and Figure 5.15, the

strength of the signal from each microparticle is different which may be explained by

the fact that each particle moves in different parts of the flow where the light intensity

is different. The difference between the strength of the signal of each microparticle from

both intersection points can be observed from Figure 5.15. This might be due to different
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Figure 5.14: The PMT scan between 7th and 49th second showing the movement of 8
particles.

amounts light propagating in the two incoming waveguides. The time between peaks

for different particles is different which clearly shows that each particle moves with a

different velocity. As these particles were moving under pressure-driven flow, their unequal

velocities indicates they were moving in different parts of the microchannel (Section 2.1.2).

The video show that particles travel in different parts of the channel.

From the shape of two peaks for eight microparticles, peaks for other microparticles

can be identified. Figure 5.16 describes 4 of such identified microparticles. From

Figure 5.16(a), it is clear that the first and second peaks correspond to the particle (ix) and

the third and fourth peaks correspond to particle (x). Similarly from Figure 5.16(b) particle

(xi) and (xii) were identified. From Figure 5.16(a), a discrepancy can be seen for particle

(ix) for which the width (in terms of time) for the two peaks is not the same. This may

be explained by considering a possible variation of the light pattern at the intersections and

non-uniformity of the dye in the microparticle. Also, it is possible that there is an increment

in particle velocity while going from one intersection to the another, which would lead to a
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(a) (b)

(c) (d) )

(e) (f)

(g) (h)

Figure 5.15: Details of the PMT signal corresponding to eight particles as shown in
Figure 5.14.
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Table 5.2: Velocity measurement in SU-8 biochips. The PMT fiber is butt-coupled with the
output waveguide. The distance between the intersection points is 600 µm.

Particle
Number

Corresponding
Figure

Time between
peaks (s)

Velocity
(µm/sec)

i Figure 5.15(a) 1.88 319
ii Figure 5.15(b) 2.88 208
iii Figure 5.15(c) 2.06 291
iv Figure 5.15(d) 1.96 306
v Figure 5.15(e) 2.10 286
vi Figure 5.15(f) 1.88 319
vii Figure 5.15(g) 1.36 441
viii Figure 5.15(h) 1.89 317
ix Figure 5.16(a) 1.89 317
x Figure 5.16(a) 2.04 294
xi Figure 5.16(b) 2.32 259
xii Figure 5.16(b) 2.45 245

(a) (b)

Figure 5.16: Details of the PMT signal corresponding to four particles. From the relative
size of the plots as described in Figure 5.15, the peaks related to these four particles are
recognized.
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difference in the widths for the two peaks.

There may be a problem in velocity determination and sorting when peaks are close to

each other which can affect how each particle is sorted. Sheath flow is one way to reduce

this problem, which is used in conventional cell-sorters as described in Section 1.1.

Velocities of all twelve microparticles identified during 100 seconds from PMT signal

can be measured by calculating the time between peaks to travel to travel the distance of

600 µm. The time between peaks and velocity of each particles is shown in Figure 5.15,

Figure 5.16 and Table 5.2.

5.4 BPM Simulation

Beam propagation method (BPM) simulations were undertaken to understand the nature

of the light propagation in the structure with waveguides and microchannels as shown in

Figure 5.1 (b). These simulations were carried out using in-house software previously

developed [115] that is based on a traditional split diffraction-refraction method [116].

The dimensions of the structure are given in Figure 5.17. The regions labeled WG, S,

M and V represent SU-8 (index 1.59) and are the core regions of the waveguides and the

walls of the microchannel. The remaining part, except the filled microchannel (shaded

with index 1.33) is assumed to be a material with index 1.5. Therefore, the cladding of

the waveguide will have an index of 1.5 contrary to the fabricated opto-biochip as shown in

Figure 5.1(b). This was due to limitations in BPM simulations. As discussed in Section 5.1,

the depth of all the parts of the present structure is equal to the height of the SU-8 layer,

50 µm. Two input waveguides, WG1 and WG2 (part A), combine to the mixer region, M

(part C), by two S-bends, S11 and S21 (part B), where the light from two waveguides can

mix. The straight waveguide, M, splits into two waveguides by two S-bends, S12 and S22

(part D), that deliver light to two points, I1 and I2 of the microchannel (part F). The output

waveguide WG3 (part H) captures signal from both intersection points. Part E and G are

the channel walls.

This model assumes that all the light is confined within a slab of thickness H = 50 µm,

the approximate depth of the waveguides and microchannels. The equations of the S-bends

were written as a sinusoidal function and the lengths and offsets of the S-bends were chosen
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Figure 5.17: Dimension of a structure with waveguide and microchannel as shown in
Figure 5.1 (A). All the numbers are in micrometers. The core of the waveguide is of index
1.59, the index of the the microchannel is 1.33 and remaining part is considered with index
1.5 due to the limitation in BPM simulations.

according to the fabricated design. As shown in Figure 5.17, the z-axis is the propagation

direction, the x-axis is the the microchannel flow direction and the y-axis is out of the plane.

The equation of a S-bend with length L and offset D is,

x = D
z

L
− D

2π
sin

(
2πz

L

)
. (5.1)

For the present simulation, superposition of sinusoidal fields with random phase to

emulate the output of a multimode fiber were considered. The offsets of two sets of S-

bends are 300 µm (for S11 and S21), and 275 µm (S12 and S22) respectively. The center-

to-center distance between waveguides intersecting the microchannel is 600 µm. For 8192

grid points along the x-direction, and a spacing 4x = 0.2µm, the difference between each

point along x-direction in the plot (Figure 5.18) will be 3.2 µm. On the y-axis, points are

spaced with a difference of 1 µm on the plot. Here, a random laser beam is considered.
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5.4.1 Flux Flow

Figure 5.18 shows the plot of the 2-dimensional power flow pattern of the 635 nm light

launched at WG1 (Figure 5.18(a)) and WG2 (Figure 5.18(b)). The light combines in the

mixing region, M, and then splits into the two waveguides of Section D. Figure 5.19 shows

the flux propagation profile in the waveguide from a different angle.

Figure 5.20 describes the variation of the laser power across the microchannel (center

of region F in the Figure 5.17). It is clear from the Figure 5.20 that the peak power is

approximately the same at two intersections even if the launching point is changed from A

(Figure 5.20(a)) to point B (Figure 5.20(b)). From the simulation results, as described in

Figure 5.19 and Figure 5.20, the power at the center of the microchannel is averaged over

every 15 points (approximately 48 µm) to get these plots. Contrary to this, in the actual

PMT data in Figure 5.14, the second peak (peak on right side) is higher than the first peak

(the peak on the left side). In the PMT data, the light is launched into the input waveguide

right across from the first peak.

Figure 5.21 shows CCD camera pictures of two microchannel-waveguide intersections

I1 and I2 (Figure 5.1). When the light is launched at two points it is converted to an

intensity matrix and plotted as shown in Figure 5.22. As can be seen from the intensity

profile in Figure 5.22, it is clear that the peak intensity at the intersections is approximately

same even after changing the launching condition from point A to point B. Therefore, the

intensity profiles agree well with the intensity distribution achieved by BPM simulation as

shown in Figure 5.20.

In this section, a scheme for simulating light propagation in SU-8 waveguides has been

described and the light at two intersections in the microchannels is demonstrated. The

powers from the BPM simulation and Matlab intensity plots are found to be equally divided

at two intersections, I1 and I2. There are approximations in the values obtained by these

different methods. In the BPM simulations, the dimensions of the structure (Figure 5.17)

in region M were slightly different from the dimensions of the fabricated opto-biochip

(Figure 5.2). Also, the cladding index is assumed to be 1.50, contrary to 1 (air) in the

fabricated opto-biochip. The BPM simulations do not take surface roughness and index

fluctuations into account. The pictures in Figure 5.21, were taken using a CCD colored
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(a) Light is launched at point A

(b) Light is launched at point B

Figure 5.18: Laser beam propagating into the waveguide consisting of straight sections
and S-bends.
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(a) Light is launched at point A

(b) Light is launched at point B

Figure 5.19: Laser beam propagating into the waveguide consisting of straight sections
and S-bends from a different angle.
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(a) Light is launched at point A (b) Light is launched at point B

Figure 5.20: Variation of the power of laser beam in the microchannel. The graphs show
that the power at the two intersections is distributed almost equally even after changing the
entry point of the incident laser light.

(a) Light is launched at the entry point A.

(b) Light is launched at the entry point B.

Figure 5.21: Picture of the two waveguide-microchannel intersections when the entry point
of the incident light is changed.
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(a) Light is launched at the entry point A.

(b) Light is launched at the entry point B.

Figure 5.22: Intensity profile using inside a microchannel as shown in Figure 5.21, all
values are in µm.
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camera and converted to Matlab intensity plots by averaging over every seven pixels.

In this chapter, the fluorescence detection in microfluidic channels integrated with

multimode waveguides has been presented. Here, the process involved only a single mask

step (Section 3.2.4) and the chips are bonded with PDMS. A propagation loss of 2.8 dB/cm

at 633 nm and 5.7 dB/cm nm at 530 nm was achieved. The input waveguide excites light

at the two points in the microchannel and generated double-peaks. The velocity of the

microparticles has been measured by measuring the fluorescence signal from the double-

peaks. BPM simulation provides a mechanism to visualize the light propagation in the

SU-8 waveguides can be used to predict the intensity distribution in the microchannel of

fabricated opto-biochips of various designs.

The design of the device can be improved by exploring a way so that the waveguides

emit different intensities at the microchannel intersections. This way, the fluorescence

from the microparticles from one waveguide can be identified. Future developments of the

devices involve investigations of remaining parts to achieve cell-sorting in these devices.

These include to explore a method to switch the pressure-driven flow between two output

reservoirs and to investigate the possibility of electroosmotic flow in these opto-biochips

[117].



Chapter 6

Conclusion

As mentioned in the introduction, the main focus of this research has been the feasibility

of realizing a cell-sorter based on integrated optics, fluorescence detection, velocity

measurement and flow switching. The contribution of the present work can be broken

down into two broad parts. The first part is the fabrication of the devices using different

materials, and the second part is the optical detection and velocity measurement in different

devices. A lesser contribution is the switching of electroosmotic flow in PDMS biochips.

The following is a chapter-by-chapter summary of the content and results obtained along

with suggestions for future work.

6.1 Summary of the Results

1. Chapter 2: General principles of microfluidics and integrated optics were discussed

in this chapter. First, different physical phenomena affecting microfluidics were

discussed. Two different mechanisms to develop flow- pressure-driven flow and

electroosmotic flow were discussed and compared. The velocity due to pressure-

driven flow was found to behave parabolically, where velocity at the center is

maximum, and the velocity due to electroosmotic flow is constant throughout the

channel for high concentration of the electrolyte solution. The advantages and

disadvantages of the two types of flows and their applications while studying flow in

different systems were discussed. Light propagation in the waveguides due to total

internal reflection and the requirements to achieve integrated optics in the present

research were discussed in this chapter.

96
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2. Chapter 3: Different fabrication approaches were described in this Chapter.

The direct-laser writing process was used to fabricate microchannel wall and

microchannel on UV-curable polymer in one-step. To fabricate devices in the

polymer, a master with inverse pattern was fabricated by two different techniques.

The first one was the direct laser-writing using a UV-curable polymer and the second

was using lithography and a dry plasma etching to generate structure of desired depth.

The laser-writing process is time efficient, but lithography produces a smoother

pattern. Hot embossing on PMMA and PDMS casting were used to achieve a final

device by replicating the master. Although PDMS casting resulted in very smooth

pattern of microchannels, hot embossing on PMMA generates a bent PMMA plate

and broken master. The PDMS biochip was irreversibly bonded using oxygen plasma

to support electroosmotic flow. A single-step process to fabricate an opto-chip on

glass using SU-8 was presented. These biochips do not support the electroosmotic

flow but support pressure-driven flow fairly well.

3. Chapter 4: Optical detection of the fluorescent microparticles in a glass micro-

capillary, glass biochip with ion-exchanged waveguides and PDMS biochips were

discussed in Chapter 4. A plastic-optical fiber was used to shine light and capture

signal from the moving microparticles under the pressure-driven flow. The velocity

of the microparticles was calculated by analyzing the fluorescence spectra. In the

glass biochip with ion-exchanged waveguides, the electroosmotic flow was generated

and the signal was collected by a plastic fiber, and fed to the PMT. The anomaly

in the microchannel etching process resulted in a double intensity peak at the

waveguide-microchannel intersection. This was used to measure the velocities of

the microparticles in the ion-exchanged opto-biochips. The electroosmotic flow

initiates the movement of the microparticles in the PDMS biochip. The velocities of

the microparticles in biochips with ion-exchanged waveguides and PDMS biochips

were measured by counting number of video frames passed between two points in

the microchannel. Flow of the microparticles was switched between the two output

reservoirs in the PDMS biochip.
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4. Chapter 5: The SU-8 opto-biochips were used to detect the fluorescence from

microparticles and measure their velocities. First, the loss from SU-8 waveguides

was measured at two different wavelengths, 635 nm and 530 nm. The pressure-

driven flow was used to observe a continuous flow of microparticles. The velocity of

the microparticles was found by analyzing the PMT signal. The simulations based

on beam propagation method demonstrate the uniformity of the waveguide splitters

and the coupling of the light at the microchannel-waveguide intersection and. The

rapid and efficient fabrication process of SU-8 opto-biochips provides a solution to

realize an integrated biochip analysis system for cell-sorting.

6.2 Recommendations for Future Work

There are many ways in which the research in fabrication and detection, presented here can

be improved and built upon for the future. A few ways are mentioned here:

1. SU-8 device capping: In the present work, the SU-8 opto-biochips are capped with

the PDMS. During the experiments, the sealing between the PDMS and the SU-8

does not remain strong while observing a continuous pressure-driven flow. There is

a need to improve the adhesion of SU-8 with glass and sealing the top layer. The

sealing can be performed by spin-coating a separate SU-8 layer with lower index of

refraction on a Pyrex wafer and manually sealing with the bottom glass wafer with

high index SU-8 layer [118]. The index of refraction of SU-8 can be changed by

changing the hard-bake time [119].

2. Laser-writing process

In this research, a direct UV laser-writing was one of the techniques used to fabricate

the complete device (section 3.2.1). Although it was possible to fabricate the

microchannel and waveguide in a single-step writing process, these devices could

not be used in microfluidic applications due to the limitation in sealing with a top

layer.

A possible variation could be to use a suitable material which is optically transparent,

thick and can work as a UV curable positive photoresist to provide waveguide core
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Figure 6.1: A schematic of a proposed device after laser-writing. The white part is air
where laser-writing will takes place and rest part will have photoresist.

and a fluidics layer. Figure 6.1 shows the proposed design of the final device by

laser-writing on a positive photoresist. A suitable material should be explored to cap

this device (Section 3.2.2). After spin-coating this resist on a substrate, the resist will

be removed wherever laser-writing will take place (white part of the Figure). This

way, the removed parts of the resist will work as microchannel and the cladding of

the waveguide.

3. Electroosmotic flow in SU-8 microchannels:

SU-8 has a simple fabrication method to achieve opto-biochips and observe pressure-

driven flow. However, the inability to support electroosmotic flow limits its uses in

many microfluidic applications. Recently, Sikanen et. al. [117] reported a method to

observe electroosmotic flow in SU-8 microchannels. Observing electroosmotic flow

in SU-8 opto-biochip is one of the recommendations of future research. An opto-

biochip with circulating microchannel (Figure 3.12(c) (c)) should be used to observe

a continuous flow and detect microparticles.

4. Cell-sorting

Based on the different units of a cell-sorter as described in Section 1.1.2, the

following improvements would have to be made to achieve cell-sorting in SU-8 opto-
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biochips.

• Detecting different kinds of particles- Experiments should be performed to

detect different kinds of microparticles simultaneously. This should be done

by using the SU-8 waveguide design as discussed in Figure 5.1(b). The

fluorescence from different microparticles can be detected by combining two

PMTs to an output fiber butt-coupled to the SU-8 output waveguide.

• Real-time velocity measurement- The LabView software, can be updated so

that the velocity of the microparticles can be determined as soon as the

microparticles hit both the waveguide-microchannel intersections.

• Flow switching- The flow of the microparticle can be switched by knowing the

time required for the particle to travel from intersection point to the point it

needs to be switched. If pressure-driven flow is driving the microparticles, a

valve can be used to switch the flow from one output reservoir to another. If

the flow is electroosmotic, then a LabView controlled electronic switch will be

able to switch the flow. This switch has already been developed in our lab by

another researcher.

Combining the fabricated opto-biochip, updated software and an automated switch,

this research could potentially lead to a unique sorting technique.
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Appendix A

Material Properties

Some of the material properties which are useful to know in the present work are, the

index of refraction, the glass transition temperature, coefficient of thermal expansion and

the capability to support the electroosmotic flow (EOF). The properties are summarized in

Table A.1.

Refractive Index

The value of the index of refraction of a material gives an idea weather a material can be

used as a waveguiding material on a substrate (Section 2.2.1). For example, SU-8 can be

used as a waveguiding material on a glass because it has a higher index than glass.

Glass Transition Temperature

The glass transition temperature is a temperature at which the behavior of a material

changes from elastic to brittle. Fused silica, with a very high glass transition temperature,

makes it difficult to mould into simple polymers. Materials with low glass transition

temperatures, such as PMMA are used for hot embossing. A very low Tg of PDMS allows

it to have exceptional mobility and orientation.

Coefficient of Thermal Expansion

The coefficient of thermal expansion measures the shrinkage when cooling down a

material. When a material of a coefficient of thermal expansion, C, cools down from a

high temperature, T1, to a low temperature, T2, its shrinkage is C(T1 - T2). For example,
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the thermal expansion coefficient of PDMS is much higher than that of silicon. Therefore,

during the cooling process, they tend to shrink by different rates. Due to their different

shrinking degrees, when PDMS and silicon cool down together, the PDMS may stretch the

silicon while the silicon may compress the PDMS.

Support to Electroosmotic Flow

To support electroosmotic flow, a material should carry surface charges when in contact

with an aqueous solution. The glass is a very good material to support EOF because its

surface becomes negatively charged when in contact with water. By oxidizing a PDMS

layer in plasma, the surface is negatively charged and supports EOF. SU-8 can support

EOF by modifying the surface of the SU-8 microchannel walls [117].

Table A.1: Properties of different materials used in the present work

Material Refractive
Index (n)

Glass transition
temperature Tg (oC)

Coefficient of thermal
expansion C (/oC)

Possibility
of EOF

Soda lime
glass

1.51 300 8.4 × 10−5 Yes

Silicon 3.42 1300 2.7× 10−6 No
PMMA 1.49 105 6.0× 10−5 No
PDMS 1.40 -120 3.1 × 10−4 Yes
NOA 63 1.56 120 1.6 × 10−4 No
SU-8 1.59 50 5.2 × 10−5 Yes



Appendix B

Procedure for Fabricating Master by
Lithography (Positive photoresist)

The overall fabrication process for fabricating masters on silicon was carried out at

NanoFab, University of Alberta. The first step to fabricate a silicon master by lithography is

to make a mask that can be used to fabricate masters in silica/glass. Different microchannel

patterns are designed in LEdit (Figure B.1 (a)) in order to study the flow in microchannels

with various dimensions and shapes.

Later, the design is exported to the pattern generator, which transformed this design to

a glass substrate, by a laser writing process. After this, the mask is developed on positive

quartz and a chromium layer is patterned. The final mask is shown in Figure B.1 (b). The

soft lithography process to make master is shown schematically in Figure B.

After generating the photomask the following process is used to fabricate masters as

shown in Figure B:

1. Wafer Cleaning

Silicon wafers with thickness of 500 µm are pre-cleaned with Piranha solution

H2O2 : H2SO4=1:3.

2. Thermal Oxidation of Silicon-dioxide

Silicon wafers are then oxidized at high temperatures (1050oC) for 6 hours to get the

oxide thickness of 0.6 µ. The process of oxidation and diffusion are achieved in the

Mini-Brute furnace.
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Figure B.1: (a) LEdit design to make the mask, and (b) actual mask after developing.

The wafers are placed in quartz boats which are supported by fused silica paddles

inside the process tube. The oxidizing steam then enters the process tube through its

source end, subsequently diffusing to the wafers where the oxidation occurs.

3. HMDS Treatment

To improve the adhesion of photoresist, the silicon wafer is treated with HMDS (YES

oven) for 17 minutes.

4. Spin-coat photoresist HPR 504

The spreading of for 10 seconds at 500 rpm and spinning for 40 seconds at 4000 rpm

gives a thickness of 1.5 µm.

5. Soft Bake

The softbake is done to drive off any remaining solvent thus setting up the resist for

exposure. This is done on a Solinet vacuum hotplate at 115oC for 90 seconds. Wafer

should be cooled down to room temperature prior to exposure.

6. UV Exposure
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The wafer should be aligned on mask aligner (AB-M Inc., San Jose, CA). The wafer

is exposed using the 365 nm UV source at a power of 21 mW/cm2 for 4 seconds.

7. Develop Photoresist

The photoresist is developed by immersing the wafer in MicroDeposit 354 for 25

seconds. This is immediately followed by a DI water rinse.

8. Buffered Oxide Etching (BOE)

A standard NanoFab protocol is used to etch away the unexposed oxide with an etch

rate of 550 Å/min, BOE is carried out for 10 minutes to etch away 0.6 µm.

9. ICPRIE

Plasma etching is very useful to achieve vertical side walls. It can even etch some

materials, like SiN, that are difficult to etch using chemical etching. The drawback,

however, comes from the fact that for an element to be etchable using plasma

chemistry, the reaction by products must be a volatile gas, such as fluorine, bromine

or chlorine.

The ICPRIE system consists of an inductively coupled plasma (ICP) source and

reactive-ion etching (RIE) source. ICP source produces many more ions and radicals

which are generated by electrons accelerated in magnetic field compared to a simple

capacitive plasma source.

The primary technology is based on “Bosch process” where two different gas

compositions are alternated in the reactor. The first gas composition creates a

polymer on the surface of the substrate, and the second gas composition etches the

substrate. The second gas uses two steps - SF6 etches Si isotropically, a polymer

(C4F8) anisotropically in these two steps. One complete step takes about 1 minute

with etch rate of 1 µm/cycle. The process can be repeated until the desired depth is

achieved and can easily be used to etch completely through a silicon substrate. So,

this process is repeated for 50 cycles. The depth of the silicon was inspected by using

contact profilometer after every 10 cycles.
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Figure B.2: Process steps for fabricating silicon master with positive photoresist and deep
reactive-ion etching.



Appendix C

PDMS Casting and Bonding

PDMS Casting and Baking

• A silicon wafer (4 inch diameter from Corning) is pre-cleaned with Piranha solution

H2O2 : H2SO4=1:3. This is followed by DI water rinse. Wafer should be completely

dried (specs).

• To improve the chances of peeling off the cured PDMS, the silicon wafer is treated

with HMDS.

• To achieve a PDMS layer of 2 mm, 11 grams of PDMS solution is needed when cast

over a 4 - inch wafer placed in the NanoFab PDMS apparatus (“jig”). This jig has

a rubber o-ring and upper plate to tighten the wafer between the bottom plate and

the o-ring. For this, 10 grams of base agent and 1 gram of curing agent are mixed

together.

• PDMS is degassed in the vacuum oven at room temperature until the bubbles are

removed ( 30 minutes).

• Then, the silicon wafer is placed in the NanoFab PDMS jig and tightened. Next,

PDMS solution is poured over the wafer.

• The the jig and wafer are placed in the vacuum oven at 80oC for 2 hours under a

vacuum of 10 inches of Hg.
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• After removing out the jig from the oven, the wafer with PDMS is removed and

cooled down to room temperature. The PDMS layer is peeled off from the wafer and

blue tape is applied to both sides of the PDMS and the side in contact with the wafer

is marked.

Hole Punching

• The PDMS layer with blue tape is cut into a piece fit on the chip.

• Using the chip as a guide, holes for the reservoirs are made with a 1.5 mm punch.

Bonding with the SU-8 Chip

A reactive ion etcher is used to bond the PDMS and on glass with SU-8.

Cleaning the Chamber

• Vent the RIE chamber to check if it is empty.

• Close the chamber and apply high vacuum.

• Apply 80 % of O2, 150 mTorr of pressure and 75 % of RF for 10 minutes.

• Vent the chamber.

RIE the PDMS and Wafer

• Place the wafers and PDMS pieces. PDMS piece should be placed after removing

the blue tape from the top side (the side facing Si wafer while casting PDMS). The

top side should face up.

• Close the chamber and apply high vacuum.

• Apply 25 % of O2, 200 mTorr of pressure and 33.3 % of RF for 30 seconds.

• Vent the chamber.

Bonding
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• Place the PDMS piece on a flat and clean surface in the same way it is placed in the

RIE chamber.

• Place the glass wafer on top of the PDMS piece with the SU-8 facing the PDMS. The

reservoirs should align with the holes in the PDMS.

• Apply some pressure by hand.



Appendix D

Procedure for Fabricating Biochips by
Lithography (SU-8, Negative
Photoresist)

As outlined in Section 3.2.4, the overall fabrication process for fabricating optobiochip on

glass is described in this appendix. The whole process was carried out at the NanoFab,

University of Alberta. After generating the photomask, the following process is used to

fabricate masters as shown in figure D.1 [99]:

1. Wafer Cleaning

The glass substrate must be properly cleaned in hot piranha to remove organic

residues from the substrate. A glass microscope slide from corning (3 X 4 inch2)

is pre-cleaned with Piranha solution H2O2 : H2SO4=1:3. This is followed by DI

water rinse. The wafer should be completely dried. It should be ensured that the

moisture does not remain on the substrate while drying it.

2. Wafer Dehydration

Prior to use of this wafer, it is dehydrated on a contact hot plate at 200oC for 5 minutes

and brought down to room temperature after removing it from the hot plate.

3. Spin-coat Photoresist

SU-8 2050 (MicroChem Corp., Newton, MA) produces low defect coating over a

very broad range of film thickness. The spin speed should be adjusted to achieve a

122



123

Figure D.1: Process steps involved to fabricate opto-biochips with SU-8.

thickness of 50 µm. SU-8 should be dispensed so as to make sure that the complete

wafer is covered before spinning. The dispensing might produce some bubbles, so

we should wait for 5 minutes before starting spinning. First the resist should be

spread on a low speed to allow the resist to cover the entire surface, then the final

spin cycle should start at desired speed. First, the SU-8 is ramped to 500 rpm at 100

rpm/second acceleration. This is maintained for 5 seconds. Then, it is ramped to

final spin speed of 3000 rpm with an acceleration of 300 rpm/second. The spn cycle

should be maintained for 30 seconds.

4. Pre-exposure Bake
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The wafer is soft baked to evaporate the solvent and densify the film. The glass

transition temperature Tg of unexposed SU-8 is approximately 50oC. So it should be

heated on a higher temperature for solvent evaporation. The wafer is soft baked on a

hot plate by ramping and stepping the hot plate temperature.

First, the wafer with resist is kept on the center of the hot plate at 65oC for 3 minutes.

Then, keeping the wafer on hot plate, the temperature is ramped to 95oC ( 2 minutes)

and hold for 6 minutes. Ramping or stepping the soft bake temperature is done to

get better results. The solvent evaporates out of the film at a more controlled rate at

lower initial bake temperatures, which results in better coating results, reduced edge

bead and better resist-to-substrate adhesion.

5. UV Exposure

Exposing is a very important step in SU-8 processing. SU-8 is virtually transparent

and insensitive above 400nm but has high absorption below 350nm. Excessive dose

below 350nm results in over exposure of the top portion of the resist film, resulting

in exaggerated negative sidewall profiles. The optimal exposure dose is proportional

to the film thickness and depends on process parameters.

The wafer with SU-8 is aligned on a mask aligner (AB-M Inc., San Jose, CA). As

the size of the wafer is such as to fit either designs A and B or designs C and D,

care should be taken to make sure that one set of layouts lies within the boundary

of the wafer. The wafer is exposed using 365 nm UV source with optimal power of

21 mW/cm2. The total UV is turned on for 20 seconds to provide a required dose

420 mJ/cm2. When SU-8 is exposed to UV light, strong acid is formed during the

exposure process.

6. Post-exposure Bake

To get cross-linking of the unexpose part of SU-8, post-exposure baking (PEB) step

is required. As discussed above, Tg of unexposed SU-8 is approximately 50oC. Tg

value of SU-8 begins to grow rapidly with the increase of the number of crosslinks

thus dramatically decreasing the acid diffusion rate. For fully crosslinked SU-8 Tg

exceeds 200oC.
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The post exposure bake is also performed ramping and stepping the hot plate

temperature. First, the wafer with resist is kept on the hot plate at 65oC for 1 minute.

Then, keeping the wafer on hot plate, the temperature is ramped to 95oC ( 2 minutes)

and hold for 4 minutes. To minimize resist stress, wafer bowing and resist cracking,

a slow ramp contact hot plate process is used.

7. Develop Photoresist

After the post-exposure bake, the SU-8 coated wafer is placed in SU-8 developer

(from MicroChem) to remove any unexposed SU-8. Other solvent based developers

such as ethyl lactate and diacetone alcohol may also be used. Developing time

depends on agitation rate, temperature and resist processing parameters, so based

on our method of agitation a develop time is chosen.

Two beakers are taken and one of them is filled with the SU-8 developer (MicroChem

Corp., Newton, MA) and IPA so that one wafer can be immersed into the beaker.

The wafer is immersed in the Developer by holding it with plastic clips and some

agitation is applied to the wafer. For high aspect ratio and/or thick films, the substrate

is strongly agitated. A white film on the substrate indicate that the substrate needs

to be developed for more time. The wafer is rinsed in IPA solution and inspected

under microscope first after 2 minutes and then for every 1 minute. If a white

film is produced while rinsing the wafer with IPA, it means that the wafer has been

underdeveloped. The process develop time is 4-5 minutes which depends widely as

a function of agitation rate.

8. Wafer Inspection

To make sure that the SU-8 on the wafer is completely developed, the wafer is

inspected under microscope and measure the thickness of the resist by contact

profilometer.

9. PDMS Bonding

The PDMS curing and bonding steps are shown in Appendix C.


