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ABSTRACT

Opto-microfluidics is a novel technology thiaitegrate optical devces and systemsith
microchanned to investigae the properties of fluid€Opto-microfluidic devices have been
increasingly recognized as important miniaturized devicesofitical measurements,
biological analyses, and chemical synthe3éwse @vicessignificantly reduce reagent
consumption, waste production, analysis time and ual@sts. Common fabrication
techniques include soft lithographmicroelectromechanical systent§IEMS) and hot
embossing.

In this dissertation, optmicrofluidic devices fabcated by twephoton
polymerization (TPP) technique with femtosecond ks@d standard soft lithography
are proposed. After analyzing the fabrication propertiesheffemtosecond laser, we
choose optimal parameters to fabricate optical structuresotopésist material S8, and
integratethem with microchannels which are produced &wtandard softithographic
techniqueDiffractive grating Mach-Zehnder interferometer (MZI) and optical microring
resonatordased efractive index(RI) and temperatureensors are designef@bricated
and demonstrated. The sensitivities in different conditionthareughly investigatedBy
combining fluid mechanics and optics, two functional epticrofluidic devicesealizing
simultaneous patrticle sorting and RI sagsare successfiyl proved. In these devices,
filters fabricated by femtosecond lasare used to sieve and control the flow of particles
in suspension, and thethe purified liquid is induced into the optical structures to
measurethe RI. The optemicrdfluidic devices described in this dissertation verify the

practicability and effectiveness aab-on-a-chip platform.
i



ACKNOWLEDGEMENTS

| would like to thank my supervisor, Dr. Qiying Chen, for his support and encouragement
in the pastfour years. | hag learned so mucfrom him personally and academically
during thesdour years. | would also like to thank Dr. Ligiu Men for valuable discussion,
which provided me broader views in my research field and inspired many novel ideas. |

would like to thankKormer member of the groupr. Ping Lu, for his helpful suggestions.

| would like to thank my course instructpi3r. Martin Plumer, Dr. John Whitehead,
Dr. Guy Quirionand Dr. John Lewisfor their interesting lectureand my committee
memberdr. Anand YethirajandDr. Ivan SaikaVoivod for the suggestions from annual
graduate progress meetings. The fellowships fromSttteol of Graduate Studies, my
supervisor, and the Department of Physics and Physical Oceanography are greatly
appreciated. | also #mk Memorial Universityfor awardng me the A.G. Hatcher
Memorial Scholarshipin 2012 that acknowledged my achievement during Riy.D.

Program.

Finally, I would like to thank my parents, my brother and my sistéaw for their

everlasting help ansupport.



Table of Contents

ACKNOWLEDGEMENTS.....coiiiiiiiiiiiitee e e eseeeiee et e e e et e e e e e s smmnessnssaeeeeeesennnsneeens jii
Table Of CONIENLS......ccoo i errna s v
LiSt Of TADIES...cciiiiiiiieiieee e e ennssssnssseeeeee e s VT
LISt Of FIQUIES. ...ttt e e ettt e et e e e e e e e e e e e st e e e e e aaeaeess Vil
LiSt Of ADDIEVIAIONS......ciiiiiiiiiiiee e ennnaees XXi
Chapter 1 INTrOQUCTION. ........oiiii e e e s e et e e e e e e e e e e emme e 1
1.1 OptemMICrOfIUIICS.....ccco et e e e e 1
1.2 TWoPhoton POIYMETIZAtION.........ccooeiiiiiiie e 1
1.2.1 Twophoton abSOrPLioN............uueieiiiie et ereer e e e e e e 2
1.2.2 Twephoton materials and fabrication...............ccocciimmmn e 4.
1.2.3 Applications of twaphoton polymerization for microfabricatian................ 8
1.3 Motivation and CONtHDULIONS. ........iiiiiiie e eeeereee e 10
Chapter 2 Characterization of microfabrication with {@hmton polymerization technique
............................................................................................................................... 12
2.1 FabriCation PrOCESSES.......cccvvvuiiiriiiiiimme ettt e e e e e e e e eeema e s e e e e e e aaaaaeaens 12
2.2 Voxel CharaCterizatiOn.........cooieiiie e ceeeee e eeeeereee e e e e e 14
2.2.1 Effect of focusing condition............ccoooeeiiiiiiieeeiie e 15
2.2.2 Effect of SCan SPeed.........cooviiiiiiiiiii e 18
2.2.3 Effect of @XpoSure time...........ciiiiiiie e eeer e 18
2.2.4 EffeCt Of PUISEIERIGY.......eeiiiiiiiiiiiiii e 22
Chapter 3 Gratindpased optamicrofluidic deviCes..............covvvvviiiiiiceee e, 24
G 700 {1 0T U Tox 1 o R 24
200 00t R I =T T VU 24
3.1.2 Fabrication and appliCations...........ccooeiiiiiiiiiccce e 26
3.2 Grating charaCterizatin...............uuuuuiii i e erre e e e e e 30
G0 T 0] [0 01 g {11 (= T 35
3.4 Gratingbased refractive iINdeX SENSAL...........cccuuuiiiiiiieeeie e eeeean 40
3.4.1 Fabrication anexperimental SEtUD...........cccuuuuiiiiiiiiiereiiiiieee e 40
3.4.2 Characterization of optaicrofluidic refractive index sensat.................... 43



Chapter 4 Waveguid®lach-Zehnder mterferometer based opioicrofluidic devices. 49

0 R 11 o o [ 3o 1o 1RSSR 49
0 R I =T ] VUSRS 49
4.1.2 Fabrication and appliCatiONS............eveeeiiiiiiiieeeiiiiieeieee e 51

4.2 Waveguides with hybrid cladding.............ccccoeiiiiiiiceccc e, 52
4.2.1 Waveguide charaCterizaii................ccccuuuimiimmmnniii e 52
4.2.2 MZI charaCterizatiQml...........cuviiiiiiiiee e mmme e 55
4.2.3 MachZehnder Interferometdyased refractive index sensor................... 57

4.3 Waveguides with solid cladding..............oooovviiiiiccceeiiiieeece e 66
4.3.1 Waveguide characterizatiQn..............cccuuuuiimmmrniniiiiiiieeeee e 66
4.3.2 MZI Char@LeriZatiON...........cueiiiiiiiiiii e mmne e 69
4.3.3 MZEbased refractive iINdeX SENSOL..........covvvveveieiiiiemmeeeeeeeeeeeeeieeienana 71
4.3.4 MachZehnder Interferometdyased temperature sensor......................... 78
4.3.5 Refractive index calibration..............ooeuvviiiiicciiiieieei e 84

4.4 Waveguide with cores of different Sizes.............cccoovviiiieeee e 87
4.4.1 MZI charaCterizatiQml............ouvveeeeiiiiiimmmee e s 87
4.4.2 Refractive index and temperature measurement..............oceeeeeeeeceeennnn. 91

4.5 Waveguide wWith SYMMEtriCabre............uuuueiiiiiiiiiiieeeiiieieeeeeeeeee e 95
4.5.1 Characterization of the CONNECLOrS.............uuuviiiiiieemiiiiiiiiiiieeeee e, 98
4.5.2 Concentration and temperature SENSING...........coeeuuvurimrmrerenieieieeeeee 103

4.6 Waveguide with diSCONINUOUS COLE..........evvurruueniimmreerrrriniiinaseeeeeeeeesnenans 106
4.6.1 Effect of gap 1ength........ooooiiiiiie e 106
4.6.2 Refractive idex/concentration SENSING.............cceevvvvvvviemmeeeeeeeeeeeeennnnnnns 107
4.6.3 TEMPEIAtUIE SENSING.....eeieiiiiiiiiiiieee e eeere et e e e e e e e e e e e e rimmne e e e 111
4.6.4 Simultaneous measurement of refractive index and temperature......115

Chapter 5 Optical microring resonator based gptorofluidic devices.................... 120

00 {1 0T [0 Tox 1 o S 120
B.0.L TREOIY. .. e e e ————— 120
5.1.2 Fabrication and appliCations...........ccooeeeiiiiiiiccce e 123

I o TN (=1ST0] 1= 1) (R 125



5.2.1 Ring resonator SiMulatiQn...........ccccoeeeeeeiiieeeiiiiie e eeeeeeeree e 125

5.2.2 Ring resonator characterizatiQn...................eeeeieeeeuuvmimiiieiieeeeeeeeeeeeeenees 127
5.2.3 Ring resonator based temperature SEeNSING..........ccvvvvvvvimemeeeereereeennnnns 134
5.2.4 Ring resonator based refractive index Sensing............ccceevveeeeevvvvnnnnee. 135
5.2.5 Twaring based imultaneous refractive index and temperature sensing 36
5.3RACEIraCK reSONALON.........ceiiiiiiiiiiiie e e e e e e 144
5.3.1 Racetrack resonator characterization................cccovvvccceee e 144
5.3.2 Racetrack resonator based temperature Sensing..............ccccoeeeeeereenns 153
5.3.3 Racetrack resonator based refractive index sensing....................ee.... 158
5.3.4 Simultaneous refractive index and temperature sensing with-eadetoack
[(=T{0) 0= 1 0] PP PRPPPRPTN 162
5.3.5 Simultaneous refractive index atemperature sensing for multiple liquid
STz 18] 0] 1= 170
Chapter 6 Optanicrofluidic devices for particle sorting and refractive index sendiiig
(G I [ g1 0T ¥ {1 o PO PPUORRR 174
6.2 Optemicrofluidic devices based on cross flow filtration and racetrack resd&or
6.2 PArtICIE SOMEE.....uuuiiiiiiiiiiiiiii e 179
6.2.2 Refractive iINdeX SENSING.........cooieiiiiiiiiineer s eeere e 187
6.3 Optemicrofluidic devices based drydrodynamidiltration and diffaction grating
.......................................................................................................................... 190
6.3.1 PartiCle SOMEIL......coiiiiiieiiteee e e e e e e e e e e e e e 190
6.3.2 PartiCle SOMer.LL......ccooo oo e 199
6.3.3 Refractive indeX SENSING...........cccoviiiiiiiiiieee e 212
Chapter 7 CONCIUSIONS. .........ooiii et e e e e e e e e e e 218
BiblIOGrapny ... ..o e a e 223

Vi



Li st of Tables

Table X1 A list of commercial twegphoton polymerizable materials........................... 8
Table 21 Processes of microfabrication with TPP taqhe................cccocciiiieeennns 13
Table 41 Effective refractive indices of NaCl solutions with different concentratids®
Table 51 Comparison of actl@alues and test values in different environment for a two

ring resonator with a radius of 60.00 HM.......ccooeiiiiiiiiiiiieeeee e, 144
Table 52 Comparison of actual values and test values in different environment for a tw
racetrack resonator with a radius of 60.00. JM...........uuiiiiieiiccccieee e e 166
Table 53 Comparison of actual values and test values in different environment for a two
racetrack resonator with a radius of 50.00. JiM..........euuiiiiiieiiiccccce e 169
Table 61 List of microfluidic sorters based on separation methads.................... 175

Vii



List of Figures

Figure 11 Sclematic diagram of onphoton absorption (OPA) and twanoton
=00 01 0] o T (N = TSP UPURRP 3

Figure 12 Observation of fluorescence excitation through the path of a laser. bea
Figure 13 Schematic illustration of a femtosecond laser microfabrication system..5
Figure 24 Schematic illustration of 3D microfabrication with TPP teghi............... 6

Figure 21 Lines exposed by femtosecond lasers of different focusing conditions: (a) an
SEM image of lines, (b) an SEM image of lines with a focus at 1.0 um above the
interface, and (cylependence of the width of line on focus condition. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification of 50x (0.8 NA).
The Scan SPEEd IS 20 UIMUS......coiiiiiiieeee e e e 16

Figure 22 Lines exposed by femtosecond lasers of different focusing conditions: (a) an
SEM image of lines, and (b) an enlarged SEM image for the first three lines in (a). The
laser pulses (0.500 nJ/pulse) are focused by an objective lens with a magnifi€ation o
100x% (0.95 NA). The scan speed iS 20 HIM/S........uuururrmirmiiiieeeiiiieeeereeereeeeeeeeeeseens 17

Figure 23 Lines exposed by femtosecond laserglifferent scan speeds: (a) an SEM
image of lines, and (b) dependence of the width on the spgeed. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification of 50x (0.8 NA).
The theoretical result is obtained according to Eqn. (2.1).........cuvviiiiiiiiieenciiinnnnnne. 19

Figure 24 Linesexposed by femtosecond lasers of different scan speeds: (a) an SEM
image of lines, and (b) dependence of the width on the scan speed. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification of 100x (0.95 NA).
The theoreticatesult is obtained according to Eqn. (2.1)-........cccuvvviiiiiiiiieeeiiiinnnee. 20

Figure 25 Dots exposed by femtosecond lasers of different exposure times: (a) an SEM
image of dots, and (b) dependence of the diameter orxflusere time. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification of 50x (0.8 NA).
The theoretical result is obtained according to Eqn. (2.1).........cuvvvviiiiriieeriiiinnnnne. 21

Figure 26 Lines exposed by femtosecond lasers of different pulse energies: (a) an SEM
image of lines, and (b) dependence of the width on the pulse energy. The laser pulses are
focused by an objective lens with a magnification of 50x (0.8 NA). The scan speed is 20

pm/s. The theoretical result is obtained according to Eqn. (2.1)........cccccvvvvivvieennns 23
Figure 31 Schematic illustration of a guidedode resonance grating: (a) the 3D view,
and (D) the SIHE VIBW........ooiiiiiiieii e eeea e e e e e eeen e e 25
Figure 32 Schematic illustration of different fabrication processes: (a) laser
micromachining, (b) MEMS, (c) soft lithography, and (d)-botbossing.................... 28
Figure 33 Schematic illustration of a droplet grating............ccoeeveeeiieemeiieiiiieeeeenns 29

viii



Figure 34 Schematic illustration of a microchannel grating............ccccccoevvieeevvnnnnns 30
Figure 35 SEM images of a grating with a periodicity of 5 um. The size of the grating is

200 M X 200 UMeitiiieiiiiiee ittt eeeee et e e e et e e e et e e e e mmms e e b e e e e a et annne e 31
Figure 36 SEM images of a grating with a periodicity of 3 um. The sizihefgrating is
200 M X 200 UMleitiiiiiiiiiee ettt sreee et e et e e et e e e e mmm— e e b e e et annne e 31
Figure 37 Experimental setup for the observation of diffraction patterns.............. 33
Figure 38 Diffraction patterns observed with a Panasonic CCD camera: (a) ad @)
UM, and (b) and (08 = 3 JMcciiiiiiiieeeeeee e e e 34
Figure 39 Diffraction patterns observed with a Hamamatsu systeng: £a2 um, and (b)
ST 2N UL TR PRSPPI 34

Figure 310 The CIE 1931 colour space chromaticity diagram-S3lare the colours
SNOWN 1N Fig. L3 ittt e e e e e eeer et et e e e e e e e e e e e e e e e s s s rmmne e e e e as 35

Figure 311 Simulation on the transmission spectra of the zeroth order in different duty
cycles according to Eqn. (3.5). The 8rating is surrounded by air and the thickness of
the SUB gratingd is 1.50 UM........ooviiiiiiiiiiii s v e e e emmma e e e e e e e e e e 36

Figure 312 Photograph of an experimental setup for color filters.................oooeee 37

Figure 313 Comparison between the experimental and simulation results. The
thicknesses of the four samples about 1.57, 1.76, 1.84, and 2.15 um, respectigety.
(@), (b) and (c) is 2 um and (d) is 5 um. The simulation results are calculated with
MATLAB software according to Eqn. (3.5), in whieh/ i9 0.5,n; is 1.596, and, is

Figure 315 SU8 master fabrication: (a) a designeesk structure, and (b) a fabricated
SU-8 master on a glass SUbStrate.............ooooivviiieeei e 41

Figure 316 Grating based RI sensor: (a) an-8&lgrating on a glass substrate, (b) a
substrate covered by a PDMS lgyfm) a schematic illustration of an experimental setup,
and (d) a photo of the experimental SELUD..............uuiiiiiiiecciicee e eeeen 42

Figure 317 Transmission spectrum of the zeroth order signal from asuaibunded
grating with a thickness of 2.15 PM.......cccooiiiiiiiiiiiiiceceeieeeeeeeene e A

Figure 318 RI sensing measurement of a grating with a grating thickness of 2.15 um: (a)
simulation on the transmission spectra of the zeroth order accdaliggn. (3.5), (b)
experimental results of the transmission spectra of the zeroth order, and (c) dependence of
the peak wavelength on RI. The inset is the morphology of the grating................ 45

Figure3-19 RI sensing measurement of a grating with a grating thickness of 3.60 um: (a)
simulation on the transmission spectra of the zeroth order according to Eqn. (3.5), (b)
experimental results of the transmission spectra of the zeroth order, and (c) peak

IX



wavelengths in different fluidic environments. The inset is the morphology of the grating.

............................................................................................................................... 46
Figure 320 RI sensitivities of different orders of the resonance mode in gratings of
VArTOUS thICKIBSSES......ceiiiiiiiiiiiiiiee ettt e e e e e e e e e s eeeess s s e e e e e e e e e eeeeeeeeeessannneeeeeeees 48
Figure 41 Schematic diagram of a typical MZLI.............ccccooiiiiiiiccciiiicicee e, 49
Figure 42 Schematic illustration of an opmicrofluidic MZI ...............ccccciiiiiieenne. 50

Figure 43 Optical waveguides with an S®Jcore and hybrid cladding: (a) a waveguide
chip, (b) the top view of the waveguide, and (c) the cross section of the wavegubi@.

Figure 44 Simulation on the time average of the energy density for the fundamental
mode at the wavelength of 1550 nm. The size of the core is 4.00 umx7.00 pum, the sizes
of the glass and PDMS are both 20.00 umx1@@10) and length of the air gap is 16.00

60 P 54
Figure 45 Waveguide characterization: (a) an experimental setup for butt coupling, and
(b) a near field image on the cross section of a MZI basegguide......................... 55
Figure 46 MZI characterization: (a) a schematic illustration of the MZI chip, and (b) a
near field image of the cross section of an MZI chip.............oo s 56
Figure 47 Transmission spectra of MZI chips with different chip lengths.............. 57

Figure 48 MZI sensor: (a) a schematic illustration of an MZI sensor, and (b) an MZI
RS 1ST0 T S]] oSS PPPRUSRRPN 58

Figure 49 RI sensing measurement of an MZI chip with a chip length of 14.97 mm and
microchannel length of 4.00 mm: (a) simulation on the transmission spectra of the MZI
sensolin solutions of different RIs, (b) experimental measured transmission spectra of the
MZI sensor in solutions of different Rls, and (c) comparison of the experimental and
simulation results on the dependence of the peak shift on RI. The simulation i$ catrie
using MATLAB software according to Eqns. (4.1), (4.4) and (4.7)........ccovvvvvrvnnnnne 61

Figure 410 Effect of chip length on RI sensing: (@) comparison of MZI peak shifts
between the experimental datadasimulation, and (e) comparison of MZI peak shifts
with the same microchannel length and different lengths of chips. The simulation is
carried out using MATLAB software according to Egn (4.7). The length of microchannels
is 6.00 mm. The lengths of theiphk are 11.78, 15.55, 17.03, and 20.71 mm, respectively.

Figure 411 Effect of microchannel length on RI sensing:((B)comparison of MZI peak
shifts between the experimental data andutation, and (e) comparison of MZI peak
shifts with the same length of chips and different lengths of microchannels. The
simulation is carried out using MATLAB software according to Eqn (4.7). The length of
chips is about 15.00 mm. The microchannel lengties2.00, 4.00, 6.00, and 8.00 mm,
LSS 01T 1)Y= PP PP PPPPPPPI 64



Figure 412 Effect of core size on RI sensing: (a) and (b) transmission spectra of MZIs

with different core sizes, and (c) dependence efpiak shift on Rl..............ccccooe. 65
Figure 413 Refractive indices of different S®Iseries...........cccovvvviiviiiiccceveeveeiiinn, 67
Figure 414 Waveguide with an S8 core and cldding: (a) a waveguide chip, (b) the top
view of the waveguide, and (c) the cross section of the.chip..................vvveeeeeee. 68
Figure 415 MZI characterization: (a) a schematic illustration of a MZI| structure(land
a near field image on the cross section of a MZI chip.........cccceoiiiiiiiccciiiiccceee, 69
Figure 416 Transmission spectra of MZIs with different chip lengths..................71
Figure 417 MZI chip for RI SENSING.......cccoiviiiiiiiiemme e 72

Figure 418 RI sensing measurement of an MZI chip with a core size of 4.00 um x6.50
pm x20.03 mm, cladding size of 300.00 pm x10.00 um x20.03 mahhd@arochannel
length of 16.00 mm: (a) transmission spectra of MZI in different liquid environments, and
(b) dependence of the peak shift ON.RL...........oooviiiiiiii e 73

Figure 419 Effect of cladding thickness &t sensing: (a) simulation on the effective RIs

of the cladding with different cladding thicknesses, (b) transmission spectra of MZIs with
the cladding thickness of 18.50 and 10.00 um, respectively, (c) simulation on the
effective cladding RIs with the ading thickness of 10.00 um and 20.00 um in different
solutions, and (d) dependence of the peak shift on RI. The width of the cladding is 300.00
U 0 PP 75

Figure 420 Dependence of the sensityidn chip length. The core size is 4.00 umx6.50
pum. The black squares show the sensitivities of MZIs with the cladding size of 300.00
pmx18.50 pum. The red dots show the sensitivities of MZIs with the cladding size of
300.00 um x10.00 pm. The microchanredth is 16.00 mm...............cccceeeeevreeeenn 76

Figure 421 Effect of core size on RI sensing: (a) simulation on the effective RIs of the
core in different core widths and same core height of 5.50 um, (b) and (ahisaits
spectra of MZIs with different sizes of core, and (d) dependence of the peak shift on RI.
All MZI chips have a cladding cross section of 125.00 pumx 11.50 pm and microchannel
[ength Of 16.00 MIM.....ooiiiiiii e erre e e e e e e e e e e e e e e e aeeeseeeeas 77

Figure 422 Temperature sensing measurement of an MZI chip with a core size of 4.00
pum x5.50 um x22.88 mm, cladding size of 125.00 um x10.00 um x22.88 mm, and
microchannel length of 16.00 mm: (a) transmission spectra of MZI in different

tempeatures, and (b) dependence of the peak shift on temperature.................... 79

Figure 423 Effect of chip length on temperature sensing: (a) dependence of the peak shift
on temperature for chips of differeleingth, and (b) dependence of the sensitivities on
(o] g1 o JN =7 0T || o OO PPPPPOPPPPPPPPPPPR 80

Figure 424 Effect of cladding thickness on temperature sensing: (a) COMSOL
simulation on the effective RIs of the cladding different temperatures, and (b)

Xi



dependence of the peak shift on temperature at different cladding thicknesses. The core
sizes are 2.80 um x3.60 pm, the width of the cladding is 125.0Q.um................... 81

Figure 425 Effect of core size on temperature sensing: (a) simulation on the effective Rls
of the core with the cross sections of 5.00 pmx5.50 pum and 2.80 pumx5.50 pum in different
temperatures, and (b) dependence of the peak shift on temperature fatltbleipg with
different core sizes. The cross section of the cladding is 125.00 pmx11.50.um...83

Figure 426 Dependence of the peak shift on temperature for MZIs with different core
sizes. Theross section of the cladding is 300.00 pmX20.00.UM........cevvereeeereerenn-. 83

Figure 427 Sensing measurement of the RI and temperature for an MZI chip with the
chip length of 28.77 mm, core cross section of 2.8(x3.85 um, cladding cross section

of 125.00 umx10.00 um, and microchannel size of 1.00 mmx75.00 umx16.00 mam: (a)
(d) transmission spectra of the MZI under different environmental conditions, (e)
dependence of the shift of the transmission peak wavelemgil and temperature for

the same interference order, and (f) peak shifts in response to Rl and temperature
(03 0= T 0T 1 O 86

Figure 428 Sensing measurement of the Rl and temperature for an MZmatin the

chip length of 28.77 mm, core cross section of 2.80 umx3.85 um, cladding cross section
of 125.00 umx10.00 pm, and microchannel size of 1.00 mmx75.00 umx16.00 mm: (a)
dependence of the shift of the transmission peak wavelength on concentration an
temperature for the same interference order, and (b) peak shifts in response to Rl and
tEMPErature ChANQES. ... oo oot e e s emrennaes 87

Figure 429 Schematic illustration of an MZI structure with a connectar................ 88

Figure 430 Connector chatacterization: (a) the morphology of a connector with the size
of 300.00 pmx 20.00 pmx 6.50 um, and (b) a COMSOL simulation on the light intensity
distribution of the CONMEOT............ooooiiiiii e 89

Figure 431 Transmission spectra of MZIs with different thin core lengths. All chips have
a connector size of 300.00 pmx 30.00 umx 5.50 um, wide core with a width of 5.00 um,
thin corewith a width of 3.20 um, and cladding cross section of 300.00 umx=20.00@m.

Figure 432 Transmission spectra of an MZI obtained from different coupling directions

Figure 433 Sensing measurement of the Rl and temperature for an MZI chip with a thin
core length of 18.33 mm, cross section of the wide core of 5.00 umx5.50 um, cross
section of the thin core of 3.20 umx5.50 ungdding cross section of 125.00 umx10.50
pm and the microchannel size of 1.00 mmx75.00 umx10.00 mna{d)ayansmission
spectra of the MZI under different environmental conditions, (e) dependence of the shift
of the transmission peak wavelength on Rl amugerature for the same interference
order, and (f) peak shifts in response to Rl and temperature changes................. 94

Figure 434 Sensing measurement of the Rl and temperature for an MZI chip with a th
core length of 19.05 mm, cross section of the wide core of 5.00 umx5.50 um, cross

Xii



section of the thin core of 3.20 umx5.50 um, and cladding cross section of 125.00
pmx11.50 um: (a) dependence of the shift of the transmission peak wavelength on Rl and
temperature for the same interference order, and (b) peak shifts in response to Rl and
temperature changes. The size of the microchannel is 1.00 mmx75.00 pmx16.086mm.

Figure 435 Schematic liistration of an MZI with a symmetrical care..................... 96

Figure 436 COMSOL simulation on the light intensity distribution for an MZI with the
connector size of 100.00 umx30.00 um, a thin core leng@®0.00 um between the two
connectors, width of the thin core of 3.20 um and width of the wide core of 4.00.9im.

Figure 437 Transmission spectra of an MZI with a thin core length of 2000 (a) the
experimental result, and (b) the COMSOL simulation. The size of the connector is 300.00
U B 10 010 U T o PSP 97

Figure 438 Rectangular connector with a size of 300.00 umx 30.00 um: @) th
morphology, and (b) the COMSOL simulation on the light intensity distribution...99

Figure 439 Rectangular connector with a size of 300.00 umx 50.00 pum: (a) the
morphology, and (b) the COMSGimulation on the light intensity distribution....... 99

Figure 440 Rectangular connector with a size of 50.00 pmx 30.00 pm: (a) the
morphology, and (b) the COMSOL simulation on the light intgrdigtribution........ 100

Figure 441 Isosceles triangular connector with a size of 300.00 umx 30.00 um: (a) the
morphology, and (b) the COMSOL simulation on the light intensity distribution.100

Figure 442 Transmission spectra of MZIs with different sizes of connectors. The sizes of
the wide and thin core are 5.00 and 3.20 um, respectively. The cladding width is 125.00
pm and there ia thin core length of 20.00 mm between the two connectars....... 102

Figure 443 3D surface profile of a connector observed by 3D optical surface profiler.
The size of the connector is 150.00 PMXBOUMX3.70 HUMa.ceiriiiieiiiinnniiiiieeeennn 103

Figure 444 Dependence of the peak shift on temperature. The MZI chip has a thin core
size of 2.80 umx 3.70 umx 20.00 mm, cross section size of the cladding of 125.00 pmx
9.95 um, and connector size of 150.00 umx30.00 um. The size of the microchannel is
1.00 mMMX75.00 UMX16.00 MIMerttiiiiiiiiiiiiee i eeree e e e e e s e smmme e e e e eenas 104

Figure 445 Dependence of the peak shift on NaCl concentration. The MZI chgpthas
core size of 2.80 umx 3.70 umx 20.00 mm, cross section size of the cladding of 125.00
pmx 9.95 um, and connector size of 150.00 umx30.00 um. The size of the microchannel

Figure 446 Dependence of the peak shift on sugar concentration. The MZI chip has a
thin core size of 2.80 umx 3.70 umx 20.00 mm, cross section size of the cladding of
125.00 pmx 9.95 pm, and connector size of 150.00 umx30.00 pm. Ekeos§ithe
microchannel is 1.00 mmx75.00 pmxX16.00 MM.........cccvriiiiiiiiiiceene e, 105

Xiii



Figure 447 MZI structure with a discontinuous core: (a) a schematic illusion of an MZI
structure, and (b) the morphology of a waveguwith a discontinuous core. The gap
1= o 11 g I ESR24.5 Y0 X 0O U1y PSS 107

Figure 448 Transmission spectra of MZI chips with different gap lengths. All MZI chips
have a core cross section of 4.00 umx 4469 length of the sensing arm of 20.00 mm,
and cladding cross section of 125.00 pmx 11.00.1M.......ccccvvvrriimmrimemiineeeenneene 108

Figure 449 COMSOL simulation on the light transmission intensity at different gap
LENGENS ... 109

Figure 450 RI sensing measurement of an MZI chip with a gap length of 150.00 um,
core cross section of 4.00 umx 4.50 um, sensing arm of 21.05 mm, cladding cross section
of 125.00 umx 11.0@um, and microchannel length of 16.00 mm: (a) transmission spectra
of the MZI in different RI solutions, and (b) dependence of the peak shift on.R1110

Figure 451 Dependence of the peak stoh CaC} concentration. The MZI chip has a

gap length of 200.00 pm, core cross section of 4.00 pumx 4.50 um, sensing arm of 20.63
mm, a cladding cross section of 125.00 umx 11.00 um, and microchannel length of 16.00
1] 1 0 TP PUPPPP PPN 110

Figure 452 Temperature sensing measurement of an MZI chip with a gap length of
200.00 pm, core size of 3.20 umx4.17 um, cladding size of 125.00 umx9.88 um, and
sensing arm of 24.29 mm: (a) transmission spectra of the Mdiffarent temperatures,

and (b) dependence of the peak shift on temperature.............cccoeeeveeeeccieeneennn. 111

Figure 453 Transmission spectra of an MZI chip with a gap length of 200.00 um, core
cross section of 4.00 x4.50 pum, sensing arm of 20.00 mm, and cladding cross section
of 125.00 pmx 11.00 pm at 2C and 182C. ..........covveeeeieeecie e 112

Figure 454 Temperature sensing measurement of an MZI chip with a gap length of
200.00 pm, core cross section of 4.00 umx 4.50 um, sensing arm of 20.00 mm and
cladding cross section of 125.00 umx 11.00 um: (a) peak wavelengths for the peaks with
the interference modes of 136, 137, 138, 144 and 149 at different temperatures, and (b)
dependence of the peak shift on temperature..............cooovvieeer e 114

Figure 455 Sensing measurement of the Rl and temperature for an MZI chip with a core
cross section of 4.00 umx 4.50 um, sensing arm of 20.00 atamding cross section of
125.00 pmx 11.00 pm, and microchannel length of 16.00 mm(djajransmission
spectra of the MZI under different environmental conditions, (e) dependence of the shift
of the transmission peak wavelengths on Rl and temperatuteegfgame interference
order, and (f) peak shifts in response to Rl and temperature changes............... 116

Figure 456 Sensing measurement of the Rl and temperature for an MZI chip with a core
cross setion of 3.20 umx4.17 pm, sensing arm of 24.29 mm, cladding cross section of

125.00 umx9.88 um, and microchannel length of 16.00 mm: (a) dependence of the shift
of the transmission peak wavelengths on RI and temperature, and (b) peak shifts in
response t®R1 and temperature ChangesS.......ccooveiiieeeeeiiiieeeee e eene e 117

Xiv



Figure 53 COMSOL simulation onhe distribution of the electromagnetic energy at the
wavelengths of 1547 and 1550 nm, respectivEhe ring resonator has a radius of 60.00
pm and waveguide width of 4.00 JM......eeiiiiiiiieeecceeeee e 126

Figure 54 COMSOL simulation on theansmission spectrum of a ring resonator with a
radius of 60.00 um and waveguide width of 4.00 um in the wavelength rarifs36¢f

LI585 MM e ettt e e ettt e e e ettt e e e e e enaa s 127
Figure 55 Micro-ring with a radius of 60.00 um amthg cross section of 4.48 umx4.23
um: (a) the morphology, and (b) a transmission SPECHUM..............ccevivvieeereernnen. 128

Figure 56 Transmission spé&@ of ring resonators with a ring cross section of 4.48
HMx4.23 um and different radil...........ccoiiiiiiiiieeeee e 129

Figure 57 Transmission spectra of a ring resonator with a radius of 100.00 unngnd
cross sectio of 4.48 umx4.23 punn different wavelength ranges.................oooe 130

Figure 58 Transmission spectra of ring resonators with a radius of 80.00 um and
IfFEIENT COME SIZES... oo it e e e e e e e e e e e e aneen e e e es 131

Figure 59 Morphologies and transmission spectra of single ring and multiple ring
resonators with a radius of 80.00 pm aimgdj cross section of 4.48 pymx4.23 ym...132

Figure 510 Effect of polarization on resonance wavelength: (a) and (b) simulation on TE
and TM modes for a waveguide with the cross section of 5.51 pmx 4.13 um at the
wavelength of 1550 nm, and (c) transmission spectra of a ring resonator vétieguide

cross section of 5.51 pmx4.13 pm and radius of 80.00 pum in different polarized modes.

Figure 511 Temperature sensing measurement of a ring resonator with a radius of 60.00
pm andring cross section of 4.48 umx4.23 pifa) transmission spectra at different
temperature, and (b) dependence of the peak shift on temperature................... 134

Figure 512 Schematic illustration of an ogdil ring resonator based RI sensor......135

Figure 513 RI sensing measurement of a ring resonator with a radius of 100.00 um and
ring cross section of 4.48 umx4.23 pfa) transmission spectra different RIs, and (b)
dependence of the peak shift ON.RI..........ooouiiiiiiie e, 136

Figure 514 Schematic illustration of a twiing resonator structure........................ 137

Figure 515 Two-ring resonator{a) a transmission spectrum of a twieg resonator in
which both rings are surrounded by air, (b) a transmission spectrum of-angvo
resonator in which one ring is surrounded by air and the other ring is surdobgde

XV



PDMS, and (c) resonance wavelengths induced by two rings. All rings have the same
radius of 60.00 um anding cross section of 4.48 pMX4.23 PM..........cccccvvvvvvnnienns 138

Figure 516 Tworing resonator sensgfa) a schematic illustration of a twimg resonator
structure, (b) the morphology of a resonance ring covered by a microchannel, and (c) the
morphology of the other resonance ring covered by a PDMS layer. Both resonance rings
have a radius of 60.00 um andg cross section of 4.48 umx4.23 pm................... 139

Figure 517 Transmission spectrum of a tsiag resonator with a radius of 60.00 um and
ring cross section of 4.48 umx4.23 y@ne of the rings isavered by PDMS, and the
other ring is surrounded by an NaCl solution with an RI of 1.359. The chip temperature is

MAINtAINEA At 27. 7Tttt ee et e et e enteeeaeesaneaees 140
Figure 518 Dependence of the peak shift of a gy resonator with a radius of 60.00
pm andring cross section of 4.48 pumx4.23 [N Rl........oooiiiiiiiiiiiiiiee e 141

Figure 519 Dependence of the peak shift of a 4wy resonator with a radius of 60.00
pm andring cross section of 4.48 pmx4.23 pon temperature...........cccccveveeeeeeeenne. 142

Figure 520 Transmission spectra of a tsiag resonator with a radius of 60.00 um and
ring cross section of 4.48 umx4.23 wmnder differenenvironmental conditions.....143

Figure 521 Racetrack resonator: (a) a schematic illustration of a racetrack resonator
structure, (b) the morphology of a racetrack resonator with a radiusQéf g, coupling
length of 30.00 um, and gap of 4.00 um, (c) 3D profile of a racetrack resonator observed
by a ZYGO 3D optical surface profiler, and (d) transmission spectrum............... 145

Figure 522 COMSOL simulation on thed@nsmission spectrumf a racetrack resonator
with a radius of 60.00 um, waveguide width of 4.00 um, gap of 4.00 um and coupling
length of 10.00 um. The insets shéwe distribution of the electromagnetic energy of the
racetrack @sonator at the wavelengths of 1547 nm and 1544.9 nm, respectivelyl47

Figure 523 Morphologies and transmission spectra of racetrack resonators with a radius
of 60.00 um, gap of 4.00 um awlifferent coupling lengths..............cooovviiiiiiiieeee.. 148

Figure 524 Transmission spectra of a racetrack resonator with a radius of 60.00 pum,
coupling length of 90.00 um, and gap of 4.00 um at different wavelenggesan...149

Figure 525 Morphologies and transmission spectra in racetrack resonators with a radius
of 60.00 um and racetrack gaps of 0 and 2.00. JML............cvvvvvviccreeeeeeeiriiiinnns 150

Figure 526 Morphologies and transmission spectra in racetrack resonators with a radius
of 60.00 um and racetrack gaps of 4.00, 6.00 and 8.QQ.HM............ccceeeevieecrennnnnns 151

Figure 527 Dependencef the extinction ratio of the resonance on gap distance 152

Figure 528 COMSOLsimulation on the field distribution of TE and TM modes. The
core with a cross section 4f50 umx4.15 pm is suwwunded by air. The light wavelength
is 1550 nm. The effective Rls ateb583 and 1.5586, respectively......................... 153

XVi



Figure 529 Transmission spectrum (a) and free spectral range (b) of a racetatktoes
with a radius of 60.00 um, gap of 4.00 um, and coupling length of 90.0Q.um.....153

Figure 530 Transmission spectra and resonance wavelengths at different temperatures.
The racetrack resator has a radius of 60.00 um, coupling length of 90.00 um, and gap
of 4.00 um. The microchannel is filled with distilled water.................cccoovveeeen... 155

Figure 531 Dependence of the temperature sensitivity oetrack resonators with a
radius of 60.00 um on gap and coupling length..............cooovvrieeer e, 156

Figure 532 COMSOL simulation on effective Rls of the TE and TM modes at different
temperatures. Theore with a cres section ofl.50 umx4.15 um is surrounded by water.
The wavelength IS 1550 NIML........coiiiiiiiiii e errn e e e e e 157

Figure 533 Effect of polarization on temperature sensing: (a) transmission spectra of a
racetrack resonatavith a corecross section o4.50 pumx4.15 pm, radius of 60.00 pm,
coupling length of 90.00 um, and gap of 4.00 um at different temperatures, and (b)
dependence of the TE and TM resonance wavelength on temperature.............. 157

Figure 534 Transmission spectra and resonance wavelengths in different Rl liquids. The
racetrack resonator has a radius of 60.00 um, coupling length of 30.00 um, and gap of

00 5 1 PP 159
Figure 535 RI sensitivities for racetrack resonators with different gaps and coupling
LENGENS . e ———————————— 160

Figure 536 COMSOL simulation on effective RIs of the TE and TM modedifferent
RI liquids. Thecore has a cross sectionb0 umx4.15 um, and the wavelength is 1550
] TS PP 161

Figure 537 Effect of polarization on RI sensing: (a) transmission spectra afefraak
resonator with @&ross section of core @50 pmx4.15 um, radius of 60.00 um, coupling
length of 90.00 um, and gap of 4.00 um in different RI liquids, and (b) dependence of the
TE and TM resonance wavelengths ON.Rl...........oooiiiiiieneeee 161

Figure 538 Tworacetrack resonator: (a) a schematic illustration of araeetrack
resonator, and (b) a transmission spectrum of ar&wetrack resonator with a radius of

60.00 um, coupling length of 30.00 pm, ang@d 4.00 UM......ccovvviiieiiiiniiiiiiiienn. 163
Figure 539 RI sensing with a twoacetrack resonator. The twacetrack resonator has a
radius of 60.00 um, coupling length of 30.00 um, and gap of 4.00.pm................ 163

Figure 540 Temperature sensing with a tnacetrack resonator. The twacetrack
resonator has a radius of 60.00 pm, coupling length of 30.00 um, and gap of 4 D®4um.

Figure 541 Transmission spectra of a tnacetrack resonator with a radius of 60.00 pum,
coupling length of 30.00 pum, and gap of 4.00 um under different environmental
(o0 8o 1110 o < PRSP 165

Figure 542 Transmission spectrum for a trecetrack resonator with a radius of 50.00
pm, coupling length of 30.00 pum and gap of 4.00.HM.........ccovviiiiiiiiiieneecceie, 166

XVil



Figure 543 RI sensing oh tworacetrack resonator with a radius of 50.00 um, coupling

length of 30.00 pum, and gap Of 4.00 JML.....cooiiiiiiiiiiiiicee e 168
Figure 544 Temperature sensing of a tnaxetrack resonator with a radius of 50.00, um
coupling length of 30.00 pm, and gap Of 4.00.M.........eeiriiiiiiiiiieeriieiieeee e 168

Figure 545 Transmission spectra of a tnacetrack resonator with a radius of 50.00 pm,
coupling length of 30.00 pum, and gap of 4.00 pmder different environmental

(o0 00 {1170} o PSRRI 169
Figure 546 Schematic illustration of a triplacetrack resonator for simultaneous Rl and
temperature sensing for multiple liquid samples.........ccccoeeiiiivieeeii e, 170

Figure 547 Transmission spectrum and free spectral ranges for a-ragsérack
resonator with a radius of 60.00 um, gap of 4.00 um, and coupling lengths of 25.00,
30.00 and 35.00 PM, FESPECHIE.......eeeiiiiiiiiii et 171

Figure 548 RI and temperature sensing with a trgdeetrack resonator. The triple
racetrack resonator has a radius of 60.00 um, gap of 4.00 um and coupling lengths of
25.00, 30.00180 35.00 [UMiiiiiiiiiiiiiiieesiiiiiesceeer e e e e s et e e e e e e ssnbesannsreeee e e s snnnreeeeeeaas 172

Figure 61 Shematic illustration of an optmicrofluidic device for particle sorting..180

Figure 62 Structuresof two sets of micropillars: (a) the morphology of Sieve |, (b) the
3D profile of Sieve I, (c) the morphology of Sieve Il, and (d) the 3D profile of Sieve II.
The size of pillars is 15.00 umi®.00 pmx15.00 um (length x width x height........ 182

Figure 63 Morphologies of Sieve | and Sieve Il aligned with a microchafite.size of
the main channel is 300.00 pumx 15.00 umx 16.00 mm (width x height x length), and the

Figure 65 COMSOL smulation onparticle trajectories:(a), (b) and (c)Jarger particls,
and(d), (e) and (fsmaller particle. The flow rate at the inlet channel is 40 mm/s.184

Figure 66 COMSOL smulation onparticletrgectories:(a), (b) and (c)Jarger particls,
and(d), (e) and (fsmaller particle. The flow rate at the inlet channel is 200 mm/<.85

Figure 67 Experimental results of particle sorting),((c) and (e) Sieve | at different
times of 0, 54 and 274 s, and (b), (d) and (f) Sieve Il at different times of 0, 60 and 285 s.

............................................................................................................................. 186
Figure 68 Photo of the optanicrofluidic chip for partcle sorting and RI sensing. The
inset is the morphology of a racetrack resonator............ccccoeeiiiieeeri i, 188

Figure 69 Dependence of the resonance wavelength on RI. The racetrack resonator has
waveguide cross sgon of 4.12 umx5.00 um, radius of 60.00 um, coupling length of
30.00 pm, and gap OF 4.00 M.....cooiiiiiiiiiiiiie e e e e s e e eeeeeeeeas 189

Figure 610 Schematic illustration of a particle sorter..........ccccoeeeeeivieeee e, 190

XVili



Figure 611 COMSOL simulation ostreamlines in the velocity field. Particle sortéralk
a microchannel length of 3.00 mm and the width of 300.00 um. The lengths of Sieve |

and Sieve Il are 700 and 900 M, reSPeCtIVEIY...........cevvvrruiiiimreeeeereireee e 192
Figure 612 COMSOL simulatioron particle trajectoriesf larger particls in particle
£ 1= PSPPSRI 193
Figure 613 COMSOL smulation on particle trajectoriesf smaller particls in particle
S0 =] PSPPSRI 194
Figure 614 Simulation on particle distribution of particle sorter | in the filter length | and
I situations with thenlet flow rate of 40 MM/s...........ooooiiiiiiiiie 195

Figure 615 Structures of microsieves: (a) and (b) 3D profiles of Sieve | and I,
respectively, (¢fe) morphologies of sieves under microscope, anr¢hffmorpologies

of sieves integrated with microchannels...............ooooo e 196
Figure 616 Particle sorter I: (a) and (b) Sieve | after it works for 10 minutes, and (c) and
(d) Sieve Il after it WOrks for 10 MINUEES..........ueiiiiiiiiiiiiiieeeieeeeeee e 198
Figure 617 Schematic illustration of a particle sorter..............ccovvvvveeeee e, 200

Figure 618 COMSOL simulation orstreamlines in the velocitydid. Particle sorter Il
hasa microchannel length of 3.00 mm and the width of 300.00 um. The lengths of Sieve |

and Sieve Il are 700 and 900 pm, reSPeCtiVEIY.........cceeiiiiiiiiireer e 200
Figure 619 COMSOL smulation on particle trajectoriesf larger particle in particle
510§ (= | PP UPPRT PP 201
Figure 620 COMSOL smulation on particle trajectoriesf smaller particls in particle
10 1 (= | PP UPPRT 202
Figure 621 Simulation on particle distribution of particle sorter Il in the filter length |
and Il situations with a inlet flow rate of 40 MMUS...........oooooiiiiiiiiicc 203
Figure 622 Particle sorting Il: (a) and (b) Sieve | after it works for 10 minutes, and (c)
and (d) Sieve Il after it WOrks for 10 MINUEIES.........cevviiiiiiiiiiiieeeeeeeeeee e 205
Figure 623 Schematic illustration of a mdi@id particle sorter...........cccoeevvviiiiiennn. 206
Figure 624 Morphologies of sieves integrated with a microchannel................... 207

Figure 625 COMSOL simulation ostreamlines in the velocity field. Modified particle
sorter llhasa microchannel length of 3.00 mm and the width of internal microchannels of
50.00 um. The lengths of Sieve | and Sieve Il are 700 and 900 um, respectivel207

Figure 626 COMSOL smulation on particle trajectoriesf larger particls in modified
PANTICIE SOMTET ... eeeee bbb 208

Figure 627 COMSOL snulation on particle tragtoriesof smaller particlsin modified
PANTICIE SOMTET ... eeeea bbb 209

XiX



Figure 628 Modified particle sorting Il: (a) and (b) Sieve | after it works for 10 minutes,

and (c) and (d) Sieve Il aftenitorks for 10 minutes.............oovveviiiiiviiiccceeeeeeeenieens 211
Figure 629 3D profile of a diffraction grating with laeight of 15.63 um, width of 5.10
UM, and PEeriodiCIty IS 12 UMe...ceiiiiiiiiiiieeeeie e e e 213
Figure 630 Transmission spectrum of an-aiurrounded diffractionThe height of the
Grating IS 15.63 UM i..uiiiiiiiiiiiiiiiie et r e eneeanne 213
Figure 631 Transmission spectra of a diffraction gratingraunded by different salt
solutions.The height of the grating is 15.63 pM...........coooiiiiiiiiimeeee 214

Figure 632 RI sensitivities of different resonance ordéree measured height of the
Orating IS 15.63 UM i..uiiiiiiiiiiiiiiiiee et eneeanne 214

Figure 633 Opto-microfluidic chip for particle sorting and RI sensing. The inset is the
morphology of the diffraction grating with height of 15.63 um, width of 5.10 um, and
PEeriodiCity OF L2 M. ... e e e e e emnnnes 216

Figure 634 Dependence of the peak wavelength on.RL.............cccviiiieeeciinnne 216

XX



List of Abbreviations

TPP Two-photon polymerization
3D Threedimensional

2D Two-dimensional

TPA Two-photon absorption

RI Refractive index

OPA @e-photon absorption

uv Ultraviolet

PAG Photoacid generator

PC tidtonic crystal

DFB Distributed edback

IPA dopropyl alcohol

rpm Rounds per minute

NA Nmerical aperture

SEM &nnirg electron microscope
MEMS Microelectromechanical systems
PDMS Polydimethylsiloxane

PMMA Poly (methyl methacrylate)
SMF iBgle-mode fiber

OSA Optical spectrum analyzer
RF Radio frequency

RIU Bfractive index unit

MZI Mach-Zehnder interferometer
PS Polystyrene

TE Transverseelectric

™ Transversenagneic

DEP Dielectrophoresis

Q factor Quiality factor

XXi



Chapterl Introduction 1

Chapter 1 Introduction

1.1 Opto-microfluidics

Optofluidics refes to a platform of integratedptical devices and systems that performs
investigation on the properties of fluid8y combining microfluidic and optical
technologies, optofluidic devices integrateomful of laboratoryequipmeninto a palm

size chip to carry out optical measurements, biological analyses and chemical syntheses.
Microfluidic and optofluidic devices signdantly reduce reagent consumption, waste
production, analysis time and labocosts. There is no distinct boundary between
microfluidics and optofluidics because many techniques and applicatioshaed by

these two discipl i nmicsr. ofWeu iudsiec stoh et ot erreni effo
takes advantage of both optics/photonics and microfluidics. A few monographs provide

good reviewof the history and development in the field of eptarofluidics[1-6].

1.2 Two-photon polymerization

Lithography has been demonstrated as an advancedfafidcation technique for
microelectronics, optonicrofluidics and biomedicine Various twedimensional (2D)
microdevices, suclas the integrated semiconduct@nd capillary electrophoresis chips,

have been applied in industry and medicine. However,pdanar technique, lithography
lacks thecapabilitiesto fabricate threelimensional (3D) microstructures. Although éay
by-layer assembly was proposed to produce 3D structures by stacking planar 2D patterns

[7, 8], it is verydifficult and timeconsuming to precisely align the micro/nastouctures.
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Holographic lithographyvas developed to create periodic 3D microstructures, in which
periodic interference patterrsuch as ahexagonal periodic strtre [9], and face
centereecubictype structure 10] are printed into the photoresist by muiétser beam
irradiation. However, this type of 3D microstructure isiled to patterns of interference.
To achievearbitrary 3D microstructuresnicrofabricationby two-photon polymerization

(TPP)with afemtosecond laser &dopted in this study

1.2.1 Two-photon absorption

Two-photon absorption (TPAjs a nonlinearprocess by which a atom ormolecule
simultaneouslyabsorbs two photons to jump from the ground state to an excited
electronic state Hig. 1-1). The sum of the energies of théwo photons equals the
transition energy.The TPA proces relates to the imaginary part of thierd-order
susceptibility in the material polarization. The polarization of material can be expressed

as[11]:

P=R & PE +F & Ec.. (1.1)

whereE is the electric field,c™ is susceptibility othe m™ tensor and G is the electric
permittivity of thefree spaceThe real part ofhe thirdordersusceptibility ¢ is related
to the nonlinear refractionandtheimaginarypart ofthe thirdordersusceptibility ¢2)  is

related to theonlinearabsorption(TPA). The energy absorption can be described as:

80° W (1.2)
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wheren is therefractive index RI) of the material,c is the speed of light iavacuum,¥

is the frequency of light, arlds the intensity of the light.

- o Excited state
¥ A
A2
T MW
E =hc// /VVV\/.. R . Virtual state
A2
MW\

Ground state

OPA TPA
Figure 1-1 Schematic diagram of onephoton absorption (OPA) and twanoton
absorption (TPA)

The TPA process was first proposed theoretichil Maria GoppeHMayer in her
doctoral dissertation in 1931%]. However, Egn. 1.2) shows that TPA depends on the
square of the light intensity?j, andis thereforeseveral orders of magnitadveaker than
the onephoton absorption (OPAxt low photon intensitiesHigh photon intensities
which are defined as the number of photons observed per unit time in a unit solid angle,
are required to excite TPA. Therefore, TPA was implemented untithe invention of
the laser thirty years later. In 1961, Kais¢al.first proved that twephoton fluorescence
was excited in &aR:EW** crystal [L3]. When a laser beam is focused into the-photon
material, the excitatioonly occurs within a 3D localized spot (focal point) which has the
greatest density (Fidl-2) [14]. Denk et al. utilized this rule to construe two-photon

laser scanning fluoresceno@croscopein 1990 [L5. Since then, TPAasedon optical
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power limiting [L6], fluorescence imaging techniquek7] 18], 3D data storagelp],

photodynamic therapj20], and microfabricatiofi21] have beemeported.

Optics: Zhenll Huang

Photography: Ciceron Yanez
Date: Oct. 25, 2006
University of Central Florida

- E". 760nm,200fs
28

380nm,200fs

Fluorescein O cor
R
-0 (o) (o]

Figurel-2 Observatiorof fluorescence excitation through the path of a laser beam

1.2.2 Two-photon materials and fabrication

The first twophoton microfabrication was reported bjaruo et al. in 1997. A Ti:
sapphire laser was used to fabricate spiral structaresthe width of the spiral wire was
1.3 um[21]. Complex 3D microstructures and devices have been fabricated by TPA, such

as a microbull 22], woodpile R3], microrotor R4, 25], microchain R6], and microlens
[27].

Figure 1-3 illustrates a typicaimicrofabrication system with a femtosecond laser
which is used in our lab. The T8apphire femtosend laser witha laserwavelengthof

800 nmanda repetition rateof 80 MHz is focused on a sample by an objective lens. A

variable attenuator, consisting ohalf-wave plate and a polarizer, is placed in the path of
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the beam to control and continuouslgjust the output power of the laser. A shutter
triggered by a computer program is used to control the exposure time of the sample to
laser irradiation. A power meter monitors the change of the laser power in real time
through a beam splitter. By moving ttranslation stages{( Y, Z directions) programmed

by the computer, thereby adjusting the focal points in 3D, the desired features are
fabricated. After exposure the lases, a development processeamployedtio wash away

any unhardened matersakith one or more solvents (generally ethanol), leaving only the
created microstructures=if. 1-4). The smallest reportetbature sizecan be made as

small as65 nm, which is muclsmallerthan the diffraction limit, by using femtesond

laserpulsesat 520 nn{2§].

Beam splitterjjshutter
7. motion stage

o

Objective leny

Sam

Half-wave Shutter Power XY motion stages
plate meter

Figurel-3 Schematic illustration of EeEmtosecond lasenicrofabrication system



Chapterl Introduction 6

Femtosecond laser

Objective lens

Two-photon material

Femtosecond laser fabrication _— Sy

P ~ X

Development Developer

Substrate

3D microstructure

Figure1l-4 Schematic illustration of 3D microfabrication witli®Ptechnique

Variouspolymerizablematerialshave beersynthesized and appliedegative and
positivetone photoresists are two types of photosensitive materials that are used to
corstruct microstructures witlthe TPP technique The difference between the negative
and positivetone photoresists is that the unexposed portionbeadissolvel into the
photoresist developer and exposed portion is insoluble for a neg@atiwghotoresisas
shown in Fig. 14, whereasfor a positivetone photoresistthe unexposed portion is
insoluble and the exposed portion dandissolvel into the photoresist developérable
1-1 lists some reported commercial photosensitivaterials fof PP. SU-8 and Ormocers
are twoleadingclasses of negativiene materials which have been widely applied for
two-photon fabrication. Both materials show strong absorptiothénultraviolet UV)

region and high transparency in the visiblel anear infrared ranges. SJis an epoxy
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basednegative photoresist, which has eigitoxy groups per monomer and contains a
triaryl sulfonium salt photoacid generator (PAGhder laser exposure, the PAGs absorb
enough photorenergy togenerate strong talyzed acid(polymerizationdoes not take
place during laser irradiatiorpuring the sequent bakingocessthe acid diffuses in the
photoresisto help open up the epoxy rimgnd gain much higharrosslinking. Thenthe
unexposed resist is washed awhy a nonpolar solvent due to the fact that the
uncrosslinked resist has a low molecular weight, generating a negative str@dure |
Because the crosslinking occurs during the {baging process and there is Rl
modification before this moment, online monitoring is not possible. Liquid Ormocers can
completely overcome this disadvanta@emocers are organriaorganic hybrid polymers
containing a highly crosslinkable organic netwetch as acrylates or epoxideswell as
inorganic componentshich areoften used as photocurable dental composba®ct
laser irradiation induces creleking of organic groups attached tan inorganic
backbone.In this case,TPP is formed in reatime without a postbakng process.

However,UV postcuring is needetb harden the structurater development andnse

processesZ3).
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Tablel-1 A list of commercial twephoton polymerizable materials

Resin Manufactuer Type of material Type of Ref.
exposure|

SU-8 MicroChem Epoxy Negative| 29, 30
Micro resist : : . .

Ormocer technology GmbH Inorganicorganic hybrid | Negative| 23
Japan Synthetic . 121,22,

SCR500 Rubber Co. Urethane acrylate Negative 2728

IPG RPO Inc. Inorganicorganic Negative| 31

polysiloxane
LN1 Sartomer Urethane acrylate Negative| 32
SR348 Sartomer E_thoxylated biphenol A Negative| 33
dimethacrylate

Nopcocurg Japan Synthetic , . .

800 Rubber Co. Acrylic acid ester Negative| 24

NOA Mercapteester :

63/68 Norland Products polyurethane Negative| 24, 25

SCR701 |D-MEC Co. Epoxy Negative| 34

Sz2080 |IESL-FORTH zirconiuni silicon hybrid | Negative | 35

AZ MicroChemicals Undisclosed Positive | 36
GmbH

S1800 Shipley Undisclosed Positive | 36, 37

1.2.3 Applications of two-photon polymerization for microfabrication

The uniquecapabilityto fabricate and control 3D structures on the micro/nanoscale using

the TPP techniquehas found a wide range of applications, especially in biomedical
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sciencg 38-43). Gittardet al. proposed multifocugPPtechnology for producing medical
devices[44]. The multibeam system can simultaneously produce multiple retaie

structues which greatly improve the efficiency of fabrication.

TPP microfabrication has also been applied in the fabricationhotgnic crysta
(PCs), which areperiodic optical nanostructurés controling and manipulang the flow
of photons. 3D woodpilstructures with different periagties in different twephoton
polymerizdle materials have beenreported, and their exposure conditions, optical
properties (transmission and photonic band gaps) and shrinkage were investigated
[23,26,28,32,45]. Compaed with the holographic pattening, two-photon fabrication
possesses a significant advantageeadein the integration of defects or cavitiesit an
arbitrary location of a PC.Sun et al. demonstratedd mi s s i megonafideavidys 0
within a PC [46]. More complexcrystal geometriesuch asthe diamondlattice [47],

spiratarchitecture 48], slanted pore structurd9] and quasicrystaH0] were reported.

Uses ofthe TPP technique in differentptical applicationshave also receivel
significant attentionfor example for various microoptical element§], 27]. Klein et al.
fabricated suspended waveguides, couplersplitters, andMZls between the ends of
optical fibers pB2]. The integration of convex and Fresnel lenses, gratamgbsolid
immersion lenses on the tip of an optical fiber were repo&@d A fiber optical device
basedon microring resonators baicated on the side of optical fibers was demonstrated
by Sherwoodet al [54]. Distributed £edback(DFB) dye lasers were achieved by

fabricating Bragg gratings in dygopedTPPmaterials $5, 56).
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Microfluidics hassignificantly benefitedfrom the availability of the two-photon
fabrication technique. Various fabrication techniques for microchannels were developed.
Kumi et al. produced master structures with tywhotonfabrication for microchannels
with different crosssections $7]. 2D and 3D flow systems were developed by directly
exposing channel walls on a glass substrags Microchannels were also achievbyg
the TPPRassisted ablation technique in whiatpolymerized rib was generated ByP
during the first laser scan aralpolymerized rib witha channel was ablateduring the
second laser scab§]. Singlestep seHenclosed ncrochannels were reported by Jariwala
et al. Two parallel paths were scanned by the femtosecond laser. When the paths were
close enough, a channel was formed by-&king on the top of polymerized rib$9).

In addition, functional 3D components created in the microfluidic system were reported.
Light-drived microrotors such as microwheel22$, 60] and micropump [34, 61] were

directly fabricated into the microchannels. Thaserodevices ar@otential manipulation

tools for biomolecules such as DNA and pratei2D and3D filtration networks were

integrated into the microfluidic system to separate imigsrndcells with different sizes

[62-64]. Wu et al.also reportedrad 6 OFF6 6 and 66 ONOG dwhidhwasct i on a

controlled by different water flow direction64).

1.3 Motivation and contributions

As mentionedabove the femtosecond laser induced TPP technigue& promising
approachfor fabrication ofmicro/nanoscalestructures.Several achievementsasingon
TPP have been reached, such as R@spoptical elementandmicrofluidics. However,

this technique is still in its infancpNew functional devices fabricated by TPP with the
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advantages of high precision, flexibility and three dimension is expected to develop and
apply in differentfields. The goal of this thesiis to design various novel opto
microfluidic devices with femtosecond laser induced TPP techniqlibese opto
microfluidic devices ardargeted to sensing applicatosuch as Rl and temperature
measurement which will have gregbtential applicationsof clinical diagnostics,

molecular analysis and chemical synthesis.

In this thesisthe fabricatiorandcharacterization of femtosecond laser induced TPP
is explored in Chapter 2, diffractive grating baskldch Zehnder Interferometer based
and mcroring re®nance basedpto-microfluidic sensorsare designed and testéal
Charpter 3. Charpter 6 demonstrates the feasibility of an-mperofluidic device for

simultaneous particle sorting and RI sensing.

The research in this thesfgst successfullyapplies two-photon polymerization
technique to optanicrofluidic devices designsunique singlevaveguide based Math
Zehnder Interferometer sensaaad achievesRI sensing and temperature testimmnd

realizessimultaneous particle sorting and optical measurement
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Chapter 2 Characterization of microfabrication
with two-photon polymerization technique

In this charpterthe characterization of the TPP fabricationngestigated The detailed
fabrication process areffects of focusing condition, scan speed, exposure timpulsd
energy on the the diameter of a voset discussed. Th&tudyin this chapter provides
basic guideline on how to choose optimal fabrication parameters to obtain designed

patterns.

2.1 Fabrication processes

In the following sections, SkB from Microchen®, USA is used for fabricating various
optical components. Due to weallhesion strengtbetweerthe glass and S8, rigorous
proceduresmust beimplementedto avoid SU8 lift-off. Tabe 2-1 lists the relevant
fabrication processesA glass slide as the substrate is first cleanedacetone,isopropyl
alcohol (PA) and distilled watewith anultrasoniccleaner Branson® 8510USA) for 10
minutes, respeatély, to remove the dust and greasdter drying with pressurizedir,
the glass slide idehydratedn a 200°C oven(Thermolyne® 1400USA) overnight SU-
8 resistis deposited on the glass slidellowing a two-step spiacoating process: 10
second spreaspinningat 50rounds per minuterdm) first andthen rampmg to 3000 rpm
for 30 sas thefinal spin (Headway Researchnc., USA). After the spin-coating the
film is pre-baked at 65°C (Sybron® nuovall stir plateJSA) for 1 min followed by a soft
baking at 95°C (Sigma SystemdJSA) for 3 minto evaporate the sant Thespiming

and bakng time described aboves for a2 pm film of SU-8-2 resist. Other Si8 series
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such as StB-2075 and SkB-3050 have different recommended spatesand bakng
times which have been specified the data sheetssued by Microchea CompanyLaser
exposure isperformedwith a femtosecond laserand two postexposurebaking are
adoptedor crosslinking the exposed regions: 1 min af@&%nd 1 min at 95C. The two
step posbaking is used to minimize stress and resist cracking. gtsbaked film is
immersed into the S\8 developer to dissolve the unexposed regions, rinsed with IPA and

dried with highspeed spining. Lastly, hard balng is adoptedo reinforcethe structures.

Table2-1 Processesf microfabrication withTPPtechnique

Steps MaterialgConditions Time
Acetone 10 min
Substrate leaning Isopropyl alcohol (IPA) 10 min
Distilled water 10 min
Substratedehydration| 200°C 12 h
Spinning 500 rpm 10 s
3000 rpm 30s
Soft-baking 65°C ! mfn
95°C 3 min
Laser exposure Femtosecond laser Variable
Post exposure baig 65°C ! m.in
95°C 1 min
Development Developer 1 min
Rinsing Isopropyl alcohol (IPA) 30s
Hard baling 95°C 2h
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2.2V oxel characterization

Depending orthe differert applications of the TPP, voxsglvolumetric pixel)of different
sizesare needeth various structured he size of a voxel determines timnimum unit of
a microstructure. Leeet al. proved that the voxel size depsmah many parameters as

shown in Egs. (2.1) and(2.2) [65, 66].

1
€ 84,.2D2¢ & o1 4 &
4p°P°Q aan sin” NA /n) @ <
d= / 3gnée e ( . ) u (1: (21)
ptan(sml(NA/n)) g x E, U &
¢ T
1
40°P*Q gfan| sin* NA/n) 2% U
=2z = 2/ _ %p € (04 nAn) § 51t (2.2)
by ._1 U
pgtan(sm Q\IA/n)) 8%‘; = 0 H

whered and| arethe diameter and longitudinal dimension of a voxebkpectivelyE, is
the exposure threshold for TP&js the wavelength ahefemtosecondaser,n is the Rl
of the resinP is the laser powet,is the exposure time, and NA is thenmerical aperture
of an objective lens. Therefore, voxel size cancbatrolled by choosing optimized

exposure parameters, suchaser power, exposure tinaed NA.

In this section, a film witha thickness of about.0 pm is produced on the glass
substrag. The diameteof a voxel is studiedat different laser powear focus locatios,
exposure timeandnumerical apertuse(NA). In the following simulation, the exposure
thresholdEy, of SU-8 for TPA is 3.B TW/cn¥ [67], &is 800 nmnis 1.5® (at800 nm), P

is 20- 60 mW,andNA is 0.8 forthe 50x objective lensand 0.95 fotthe 100x objective
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lens Considering the step dhe motion stage (500 nm/stepjsed in this studythe
exposure time for aline scan id = 500 v (ms), wherev is the scan speealith a unit of

nm/ms(or equivalently um/s

2.2.1Effect of focusing condition

Lines are fabricated by adjusting the focusing of the femtosecond Fagere 2-1(a)
showsscanning electromicroscope $EM) images of lines fabricated kaylaser energy
of 0.500 n¥pulsethrough a2x beam expanddtinos 2x- 8x) and anobjective lens with
amagnificationof 50x. The scan speed is 20 umi$e lines will lift off the surface when
the laser beans focused too much abowe belowthe film surface. Figre 2-1(b) shows
an enlargedimage of lines which are fabricated by focusiting laser beam on the
location 1 um above the surface. The lines becamlebly due to the dct that the line
shaped coatinglmost lifts off the substratefigure 2-1(c) showsthe results ofneasured
diametersThe width of the line increases with the improvement in focusing, and reaches
the maximum when the lasbeam is focused on the film surfaéégure 2-2 givesSEM
images of lines fabricated leylaserenergy of 0.80 nJ through an objective lens with
100x magnification. The scan speed is 20 um/s. The diameter re@samagimumwhen

the laser beam fcused exactlpn the film surface.



Chapter 2 Characterization ofarofabrication with twephoton polymerization technique 16

1.5 pm below
1.0 pm below
0.5 pm below
Surface

0.5 pm above

1.0 pm above

(b)

042- |

~ 0.6F /
E" ]
o
o.2§-
0.0 Frusrreccce W i, R e

-15 -10 -05 0.0 0.5 1.0
Focusing condition (nmm)

(c)
Figure2-1 Lines exposed bfemtosecond lassiof different focusing conditions: (gn
SEM image of lines(b) an SEM image of lines with a focus at 1.0 um above the
interface and (c) dependencef the widthof line on focus conditionThe lasempulses
(0.500 nJ/pulse) are focused by an objective lens withagnification of 50x (0.8 NA).
The scan speed is 20 um/s.
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0.5 pm below

Surface

(b)
Figure2-2 Lines exposed bfemtosecond lassiof different focusing coditions: (a)an
SEM image of linesand(b) an enlargedSEM image for the first three lines in (a). The
laser pulses (0D nJ/pulse) are focused by an objective lens with a magnification of
100x (0.95 NA). The scan speed is 20 pum/s.
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2.2.2 Effect of scan geed

Lines are fabricated witla femtosecondaser of different scanspeeds. Figre 2-3(a)
shows a SEM image of lines fabricateddhaser energy of 0@ nJ through a 2x beam
expander and an objective lens with 50x magaiion. The laser beams are focused on
the film surface. The scan speed increases from 2 um/s to 300Ausisver scan speed
means longer exposure timeherefore a higher scan speeagthieves aarrower line. We

also notice that the lines change istgarateddots when the scan spesdarger than 80
pm/s. This is caused by the mechanism of the step motion stage. Therefore, the scan
speed will be smaller tha80 um/s to obtailnomogeneouknes in the following sections.
Figure 2-3(b) presents thelependence of the width on the scan speed. The theoretical
result is calculated according to Eqgn. (2.Eigure 2-4 showsa SEM image of lines
fabricated bya laser energy of O nJ through an obgive lens with 100x
magnification and the dependence of the width on the scan sp@dte scan speed
increases from 2 pymM® 60 pm/s. Similar results are obtain&chich have showed that

thewidth of the line decreases with the increase of the scan .speed

2.2 3 Effect of exposure time

Dots are fabricated witta femtosecondaser of different exposure times which are
controlled by a shutter (Uniblitz® VCAD1). Figure2-5 describes a SEM image of dots
which are fabricatedvith alaser energy of 0 nJ through a 2x beam expander and an
objective lens with 50x magnificatioand the dependence of the diameter on the
exposure timeThe exposure time varies from 100 ms to 3000 ms. Seven dots are

fabricated with the same exposuredimhich are shown in the same rokine theoretical
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result is obtainedaccording toEgn. (2.1). The diameter of the dot increases with the

increase of the exposure time.

d@um

1200

—e— Experimental result
1000 —l —— Theoretical result

800 |

600 |

Width (nm)

400 ¢

200}

ol
0O 10 20 30 40 50 60 70 80 90
Scan speed (nm/s)

(b)
Figure 2-3 Lines exposed byemtosecondases of different scan speedga) an SEM
image of lines and (b) dependencef the width on the scan speed. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification of 50x (0.8 NA).
The theoretical result is obtainadcording tdEgn. (2.1).
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Figure 2-4 Lines exposed byemtosecondases of different scan speeds: (ah SEM
image of lines and (b) dependenceof the width on the scan speed. The laser pulses
(0.500 nJ/pulse) are focused by an objective lens with a magnification {Q@% NA).
The theoretical result is obtainadcording tdEgn. (2.1).
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Figure 2-5 Dots exposed bfemtosecond lassiof different exposure tinge (a) an SEM
image of dotsand(b) dependencef the diameter on the exposure tinide laser pulses

(0.500nJ/pulse) are focused by an objectiers with a magnification of 50x (0.8 NA).
The theoretical result is obtainadcording tdEgn. (2.1).
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2.2 .4Effect of pulse energy

Lines are fabricated with differefiéemtosecondaser energieskigure 2-6 describesa
SEMimage oflines which are fabricated by ladeeamghrough a 2x beam expander and
an objective lens with 50x magnificati@md the dependence of the width on the pulse
energy The scan speed is 20 umise pulseenergy varies from 0.375 nJ/pulse to 0.875
nJ/pulseLow pulse energy (< 0.375 nJ) caneaiposeSU-8. High pulse energy (> 0.05
nJ) will ablate thesU-8 film andruin the sample. In the available pulse enem@yge the

width of the line increases with the increase of the pulse energy.

In concluson, the characterization of TP&sing afemtosecond laser has been
carried out in this chapter. The diameters of voxelwicated atdifferent fabrication
conditions have been measured. The experimental regmltsot agree well with the
simulation resuk based on Eqn. (2.1The reason mighbe that the exposure threshold
Eq of SU-8 for TPA isreferenced fromRef. 67. Theactual value might be a little
different from that valuefollowing the experimental resultsbtained herethe diameter
of voxel can be increased by using large pulse energy, long exposurectirel®w scan

speed.
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Figure 2-6 Lines exposed bfemtosecondases of different pulse energies: (ap SEM
image of linesand(b) dependencef the width on the pulse energy. The laser pulses are
focused by an objective lens with a magnification of 50x (0.8 NA). The scan speed is 20
pm/s. The theoretical result is obtainadcording tdegn. (2.1)
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Chapter 3 Gratin g-based g@to-microfluidic
devices

3.1Introduction

In this chapter a diffractive grating isintroduced. Thefabricaion process and the
diffraction characterization atudied Colour filters arerealizedby fabricating gratings
with different thicknesss. Rl senfng is alsoimplemenéd by monitoring the transmission
spectra othe zeroth ordediffraction light. The effects of the resonance order and grating

thickness on the sensitivirediscussed.

3.1.1Theory

In optics, grating is a kind of periodistructure which diffracts light in different
directions. A typical binary dielectric grating consists of alternating regions of high and
low RI dielectric materialgs shown irFig. 3-1, in which s is the grating pitchd is the
thickness of the gratingy andn, are the RIs of these two dielectric materialsda and

b are the widths othetwo regionsyespectively.

Assuming a plaar wave passes through a grating, the transmission funddiis

described as:

gd/ L <x A La+
(=1  for "% % nh=o, U, 2, 30. X (3.1)
e’ nL +a X = L

N2
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whereN+1 is the number of grating linesnd(i; andd, arethe phasgof light that passes

through the high RI regionn; and low RI regionn,. Therefore, the lpases can be

expressed as:

2
o (3.2)
2,0/—

/1

whereads the wavelength of light.
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Figure 3-1 Schematic illustration of a guidedode resonance gratinga) the 3D view,
and(b) theside view
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The Fraunhofer (fafield) complexamplitude distributioriJ(f) can be calculated by

Fourier transformation of the transmission function at the frequenclfy:olf/i [68]
z

IN+1) U2

(=

- 1 2pxf :'[i
T o 12z‘(x)e dx m@_

- Q

1 5.
¢f DT e d (33)
2

wherex is the coordinate along the grating directit) is the transmission functios,is

the grating pitchimis the diffraction orderandy = xi ms

Sincethe frequency is equal to?, the intensity of then™ order is

(D=0 =5

ﬁLi t(y)e "™ Ld;{ (34)

Therefore, the intensity of the zeroth diffraction order(0) is

a a a a .
l.=1-2=1 =) 2= (1 <=)co¥
0 I_( I_) I_( E J

. (3.5)

a a ‘
=1-2—(1 =) 2= (1 —)cosf—d
20 2) 220 Byoosd g n)
wherel(i= U, - (,is the phase difference.

3.1.2Fabrication and applications

To date, various fabrication teclyjueshave beerproposed to obtain binary dielectric
gratings, such as laser machiningd,J0], microelectromechanicasystems(MEMS)
[71,72], soft lithography T73,74], and hotembossing[75,76]. Figure 3-2 depicts a

schematicillustration of various fabrication techniques During lasermicromachining
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processesa high power laser beam is foaton the surface of a planmaterial such as
a metal, ceramicspolymeror glass, andhenablated periodic grooves af&bricated by
controlling the movemeatof the laser beartFig. 3-2(a)). MEMS are the fabrication
techniquewhich originatedfrom semiconductor device fabricatiobhere are three basic
processes in MEMS technology:situctural layer such aslicon, polymer ormetal film
and a sacrificial layer such as photosensitive fdre first deposited on the substrate
sequentially a grating pattern is transferred tbe sacrificial layerby a lithographc
technique the grating structure is produced in the structurakdaysinga selective
etching proceséFig. 3-2(b)). The ft lithographc technique emergeith the 1980s,and
underwentrapid develomentin the 1990s [7]. Elastomeric materials, most notably
polydimethylsiloxane (PDMS), are poured on the gratingpaster which is usually
fabricated by lasemicromachining orthe MEMS techniqueto form grating structures
(Fig. 3-2(c)). Hotembossing is a type of stamping technignaevhichheat and forces are
applied on the substrate ammaster to emboss the plastic materiatommonly

polycarbonat@r polymethyl methacrylate (PMMA(Fig. 3-2(d)).

With the development of microfluidic and optofluidic tedues, a novel type of
droplet or bubble grating was propos&®8-B1]. The design for the formation of a droplet
or bubble grating in a microfluidic chip is shownHig. 3-3. Immiscible liquids or gas are
infused intoa microchannel and then generate an interface at fumcion. The high
resistance to the continudydlowing fluid separates the dispersed liquid or gas into an

array of periodic droplets or bubbles.
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Figure 3-2 Schematic illustration of different fabrication processes: (dpser
micromachining(b) MEMS, (c) soft lithography and(d) hot-embossing.
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Continuous liquid

——

1 Dispersed liquid

Figure3-3 Schematic illustration of a droplet grating

As an important optical component, diffrastigrating has been widelysed asa
wavelength separation device in spectroscopy. Diffraction grating isuaksd inlaser
pulse strething and compression. In addition, diffraction grasirggn also work as
optical filters, beam splittes andoptical couplers. Here, we just focas the applications
of the binary dielectric gratinop microfluidics and optofluidicsAs shown inEqgn. (3.5),
the diffractionintensity is related to the thickness of the grating and the RIs of the
periodic regionsThe microfluidic refractometers were designed to measure the BRI of
liquid in the microchannel. Schuelletal. replicated a series of microchannels on PDMS
and sealethemwith a glass slide to form a PDM&ir (liquid)-PDMS grating Fig. 3-4).
Transmission intensities chamgaccording to the RI ofhe liquid in the microchannel
[82]. Yu et al used immersion oil and CaCl, solution to generate a microfluidic droplet
grating. RIs of the G&@l, solutionswerederived from thdiffraction intensities §0]. Lei
et al integrateda gating on the tip of a multimode fiber, and ingserthe fiber into a
microchannel to test the RI of the flui@3. Another application of such microfluidic
grating isthe colour filter [80, 84]. By simply adjusting the RI of the fluid, different
colours in the zeroth order are observedaxharge coupled devid€CD) camera when

the white light passes through he gr ati ng. As a kind of

‘N



Chapter ratingbased pto-microfluidic devices 30

PDMS will deform when a force is applied on them. Based ahis phenomengn
Grzybowskiet al proposed a type of pressure sensomwhich strairvasimposed on a
PDMS grating, and a decrease of the grating thickmess induced Pressurewas
calculatedby montoring transmission intensities§]. Hosokawaet al presented a
microfluidic pressure sensor using the deformation of a PDMS microchannel grating to
achieve the pressure in the microchariBg]. Besides the applications of diffraction light
mentiored above,a droplet signal generato?9] and microfluidic grating dye laseB6-

88] were also reported. In the diaser design, dye solutions flow in the microchannel.
After the dyewasexcited bythe pump light, the lasewasgenerated from the laser cavity

consising of agrating andawaveguide.

PDMS
Air or liquid

(1. 1 ]

Glass

Figure3-4 Schematidllustration of a microchannel grating

3.2 Grating characterization

SU-8 gratings are fabricatedsingafemtosecond lasdyy scanning lines aby one.The
most important advantage of this methothesflexibility . It is easy to wri gratings with
different periottities s, thicknesssd, and widtls a by simply adjusting the laser power,
scan speed, and focusiogndition Figures 3-5 and3-6 showthe SEM images of gratings

with the periodtities of 5um and 3 pm respectively. The laser beam is focused by a 50x
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objective lens with NA of 0.8, laser powef 0.625 nJ/pulse, and scan spe¢@0 pm/s.

The size of the gratings is 2@@ x 200 um.

Figure3-5 SEM imagesf a grating with a periodicity of 5 um. The size of the grating is
200pm x 200 pm.

Figure3-6 SEM images of a grating with a periodicity of 3 um. The size of the grating is
200 pm x 200 pm.





















































































































































































































































































































































































































































































































































































































