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ABSTRACT

Optofluidic Devices for Cell, Micropatrticle, and Naparticle Manipulation
by
Aaron Takami Ohta
Doctor of Philosophy in Engineering - Electricaldimeering and Computer Sciences
University of California, Berkeley
Professor Ming C. Wu, Chair

Research in the micro- to nanoscale regimes isittded by technologies that enable
the addressing of these tiny particles. In biolabi@search, manipulation enables the
study of single-cell behavior, as well as the sgrtof specific target cells from a mixed
population. In engineering applications, micro- arahoparticles can be assembled to
form electronic and optoelectronic devices. Seveéypkes of forces can be used to
manipulate micro- and nanoscale objects, includitical and electrical forces.

A device is presented that integrates the advastageoptical and electrical
manipulation, called optoelectronic tweezers (OETHhe OET device combines the
advantages of both optical and electrical trappi@gtical patterns are used to create
manipulation patterns and particle traps in an amous-silicon-based semiconductor
device. The optical patterns create dielectropiofetce in the OET device, via light-
induced dielectrophoresis. Thus, OET does not thyrerse optical energy for trapping,
allowing the use of much lower optical intensitilban direct optical manipulation. These
low optical intensities can be achieved by a compptojector or an LED, allowing the
creation of complex optical manipulation patterRarthermore, unlike electrical traps,

OET is capable of trappingspecificsingle microparticle from a larger population.



In this dissertation, the optoelectronic tweezeaak is discussed in detail, including
the operating principle, design considerations, dadbrication processes. OET
manipulation is presented in the context of thregomapplications: sperm sorting for
improving currentin vitro fertilization techniques, microdisk laser assenfolyCMOS-

integrated optoelectronic devices, and nanowireraby/ for nanowire-based displays.

Professor Ming C. Wu, Chair
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Chapter 1 Introduction

1.1 Methods of Micro- and Nanoparticle Manipulation

Many research fields benefit from the ability tdeess particles in the micro- and
nanoscale regimes. For example, biologists hawdtivaally studied cell behavior by
observing the bulk response of a population ofscdlowever, it can be desirable to
observe the behavior of a single cell in order tiadg phenomena such as cell-cell
interactions, cell signaling pathways, mutationggenetic damage among a population,
or the differentiation of stem cells. In additidhg response of a single cell is observed,
rather than the average response of an entire giogul Certain cells in a homogeneous
population may exhibit behavior that deviates frtme average response; single-cell
observation may provide more insight into the caofehe deviant response. This
information can be used in applications such ag dwreening and cancer or disease

detection and diagnosis.



Engineers and physicists are interested in noregichl particle manipulation.
Nanostructures that exhibit quantum-mechanical Wiehare interesting to researchers
studying nanoscale physics, or to engineers whaegpiting the unique properties of
nanomaterials to create improved devices. Howeer difficulty in addressing and
assembling these extremely small particles presantsbstacle to creating electronic or
optoelectronic devices that incorporate nanostrastu

Micro- and nanoscale manipulation can be achievetth & variety of forces,
including mechanical, magnetic, fluidic, opticalhdaelectrokinetic forces. A wide
variety of devices have been develop to controseéhrces for particle manipulation.
Perhaps the most intuitive devices are mechaniealipanlators, such as microgrippers
for cells [1-3] or atomic-force microscope tips dder nanoparticle positioning [4, 5].
However, it is difficult to scale up the number mkchanical manipulators in order to
increase the parallel manipulation capabilitiesttté device. In addition, non-contact
methods are often preferred by biologists.

Magnetic forces are not invasive, but this limitampulation to particles that either
have an intrinsic magnetic response [6, 7] or aggéd with magnetic beads [8, 9].
Cellular tagging with magnetic beads has a highcifipgy and efficiency [10], but
tagging protocols may not exist for all the cellsnterest. As a result, tag-free protocols
that do not require attaching cells to magnetiacdbea other particles are more attractive
to biologists.

Hydrodynamic forces are another non-contact methbdcellular manipulation.
Hydrodynamic forces have been used to trap [11,al®] sort [13, 14] single cells.

However, these devices require complicated pumfesysand control systems, and the



high fluid flow rates in the microfluidic channetsin induce shear stress on the cells,
altering behavior such as protein expression [15].

Optical forces can also be used for cell manipoigtieither through radiation
pressure [16] or by the force exerted by the grada the optical field of a highly-
focused laser beam, as in the classic optical t@redrap [17]. Optical tweezers provides
dynamic, flexible manipulation of specific singleslls or particles, especially in
configurations where dynamic optical tweezers tnaay be created from a single input
beam, in a techniqgue known as holographic optiwaktzers [18, 19]. Optical tweezers
has been used in many research applications, sucteasuring cell motility [20], sorting
colloidal particles [21], sorting cells [22], andhpping and assembling nanowires [23,
24].

The basic single-beam optical tweezers trap is éormwhen a laser beam is highly
focused. Near the focal point, lateral trappingés are created due to the gradient force
of the light. Along the axial direction of the é&asbeam, a force due to radiation pressure
also exists. Thus, the trap is only stable indghidanensions if the axial gradient force
near the focal point is stronger than the forcesnfrradiation pressure. In order to
generate sufficient trapping forces, laser intéessiof approximately T0to 10° W/cnt
are typically used, which can damage some typepanficles, including cells [25].
Cellular photodamage can be reduced by using edr&sers [26, 27], but some harmful
effects may still remain [27, 28].

In addition, to generate a sufficient gradient &rthe laser is highly focused with
high-numerical-aperture objective lenses. This Itesa a limited area over which the

optical traps can be created, limiting the parat@nipulation capabilities of an optical



tweezers system. This limitation becomes more ioéis® for larger particles, such as
mammalian cells, which typically have diametersygproximately 1Qum. Other types of
optical trapping, such as evanescent wave trapffig 30], are effective over larger
areas, but have difficulty isolating a single paetifrom a larger population. Plasmonic-
enhanced optical tweezers traps have also beend¢mated using low-numerical-
aperture lenses [31], but significant optical isiées are still required to achieve patrticle
or cell trapping (approximately 8 x 1@/cnf) [31, 32].

Dielectrophoresis (DEP) is the electrical analog aftical tweezers. This
phenomena, first described by Pohl in 1958 [33lieseon the gradient force of an
electric field rather than an optical field. Dietephoretic force results when the
interaction of the electric field gradient with tireduced dipole of particles within the
field produces a net force on the particles. DEat on a variety of particles, including
non-conductive particles, conductive particlestipkes that have a net electric charge, or
particles that are charge-neutral. Typically, miabricated metal electrodes are used to
create electric field gradients that are sufficiemttrap micro- and nanoscale particles
[34-36].

DEP-based devices have been demonstrated in appli€aranging from cell
trapping and sorting [34, 35, 37-40] to carbon rabe sample separation [41] and
nanowire assembly [42, 43]. Electrode-based DERcds have parallel manipulation
capabilities, but the fixed trapping patterns lithi¢ flexibility of individual devices, and
make it difficult to isolate a single particle oterest. Spatially-varying electric fields can
be generated by applying alternating phases tdretixs, transporting cells in what is

known as traveling-wave dielectrophoresis [34]. ldoer, the same limitations of



electrode-based DEP also apply to traveling-wavd® DEamely difficult in isolating
specific single particles. True dynamic single-aahtrol requires active control of the
electric field, achieved in a CMOS-circuit-basedide that creates dynamic DEP cages
[44, 45]. However, this device is limited by thdgbi of the CMOS circuitry, and is
currently limited the manipulation of microscalgeis.

In addition to DEP, other electrokinetic forces nieyused for particle manipulation,
such as electrophoresis [36, 46]. However, elebtogsis only acts upon charged
particles; charge-neutral particles will experiemceforce. Another electrokinetic effect,
electroosmotically-driven fluid flows, have alsoebeused to manipulate cells and other
particles [47, 48], but like electrode-based DHfgse devices have fixed manipulation

patterns.

1.2 Optoelectronic Tweezers (OET)

Another approach to single-particle manipulatioomboes aspects of both optical
tweezers and dielectrophoresis, resulting in ofytgaduced dielectrophoresis. This
technology, which we call optoelectronic tweez&d&T), uses a photosensitive surface
to allow optical patterns to control the electield landscape [49, 50]. The resulting non-
uniform electric field then generates a DEP foroeparticles in the OET device (Figure
1.1). As optical energy is not directly used fapping, much lower optical intensities
can be used as compared to optical tweezers, inatige of 0.01 to 10 W/cmThese
optical intensities can be achieved by a computejeptor or an LED, allowing the
creation of complex optical manipulation patter®®,[ 51]. In addition, the optical
gradient force is no longer required, relaxing fineusing requirements and allowing the

use of low numerical aperture lenses. As a resaltpur current configuration, the
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effective manipulation of OET is 500 times largeart that of a typical optical tweezers
setup. Furthermore, since the manipulation pattaraontrolled optically, OET retains
the flexibility and dynamic control enjoyed by aati tweezers. Unlike electrode-based
DEP, OET is capable of trappingsaecificsingle particle from a larger population. In
addition to the advantages presented by opticalhtrolled manipulation, OET also
retains the properties of DEP. Different cells exgee varying DEP forces, allowing

the separation of cells based on the DEP resp&is&2].

Transparent
electrode

Photosensitive electrode

Optical pattern

Figure 1.1Schematic of the optoelectronic tweezers devicee TET device

uses optically-induced dielectrophoretic force toanfpulate micro- and

nanoscale objects. The illuminated areas createatiptdefined electrodes on
the photosensitive surface, creating electric figichdients that generate
dielectrophoretic force.

Since OET was developed by our research group08 p4B], OET manipulation has

been demonstrated on a variety of microparticlesluding polystyrene beads [50-56],



semiconductor microdisks [57. colibacteria [58], red blood cells [51, 56], white kdoo
cells [50-52], HelLa cells [52, 59], Jurkat cell2]pand yeast cells [53]. In addition, OET
is capable of manipulating nanostructures, suchsasiiconducting and metallic
nanowires [60-62].

The source of optical actuation for the OET dewe@ be coherent or incoherent.
Thus, a variety of light sources can be used fol @t&nipulation, including low-power
lasers [49], halogen lamps [50] , and LEDs [50,. 32je optical source and the optical
patterning system can also be integrated by foguiia output of a computer projector
[51] or LCD [55, 56] onto the OET device. Directlging an LCD as in ref [55] creates a
feature-rich lab-on-a-display that has a smalletgant than many microfluidic lab-on-a-
chip devices that require bulky external fluidiags.

Alternate configurations of the OET device incluggng amorphous silicon for both
of the electrode surfaces [63], which has been showeduce the stiction of polystyrene
beads by reducing their contact to the electrodéases of the device. We have also
integrated OET with electrowetting-on-dielectricvibes [64] in order to manipulate
particles within aqueous droplets. This configunatis described further in Chapter 8. In
addition, the photosensitive electrode of the OEVick can be altered to create a device
that uses only one substrate. In this device, linare field direction is primarily parallel
to the surface of the substrate, so we call thigfigoration lateral-field optoelectronic
tweezers (LOET) [52, 57, 61]. The LOET device ¢mmore easily integrated with
other microdevices, as there is only one substrateaddition, anisotropic particles such
as microdisks [57] and nanowires [61, 62] alignhvifteir long axis parallel to the surface

of the OET device, unlike in the standard OET devi60]. The LOET device is



described further in Chapter 5. We have also dg@eelanother variant of LOET, called
planar LOET (PLOET) [62], which is described in @tex 7.3. Finally, another variant
of the OET device can be used to manipulate aqudonyglets in oil for cell-based
assays, and is known as floating-electrode OET. [6BE types of OET devices are

summarized in Table 1.1.

Table 1.1Types of OET devices

Type of OET device| Description Inventors Key refere(s)
OET Original OET device Chiou, Ohta, Wu [50], Chaptl to 4, 8, 9
OET / EWOD Integration with EWOD device  Shah, Chi@inta, | [64], Chapter 8
Wu
LOET Single-sided, lateral-field Ohta, Chiou, [52], Chapters 5to 7
device Jamshidi, Hsu, Wu
PLOET Single-sided, planar lateral- | Ohta, Neale, [62], Chapter 7.3
field device Jamshidi, Hsu, Wu
3D OET a-Si on both electrode surfacgs  Hwang,.et al [63]
FE-OET Manipulation of droplets in oil|  Park, et al. [65]

1.3 Capabilities of Optoelectronic Tweezers

Here, some of the capabilities of the OET devicdl e described, including
massively parallel single-particle manipulatiorgesbased particle sorting, and image-
feedback-controlled manipulation and sorting. Themeabilities enable the use of OET
for interesting applications, which will be discadsin further detail in subsequent

chapters.

1.3.1 Massively Parallel Manipulation

A demonstration of the high-resolution manipulaticapabilities of OET is the
creation of 15,000 OET traps across an area ofhhi8x 1.0 mm solely using optical

patterning (Figure 1.2) [50]. The optical pattem dreated by illuminating a digital



micromirror device (DMD) spatial light modulator €Xas Instruments) with a 100-W
halogen lamp (Figure 1.3). The image created byOMD is focused onto the OET
device using a 10x objective lens with a numermaérture of 0.3. The particles are
trapped in the darker circular areas of the pregehanipulation pattern by the induced
negative (repulsive) OET forces, which push thedbaato the non-illuminated regions
where the electric field is weaker. The size ofhetaap is optimized to capture a single
4.5-um-diameter polystyrene bead, and correspands3 x 3 array of DMD pixels. By
programming the projected images using a compaterface, these trapped particles can

be individually moved in parallel (Figure 1.2b).



Figure 1.2Massively parallel manipulation of single particlg®]. (a) 15,000
particle traps are created across a 1.3 mm x 1.0ame@ The 4.5-um-diameter
polystyrene beads experience negative OET forcésaentrapped in the darker
circular areas. Each trap has a diameter of 4.5wmigh is adjusted to fit a
single particle. (b) Parallel transportation ofgbparticles. Three video images
show the particle motion in a section of the ouerahnipulation area. The
trapped particles in two adjacent columns move pposite directions, as
indicated by the blue and yellow arrows.
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Figure 1.30ptical setup for the generation of optical pateusing the DMD
spatial light modulator.

1.3.2 Size-Based Patrticle Sorting

The optically-induced force in the OET device deggean the volume of the patrticle
(explained further in Chapter 2.4), so particlesvafying size will experience varying
strengths of OET forces. This can be used to autoatiy sort particles based on their
size. We have demonstrated this using a DMD spégak modulator to create a
continuous sorting pattern without the assistaridkiiglic flow [50]. Figure 1.4 shows an
example of an integrated optical manipulator thamlines the functions of optical
conveyors, sorters, wedges and joints. Particles teansported through different
functional areas and recycled in this light-patéerrcircuit, traveling through different
paths depending on the size of the particle. Restiwith different sizes are fractionated
in the lateralz-direction as they pass through the sorter path,tduhe angled shape of

the optical patterns (Figure 1.4b). Larger particere moved more easily by the

11



optically-induced DEP forces, and do not requirestasng of an electric field gradient.
Thus, the larger particles travel on a trajectdrgt thas a higher value af Smaller
particles need a larger electric field gradientbto transported at the same velocity as
larger particles, and move up along the field gradi Thus, the trajectory of smaller
particles has a lower value af The distinct trajectories of a larger 24-um-digene
polystyrene bead and a smaller 10-um-diameter pobrse bead can be seen in Figure
1.4c. At the end of the sorter path, an optical geedivides and guides the particles into
the two conveyors. The looped optical conveyors ttexycle the particles back to the
sorter input to repeat the process. The pathseofrtttionated particles can be switched
by reconfiguring the tip position of the optical dge (Figure 1.4c, d). The trajectories of
the particle movement are highly repeatable andrately defined. Figure 1.5 shows the
distribution of the particle position in the midd)é the sorter (marked by a white bar in
Figure 1.4c, d) after the same particles have pagts®ugh the sorter 43 times. The
standard deviations of trace broadening are 0.5qtrthe 10-um bead and 0.15 pum for
the 24-um bead. The larger particle shows a bettefinement in the optically-patterned

OET cages during transportation due to a larger @kde.
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Figure 1.4An example of an integrated virtual optical machifE0]. (a)
Integration of virtual components, including aniocpk sorter path, conveyors,
joints and a wedge. The motion of different compasds synchronized. (b)
Fractionation of particles by size occurs in thdirection due to differences in
the OET force. (c, d) Two polystyrene particleshwdiameters of 10 and 24 um
pass through the sorter path and are fractionateédeiz-direction. The particle
trajectories can be switched at the end of theespsth by the optical wedge.
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Figure 1.50ptical sorting repeatability test [50]. The whaad black loops in
Figure 1.4c and Figure 1.4d represent the paittialectories after 43 cycles. The
trace broadening at the white bar has a standasdtoen of 0.5 pm for the 10-
pm bead and 0.15 pm for the 24-um bead.

1.3.3 Image-Based Automated Cell Manipulation

The most practical method of controlling a largeniver of particles in parallel is
through the use of image-feedback-controlled opticanipulation pattern generation.
The feedback control is combined with a continupusbving OET platform, creating a
large manipulation area by rastering the OET deamess the microscope field of view
[66]. The experimental setup is shown in FigurealBhe system uses a liquid-crystal
spatial light modulator (Hamamatsu Photonics Cotp.)generate image patterns for
optical manipulation. A 10-mW, 635-nm laser is axgad 10 times to cover the image-
generating surface of the spatial light modula®kN]). The patterned light is focused
onto the OET device through a 10x objective lense DET device is mounted on a

motorized stage.
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The image-feedback-control is realized by captutimg microscope image using a
video CCD camera, and analyzing the video feed waithimage-processing software
(Processing 1.0 [67]) to determine particle chanastics such as size, color, texture, or
shape. Based on this information, a correspondptgca pattern is generated by the
software, and transferred to the SLM for projectmmo the OET device. In order to
manipulate a larger number of particles, the OETpcds programmed to move
continuously across the manipulation area usingrtb®rized stage (Figure 1.6b). As the
particles move through the OET manipulation area,randomly distributed particles are

sorted into multiple groups.
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Figure 1.6(a) Automated OET system for real-time image-analyeedback
control. (b) Schematic of chip-scale sorting usDigT.

Automated cell trapping is demonstrated using Hetlés, a cervical carcinoma cell
line (Figure 1.7) [66]. The stage carrying the Odevice moves from the left to the right
at a constant speed of 5 um/s. The cells enteOHE manipulation area from the left
side of the screen and trigger the SLM to switchtenpixels below the cells, projecting
the corresponding optical patterns. Unlike polystyg beads, the cells experience a

positive (attractive) OET response, and are puligdhe optical patterns towards the
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lower edge of the field-of-view. Once the correqfiog cell reaches the lower edge of
the field-of-view, the optical trapping pattern® afteactivated. The linear trajectories of
the cells show that a constant OET force is geedraicross the manipulation area

(Figure 1.7c).
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Figure 1.7Automated manipulation of HelLa cells. (a, b) Helallx are
transported to the lower region of the field-ofwigc) Trajectories of the HelLa
cells entering the OET manipulation area from #fedide of the image.

Image-feedback control provides another methodiz#-based sorting. The image-
analysis software can be used to identify the ffeparticles, and generate the
appropriate sorting patterns. This has been dematedt with the sorting of a mixed
population of 15- and 20-um-diameter polystyrenadse The beads enter the active area

from the lower edge of the field-of-view as the m&cope stage moves at a velocity of
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10 um/s. The bead sizes are identified, and opp@térns are generated to sweep the 20-
pKm beads to the left edge of the manipulation avbde the 15-um particles are swept to
the right edge (Figure 1.8) [66]. The dashed blauks represent the edges of the OET
manipulation area.

In our current system, the throughput is limitedthy refresh rate of the SLM, which
is 5 frames/s. Moving the stage at a velocity gnetitan 15 um/s introduces a time delay
to the optical patterns projected onto the OET am#f resulting in a reduced sorting
efficiency. The highest particle concentration thas been successfully sorted in this
system is 1600 beads/mncorresponding to a sorting throughput of 120 bgath in the
OET manipulation area. A higher stage velocity, #8mas a higher throughput can be

achieved by incorporating prediction algorithmgha image analysis software.
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Figure 1.8Automated particle sorting. (a, b) Continuous sgrtof 15- and 20-
pm-diameter polystyrene beads. The dashed linésaitedi the edges of the OET
manipulation area. (c) Trajectories of the beaderang the active area from the
lower edge of the field-of-view (y = 0).
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Chapter 2 Optoelectronic Tweezers Design
and Fabrication

2.1 Introduction

The physical mechanism of optoelectronic tweezerghat of optically-induced
dielectrophoresis. In this chapter, the physic©BIT will be explained, illustrating how
light can be used to pattern an electric field imitithe OET device. Dielectrophoresis, the
force that is produced in the OET device, will almo described. Design considerations
and constraints of the OET device will be discussdoihg with methods of simulating
OET operation using finite-element modeling. Theri@ation process of OET is also
disclosed, as well as methods of characterizing QEfformance. Finally, a brief

discussion of other effects present in the OET aewill be presented.

2.2 Description of Optoelectronic Tweezers Device

The OET device consists of two electrodes (Figur®).2The upper transparent

electrode consists of a 100-nm-thick layer of imditin oxide (ITO), a transparent
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conductive material, on a glass substrate. The lg¥etosensitive electrode typically
consists of featureless layers of ITO and intrirmimcorphous silicon (a-Si) on a glass
substrate. The upper and lower electrodes are udlegea, typically 1.5 cm by 2.5 cm.
The two electrodes are separated by spacers, geatthamber between the electrodes
that is typically 100 um in height. An agueous $olu containing the cells or particles
under manipulation is introduced into the chambetiveen the electrodes. An electric

field is created in the device by applying an askacross the top and bottom electrodes.

Glass substrate Transparent
ITo electrode

Spacer

@ Liquid / particle solution

a-Si

Photosensitive
ITO electrode

Glass substrate

Figure 2.1Cross-section of the OET device.

The OET device is placed under a microscope to rebs¢he particles under
manipulation (Figure 2.2). Optical patterns areuf®d onto the photosensitive surface,
typically using a microscope objective lens. Theuing objective can be a separate lens
(Figure 2.2a), or the same lens as the microsctyseraeation objective (Figure 2.2b).
The optical source is rather flexible. A low-powaser can be used, or an incoherent
light source such as a halogen or mercury lamp, lgght-emitting diode (LED). Optical
patterns are created using spatial light modulatush as a digital micromirror device

(DMD) (Texas Instruments), which consists of a MEM8Bror array. Another alternative
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is a liquid-crystal-based spatial light modulatétatnamatsu Photonics Corp.). The
optical source and the optical patterning systemalao be integrated by focusing the

output of a computer projector or LCD onto the QdeVice.

4 cco b _ Light
camera ) source
1 cco | W N
=
Microscope car;era _ :\’ -
Beam splitter or - \\
Filnetioh (OFT daviea dichroic mirror | \
generator OET aevice o .
3 ~~.
Focusing Microscope ~~
objective _ iaht . — Spatial light
1 < 19 Function —— . modulator
/ \ 2 gggsource generator
/ - \
L \ // PC
! _.” 1
E—»ﬁ‘
— =
Spatial light modulator [
— 1 e —

Figure 2.20ET setup. A spatial light modulator is used taqrata light source.
The patterned light is focused onto the OET deumiag either (a) an additional
objective lens or (b) the viewing objective lens.

2.3 Operating Principle of Optoelectronic Tweezers

The OET device relies on optically-induced dieleptroresis to impart a force on the
particles under manipulation. The dielectrophortdrce is controlled by optical patterns
that are projected on the photosensitive surfatbeotlevice.

Amorphous silicon, the material used in the phategeve electrodes of OET, has its
conductivity modulated by the intensity of the ligihat is absorbed in the material
(Figure 2.3). Under ambient lighting conditions aad5V bias, the a-Si film has a
conductivity of 0.9 x 18 S/m. However, when illuminated with light, photogeated
charge carriers are produced in the a-Si. As atrabe conductivity of the a-Si layer

increases by a few orders of magnitude, to 2.1°%3n under an illumination intensity
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of 10 W/cnf. The a-Si layer thus has two states; a low-comdtcidark (“off”) state,
and high-conductivity illuminated (“on”) state. Foermore, the transition between these
two states is confined to the region under illurtiora due to an ambipolar diffusion
length of only 115 nm in amorphous silicon [68].€Bk two states allow the a-Si layer to
act as an optically-controlled and optically-defiredectrode, with a resolution limited to

the optical diffraction limit. The diffraction linhis given by

Diffraction limit = 122L (2.1)
2N.A

where/ is the wavelength of the light amdlA. is the numerical aperture of the focusing
lens. Typical values in OET operation @re 630 nm andN.A.~ 0.3, which corresponds
to a diffraction-limited feature size of approxiragt1.3um.

The function of the a-Si photoconductive layer tenseen by modeling the OET
devices with a simplified equivalent circuit modgligure 2.4). In the dark state, the
impedance of the a-Sipg is larger than the impedance of the liquid laygr, Thus, in
areas with no illumination, most of the applied \aaltage drops across the high
impedance of the a-Si layer. HowevegcBecomes significantly lower in the illuminated
areas, allowing a significant voltage drop to ocacross the liquid layer. In this manner,
an electric field gradient is set up between theminated and dark areas in the OET
device.

The conductivity of the liquid media in the OET d=vis an important consideration.
The liquid impedance, |Z plays an important role in the impedance-dividguivalent
circuit model of Figure 2.4. If the liquid impedanis too low, the OET device will not

be able to fully switch the applied voltage to ligeiid layer, even in the illuminated (on-

23



state) areas. As a result, OET force is minimiZatie liquid conductivity is too large.
The operation of the OET device uses illuminatintemsities of 10 W/cfor less to
avoid the excitation of undesirable operating reminisee Chapter 2.9). These optical
intensities limit the maximum photoconductivity thfe a-Si to approximately 2 mS/m.
Thus, efficient OET operation is limited to liquigsth conductivities of approximately

20 mS/m or less. A typical OET experiment usegjaidi media with a conductivity of 1

to 10 mS/m.
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Figure 2.3Measured photoconductivity of amorphous siliconaafunction of
optical intensity. The light source is a 635-nmddidaser.
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Figure 2.4Simplified equivalent circuit model of the OET dewi

2.4 Dielectrophoresis (DEP)

Electric field gradients in the OET device resulh i@an optically-induced
dielectrophoretic (DEP) force. This DEP force résudtom the interaction of a non-
uniform electric field and the induced dipole oparticle within the electric field. The
forces at each at end of the particle’s dipole larequal due to the non-uniform field,
resulting in a net force (Figure 2.5a, b). Thiscéorcan be described by the following

equation:

F = pE (2.2)
where P is the dipole moment of the particle, agdis the first term of the Taylor series

expansion of the electric field [69]. If the paltiécs a homogeneous dielectric sphere (e.g.

a polystyrene bead), then the time-averaged DEf fieduces to:

Foee = Foer = 271 %, Re[K (w)]OE? (2.3)

rms
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wherer is the particle radiussy, is the permittivity of the medium surrounding the
particle,Emsis the root-mean-square electric field strengtit, ReK(w)] is the real part

of the Clausius-Mossotti factor, given by:

Ey=Em . o, . e
Klw)=——5-.6,=¢,- | —L.6,=¢6,- ]2 (2.4)
£, *+2¢, w w

wheree is the permittivity of the particle or medium (déed by a subscripb or m,
respectively),s is the conductivity of the particle or medium, as@dis the angular
frequency of the electric field [69]. The magnitudieReK(w)] varies with frequency,
resulting in a frequency-dependence of the diedptioretic force. Positive values of
Re[K(w)] result in particle attraction to electric fielchaxima (Figure 2.5a). This
phenomenon is positive DEP, referred to here agiy®ET. For negative values of
Re[K(w)], particles are repelled from field maxima (Figuz.5b). This phenomenon is
negative DEP, referred to here as negative OET lyyppan ac electric field thus allows
the tuning of the type of DEP force induced on atiga, as well as negating any
electrophoretic effects, or particle movement auist surface charge.

If the particles experiencing a DEP force are nombgeneous throughout their
volumes, the Clausius-Mossotti factor is affect€His is the case for biological cells,
which, unlike polystyrene beads, are not homogesedhus, a single-shell model is
typically used to determine the frequency-depend€tdusius-Mossotti factor for
mammalian cells (Figure 2.5c). The permittivity aswhductivity of the cell membrane
and interior are used to determine an effectiveermpermittivity that can then be used

in Equation 2.4. This effective permittivity isvgn by:
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g =c _ om (2.5)

T e+ Crend
where £, is the complex internal conductivity of the cedhd it is assumed that the
thickness of the cell membrare,is much less than the radius of the cell interig70].

The membrane capacitandg, , is given by:

C* — Smem _ mem (2 . 6)

Many cell types are uniquely distinguishable by thal part of the Clausius-Mossotti
factor (Figure 2.6, Table 2.1). This enables theasstion of different cell types using

DEP force.

Figure 2.5Dielectrophoresis (DEP). (a) Positive DEP, wheretiglas are
attracted towards regions of high electric fielg). legative DEP, where particles
are repelled from regions of high electric field) The single-shell model for
approximating the DEP response of biological shéllse cell membrane is
represented by a permittivity and conductivity egemted byemem and omem
respectively. The cell interior is represented byseparate permittivity and
conductivity, represented lay, andain;, respectively.
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Figure 2.6Real part of the Clausius-Mossotti factor for réaold cells (RBC), B
cells (a type of white blood cell), and yeast cells

Table 2.1Cell parameters for the simulation shown in FigRu@

Cell type Internal relative | Internal conductivity,| Membrane capacitance,| Radiusr
permittivity, e | oine (S/m) Crnen (MF/NT) (um)

Red blood cell 50 0.53 10 24

(RBC) [71]

White blood cell (B | 154.4 0.73 12.6 3.29

cell) [72]

Yeast cell [73, 74] 50.6 0.515 7.03 2.15

2.5 Design of Optoelectronic Tweezers

Amorphous silicon is chosen for the photoconduciyer, as it is easily deposited in
thin films, has high photoconductive gain, and kafficient absorption in the visible

light wavelengths (Figure 2.7). In addition, tiE5inm ambipolar diffusion length of a-
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Si [68] means that the patterning of the opticaliguced dielectrophoretic traps is
diffraction-limited, and not limited by carrier éifsion.

As seen in Figure 2.7, the a-Si absorption chamyamatically as a function of
wavelength [75]. There is a peak in absorption he UV wavelengths, then the
absorption coefficient drops as the wavelengtheiases. In order to fully activate the
virtual electrode effects of the a-Si, the optisattern should be absorbed throughout the
entire thickness of the a-Si film. Ultraviolet wésmgths, which are strongly absorbed,
will only fully modulate the impedance of an a-8mf less than 100 nm in thickness.
However, if the a-Si film is too thin, then the &pg@ voltage will cause breakdown of the
thin film. Thus, the thickness of the a-Si film kept at 0.5um or above to avoid
breakdown effects. Typical OET devices use a-&diwith a thickness of ftm. This
thickness of a-Si can be modulated using red or-iné@red light. White light sources
may also be used to activate the OET device, alfindioe red and longer wavelengths are

the most important components of the white lightrse.
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Figure 2.7Absorption in amorphous silicon as a function of/elangth [75].
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The forces induced in the OET device are senstbvihe gap between the top and
bottom electrodes. This gap also defines the tlas&rof the liquid layer in the OET
device. If the bias voltage across the electroddseld constant as the electrode gap is
decreased, the electric field strength in the OEViak will increase. As a result, the
induced OET force will also increase (Figure 218dwever, the liquid layer thickness
has a practical limit. A gap that is too small neause cells to experience significant
shear stresses; thus for cellular manipulation gl should ideally be limited to 50 um

or greater.
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Figure 2.8Force induced in the OET device as a function efgap between the
upper and lower electrodes.

2.6 Finite-Element Modeling

The electric field profile within the OET device ssmulated using finite-element
modeling software (COMSOL Multiphysics). Typicahmsilation parameters are shown

in Table 2.2. The actual thickness of each layethefOET device is used. However, to
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reduce computation time, an area of approximat@yufm x 50 um is modeled. The
simulation model is adjusted so that there aredye @ffects from this smaller simulation
area.

The effect of the illumination pattern on the OEdvite is modeled by a change in
electrical conductivity of the a-Si layer. A typidaser has a Gaussian optical profile;
thus, the electrical conductivity in the a-Si laygrexpressed using a Gaussian equation
in thex- andy-directions (Table 2.2).

The electric field profile within the OET device shown in Figure 2.9. The
simulations show that the highest electric fieldsuw at the center of the Gaussian spot,
where the electrical conductivity of the a-Si igtmst. The highest gradients of the
square of the electric field are also at the cemterthe optical pattern, and are
proportional to the amount of OET force exertecagrarticle (Figure 2.10). Furthermore,
by analyzing the gradients in each direction, npdrgsical insight can be gained from the
simulations. The magnitudes of tie andy- components o¥E?are shown in Figure
2.11. The gradients in the lateral directions drengest near the edges of the optical
pattern. Thus, particles experiencing a positivel @&tce will be trapped near the edges
of the optical pattern, if the optical patternasger than the particle. However, particles
that are approximately the same size as the ogdatédrn or larger may be trapped in the
center of the pattern, due to the radial symmeéiih@ force.

Conversely, particles experiencing a negative O&tdef will be repelled by the edges
of the optical pattern. However, with negative Of6fces, the gradient d® in the z-
direction significantly affects particle trappinfhe z-component oVE? is strongest at

the center of the optical pattern (Figure 2.12).aAesult, particles exhibiting negative
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OET will be levitated if they move into the centeaiba of the optical pattern. In addition,
the electric field gradients quickly decrease as distance from the photosensitive
surface is increased. Thus, the induced forceBenQET device are strongest near the
photosensitive electrode surface. As negative-ORftigles levitate away from the
photosensitive electrode, the lateral gradientdsrwill be reduced, lowering the OET
manipulation velocity of these particles. This Isserved experimentally; particles such
as polystyrene beads, which experience a negairee,fcan be levitated if situated in the
center of an optical pattern. Levitated beads e&pee a greatly reduced manipulation
velocity, until gravity allows the bead to settlean the photosensitive surface. This
phenomenon does not occur with particles expemgnpositive OET, as thegradient

attracts the particle towards the photosensitieetedde.

Table 2.2Simulation parameters for finite-element modeling

Parameter Variable Value / Expression
Relative permittivity | ¢ 1o 5

of ITO

Electrical conductivity | g1q 1x 10 S/m

of ITO

Relative permittivity | ¢, 5g; 11.7

of a-Si

Electrical conductivity | g,gj gark | 1 X 10° S/m
of a-Si, dark (off) state

Electrical conductivity Oasi light 1 x 10° S/m (peak value)

of a-Si, illuminated Expression for a-Si conductivity:

(on) state 2x 2y
Tasidark + 0.001 (exp (_ (4 x 10—6)2) exp (_ (4 % 10—6)2)>

Relative permittivity Er glass 2.09

of glass

Electrical conductivity Oglass 1x10-14

of glass

Relative permittivity ér liquid 78

of liquid

Electrical conductivity Oliquid 0.01 S/m

of liquid
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Top view Cross section
Electric field
(x 105 V/m)

Figure 2.9Finite-element simulation showing the electric digdtrength in the
liquid layer of the OET device. The highest elexcfiélds occur in the center of
the optical pattern, corresponding to the aredsgifest electrical conductivity in

the a-Si layer.
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Figure 2.1CFinite-element simulation device showilf?| in the liquid layer.

33



Top view Cross section
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Figure 2.11Finite-element simulation showing the and y-components of
|VEZ|.

Top view Cross section

1

0.5

Figure 2.12Finite-element simulation showing tke€omponent of VE?|.

Particles experiencing a negative OET responsenare effectively trapped using a
ring-shaped optical pattern. A ring trap fulfillsd functions on particles with a negative
OET response: single particles are contained inctrger of the ring, and additional
particles are prevented from entering the trappmnga. Ring patterns can be easily

created using spatial light modulators. We haveieoatly determined the optical profile

34



of the ring trap to be that of a saturated Gaussiduich is simulated using the following

equations for a-Si conductivity:

2 2

4 {f)

_ 1 .
Oasi = O s dark T Oasilight 5;€XP | ————— |, ifexp| — p <sat (2.7)
2
. 2[ x2+y2—,u]
Oasi = Oggigark T OaSilights ifexp ————— | >sat (2.8)

whereossi gark IS the dark conductivity of the a-Si film (1 x'i&/m),aagi,”ght is the peak
illuminated conductivity of the a-Si film (1 mS/norf this simulation),sat is the
saturation value of the Gaussian profjlas the distance from the center of the trap to the
location of peak intensity, andrds the ring width at an intensity ef/times the peak
level. The value okat has been empirically measured to be 0.2 if a DMused to
create the ring trap.

The electric field profile of the ring trap is shown Figure 2.13. In this simulation,
H=5pumand =1 um in Equation 2.7, representative of a tylpicey trap. The highest
electric fields occur at the outer and inner basd#rthe ring. The highest gradients of the
square of the electric field are also located atitbrders of the ring pattern (Figure 2.14).
Thus, particles experiencing a negative OET forde e repelled by the edges of the
ring pattern. Lateral particle movement is primadtiven by thex- andy- components
of VE?2, the magnitudes of which are shown in Figure 2Hdwever, as in the case of the
single optical spot, the gradient Bf in the z-direction affects the trapping of particles
experiencing negative OET. In the case of the tiag, thez-component ofVE? is
strongest at the borders of the ring, where thengestx- andy-directional forces also

occur (Figure 2.16). However, unlike the gradientthex- andy-directions, a significant
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z-gradient exists over the area illuminated by tpé&cal ring. Thus, if the ring trap is
moved too quickly across the surface of the OETiadewarticles within the trap or
outside of the trap can be levitated over the tetgctric field region defined by the
optical pattern. During experiments, the ring tedqould be translated at velocities less
than those that cause particle levitation instdddteral movement.

Top view Cross section
Electric field

(x 105 Vim)

Figure 2.1Finite-element simulation of the electric fieldestgth in the liquid
layer for a ring trap pattern. The highest eledirtds occur at the borders of the
ring, corresponding to the areas of highest elmdtrconductivity in the a-Si
layer.

Top view Cross section
VE?

(x 1017 V2/m?3)

6

VE|
(x 1017 V2/m?)
3

Figure 2.14Finite-element simulation dVE?| for a ring trap. Note the intensity
scale is different between the top view and cressisnal view.
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Figure 2.15Finite-element simulation showing tkeandy-components ofVE?|
for a ring trap. Note the intensity scale is diéfier between the top view and
cross-sectional view.

Top view Cross section
VE®| vE?|
(x 1077 VZ/m3) (x 1077 VZim?)

5 2

3
1

1

0 0

Figure 2.16Finite-element simulation showing tlrecomponent oflVE?| for a
ring trap. Note the intensity scale is differentvieen the top view and cross-
sectional view.

2.7 Fabrication of Optoelectronic Tweezers

The fabrication process of the standard OET deiscsuitable for low-cost mass
fabrication for disposable applications. This isalvantage for biological applications,
as disposable devices reduce the chances of sarmmpds-contamination. The basic

fabrication process of the photosensitive electrisdas follows: first, ITO is sputtered
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onto 1.1-mm-thick glass wafers. The a-Si photosmeselectrodes are then created by
plasma-enhanced chemical vapor deposition (PEC®@DIy one etch step is necessary to
complete the OET device; a section of the a-Sirlayeemoved to create a bias pad to
apply ac bias to the ITO layer. Slight variatiorfstluis process have been used with
comparable results. The detailed fabrication precesutlined in Appendix 1.

Preparation of the ITO-coated glass electrode seri@the same for all variations of
the OET device. Commercially-available ITO-coatéakg is diced to approximately the
same size as the corresponding photosensitiver@diect Silver conductive epoxy is
added to the ITO-coated side of the glass, andrapped around the edge of the glass

piece to form a conductive bias pad on the glats @i the substrate (Figure 2.17).

W

7

[ ]|Glass(1.1mm) °  Silver epoxy
] ITO (100 nm)

Figure 2.17Fabrication of ITO-coated glass electrodes.

2.8 Characterization of Optoelectronic Tweezers Per  formance

Many variants of the standard OET device can ekisaddition, the quality of the
thin films can vary between fabrication runs, altgb all process conditions are kept
constant. Thus, it is desirable to have some neeti@ilable to quantitatively analyze
OET performance. The most useful figures of mengt the ratio of illuminated-to-dark
photoconductivity of the photosensitive layer, atie maximum induced particle

velocity.
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2.8.1 Photoconductivity Measurements

One of the main parameters contributing to OETgrarance is the properties of the
photoconductive film. Studying the properties bbmconductive films can also be used
to identify alternate photoconductive films in aiwh to amorphous silicon, such as
cadmium sulfide [76]. There are two properties #rat of primary significance: the dark
conductivity, and the illuminated conductivity. Thaark conductivity should be
minimized, so in the dark (off) state of OET op&matthe majority of the applied voltage
is dissipated in the photoconductive layer. In &ddj the photoconductivity should be
maximized, so that the impedance of the photocandgudayer is minimized in the
illuminated (on) state of OET operation, and thejamiy of the applied voltage is
dissipated in the liquid layer.

In order to measure the dark and illuminated cotidties of the amorphous silicon
film, a standard test structure is used, consistihgslands of a-Si with top aluminum
contacts (Figure 2.18). The a-Si test structurdluminated through the glass substrate
with a red laser at various intensities. The illoation is focused such that the entire a-Si
island under test experiences a uniform light isitgn Probes are used to contact the ITO
layer and the aluminum top electrode. Using thissel-V curves can be extracted for
various applied voltages and light intensities.sTHata is then used to calculate the
photoconductivity of the a-Si (Figure 2.3). For #&i films used in these OET devices,
the OET illuminated conductivity is approximatel@®@Btimes the OET dark conductivity

at an illumination intensity of 1 W/cm
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Top view Cross-section
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[ ]| Glass(1.1mm) [ a-Si(1 pm)
|:| ITO (100 nm) Bl Aluminum

Figure 2.18Amorphous silicon conductivity test structure.

2.8.2 Particle Velocity

Another figure of merit is the maximum velocity athich a particle can be
manipulated by the OET device. Particle velocitytie OET device is a function of
multiple parameters, including applied voltage,icatpattern intensity, optical pattern
width, and optical pattern trap dimensions. Typicglolystyrene microbeads are used as
model particles in the OET device. The polystyrbeads experience negative DEP over
wide range of applied frequencies and liquid comigtiiies, resulting in a consistent OET
operation mode for a variety of conditions. Simiolas of the Clausius-Mossotti factors
for polystyrene beads in liquids of different contivties are shown in Figure 2.19.
Under typical OET operating frequencies of 50 kdZ300 kHz, the polystyrene beads
experience a negative OET force. Thus, by usingspplene beads as model particles,
the effects of OET operation under different expemntal conditions can be quantified.
In addition, by keeping all parameters constarg,ghrformance of the photoconductive

films can be quantified.
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Figure 2.19Simulation of the real part of the Clausius-Mossdtictor for
polystyrene beads in solutions of varying condiititis. The polystyrene beads
experience negative OET for typical OET operatiregjfiencies (real part of the
Clausius-Mossotti factor < 0).

Particle velocity is measured by translating théicap pattern, or by keeping the
optical pattern stationary and translating the Qd€Vice, by moving the microscope
stage. In the latter case, a motorized microactyatewport LTA-HL) is used to provide
a constant stage velocity.

The following data provides a baseline for compguparticle velocity [51]. The test
setup consists of an LED source and a DMD spatjat modulator. The image from the
DMD is focused onto the OET device using a 10x ctibje lens (N.A. = 0.3). Ared LED
source (Luxeon Star/G, = 625 nm) provides an optical intensity of 1 Wfcrithe
maximum manipulation velocity of 2m-diameter polystyrene beads is measured as a
function of several factors. In steady-state, tlielr'@orce is balanced by the viscous drag

of the fluid, which is related to the velocity oSpherical particle by Stokes’ Law:
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F =6mnv (2.9)
wherer is the radius of the particleg,is the viscosity of the fluid, andis the velocity of
the particle. Thus, Stokes’ Law can be used toutatie the OET force on a particle,
based upon empirical velocity measurements.

As expected, the induced velocity increases asagh@ied voltage is increased
(Figure 2.20). Increasing the applied voltage tietes into a sharper electric field
gradient, increasing the DEP force (see Equatidn Plowever, DEP forces are typically
proportional to the square of the applied voltagar results show a more linear
relationship. We have also found that particle egyois dependent on the linewidth of
the manipulation pattern, a phenomenon that isusi@ our manipulation technique
(Figure 2.21). The trends observed in Figure 2riDigure 2.21 can be attributed to the
tendency of polystyrene particles to levitate oaty, due to the vertical gradient of the
electric field (Figure 2.12). As a result, partictelocity increases more slowly as a
function of voltage than predicted with simplifiedEP force models.

As the optical patterns are swept across the mbatipn area, particles move in both
the lateral and vertical directions to the elecfiegld gradients. Furthermore, as the
applied voltage is increased, both the lateral arettical gradients increase
proportionally. However, in the case of these expents, an increase in the vertical
gradient is undesirable. The increased verticatligra will result in increased particle
levitation, which reduces the lateral force induoeda particle. As a particle is levitated
away from the a-Si surface, the lateral field geatlidecreases, resulting in reduced
lateral forces. Similarly, a pattern with a narrlmewidth cannot be moved very rapidly

before a particle’s tendency to levitate causes rise over the potential “wall” created
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by the pattern’s corresponding electric field. Hoere this problem is alleviated by
utilizing wider linewidth patterns. It may also pessible to reduce this effect by using a

smaller spacing between the top and bottom OERsest

20

B 14um

15k

10

Particle Velocity [ pm/s]

Applied Voltage [Vpp]

Figure 2.20nduced velocity of 20-um-diameter polystyrene lseas a function
of applied voltage at 100 kHz for several illumipatpattern widths [51].
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Figure 2.21Induced velocity of 20-um-diameter polystyrene tseas a function

of the illuminated linewidth of the manipulationtfan [51]. The lower curve is
for an applied bias of 10 Vpp at 100 kHz; the tapve is for a bias of 15 Vpp at
100 kHz.

2.9 Other Effects in Optoelectronic Tweezers Device s

In addition to dielectrophoresis, there are othegnmmena that can affect micro- and
nanoparticle motion within the OET device. Sometladse forces are parasitic, while

others can be exploited to expand the operatiazllities of the OET device.

2.9.1 Electrolysis

Electrolysis is the breakdown of water moleculds imydrogen and oxygen gas due
to an electric current. This is undesirable in@€T device, as the bubble formation can
rupture cell membranes and interfere with OET agpama In addition, if the bubble
formation process is violent enough, the a-Si fitan crack, or pinholes can form.

Electrolysis in the OET device occurs more easigar DC bias or under an AC bias
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frequency of 1 kHz or lower. To avoid electrolysise OET devices are usually operated

at AC frequencies of 10 kHz or greater.

2.9.2 Electrothermal Heating

Another undesirable effect is electrothermal hegtisis elevated temperatures can
cause cell death or even boiling of the liquid naedThe electrothermal heating is caused
by phonon generation in the a-Si layer or jouletingan the a-Si and liquid layers [77].
As a result, gradients in the electrical conduttiand permittivity of the liquid media
arise, resulting in a liquid flow. Phonon generatis dependent on incident optical
power, whereas joule heating is dependent upordhductivity and electric field within

the material, as given by:

W = gE? (2.10)
where W is the power generated per unit volume, and the conductivity of the
material. However, these effects are only significander high optical intensities
(greater than 100 W/cin [77]. Alternatively, the heat generation due tptical
absorption can also be used to induce other opaedtimodes in the OET device

(discussed in Chapter 9).

2.9.3 Buoyancy Effects

Increasing the temperature of a liquid also affettte liquid density. Thus,
temperature gradients in the liquid result in dgngradients that can drive fluidic flows
under the influence of gravity. However, this effeloes not become significant with
optical intensities of less than “l®//cn?, which is well within the operating parameters

of the OET device [77].
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2.9.4 Light-induced AC Electro-osmosis (LACE)

Light-induced AC electroosmosis (LACE) is anotheemtional regime of the OET
device, typically occurring at low bias frequencegsapproximately 1 kHz. The LACE
effect is an optically-patterned control of fluldw in the OET device, and has been used
to trap polystyrene beads with diameters of 2 prwrddo 50 nm,A-phage DNA
molecules, and quantum dots [78].

Electroosmosis is fluid flow driven by the interiact of an electric field in the liquid
layer and ions in the electric double layer. Theceilc field generates enough force to

drive the ions at a slip velocity given by the Hbbitiz-Smoluchowski equation [79]:

&(E
Vsip =~ (2.11)

wherevg,;,, is the slip velocityg is the permittivity of the liquid{ is the zeta potential at
the interface of the liquid and the OET electroeis the tangential component of the
electric field, and; is the viscosity of the liquid. Electroosmoticwis are typically used
for microfluidic pumps, driven either with a DC efac field [80, 81] or an AC electric
field [82].

When inducing LACE in the OET device, there exemtsoptimal applied frequency
to obtain the highest boundary slip velocity. Iethpplied frequency is too high, the
impedance of the electric double layer capacitaméaw, resulting in most of the applied
voltage being applied across the liquid and photsisge layers. In this case, LACE
effects are negligible, and optically-induced DEM wccur. Conversely, if the applied
frequency is too low, the impedance of the electaable layer capacitance will be high,
creating a large voltage drop in the double laydrich screens the electric field in the

liquid layer. This results in a low electric field the liquid, and a small value of the
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tangential electric field, lowering the slip velgciThus, an optimal frequency condition
is given by [78]:

L 12k (2.12)
2nRC  2me L )

fopt =
where o is the conductivity of the liquids is the permittivity of the liquidag is the
thickness of the double layer, ahds the thickness of the liquid layer. Assumingitgb
OET parameters, i.&. = 100 pmg = 10 mS/m4q = 10 nm, the calculatefgy is 229 Hz
[78]. However, the experimentally observikg (1 to 10 kHz) is higher, since device

geometries have not been factored into Equatio?. 2.1

2.9.5 Figure-of-Merit for OET Forces

A figure of merit has been developed to quantifg ttontribution of these other
effects relative to the strength of the opticalighiced DEP force [77]. This is expressed
as a ratiog:

X DEP

X DEP +X EXT + <X BROWNIAN>

where Xpco, Xeyr, @nd (Xgrownay F€Present the distance a particle travels in les du
to optically-induced DEP, all other external forcaad Brownian motion, respectively.
If §is averaged over an area, a new figure of meabiained:

B:lAjﬁdxdy, x0[-r.r] yo[o.d] (2.14)

wherer is the maximum radius from the center of the @ptigattern within which
particle perturbation is expectetlis the thickness of the liquid layer, aAds the area of
integration, wheré = 2rd. Thus,B represents the percentage of particle perturbation

the OET device due to optically-induced DEP. HFopleed bias frequencies of greater
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than 50 kHz and optical intensities of less tha® W/cnt (typical OET operating

parameters), optically-induced DEP is indeed thmidant force (Figure 2.22) [77].
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Figure 2.22Dominant effects in the OET device [77]. Theordt&mulations are
shown as dashed lines, and empirically-determirféztts are shown as data
points. The liquid solution has a conductivity of5/m. The applied voltage is
at a frequency of 100 kHz, with amplitudes of (@)\%op and (b) 10 Vpp.
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Chapter 3 Manipulation of Cells

3.1 Motivation

Optoelectronic tweezers is a powerful tool for bgctal research. Traditionally,
biologists have studied cell behavior by obsentimg bulk response of a population of
cells. However, single-cell studies yield insighttoi phenomena such as cell-cell
interactions, cell signaling pathways, mutationggenetic damage among a population,
or the differentiation of stem cells. OET is camabl manipulating specific single cells in
parallel, enabling single-cell studies. However| ceanipulation using OET is more
challenging than the manipulation of polystyrenedse Here, issues involved in the
manipulation of mammalian cells are discussed, galith the implemented solutions.
We then demonstrate OET manipulation for the paittgrof cell arrays, and the OET-

based separation of live and dead cells, as wekkks of different types.

3.2 Issues with Cellular Manipulation

The two main factors that make cellular manipulatising OET more challenging

than the manipulation of polystyrene beads arghé&)high conductivity of cell culture
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media and buffers; 2) the non-specific adhesioncafs to the OET surfaces. The

solutions to these issues are presented here.

3.2.1 Media Conductivity and Osmotic Pressure

The media used for cell cultures and physiolodicdfers has a high concentration of
ions such as NaCI, K*, C&*, Mg®*, and S@ in order to provide osmotic balance for
the cells and necessary inorganic chemicals. Asalt; these media have high electrical
conductivities. For example, a common culture meglilbulbecco's Modified Eagle
Medium (DMEM), has an electrical conductivity of561S/m. Another common buffer
solution, phosphate-buffered saline (PBS), alscamaslectrical conductivity of 1.5 S/m.

As discussed in Chapter 2.3, the OET device hadagively low illuminated (on-
state) photoconductivity. At reasonable illuminatiotensities of 10 W/cfor less, the
maximum photoconductivity of the a-Si is approxiglgt2 mS/m, which is lower than
that of cell culture media. This means that the @EVice cannot fully switch the applied
voltage to the liquid layer, and even in the illmatied state, the virtual electrode will
remain off. A limited degree of OET manipulationdualture media may be obtained by
further increasing the intensity of the opticaltpais beyond 10 W/cmhowever, this
leads to non-desirable parasitic effects such estrethermal heating, as discussed in
Chapter 2.9. The a-Si photoconductivity is limiteglthe large number of defects in the
thin film, resulting in a large density of carrieaps and a low carrier mobility. While this
is beneficial for creating high-resolution optigatiefined traps, the low carrier mobility
limits practical OET operation to low-conductiviéglutions.

Fortunately, the restriction to low-conductivitylgiions does not preclude cellular

manipulation in the OET device. Bacterial cellsotner cells with cell walls are rigid
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enough to withstand suspension in low-conductivitgdia. Furthermore, mammalian
cells and other cells without cell walls can bepsigled in osmotically-balanced low-
conductivity isotonic solutions. We utilize an isoic buffer consisting of 8.5% sucrose
and 0.3% dextrose for our experiments involving mmeadman cells (hereafter referred to
simply as “isotonic solution”).

One advantage of using low-conductivity media it e polarity of OET force is
opposite for live cells versus dead cells. As allte©ET can be used to separate live
cells from dead cells. This capability is descrilb@dher in Chapter 3.7 and Chapter 4.

However, the usage of low-conductivity media alas drawbacks. It can be difficult
to estimate effect of the non-physiological comais for cell behavior studies. In
addition, prolonged exposure to low-conductivitydiecan cause the loss of normal
cellular functions and reduce cell viability. Thenéframe in which deleterious effects
from the low-conductivity media appear vary amoiifgecent cell types, and can range
from 2 hours to over 24 hours.

An alternative OET device that is capable of openain high-conductivity solutions
has also been developed. This device, called planigistor-based OET (Ph-OET) uses
single-crystal silicon as a photoconductive matemaorder to increase the carrier
mobility [59]. In addition, as the name suggestd)-FET employs a vertical
phototransistor structure to decrease dark (ofeyteonductivity, while increasing the
illuminated (on-state) conductivity by the photosestor gain. While this device shows
great potential for manipulating cells in their imatculture media, separation between
live and dead cells is more complicated, as botd &nd dead cells will experience a

negative OET force in highly-conductive media.
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3.2.2 Non-Specific Cell Adhesion

The non-specific adhesion of cells is a well-knagsue in biomedical devices [83],
and is also a concern in OET devices. The fabdoatif OET devices is simple enough
to allow OET devices to be used as single-usepdedple devices, eliminating the cross-
contamination concerns of unwanted cell adhesiooweéver, cellular adhesion,
especially among mammalian that adhere to surfatesrder to proliferate, is still
significant during a single OET manipulation expent (Figure 3.1). Many types of
mammalian cells tend to adhere to charged hydnaphilrfaces, a condition which is
present in the OET device, as the a-Si surfacalmagive oxide present at the a-Si/liquid
interface. Adherent cells are capable of attachingurfaces with forces on the order of
nanonewtons, while OET produces forces in the temsindreds of piconewtons. Thus, it
is necessary to passivate the surface of the OFEiTala order to prevent the undesirable

adsorption of cells.

3.3 Surface Treatments for Optoelectronic Tweezers

In order to avoid cell adhesion, the surfaces ef@ET device need to be modified to
be hydrophilic and uncharged. Furthermore, the ipaissn layers must be non-
conductive, to avoid shorting out the opticallyidetl virtual electrodes of the
photosensitive electrode. At the same time, thecunductive layers should be thin, in
order to avoid any parasitic voltage drops acrbespassivation layers. Two types of
surface treatments that fulfill these requiremdratge been used to prevent non-specific
cell adhesion.

In order to test the quality of the anti-adhesioatngs, adherent HeLa endothelial

cells (a cervical cancer cell line) were used targilly the prevalence of nonspecific cell
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adhesion. The HelLa cells, suspended in isotonugtisal at a density of approximately
1x1& cells/mL, were introduced into the OET device i 1L aliquots. Attempts to
move all cells within the microscope field-of-vig®.027 mni) were made using a 0.8-
mW HeNe laser to actuate the OET device. Cellsdkhibited movement as a result of
the induced OET force were counted as “free” celhjle cells that did not have
observable movement were counted as adhered Eelbks.distinct fields-of-view were
tested for each time point; at each time pointleatst 30 cells were tested. The
measurements were repeated on 5 different OET e&wvign the standard OET devices,
the initial percentage of free cells was only 2@1%, decreasing to 3 + 4% after one

hour (Figure 3.1).
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Figure 3.1Percentage of live HelLa cells that can be transgotinder OET

manipulation in standard OET devices. Non-spedifidl adhesion limits the
reliability of OET manipulation of mammalian cellBhe error bars indicate the
standard deviation of the measurements.
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3.4 Teflon / Bovine Serum Albumin Surface Treatment

One method to achieve an adhesion-resistant suidatcecoat it with bovine serum
albumin (BSA), a protein found in the bloodstreafncows. Very thin layers of BSA
protein can be created, making it suitable forindbe OET device.

Some proteins have a hydrophobic end and a hydiommnd. Thus, to create an
uncharged, hydrophilic coating, the hydrophobic efdhe protein should be made to
bond to the device surface. The a-Si surface isdpydlic due to the native oxide; thus,
to create a hydrophobic layer, a thin, 50-nm-thiaiker of Teflon is coated on the
photoconductive surface of the OET device by smiating 0.2% Teflon AE (diluted
with perfluoro-(2-perfluoro-n-butyl)tetrahydrofurpmat 1500 rpm for 30 seconds. The
Teflon-coated devices are cured at A50on a hotplate for 20 minutes, and then
immersed in a solution of 0.1% BSA in DI water. Tingdrophobic ends of the protein
bind to the Teflon, creating a protein layer. Tleeides are removed after 30 minutes to 1
hour, and carefully dried with a nitrogen gun.

The same measurements of the percentage of frisedeskribed in Chapter 3.3 were
repeated on 5 different BSA-coated OET devicesufiei@.2). The initial percentage of
free cells was 88 £ 7%, decreasing slightly to 825%6 after one hour. However, when
the BSA-coated OET devices were rinsed once usingder, parts of the BSA coated
were washed away, resulting in increased cell adhet addition, certain areas of the
OET surface had a high incidence of cell adhesemidenced by the large standard

deviations.
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Figure 3.2Percentage of live HelLa cells that can be transgotinder OET
manipulation in BSA-coated OET devices. Non-speaitll adhesion is greatly
reduced by using this passivation technique. Howelresing the devices results
in increased non-specific adhesion. The error ivalisate the standard deviation
of the measurements.

3.5 Poly(ethylene glycol) Surface Treatment

Another type of passivation was explored for cedimpulation using OET. The gold
standard of non-fouling surface coatings for biomoa@ddevices is poly(ethylene glycol)
(PEG), a polymer hydrogel [83]. PEG is based oepeating unit of ethylene glycol, and
has the following structure: HO—(—GEBH,—O-)}—H. This surface has been shown to
have an excellent resistance to protein and cedbradion, reducing the amount of
biofouling by more than 90% [83]. The model foe thonfouling properties of PEG is
based on entropic repulsion and osmotic pressgréheaPEG hydrogel is hydrated, the
PEG chain swells and excludes cells and proteoms the PEG surface (Figure 3.3) [84,

85]. In order to achieve a high-quality nonfouliagrface, a high surface density of

55



grafted PEG chains is required. The PEG chainsldhmudense enough that the distance
between grafted chains is approximately less thiaggaal to the radius of gyration of a

hydrated PEG chain [86].

— Cell

PEG layer

Substrate

Figure 3.3Poly(ethylene glycol) (PEG) polymer chains resiell @and protein
adhesion via entropic repulsion and osmotic pressur

We have developed a process for creating a thin;foaing PEG coating on the
electrode surfaces of the OET. These surface-naodifon-fouling OET devices provide
a 30-fold increase the amount of cells that cambeed using OET forces.

The procedure for coating the OET electrodes witBGPwas developed in
collaboration with researchers from Applied Biogyss. To coat the photosensitive
electrodes with PEG, the a-Si surface is first edawvith a 10-nm-thick layer of SO
using PECVD. The Si@layer provides a surface that can be silanizegprtwvide
adhesion of the PEG polymer chains. The silanaljggoon the Si@layer are enhanced
by a series of chemical washes. The electrodetharebrought into direct contact with a
solid-phase PEG silane, (2-[methoxy(polyethylengprsopyljtrimethoxysilane) and
heated at 6%, allowing the PEG silane to melt and coat théasar of the photosensitive
electrode.

The process for the ITO-coated glass electrodesmgdar. First, the hydroxyl end

groups on the ITO surface are enhanced throughriassef chemical washes. The
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electrodes are then coated with PEG using the $4b@e silane process described above.
The detailed fabrication process for both the @&l ITO-coated electrodes is given in
Appendix 2.

The resistance to protein adsorption of the PEGecb®ET devices was verified by
x-ray photoemission spectroscopy (XPS) measuremdiits XPS measurements are
performed at the Molecular Foundry facility of tHheawrence Berkeley National
Laboratories, using a Physical Electronics PHI 546G tool, which was equipped with
an aluminum x-ray source. The measurement areaadf sample is approximately 0.5
mm X 0.5 mm.

A standard OET device and a PEGylated OET deviage Wweth exposed to a solution
of 0.1% laminin protein. The XPS spectrum of th8ialectrode shows the presence of
oxygen, nitrogen, and carbon from the adsorbecepr®t(Figure 3.4a). Silicon from the
a-Si film is also present, suggesting the PEG layé¢hin, as desired. The PEG-coated a-
Si electrode also has oxygen and carbon presentatiee PEG layer, but it lacks a
nitrogen peak, indicating the absence of adsorbednin proteins (Figure 3.4b). The
carbon/oxygen (C/O) ratio of the PEG-coated a-&ctebde is 1.63. An ideal PEG layer
has a C/O ratio of 2; however, the C/O ratio of timasured device may be lower due to

the presence of the Sitayer.
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Figure 3.4XPS measurements of laminin adsorption on the @leitrode of an
OET device. (a) Standard a-Si electrode. (b) PE&ietb a-Si electrode. The
absence of an N 1s peak in this spectrum is arcatali of the resistance to
protein adsorption.

The XPS spectrum of the ITO electrode shows simméaults as the a-Si electrode.
Again, the spectrum shows the presence of oxygémgen, and carbon from the
adsorbed proteins (Figure 3.5a). As expected, mdind tin are also present, due to the
ITO film. The PEG-coated ITO electrode also hasgexyand carbon present due to the
PEG layer, but it lacks a nitrogen peak, indicatthg absence of adsorbed laminin
proteins (Figure 3.5b). The C/O ratio of the PEGted ITO electrode is 1.55, which is
again lower than the ideal C/O ratio. However, @/1© ratio may be affected by the

oxygen content of the ITO film.
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Figure 3.5XPS measurements of laminin adsorption on the ITeOt®de of an
OET device. (a) Standard ITO electrode. (b) PEQGembdTO electrode. The
absence of an N 1s peak in this spectrum is arcatali of the resistance to
protein adsorption.

In addition to the XPS data, the same measurentdritee percentage of free cells
described in Chapter 3.3 were repeated on 5 diffdP&G-coated OET devices (Figure
3.6). The initial percentage of free cells was &+6n the PEG-coated OET devices.
After one hour, 91+8% of the cells remained resp@n® OET manipulation. The PEG-
coated OET devices increase the reliability of Q&anipulation on live adherent cells
by 30 times compared to an uncoated OET devices,Ttne PEG coating is the most
effective passivation layer to avoid non-specifel @adhesion in the OET device. In
addition, the PEG-coated devices are more robast the BSA-coated devices. Figure
3.7 shows the results of the HelLa adhesion expetsnen different surfaces for

comparison.
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Figure 3.6Percentage of live HelLa cells that can be transgotinder OET
manipulation in PEG-coated OET devices. Non-speciil adhesion is reduced
30 times by this passivation technique. The errarshindicate the standard
deviation of the measurements.
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Figure 3.7Comparison of the percentage of live HelLa cellst than be
transported under OET manipulation in various OEVices. The PEG coating
provides the most robust coating, and the mosabldi OET manipulation. The
error bars indicate the standard deviation of teasarements.

3.6 Cell Patterning

The reliable OET manipulation of single cells onGREpated devices can be used to
spatially arrange live cells in arbitrary patterihis type of manipulation is not possible
on untreated OET devices, as non-specific cell sidhas too prevalent.

Here, we use OET manipulation to assemble Jurlistioéo a cell array (Figure 3.8).
The optical manipulation patterns are generateggusi635-nm laser and a liquid-crystal
SLM, in a setup similar to Figure 1.6a. Howeverthrs case, the manipulation patterns
are created under direct user control.

Furthermore, multiple cell types can be trapped drahsported using OET

manipulation. This is demonstrated with live fluscent-labeled Jurkat cells and
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unlabeled HelLa cells (Figure 3.9). Each cell tye de identified via fluorescent
microscopy, and subsequently trapped and trangpameer OET manipulation. Thus,
the original random distribution of the two celpgs can be organized into segregated

patterns for further single-cell study (Figure 3.9d

Figure 3.8Formation of an array of live Jurkat cells on a P&f@ted OET
device. (a, b) The original randomly-distributedisare trapped and transported
using OET manipulation patterns. (c) A 5 x 5 indivally-addressable cell array
is formed. (d) The same array, with the the OET imadation pattern
temporarily shut off for cell imaging clarity.
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Figure 3.9 OET spatial manipulation of multiple cell typea) The fluorescent-

labeled Jurkat cells are distinguished from thealbeled HelLa cells (composite
image). (b) The Jurkat cells are arranged in aguéar pattern. (c) The HelLa
cells are arranged in a square pattern. (d) Fleergsmaging verifies that the
cell types are segregated (composite image).

3.7 Separation of Live and Dead White Blood Cells

As described in Chapter 2.4, dielectrophoretic doic a function of the frequency-
dependent electrical properties of the cells undanipulation. As different cell types
exhibit dissimilar electrical properties, DEP cam Uised to sort between cell types, or
even between widely varying cells of the same t3de 35, 37]. This property is useful
for cellular manipulation, in which heterogeneoustares of cells are common. We
have used this capability to selectively conceattize human B cells from dead B cells
[50].

In a live cell, the semi-permeable phospholipid rheane allows a cell to maintain an
ion differential between its interior and the sumding liquid medium. As mentioned in

Chapter 3.2.1, OET experiments use cells that aspended in a low-conductivity
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isotonic buffer of 8.5% sucrose and 0.3% dextroBeus, live cells have internal

conductivities greater than the liquid conductivitsjowever, once a cell dies, the
membrane becomes permeable to ions. The ion ditfates no longer maintained, and
the conductivity of the cell interior becomes semnilo that of the surrounding liquid. This
means that the Clausius-Mossotti factor is diffefen live and dead cells. The real part
of the Clausius-Mossotti factor for a human B eedls calculated, using the single-shell
model of the cell, as described in Equations 2.2.6(Figure 3.10). To determine the
Clausius-Mossotti factor of dead B cells, it isuamsd that the internal permittivity and
conductivity of the cell is equal to that of therrswnding media, while all other

parameters remain constant. The simulated resudigd that for applied frequencies
greater than approximately 60 kHz, live B cellslvweikperience a positive OET force,

while dead B cells will experience a negative OBIicé.
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Figure 3.1(Real part of the Clausius-Mossotti factor for laved dead B cells.
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The difference in DEP response between live and @eaells is used to selectively
concentrate live B cells at an applied frequencyl®® kHz. The selective collection
pattern is a series of broken concentric ringsyfggd3.10). The pattern is created using
the DMD, and illumination is provided by a 100-Wdgen lamp. As the concentric rings
shrink, the live cells are focused to the centehefpattern by positive OET. In contrast,
the dead cells experience negative OET, and stgugih the gaps in the ring patterns.
The B cells are suspended in isotonic solutionh Wid% Trypan Blue dye. The Trypan
Blue dye identifies live and dead cells; live calclude the dye, and appear clear. The
dead cells, which have a permeable membrane, allserdye, and appear dark. The
experiment is performed immediately after the addiof the Trypan Blue dye, as the

dye is toxic, and will increase the amount of deells in the sample.
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Figure 3.11Selective concentration of live B cells from deacc@ls [50]. (a)
Initial positions of live (clear) and dead (darkBlls. (b, ¢) A broken concentric
ring pattern is used to transport the live cellghie center of the field-of-view
while leaving the dead cells behind. (d) Live céitsre been concentrated to the
central region of the optical pattern.
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3.8 Separation of Live Jurkat and HelLa Cells

In addition to differentiating between live and dezells, OET force can be used to
discriminate between different cell types. Thidigbis demonstrated through the spatial
discrimination of live Jurkat and Hela cells us@@gT [52].

In this experiment, cultured Jurkat cells were lebewvith a green fluorescent dye.
The labeled Jurkat cells and cultured HelLa celés vaashed with isotonic buffer, re-
suspended in isotonic solution, and mixed togetiitde concentration of the mixed
solution is approximately 5 x 0cells/mL. Culture media was added to adjust the
conductivity of the cell solution to approximately mS/m. A 20uL aliquot of cell
solution was introduced into the OET device for ipatation. The cells experience a
positive OET force, and are attracted towards ttecal manipulation patterns.

The maximum OET manipulation velocity of Jurkat dfela cells as a function of
the frequency of the applied voltage was empirycdéitermined (Figure 3.12) [52]. The
manipulation velocity is proportional to OET foro&t an applied voltage of 10 Vpp at
100 kHz, sufficient variation in the OET force dsi$o differentiate between the two cell

types.
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Figure 3.120ET-induced manipulation velocity of different cdlfpes as a
function of the frequency of the electric field [5Zells are manipulated using a
15-um-wide scanning line pattern.

In order to spatially separate the HeLa and Jw&hls, a scanning line optical pattern
is used to exploit the differences in OET forcetbea cells (Figure 3.13). The scanning
lines are produced using the DMD and an LED so(rageon Star/O)\ = 625 nm) that
provides an optical intensity of 1 W/@nA 15um-wide leading line and a 28n-wide
trailing line are separated by approximately 0, and are simultaneously scanned at a
rate of 13um/s. The thinner leading line produces a weaker @ide than the thicker
trailing line, as the manipulation velocity of cekxhibits a dependence on the width of
the optical pattern (Figure 3.14). Thus, as the tiwes are scanned across the OET
device, the Jurkat cells, which experience a seoi@ET force, are held by the leading
line (Figure 3.13b, ¢). The leading line does natdpice sufficient force to transport the

HeLa cells against the viscous drag, which are elpently attracted to and transported
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by the trailing line (Figure 3.13c). After the scancompleted, the cells retain a spatial

separation equal to the spacing of the two scarimeg.

a Scanning b c
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Figure 3.130ptical pattern for OET-enabled cell discriminatif@2]. (a) Cells

before the lines are scanned in the negatidérection. The thin leading line
produces a weaker OET force than the thicker migiiline. (b) As the pattern is
scanned, the Jurkat cells have a sufficiently O&dng force to be retained by
the leading line, while the HelLa cells do not eigrere sufficient force. (c) The
trailing line provides enough force to transport theLa cells, while the Jurkat
cells continue to be retained by the leading laehieving spatial discrimination.
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Figure 3.14The OET manipulation velocity of Jurkat and HelLdlses a
function of the width of the optical pattern [52].
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The results of the optical line scanning on a mipegulation of Jurkat and HelLa
cells are shown in Figure 3.15. An initial group lafth cell types is present (Figure
3.15a). As the scanning pattern moves from righkeft across the field of view, the
Jurkat cells are transported by the\itb-leading line (Figure 3.15b). The HelLa cells are
transported only slightly by the leading line patteand cannot maintain the velocity of
the translated leading line. The @Bk trailing line then attracts and transports thé.dle
cells. Scanning of the line patterns was repeatécktto achieve the desired separation
between the Jurkat and Hela cells. After the teidn, the two cell types are spatially
separated (Figure 3.15c). A second HelLa cell is ailsible, which moved into the field-
of-view during the scanning of the optical pattelysing fluorescent imaging, it is
verified that the cells on the leading line pattare the fluorescent-labeled Jurkat cells

(Figure 3.15d). In this image, the unlabeled Heéllsao not appear.
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Figure 3.150ET-enabled spatial discrimination of live JurkatdaHelLa cells
[52]. (a) Initial cell positions before the optigahttern is scanned from right to
left across the field-of-view. (b) Cells are atteatto the leading line. The HelLa
cell is starting to lag the scanning line. (c) €ahowing spatial separation after
the scan is completed. An additional HelLa cell tmawved into the field-of-view
during the scan. (d) Fluorescent image of the dell¢c), verifying that the
leading cells are the fluorescent-labeled Jurkitd.ce
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Chapter 4 Sperm Sorting for in vitro
Fertilization

4.1 Motivation

Assisted reproductive technology (ART) is used reatt 35 to 70 million couples
worldwide [87]. In the United States, the Centess Disease Control and Prevention
(CDC) estimate that more than 1% of US births #rébated to ART [88].

Up to 50% of the cases at infertility clinics angedto male infertility [89, 90]. Male
fertility problems include low sperm counts andé@ncentration, low sperm motility,
and abnormal sperm morphology. One treatment thavailable for patients with low
sperm counts and/or low sperm motility is intra@y&smic sperm injection (ICSI) [91].
This procedure entails directly injecting an ensiperm into an egg’s cytoplasm using a
micropipette. Since the introduction of ICSI in 29%his procedure has rapidly gained
acceptance; as of 2005, ICSl is used in 60% oAfRE cases in the US [88].

A major concern of the ICSI procedure is that thatural sperm selection

mechanisms are bypassed during fertilization. Thius, imperative that healthy viable
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sperm are selected for the ICSI procedure. Thectsahe of viable sperm for ICSI is
challenging and relies primarily upon sperm mati[®2, 93]. However, motility-based
sperm selection methods are ineffective on samplgh reduced sperm motility
(asthenozoospermia). Furthermore, asthenozoospeamgples for ICSI are not limited
to patients with reduced sperm motility in freshaejlate. Typicain vitro fertilization
techniques use previously-frozen sperm samples fratients. Upon thawing of the
sample, previously-motile sperm can be rendered-motile. Fortunately, even in
samples with complete asthenozoospermia (no mspgerm), up to 50% of the non-
motile sperm remain viable [94, 95]. In these ins&s, it is desirable to analyze the
viability of the available non-motile sperm.

Current sperm viability assays are limited by sotygy, sensitivity, and potential
toxicity. The Trypan Blue dye exclusion test isaddgstandard cell viability assay, but its
toxicity precludes using sperm exposed to TrypaneBlor ICSI. Another dye-based
assay, eosin-nigrosin staining, involves an aiirdyystep which renders the tested sperm
unavailable for further use [96]. A potentially ndamaging assay is the hypo-osmotic
swelling test [94, 97, 98]. This assay has beercessfully used to increase the
fertilization rate of eggsn vitro [99]. However, the collection of viable sperm tdls
performed manually. As a result, sperm in typi€&@8l procedures are still subjectively
selected by a technician based on morphology.

Optoelectronic tweezers can provide a method aindssishing between live and
dead cells (see Chapter 3.7), which is applicableetecting viable non-motile sperm. In
addition, viable sperm that is identified using OEdn be collected in parallel, and

transported off-chip for use in ICSI proceduresrd;ighe OET response of live non-
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motile sperm and dead sperm are quantified, showialgar distinction in OET-induced
force. In addition, we demonstrate that the OET im#ation procedure does not induce
DNA damage to the cells under manipulation, wh&hn important concern if the sperm

are to be used fan vitro fertilization.

4.2 Experimental Setup

PEG-coated OET devices, as described in ChaptervdB used to manipulate
sperm samples. OET actuation was provided by a \WQ-685-nm diode laser, focused
onto the OET surface using a 10x objective lengufé 4.1). The output of the laser is
attenuated, resulting in an intensity of 40 mW/dncident upon the OET device. The
laser is incident from the glass substrate undénrtbéa a-Si layer; thus, the sperm sample

is further screened from the actuation laser byathsorption of the light in the a-Si layer.

CcCDh
camera
h
Microscope
Function
generator
10x
objective
Laser |- -¥ Attenuator |-

Figure 4.1Setup of the OET device for sperm manipulation.
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Fresh ejaculate specimens from 6 healthy males esakiated using OET (Figure
4.2). The adequacy of each specimen was confirrgatidopresence of motile sperm in
the sample, indicating viability. In order to detene the viability of non-motile cells, the
samples were mixed in a 1:1 volume ratio with 0. #iBgpan Blue dye in DI water, and
incubated at room temperature for 3 minutes. Tleensfrypan mixture was then diluted
approximately 100 times by adding isotonic solutidime conductivity of the diluted

sperm solution was adjusted to be 6.5 mS/m faatiples.
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Figure 4.2Sperm samples for OET manipulation.

A 20-pL aliquot of the Trypan-stained sperm sampbes pipetted into the PEG-
coated OET devices. Over a 15-minute period, 58ndissperm were evaluated from
each donor. As a positive control, five motile spaxere trapped using OET, verifying
that a positive OET response was induced on theddevsperm. The OET-induced
velocity of 25 non-motile sperm that excluded thrgpan Blue dye was also evaluated.

These sperm are live, but non-motile. In addititwe, OET-induced velocity of 25 dead
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sperm was measured. Here, dead sperm refer teelisetltat experienced negative OET
or no OET response. Most of these sperm were stdigeTrypan Blue (Trypan Blue
positive), although a few were not stained (TrypRlue negative). All velocity

measurements were done using an applied bias pp%ay100 kHz.

4.3 OET Response of Live Non-Motile Sperm and Dead  Sperm

A total of 330 individual sperm from the 6 donorsrey assayed. All (100%) of the
motile sperm visualized in each specimen were Trypae negative, and all of those
assayed (N=25) experienced positive OET. All (108p®rm experiencing positive OET
were Trypan Blue negative (N=150). The Trypan-Bhesitive sperm demonstrated
either no response (54%) or a weak repulsive resp@h6%) to the OET manipulation
pattern. A few Trypan-Blue-negative sperm (15%) destrated no response to OET
actuation, suggesting that these sperm are alsb dea

The velocity measurements on the live non-motikerspand dead sperm are shown
in Figure 4.3. The average velocity of live non-ileosperm in the OET device is 8.0 +
3.9 um/s, averaged over 150 cells from 6 sepa@terd. The average velocity of dead
sperm is -1.0 = 1.2 pm/s with the negative valudicating a negative OET force. The
dead Trypan-Blue-positive sperm exhibited some abslity in their OET response,
exhibiting either weak negative OET (54%) or nopmesse to the OET pattern (46%).
However, no Trypan-Blue-positive sperm exhibitgabaitive OET response. Thus, these

results show a clear separation of the cell sublatipas.
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Figure 4.30ET-induced velocities of live non-motile sperm alehd sperm. The
error bars indicate the standard deviation of tleasarements. “All” refers to
sperm velocities averaged across all 6 donors.

4.4 Characterization of DNA Damage on Sperm

We have demonstrated the OET capability of disisigng between live and dead
non-motile sperm, but if OET is to be used forvitro fertilization, we must also
establish that the OET manipulation process islgesmiough to avoid inducing DNA
damage on sperm. The DNA fragmentation of spemmeasured using the Comet assay.

An PEG-coated OET device with a microfluidic chambes used in the Comet
assay experiments. The microfluidic chamber meastirem x 1 cm x 100 um, and
allows the introduction and removal of the test gl using syringe pumps. Six separate
test samples were prepared from a single semenlsaiipe test samples consist of: 1)
the fresh ejaculate sample (“pure sample”); 2) mpauspended in a 1:100 dilution of the

pure sample to isotonic solution, and flushed thlouhe OET device (“isotonic
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sample”); 3) sperm in isotonic solution that ar@@sed to an applied bias of 10 Vpp at
100 kHz and an optical pattern at an intensity ©frBW/cnf for 30 s (“low dose
sample”); 4) a sample similar to the low dose sangkcept the applied bias is increased
to 20 Vpp at 100 kHz (“high dose sample”); 5) paaenple that has been incubated in a
UV oven for 15 minutes (“UV sample”); 6) pure samphat has been heated in a water
bath at 56C for 5 minutes (“Heat sample”).

The results of the Comet assay show that a veryléoel of DNA fragmentation is
present in the pure and isotonic samples, as eagh€Eigure 4.4). Most significantly, no
increase in DNA fragmentation is observed for tlmngles that underwent OET
manipulation, either at a low dose or a high ddde UV-treated sample surprisingly
showed little DNA fragmentation, but the heat-tegbsample provided a positive control,
as DNA fragmentation was evident (inset). Thus, Qfd@nipulation should provide

viable cells after sorting operations are performed

Pure sample Low dose uv

Figure 4.4Comet assay on OET-manipulated sperm under differenditions.
Similar levels of DNA fragmentation is evident inet pure control sample and
the samples manipulated using OET (low dose anch higse). DNA
fragmentation is present in sperm that was heat&@€ for 5 minutes (inset).
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4.5 Future Work

We have demonstrated that OET is capable of noasimely identifying, assessing,
and sorting viable live non-motile sperm from naable sperm, without introducing
DNA damage on the cells under manipulation. Howethex experiments presented here
were performed with fresh ejaculate; it will alse interesting to repeat the experiments
using frozen samples to more closely simulate @iniVF procedures.

In addition, an optimized microfluidic setup is bgiintegrated with the PEG-coated
OET devices to enable more efficient sample resi@f the sorted cells. Concurrently,
our collaborators at the University of Californian Francisco are developing an animal

model to test ICSI fertilization using OET-sortqueam.

78



Chapter 5 Lateral-Field Optoelectronic
Tweezers (LOET)

5.1 Motivation

Although optoelectronic tweezers is a highly fldgjbversatile device, certain
limitations exist. The electric field in the OETwilee is created in a liquid layer between
two planar electrodes (Figure 5.1), thus, bothtedeles must be in contact with the liquid
for the device to operate. As a result, OET carointegrated with devices that do not
provide a conductive planar surface.

In addition, anisotropic objects such as microdisianowires, and. coli bacteria
align normal to the plane of the electrodes in@t€el device (Figure 5.2a) [57, 58, 60].
This is due to the torque exerted on the inducedldiof the particle in response to the
electric field (Figure 5.2b). Thus, if an applicati (such as creating nanowire
interconnects) requires the OET device to assembisotropic objects such that their
major axis is parallel to the device surface, thmary electric field direction needs to be

altered.
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Photosensitive
layer

Light pattern

Figure 5.1Electric field in the OET device. The color gradieshows the
conductivity gradient in the a-Si layer, generatbég illuminating the
photoconductor. Note that the primary directiorthed electric field is normal to
the plane of the photosensitive electrode.

Light pattern
Electric

field

Anisotropic
object

Figure 5.2(a) Microdisks, nanowires, and other anisotropicts align normal
to the plane of the electrodes of the OET devibgTorque exerted on a dipole

in an electric field.

To remedy this, we have developed another verdidmeoOET device that retains the
same functionality as the original OET device, nlgmepptically-controlled

dielectrophoresis. However, this new version of O&mbines the ITO-coated glass
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electrode and the photosensitive electrode of thadsrd OET device onto a single
substrate (Figure 5.3). This new single-sided OEViak can be used with a variety of
opposing surfaces, facilitating integration witthet microdevices, such as microfluidic
channels. Unlike standard OET, the single-sided @EVice produces an electric field
that is parallel to the plane of the device; thusg call this device lateral-field

optoelectronic tweezers, or LOET. This lateral gledield allows anisotropic objects to

be manipulated with the major axis parallel toghbstrate of the LOET device.
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Figure 5.3Lateral-field optoelectronic tweezers device. ThOHT device
consists of an interdigitated array of photosevesiti-Si electrodes.

Like the OET device, the lateral-field optoelecimonweezers device is a two-
electrode device. However, unlike the standard @BEvice, the electrodes of the LOET
device are co-located on the same substrate. InTl.@te electrodes are laid out in an
interdigitated pattern. As with OET, the electrodes photosensitive, and consist of the
same layers of ITO and intrinsic a-Si. In contrasstandard OET, the electric field is
created by applying an ac bias across the inte¢atiggl electrode arrays. As a result, an

upper electrode is unnecessary in the LOET deogever, in most of the experiments
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presented in this dissertation, a glass cover ésl wgith the LOET device, in order to

reduce the evaporation of the liquid / particlausioh.

5.2 Operating Principle of LOET

The LOET device operates on the same principal gftically-induced
dielectrophoresis as the standard OET device. TOETLdevice can be modeled with
simplified equivalent circuit model that is similer the OET model (Figure 5.4). In this
simplified model, only one electrode pair, defiresione electrode at one potential, and
an adjacent electrode at a potential ®180t-of-phase, is represented. The actual LOET

device consists of an array of these electrodeghaments.

(AG)
(9

Liquid / particle solution

a-Si

Z

Glass substrate ITO

Figure 5.4Simplified equivalent circuit model of the LOET des.

As with standard OET, in the dark state the impedaof the a-Si, &, is larger than
the impedance of the liquid layer..ZHowever, for LOET, both electrodes are coated
with a-Si, so there are two elements representedebyln areas with no illumination,
most of the applied ac voltage drops across thelay8rs, represented by the twecZ

elements. In order to actuate the LOET device, léttrodes of the pair must be
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illuminated, to reduce the impedance of both ofZpgelements. If this condition is met,
a significant voltage drop will occur in the liquidyer, Z. Thus, the electric field

gradient in the LOET device, like the OET devicecontrolled by the position of the
optical pattern. However, the direction of the #iecfield is different in the LOET

device as compared to the OET device. In the OB/lcdethe potential difference that
creates the electric field is across the top arttbboelectrodes, resulting in a field that is
primarily perpendicular to the surface of the OE&vide (Figure 5.1). However, in the
LOET device, the potential difference is acrossitherdigitated electrode fingers. When
adjacent electrodes are illuminated, an electetdfis formed parallel to the surface of
the OET device (Figure 5.5). Full two-dimensionahtrol is retained in the LOET

device, as the electrodes are only activated wheninated with an optical pattern.

Light patterns Photosensitive
electrode

Figure 5.5Electric field in the LOET device. The directiontbie electric field is
primarily parallel to the surface of the device.

5.3 Design of LOET

As the LOET device is essentially single-sided, thece in the LOET device is

insensitive to a gap between the electrode arregc@iand an opposing surface. Instead,
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the force induced in the LOET device is dependenthe dimensions of the electrodes,
including the electrode width and the spacing betwihe electrode fingers.

When designing the LOET device, the particle sizden manipulation must also be
considered. The LOET device is more sensitive toatians in particle size than the
standard OET device. In the case of particles #hgierience negative OET, this
sensitivity is more relaxed. The electrode width,and the spacing between electrode
fingers, g, should be equal to or smaller than the major akithe particled (Figure
5.6a). If these conditions are not met, then 2-Bigda manipulation will be sacrificed.
As w andg become larger thad, the particles will only be actuated along thegténof
the electrode fingers. Movement across the eldetriingers will be limited, as the

optically-patterned electric fields will no longeave enough resolution.

a b

Figure 5.60ptimizing LOET dimension for particle dimensions) Particles

experiencing negative OET should be equal to ogelarthan the electrode
dimensionsw and g to ensure 2-D manipulation. (b) Particles expeiigg

should be positive OET should be equal to or latan 2v + g to ensure 2-D
manipulation.

In the case of particles that experience positieel Osimilar requirements exist.

However, in this case w2+ g should be equal to or less thdnParticles experiencing
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negative OET will rest above the a-Si electrodesgneif no manipulation pattern is

present. However, positive-OET-responsive partieldk rest in the gaps between the
electrodes when no manipulation pattern is presgmis, ifw andg are too large, the

particles will remain in the electrode gaps, antiy anovement along the length of the
electrodes will be achieved. However, this can @lsaised to help align particles to the
electrode edges, as will be discussed in Chapter 6.

The reason why particles in the LOET device sejfanize even in the absence of
optical manipulation patterns is due to undesirddddage fields across the portions of
ITO that are exposed to the liquid layer (Figur&)5When voltage is applied across the
LOET electrodes, some electric field exists in ligaid layer even in the absence of an
optical pattern (Figure 5.7a). Thus, the gaps betwtbe electrodes are regions of higher
electric field, causing negative-OET-responsivetiplas to be repelled, and rest above
the a-Si electrodes when no optical pattern isgmtesl. The same high-field regions
cause positive-OET-responsive patrticles to be c#da and situate in the gaps between
the electrodes.

The undesirable leakage fields can be reduced Ograatting the ITO layer beneath
the a-Si. A 2-um undercut of a 10-um-wide electroae significantly reduce the leakage
fields, and is the technique employed in the devidescribed in this chapter (Figure
5.7b). Alternatively, an electrically insulatingykr that blocks direct exposure of the ITO
electrodes to the liquid can be used, such as satajng the ITO electrodes using a-Si
(Figure 5.7c). Other LOET geometries that redueeld¢lakage fields will be described in

Chapters 7 and 8.
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Figure 5.7Leakage fields in the LOET device. (a) An LOET deviwith ITO
directly exposed to the liquid, with no undercinows significant leakage fields.
White areas represent electric field strengths dnathigher than the range of the
scale bar. (b) An LOET device with a 2-um unde@uthe ITO beneath a 10-
pm-wide a-Si electrode. The leakage fields are ifsagmtly reduced. (c) A
further reduction of the leakage fields can be iokth by encapsulated the ITO

electrodes with the a-Si layer.

5.4 Fabrication of LOET

The fabrication of the LOET device is slightly moneolved than the standard OET

device, but is also suitable for the manufacturaigow-cost devices (Table 5.1 and
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Figure 5.8). The devices are fabricated from waath existing ITO and hydrogenated
amorphous silicon (a-Si:H) layers (Silicon Displayechnology). The first two

fabrications steps are the same as the standarddetce. After the a-Si:H layers are
deposited, the electrode arrays are photolithogecapyn defined and etched using
reactive-ion etching (RIE), stopping on the ITOdayThe ITO is then chemically etched
in 38% HCI to complete the formation of the intgithted electrode arrays. Finally, a
second RIE is performed to create bias pads tdTi@elayer. Only two bias pads are
required to address the entire LOET array, whichssts of more than 450 electrode

fingers.

Table 5.1LOET fabrication process overview

Step Process Parameters
1 Clean substrate; Ndry Start with 0.85-mm-thick ITO-coated glass
substrate, with 50 nm n+ a-Si:H fuin a-Si:H
2 Dehydration bake 15G for 15 min
3 Spin on photoresist (AZ 5214E), | 500 rpm spread for 5 s, 2000 rpm for 30 s
define interdigitated electrode Equipment: Headway spin coater
pattern (Mask #1) Karl Suss MAG6 contact mask iadig
4 RIE a-Si electrodes 9:1 86,, 100 mtorr, 100 W for 1 min.
Equipment: Plasmatherm PK-12 RIE
5 Wet etch ITO between electrodes 38% HCI for 3.min
6 Define electrical contact areas with] 500 rpm spread for 5 s, 2000 rpm for 30 s
photoresist Equipment: Headway spin coater
7 RIE electrical contact pads 9:13D», 100 mtorr, 100 W for ~2 min.
Equipment: Plasmatherm PK-12 RIE
8 Remove photoresist Acetone
9 Electrical contact pads Silver conductive epdxpdtek E2101)
Recipe: 3:1 part A to part B, cure @ 260or 1 hr.
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Step 1-2: Cleaning and dehydration bake Step 6-7: Define electrical contacts

[ [

Step 3: Spin on photoresist Step 8: Remove photoresist
| L
Step 4: RIE interdigitated a-Si electrodes Step 9: Formation of electrical contacts

Step 5: Wet etch ITO

[ |Glass(0.85mm) [ a-Si:H (1 pm)
[ ] 1m0 (100 nm) I Photoresist
I I

n+a-Si:H (50 nm) _~ Silver epoxy

Figure 5.8Fabrication process of LOET devices.

5.5 Experimental Results

In order to demonstrate that the lateral-field QfeVice retains the 2-D manipulation
pattern capabilities of the standard OET devicdjaintests were performed using
polymer microparticles. Polystyrene beads with diters of 25 and 4%um were
suspended in a solution of KCI and deionized wadrich is adjusted to attain a
conductivity of 10 mS/m. Approximately 20. of the bead solution is dispensed into the

LOET device.
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Polystyrene bead manipulation in the LOET device wested using a laser source.
The LOET devices had electrodes that wereut® in width, with a gap of 2@m
between electrode fingers. The electrode arraye Wersed with an ac voltage of 4 Vpp
at 100 kHz. Both longitudinal and transverse motain25um-diameter polystyrene
beads was observed (Figure 5.9). Longitudinal moteders to particle movement along
the length of the electrodes, and transverse maotders to particle movement across

electrode fingers.

Figure 5.9Movement of 25tm-diameter polystyrene beads in the LOET device.
(a) The initial positions of the beads. (b) A lasetnsed to transport a single bead
in the transverse direction, while simultaneouslgving other beads in the
longitudinal directions. Arrows indicate the diriect of motion. (c) The final
position of the polystyrene beads.

The velocity induced in the LOET device on 25- aum-diameter polystyrene
beads is shown as a function of the illuminatightiintensity and applied ac voltage
(Figure 5.10). Both the longitudinal and the traerse directions of movement have
approximately the same manipulation velocitiesthieir confirming that full 2-D motion

is preserved on the LOET device.
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Figure 5.1CExperimental induced velocities of polystyrene leadthe LOET
device [52]. Longitudinal velocity refers to movem@long an electrode, while
transverse velocity refers to movement across reléet fingers. (a) Particle
velocity as a function of illumination pattern ingity. (b) Particle velocity as a
function of applied ac voltage at a frequency d) kblz.
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Chapter 6 [1I-V Microdisk Laser Assembly
on Silicon Using Lateral-Field
Optoelectronic Tweezers

6.1 Motivation

Copper interconnects are inherently low-bandwidtig are limited to throughputs of
10 Gb/s or less. Copper presents a bottlenecktantdeoughput as data transfer rates in
computers increase. Optical interconnects areteactive alternative to copper, and have
already supplanted copper wires in long-haul datavorks as well as server-to-server
interconnects. However, optical interconnects hateyet been employed for short-range
data networks, such as from board-to-board, chightp, or intrachip, as optical
integration is difficult and expensive.

One way to lower the manufacturing costs and irs@esmtegration of optical
components is by fabricating optical elements diyeon silicon. Silicon photonic
devices are designed to be compatible with CMOSqs®es, leveraging the existing

manufacturing infrastructure and processes. Intaxidioptical elements can be directly
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integrated with CMOS circuitry, such as nanoscqgiotonic waveguides and optical
modulators [100, 101].

One challenge that remains for silicon photonicthésintegration of optical sources.
Silicon is an indirect bandgap semiconductor, mgkina poor light emitter. Silicon
Raman lasers have been demonstrated, but extgrnedldight sources are still required,
and their footprint is large [102, 103]. Electriggbumped lasers are much more
desirable for silicon photonics, requiring the esecompound semiconductor materials.
However, the integration of these materials withicen presents another set of
challenges.

Heteroepitaxial growth can create compound semigctod materials directly on a
silicon substrate [104], but the growth temperat{gneater than 40C) is usually too
high for post-CMOS processing. Alternatively, thexee low temperature (less than
300°C) compound semiconductor-to-silicon bonding teghes, either assisted by
oxygen plasma [105] or a thermosetting polymer [108sing these techniques,
AlGalnAs-Si hybrid evanescent lasers [107] and @B8ed microdisk lasers have been
demonstrated [108]. However, integrating lasers folty-processed CMOS wafers
presents additional challenges, as the silicon ingndurfaces are buried underneath
many (up to ten) layers of electrical interconneetsd therefore the bonding surface
exhibits significant topographical variation. TooaV such issues, one approach is to
build electrical interconnects and photonic cirsusin separate Si wafers, bond the Si
wafers, and then use flip-chip bonding to secueellhV semiconductor materials on the
Si wafers [109]. However, this is a complicated diog process, requiring multiple

bonding step, making it difficult to integrates smes with a variety of wavelengths.
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Optoelectronic tweezers provides a room-temperatai@oparticle manipulation
process that is a good candidate for post-CMOSnddgeof hybrid semiconductor
lasers. The room-temperature optofluidic assemtiggss can overcome the topography
issue and more efficiently utilize expensive epabxlll-V wafers. Furthermore,
heterogeneous integration of multiple materialslwaperformed in parallel, unlike wafer
bonding techniques.

Microdisk lasers are an attractive candidate for@Mintegration, as they have a
small footprint and do not require mirrors [110Jowkver, in the standard OET device,
anisotropic objects such as microdisks align witle tlectric field lines, and are
manipulated with the major axis normal to the pketwitive electrode. Instead, the
microdisks should be assembled with their majos garallel to the substrate. Thus,
instead of the standard OET device, lateral-figitbelectronic tweezers (LOET) are used
for the post-CMOS optofluidic assembly of microdisisers. This assembly process
allows LOET to integrate pre-fabricated high-peniance 11I-V semiconductor lasers on
fully-processed CMOS wafers. Here, InP-based miskodasers are fabricated to

demonstrate room-temperature heterogeneous int@giaito a silicon platform.

6.2 InP-based Microdisk Lasers

An InGaAs/InGaAsP multiple-quantum-well (MQW) epital wafer with a
photoluminescence peak at 1550 nm is used to fbrimicrodisk lasers [57]. Optical
gain is provided by three 7-nm-thick InGaAs quantuells that are separated by 10-nm-
thick InGaAsP layers. The MQW layers are sandwichgdtwo symmetrical larger-

bandgap optical confinement layers, while InP isduas a sacrificial layer for releasing
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the microdisks into solution. The total thickne$she active layers is approximately 200

nm. The detailed epitaxial structure of the aclayers is shown in Table 6.1.

Table 6.1Epitaxial layer structure of the microdisk lasers

Layer (Bandgap) Thickness Description

INGaAsP (1.1 um) 20 nm Optical confinement layer
INGaAsP (1.2 um) 50 nm Optical confinement layer
INGaAsP (1.2 um) 10nmx4 Quantum well barrierafrs)
INg 5:G&y 47AS 7nmx 3 Quantum wells (3 layers)
INGaAsP (1.2 um) 50 nm Optical confinement layer
INGaAsP (1.1 pm) 20 nm Optical confinement layer
InP (919 nm) 35@m Sacrificial layer (substrate)

Microdisk fabrication is achieved by standard agtidithography and etching
processes (Figure 6.1). Silicon nitride is depdsibe the epitaxial wafer using low-
pressure chemical vapor deposition (LPCVD) (Steprl'hg circular microdisk pattern is
transferred from photoresist to the silicon nitriterdmask by plasma etching (Step 2).
After removing the photoresist, the hardmask patierthen transferred through the
active layers to the InP sacrificial layer by a selective etchant of 0.5% Bin methanol
(Step 3). The hardmask is removed, and the MQWadisks are released by etching the
InP sacrificial layer using a diluted hydrochlorecid (HCI) solution (Step 4). The
microdisks are then re-suspended in ethanol for T@Esembly. Figure 6.2a shows
fabricated Sum-diameter microdisks on a partially-etched InPrifia@l layer. A close-
up of the microdisk is shown in Figure 6.2b, shaywasmooth sidewall that is essential

for laser cavities with a low scattering loss.
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Step 1: LPCVD silicon nitride deposition Step 3: Wet etch microdisk

Step 2: Photolithography and nitride etching Step 4: Etch nitride, release microdisk

/b

- Photoresist Il Active MQW layers

[ silicon nitride  [I] InP sacrificial layer

Figure 6.1Fabrication process for InGaAs/InGaAsP multipletguan-well
(MQW) microdisk lasers.

Figure 6.25-um-diameter microdisks on an InP substrate. (e disks are wet
etched by 0.5% Brin methanol, followed by partial etch of the In&csficial
layer using diluted HCI. The rhombic grey regionais InP pedestal under the
active layers of the microdisk. (b) Microdisk sidelafter etching. The smooth
sidewall creates a high quality factor laser cavity

Simulations of the whispering gallery mode (WGM)tbé microdisk lasers indicate
that the optical mode profile is confined near #wge of disks (Figure 6.3). The
fundamental transverse electric (TE) WGM mode iscentrated near the edge of the

microdisk. Thus, to avoid scattering loss, the odcsks are assembled on pedestals such
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that the boundary of pedestals is at legsinland 1.5um away from the microdisk edge

for 5-um-diameter and 1@m-diameter microdisk lasers, respectively [110].

5pm-diameter disk 10pm-diameter disk
10 15
e 10
55 3
T T 5
disk disk
0 _ Z A 0 AN
0 1 2 3 0 2 4 6
T Radial position (pm) T I Radial position (pm)I
center edge center edge

Figure 6.3The calculated magnetic field intensity profilestloé fundamental TE
whispering gallery radial mode for Bn-diameter and l1Qm-diameter
microdisks. The origins of the figures represdet ¢enter of the disks while the
orange area represents the cross-section of thredrsks.

6.3 LOET Device for Microdisk Assembly

Silicon pedestals have been integrated with the TO&vice for microdisk assembly.
This integrated LOET device is shown schematicafly Figure 6.4. Interdigitated
electrodes consisting of a 100-nm-thick aluminugetatopped by 0.8m of amorphous
silicon (a-Si) are deposited on a patterned Sitsalles The a-Si electrodes are 10 um in

width, and with gaps of 5 um between adjacent eldes. The 3um-diameter silicon

pedestals are centered in tharb-gaps.
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laser S

Si pedestal
a-Si LOET
electrode

Figure 6.4Schematic diagram of the integrated LOET devicerarodisk laser
assembly.

The LOET device is fabricated on a silicon-on-iagot (SOI) wafer using a two-
mask process (Figure 6.5). Silicon pedestals atterpad by dry etching the top silicon
layer (Step 1), followed by a 50-nm thermal oxidatto passivate the pedestals (Step 2).
The 100-nm-thick aluminum and 0.8-pm-thick a-Sielesy are then deposited using
electron-beam evaporation and PECVD, respectivetg 3). The a-Si is reactive-ion
etched to create interdigitated electrodes, and tised as a hard mask to wet etch the
aluminum layer (Step 4). At this point, the devisaready for the microdisk assembly
process (Steps 5 and 6), which is further describéthapter 6.4. After assembly, the a-
Si layer is removed by XeFetching at 48C so that the a-Si does not interfere with the

optical mode of the microdisk (Step 7).
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Step 1: Etch pedestals Step 5: Microdisk assembly
Optical pattern

2222222222122

Ethanol

Step 2: Oxidize pedestals

E—

Step 3: Deposit aluminum, a-Si

Step 6: Dry liquid

Step 7: Remove a-Si electrodes

Step 4: Etch a-Si, aluminum

- a-Si - Aluminum
- Silicon - Microdisk

|:| Silicon dioxide
Figure 6.5Fabrication process of integrated LOET devices.

As described in Chapter 5, the a-Si layer functiassa light-controlled virtual

electrode; the illuminated area switches from a-tmmductivity state to a high-

conductivity state. An ac voltage is applied acrtdss electrodes, creating an electric

field. When optical patterns are projected ontodleetrodes, the electrodes are switched

to a high-conductivity state, switching the elextfield to the liquid solution. The

position of the electric field across the electsdke controlled via the optical patterns.

The electric field is non-uniform, as it is strosg@nly in the illuminated areas of the
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electrodes. This field gradient generates an dptigaduced dielectrophoretic force,
which is used to attract microdisks. The highestde are in the illuminated areas near
the electrode edges (Figure 6.6), which attract aigh disks in the middle of the gap

between electrodes when the size of the disk ial@quor larger than the gap.

lHluminated area

—r—

Normalized
electric field
asi _ (a.u.)
electrode 1
Si ped
3 05
a-Si
electrode
0

Figure 6.6Finite-element simulation of the electric field pl®across the LOET
electrodes. The arrows show the direction of thecalby-induced force. The
strongest forces occur near the edges of electroitledllumination.

6.4 1l1I-V Microdisk Laser Assembly on a Silicon Pla  tform

The fabricated InP-based microdisks, suspended @%~8thanol, are pipetted onto
the LOET substrate. The LOET electrodes createpicadly-induced DEP force which
attracts the microdisks to the illuminated areas] #he microdisks self-align in the gap
between the electrodes. An optical pattern is ptegeonto the LOET device through a
20x objective lens (Figure 6.7). A CCD camera isdu monitor the relative locations

of the projected pattern, the microdisks, and teeegtals. The use of a computer
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projector (Dell 2400MP) provides real-time contookr the optical patterns, which allow
transportation of the microdisks along the lengtithe electrodes using an applied AC
voltage of 1 to 10 Vpp at 200 kHz. Once the digksadigned over a pedestal, the applied
voltage is increased to 20 Vpp to hold the diskplate as the solution dries. Ethanol is
used to minimize surface tension forces duringrdyyensuring that the disks remain in
place. After drying, the a-Si layer is removed Yoid interference with the optical modes
of the microdisks, as mentioned in Chapter 6.3uifei@.8 displays a series of microscope
images showing the assembly process, as well as Biddes of assembled &n-
diameter (Figure 6.8c) and 1@n-diameter microdisks (Figure 6.8f). As the gapassn
electrodes is mm, 5um-diameter microdisks fit between the electrodeguife 6.8a, b),
while 10um-diameter microdisks self-align in the middle bétgap (Figure 6.8d, e).
Both sizes of microdisks can be moved along thgtlenf the electrodes by controlling

the optical patterns.
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Figure 6.70ptical setup for microdisk assembly using LOET.cAmputer-
controlled projector is used to generate opticaétepas to attract and transport
microdisks to a designated position.
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5-4m microdisk assembly

Figure 6.8 Assembly of Sam-diameter (a-c) and L@m-diameter (d-f)
microdisks onto 3tm-diameter silicon pedestals using LOET. (a, d) irital
positions of the microdisks. The optical trappingttern, generated by a
computer projector, is visible as a red rectandlee target Si pedestal for
assembly is indicated by an arrow. (b, €) The ndiisis are positioned over the
target Si pedestal. The trapping force is theneased to immobilize the disks on
the substrates. (c, f) SEM pictures of assembledatd 10pm-diameter
microdisks.

The alignment accuracy of the assembled microdiskthe pedestals is critical, since
the pedestals have to be far enough from the etigeanodisks to avoid the pedestal-
induced scattering loss (Figure 6.9). The horiZordbgnment (alignment of the
microdisks between the electrodes) is a self-atignprocess, as both edges of the
microdisks experience identical trapping forces ttusymmetry. The vertical alignment
(alignment of the microdisks along the length of thlectrodes) is controlled by the

projected light. The resulting misalignment is 06.05 um in the horizontal direction,
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and 0.25 £ 0.18 um in the vertical direction. Tledf-aligned horizontal alignment is
usually more accurate than user-controlled vertiggnment, although an image-
feedback control system similar to the one desdribe Chapter 1.3.3 can be
implemented to further improve the vertical aligmne However, the current
misalignment is less than 0.25, which is sufficient to avoid the scattering lakse to

the pedestals.

Horizontal alignment
(Self-aligned)

et P e i B

Vertical alighment
(User-controlled)

PRIV PSR P Yo

Figure 6.9Alignment accuracy measurement of assembled mikediThe

horizontal alignment is achieved by a self-alignimeh the disks across the
electrode gap. Vertical alignment is achieved bgrusontrol of the optical
pattern.

6.5 Optical Measurements of Assembled Microdisks

The assembled microdisk lasers are optically pungtedom temperature (i8) by
0.5us pulses with a 20 kHz repetition rate (1% dutyl€yasing a 780-nm diode laser.
The pump beam is focused onto the disk throughxaoffective, resulting in a beam size

of 3um. The emitted light is collected through the sabgctive and then filtered by an
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optical filter to block the light from the pump &s The filtered optical signal is coupled
to a multimode fiber, and the output spectrum isasoeed by an optical spectrum
analyzer (OSA).

Both 5- and 1Qtm-diameter microdisk lasers on silicon pedestalsilgix single-
mode operation under pulsed excitation, with lasuagelengths of 1558.7 nm and 1586
nm, respectively (Figure 6.10a). The collected rigsewer at the lasing wavelength
versus peak pump power and effective absorbed p@wercurve) are shown in Figure
6.10b, where approximately 40% of the pump powebisorbed by the active layers of
the microdisk lasers. The threshold pump powersfaand 10um microdisk lasers on
silicon pedestals are 0.85 mW and 2.5 mW, whichespond to 0.34 mW and 1 mW of
effective absorbed powers, respectively. Thenbdiameter microdisk laser has a lower
threshold pump power due to a smaller optical mademe. The threshold pump powers
of the microdisk lasers before and after LOET asdgrare comparable, indicating that

the microdisks are not damaged during the assepibbedure (Figure 6.10b).
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Figure 6.100ptical measurements of assembled microdisk lagajsLasing
spectra from assembled 5- andifi-diameter microdisks on silicon pedestals
under pulsed excitation. The pump power for thesedpectra is 1.7 mW for the
5-um disks and 3.5 mW for the 10n disks. (b) Collected laser power versus
peak pump power (L-L curves). The threshold pumweys for 5- and 1@um
disks are 0.85 mW and 2.5 mW, corresponding to O3 and 1 mwW of
effective absorbed power in the active layers.

Heating of the microdisk lasers eventually limite toutput power when the pump
power exceeds 2 mW and 4 mW for 5- and ub®-microdisks on Si pedestals,
respectively (Figure 6.10b). There are two possigml that could hinder heat dissipation.
The first is the 3tm-thick buried silicon dioxide layer underlying tgicon pedestals,
which substantially increases the thermal resigtahe to the low thermal conductivity
of silicon dioxide. The second is a poor contadiMeen the microdisk lasers and the
silicon pedestals. Therefore, for microdisks on Ip&destals, before releasing and
assembly, the power saturation is not as sevethag® on silicon pedestals. However,

thermal annealing can improve the contact betwhemticrodisk lasers and the silicon
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pedestals. After annealing, the maximum laser dugpower increases, indicating
improved thermal conduction (Figure 6.11). Howetlee, threshold power also increases,

due to non-ideal annealing conditions, which ameenily being optimized.
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Figure 6.11L -L curves of assembled [an microdisk lasers before and after
thermal annealing. The maximum output power of @rbmicrodisk laser is
improved by annealing at 3D for 5 hours (Anneal 1), or 380 for 5 hours,
followed by another anneal at 3&0for 5 hours (Anneal 2). After annealing, the
maximum output power is increased by 30% and 57#%roealing conditions 1
and 2, respectively.
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Chapter 7 Nanowire Assembly Using
Lateral-Field Optoelectronic
Tweezers

7.1 Motivation

An ongoing challenge for the mass production ofomdare-based electronics is the
controlled assembly of single nanowires. Nanowiabritation using “bottom-up”
approaches presents difficulties to integratiorhviiéterogeneous material systems. Post-
synthesis integration circumvents these issues,hbatits own limitations. The post-
synthesis assembly of individual nanowires and mamanotubes has been demonstrated
using mechanical manipulators [4, 5, 111] and aptizveezers [23, 24]; however, the
parallel processing capabilities of these tools largted. Single nanowires have also
been assembled using the dielectrophoretic forceduged by microfabricated metal
electrodes, but the trap locations and trappintgpa are static [112].

Optoelectronic tweezers has also been used to hkssimgle nanowires in parallel,
but is limited to aligning nanowires in a directinormal to the photoconductive surface

of the device [60]. In order to assemble nanowisdh their long axis parallel to the
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device substrate, lateral-field optoelectronic twexe (LOET) are required. Here,
nanowire trapping and assembly is demonstrated O&RTL devices. This work has
applications towards creating nanowire electrongesl optoelectronics, such as a

nanowire-based LED display.

7.2 Nanowire Trapping Using Lateral-Field Optoelect  ronic
Tweezers

Semiconductor nanowire trapping is demonstrateaigusOET [61]. As discussed in
Chapter 5, although the force produced by LOETinslar to that of standard OET, the
directions of the electric field lines in the LOKE&vice are predominantly parallel to the
plane of the electrodes. Thus, anisotropic pagiskéch as nanowires that have a major
axis significantly longer than the minor axis wilie up with the electric field lines as a
result of torque on the dipole of the patrticle.

Silicon nanowires of varying diameters (50 to 2080)rand lengths (5 to 50m)
were fabricated by etching a silicon wafer [113heTnanowires are then suspended in
deionized water by sonification of the wafer. Pstas chloride is added to the nanowire
suspension to adjust the conductivity to 1.5 mSATWR0-uL aliquot of the nanowire
solution is introduced into the LOET device. TheEDdevices used in these nanowire
manipulation experiments had electrodes that wérgn2 in width, separated by 2m
gaps. The electrodes were biased at 5 Vpp at 50 Khiz optical source was a 650-nm
diode laser, at an intensity of 10 Wfm

Initially, no ac bias was applied to the LOET devitJsing dark-field microscopy,
randomly oriented nanowires were observed neasuhace of the LOET device (Figure

7.1a). Individual nanowires were identified, and tptical pattern was positioned near a
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specific nanowire (Figure 7.1b). The ac bias wanthpplied, activating the LOET
device and creating DEP force. The nanowire expeeg an attractive force, and
becomes trapped in the illuminated area. Afterrtheowire has been trapped, it can be
transported across the LOET surface at a velodit®0qum/s (Figure 7.1c). The initial
position of the nanowire trapping and the finalipos of the nanowire after transport are

shown in Figure 7.1d.

Figure 7.1Trapping and transport of silicon nanowires usi@HET [61]. (a) The
initial position of a silicon nanowire, with theeetric field turned off. The laser
spot is visible in the upper right. (b) The laseimoved closer to the nanowire.
This frame is immediately before the electric fietd switched on; after the
electric field is applied, the nanowire is attract®wards the laser. (c) The
trapped nanowire is transported by scanning ther Iggot at up to 2(0m/s. (d)
The laser is switched off to show the final positiof the nanowire in greater
clarity. The initial position is also indicated;etidirection of the transport is
shown by the arrow.
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7.3 Nanowire Rotation and Trapping Using Planar Lat  eral-
Field Optoelectronic Tweezers

As discussed above, LOET enables nanowire trapgpitransport. However, the
LOET device does not provide control over the rotetl orientation of the nanowires. In
order to achieve more functionality for nanowiresembly, we have developed a new
version of LOET that affords control of the in-péaarientation of nanowires. This device
uses a blanket deposition of a-Si, without etclalegtrodes into the a-Si layer. Thus, we
call this device planar lateral-field optoelectonweezers (PLOET), referring to the

unetched a-Si layer.

7.3.1 Planar Lateral-Field Optoelectronic Tweezers

The PLOET device consists of an interdigitated yaw& 100-nm-thick aluminum
electrodes on an oxidized silicon wafer (Figure).7The electrode fingers are separated
by gaps of 10 or 2bm. A 0.75um-thick amorphous silicon (a-Si) layer is deposibeer
the aluminum electrodes by PECVD. The gap betwblenetectrodes forms the active

area for nanowire assembly.
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Figure 7.2Schematic of planar lateral-field optoelectronieézers (PLOET) for
nanowire assembly [62]. The device consists of apatterned amorphous
silicon layer over an aluminum electrode arrayritaed on an oxidized silicon
wafer. Paired triangular optical patterns createomdre traps in between the
metal electrodes.

The principle of operation of PLOET is slightly ®ifent from previous devices.
Instead of the optical patterns switching electsode, as in the standard LOET device
(see Chapter 5), the optical patterns are usedrto €onductive extensions of the metal
electrodes. This creates high-field regions aetigs of illuminated regions.

An AC bias is placed across the electrode arragilting in a uniform electric field
between electrode fingers. To create a nanowige tptical patterns created by a DMD
are projected onto the PLOET device. The opticalses identical to the one presented
in Chapter 6.4

As in the other incarnations of OET and LOET, theiaal patterns act as virtual
electrodes by lowering the impedance of the a-Sheilluminated areas. However, in
the case of PLOET, the optical patterns functiorexensions of the metal electrodes.
Paired triangular patterns extend from the me&tteddes, and create a trap that spans

the tips of the triangular patterns (Figure 7.2)eBimplified equivalent circuit model is
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shown in Figure 7.3. The light patterns are usechdolulate the conductivity of the a-Si
film in the regions extending from the metal eled#s (4cj). A section of a-Si is left un-
illuminated and in the high-impedance dark state{Z Thus, when the optical patterns
are activated, £ is reduced, creating low-impedance paths thaasi@xtensions of the
metal electrodes. The voltage is now dropped adtesgparallel network of iz, and the
liquid impedance, Z This creates strong electric fields at the tipthe illuminated areas
(Figure 7.4). The nanowires are attracted to tlaesas of strong electric field, and align
between the triangular patterns. A typical triaguptical pattern has a tip diameter of 2
um and a taper angle of 14 degrees. The gap betwamed triangular patterns is
adjusted to approximate the length of the trapp@tbwire, which is typically um. The
tips of the triangular patterns can be shiftecelatton to each other, affording orientation

control of the nanowires under manipulation.
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Figure 7.3Simplified equivalent circuit model of the PLOETuitee.
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Figure 7.4Finite-element simulation of the electric field pl® across the
PLOET electrodes.

7.3.2 Nanowire Rotation and Assembly

The capabilities of PLOET for nanowire orientatieaontrol and assembly are
demonstrated [62]. Silver nanowires with diamet#r80 to 100 nm and lengths of 1 to
10 um were suspended in ethanol, and introduced irdoLBET device. The optical
patterns can be used to transport nanowires plat@ltee plane of the LOET device, and
can control the nanowire orientation in both tke and y-directions (Figure 7.5).
Rotational control is achieved by adjusting theatige alignment of the triangular
trapping patterns. Continuous rotation control hasen performed over a range of +28

degrees. Further optimization should result inrgdarange of orientation control.
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Figure 7.5Trapping of silver nanowires using PLOET [62]. Alumumm
electrodes are visible underneath the amorphoisillayer, at the top and
bottom of each image. Optical patterns, visiblates bright areas, are used to
create nanowire traps. The nanowire positions adéeated by dashed circles.
(a, b) Transport of a nanowire in the negatix@irection at a rate of
approximately 3im/s. (c, d) Transport of a nanowire in the positnairection.
Other nanowires are weakly trapped at the edgdheotlectrodes, but can be
moved by the LOET trap patterns. (e) Rotationaltmdnof a nanowire is
achieved by moving the tips of the optical pattegiative to each other.

Orientation-controlled nanowire assembly can be lmosd with another advantage
of PLOET: parallel manipulation. The goal of pasalhanowire assembly is to create a
nanowire-based electronic or optoelectronic devier target is the creation of a red-
green-blue (RGB) nanowire display. Nanowire LEDsehbeen demonstrated [114], but
arrays have yet to be assembled.

Semiconductor nanowires that can be used to foenreéd, green, and blue pixels
include cadmium selenide (CdSe), cadmium sulfidelS)C and zinc oxide (ZnO)

nanowires, respectively. The measured photolumeres of the three types of
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nanowires is shown in Figure 7.6. Currently, theOZand CdS nanowires both exhibit
photoluminescence in the green wavelengths; howéweing of the composition of the
ZnO nanowires can result in a blue-shift of the tphoninescence peak [115].
Alternatively, it is possible to obtain blue wavedghs using other semiconductor

nanowire materials [116].
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Figure 7.6Measured photoluminescence of semiconductor nagswor a red-
green-blue nanowire LED display.

The proof-of-concept of the nanowire array assenmlgemonstrated here with the
assembly of four individual nanowires into a regyigpaced array (Figure 7.7). In this
experiment, silver nanowires are used, as the g@d®e nanowire samples were not as
pure. However, manipulation of all types of semabactor nanowires is possible using
PLOET.

Each nanowire of the array is trapped in paralielabpair of optical patterns. The

nanowires are positioned at with a 200-kHz AC digitaa voltage of 300 mVpp. Once
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the nanowires are trapped in the desired locatitbesyoltage is increased to 2.8 Vpp to
anchor the nanowires to the surface. After the ensipn solution dries, the nanowires

remain assembled in a regular array on the subgffegure 7.7e).

Figure 7.7Fabrication of a silver nanowire array [62]. (a)r@& nanowires have
been trapped in parallel. (b) The nanowires arengied in a closer, more regular
spacing. Another nanowire can be seen to the fethe array. (¢) The fourth
nanowire is trapped by another set of optical pasteThe applied voltage is
increased to assemble the nanowires on the suofatte device. (d) An SEM
image of the nanowire array.
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Chapter 8 Integration of Optoelectronic
Tweezers and Electrowetting-on-
Dielectric Devices

8.1 Motivation

Single-cell studies often require subjecting indual cells to varying environmental
conditions and stimuli to study their responseittedent concentrations of nutrients and
chemicals. However, controlling the environmentahditions at the single-cell level in
the same continuous microfluidic device is inhdsewifficult. Cellular response to a
single or small number of stimuli has been demaiestr [11, 117, 118], but there have
been few attempts to conduct multiplexed assay®,[11PO0], since this involves a
complex network of pumps, microvalves, latches, iatefconnected channels [121].

The isolation of environments for individual celts an inherent feature of droplet
microfluidics [122], where fluids are handled iretform of discrete droplets as opposed
to continuous flow through channels. Droplet mitrofics driven by electrowetting-on-
dielectric (EWQOD) is an attractive lab-on-a-chigibrm, due to its simple design, low

power consumption, and reprogrammable fluid pat@8{125]. Fluids are handled in the
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form of droplets driven by electrically controllinfpe wetting property of a dielectric
surface. The driving force is a combination of &lewetting (Laplace forces generated
by an asymmetric contact angle change) and dielgatresis [126, 127]. Multiple

droplet paths can be simultaneously controlled toperly sequencing the application of
voltage to an underlying electrode array. Operatismch as creating, merging, moving
and splitting droplets can be performed on the EWdIform [128, 129], which allows

precise spatial and temporal control over the nesgdan each droplet. Cross-
contamination during droplet movement is avoidedappropriately choosing the paths
for various reagents. Unlike continuous flow mituadic channels, the droplets are
isolated from their surroundings, and can act agareactors supplied with independent,
multiplexed stimuli.

Cell separation is a key function for lab-on-a-cplptforms. EWOD-based systems
can use differences in particle properties betwihentarget and non-target particles to
segregate a mixed population, followed by targettigla isolation by splitting the
droplet. Mechanisms explored for target separafind concentration inside a droplet
include electrophoresis [130], dielectrophoresid, [€31] and magnetism [132, 133].
Although some biochemical applications of EWOD héeen shown [134-136], very
few have dealt with cell studies [136]. FurthermoE®VOD actuation has not been
demonstrated at the single-cell level.

A device that combines the single-particle manipoitacapabilities of OET and the
droplet handling of EWOD would be an extremely ahlie tool for research in cellular
biology. Here, we demonstrate the integration offGiad EWOD to create a powerful

lab-on-a-chip platform.
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8.2 Electrowetting-on-Dielectric (EWOD)

Electrowetting-on-dielectric (EWOD) uses electritarge to change the free energy
on a dielectric surface [124]. As a result, thetalatity of the surface is altered, and
liquid droplets at the surface experience a changmntact angled (Figure 8.1). The
change of the contact angle as a function of agplatage,V, can be derived from
Lippmann’s equation and Young’s equation (see [¥24d]derivation), and is given by

[124]:

cosO(V) — cosO, = Zf/oetVZ (8.1)
LV

whered, is the equilibrium contact angle ¥t= 0 V, ¢, is the vacuum permittivity; is
the permittivity of the dielectric layeyp,y is the liquid/vapor interfacial tension, ahs
the thickness of the dielectric layer. EWOD deviessploy a hydrophobic dielectric
layers or dielectrics coated with an additional rdoydhobic layer, creating a largg.
Applied voltages create a reduced contact anglenelfcontact angle is reduced only on
one side of the droplet, the droplet will move awards the region the reduced contact

angle. Droplet movement on a typical EWOD devicghiswn in Figure 8.2 [124].

Liquid Ly

t Dielectric
Electrode

Substrate

Figure 8.1Principle of electrowetting-on-dielectric. An apgali voltage changes
the contact angle at the liquid/dielectric integac
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Figure 8.2Typical EWOD device [124].

8.3 Integrated OET / EWOD Device

The easiest method to create an integrated davatedtains the functionality of both
OET and EWOD is to use a two-substrate device, evlome substrate consists of the
photosensitive OET electrode, and the other caneEEWOD electrodes (Figure 8.3)
[64]. However, EWOD devices require a relativedick dielectric layer (typically 0.5 to
1.5 um of silicon dioxide or parylene) over theuation electrodes to prevent electric
breakdown and current leakage across the drophet.pfesence of the thick dielectric
layer precludes the use of the EWOD electrodeshasopposing electrode for OET
operation, as the dielectric will absorb most af #pplied voltage, greatly reducing the

OET force in the droplet.

120



- Glass

- gll

£

OET chip

Figure 8.3Cross-section of the integrated OET/EWOD devicé. [6He top glass

substrate has EWOD electrodes except for the daé@trode, which is used for
OET. The bottom glass substrate consists of thé ph®tosensitive OET

electrode. Silicon dioxide and Cytop® are patternoadEWOD chip, except for
the OET region, which only has a thin hydrophobigek.

In order to circumvent this issue, a region of EM/OD device has no dielectric
layer. This corresponds to an area in which OETipudation can be performed, but not
EWOD actuation. Conversely, OET manipulation idfeive in the other regions of the
EWOD device. Moving the droplet of interest intodaout of the OET region must be
performed using EWOD electrodes surrounding théoregOnce the droplet is in the
OET region, manipulation of particles within theplet can be performed. Thus, there is
a design trade-off between relative sizes of thel @fectrode and the EWOD side-
electrodes. Larger side-electrodes make dropleipukation easier, but reduce the area
available for particle manipulation by OET. Theattede layout (Figure 8.4) was chosen
as a result of this trade-off.

The operating concept of the integrated OET/EWORiageis shown in Figure 8.4
[64]. A droplet containing the cells is positioneger the OET region using the adjoining
EWOD electrodes (Figure 8.4a). Using OET, all cafls swept to one side of the droplet,

then individual cells are separated to the othde,sbased on differences in visual or
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dielectric properties (Figure 8.4b). Finally, EWQ® used to create a smaller droplet

containing only the selected cell(s) (Figure 8.4c).

d

“
¥ = t
S el
R

waste droplet or droplet
containing specific cell(s)

Figure 8.4Schematic of the integrated OET/EWOD device [64]e Tight gray
areas represent EWOD electrodes, and the dark grpsesents the OET
manipulation area. (a) A droplet containing cedigransported to the OET area
using EWOD. (b) Using OET, cells are swept to kfid individual cells are
selected based on dielectric properties or visiffdrdnces. The droplet position
relative to the OET area can be adjusted by the EWiOe-electrodes. (c) Using
EWOD, desired cells are removed by generating aléeoor waste medium is
removed as droplets. A fresh droplet can be addech fother directions to
replenish cell medium.

Another operating mode can be used to culture cell€hip. Maintaining a viable
cell environment requires replenishing the celtu@ medium. Using EWOD operations,
wastes and toxins can be removed, and replacedebly media while the cells are held
by OET.

The integrated EWOD device was fabricated by paitigrelectrodes in a 140-nm-
thick ITO layer. A 700-nm-thick layer of SijOwas deposited by PECVD over the
electrodes, followed by the spin-coating of a 26@ayer of Cytofj (Asahi Inc.). Both
the SiQ and Cytofi layers were removed in the area reserved for OEmipnlation,
although a 20-nm-thick layer of Cyt®pwvas spin-coated over the OET manipulation

region to maintain hydrophobicity.
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The integrated OET device consists of a standa&d @lectrode, as discussed in
Chapter 2.7. However, the surface of the a-Si rhasendered hydrophobic, so a 20-nm-

thick Teflon AF® layer was spin-coated on the a-Si layer.

8.3.2 Experimental Setup

The experimental setup of the integrated OET/ EW&Btem is the same as
described in Chapter 1.3.3. A liquid-crystal sddight modulator and a 635-nm laser
were used to generate image patterns for opticalipukation. The optical patterns are
focused onto the OET device through a 5x objedéws. Image processing software was
used to determine the particle characteristics, gemerate the corresponding optical

manipulation patterns to separate particles.

8.3.3 Experimental Results

A droplet containing 20-pm-diameter polystyrenedseavas moved into the OET
region using the EWOD side-electrodes (Figure 8d64]. The side-electrodes can
also be used to pull the droplet in different dil@ts, so that particles initially outside the
OET region can be “captured” with OET. Cutting bétdroplet was also demonstrated

(Figure 8.5c¢, d) using the adjoining EWOD electsade
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Figure 8.5Droplet manipulation by EWOD [64]. (a, b) EWOD ised to
transport a droplet with beads into OET manipufategion. (c, d) EWOD cuts a
droplet out of the OET region as in Fig. 2(c). Tdelectric pattern inside the
OET electrode (rotated square) marks active OETomedsurrounding EWOD
electrodes are used to move droplets into, ouhdfaaound OET region.

Once the droplet is moved into the OET region,maage-feedback-controlled optical
pattern was used to manipulate individual particlesthe droplet. Particles were
identified by the image-processing software andpgvie the left (Figure 8.6a) [64]. A
user-controlled optical pattern can also be usesiveep particles in OET manipulation
area (Figure 8.6b). Nearly all particles responteedET manipulation, although two
particles were adhered to the surface of the ObEtsate (Figure 8.6c¢). A single particle
from the group that was swept to the left was seteby the user, and an optical pattern

was generated to move only this particle to thbtreglge of the droplet (Figure 8.7) [64].
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Figure 8.6Particles swept to the left side of the image udjr [64]. (a) Each
particle (dark dot) is pushed to left by an optigad pattern. (b) User-controlled
optical patterns can also be used to sweep pautig Nearly all particles in the
OET region have been swept to the left (most ateobthe field-of-view). The
edges of the OET manipulation region are addedléoity.

Figure 8.7Individual particle control using OET [64]. (a) Apecific particle
(circled) is chosen by the user, and transportetthéoright. (b, ¢) The selected
particle is moved away from the others, as inditdte the arrow. The edges of
the OET manipulation region are added for clarity.

8.3.4 Design Issues

While the functions of both EWOD and OET were indually demonstrated the
integrated device, the mutually exclusive naturehefOET and EWOD operational areas
led to difficulties in demonstrating a complete weace of EWOD-OET operations. The

lack of OET manipulation in the EWOD region redsigarticle manipulation to the
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relatively small OET region, while the lack of EWCdgtuation over the OET region

presents difficulties for sustaining the particlestdbution against microfluidic flow

(Figure 8.8).
d i b
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Figure 8.8EWOD electrode arrangements around the OET manipalaegion
with two alternative shapes for the hydrophilic mijpg. During EWOD droplet
actuation, the fluid in the hydrophilic region rammstagnant (indicated by the
flow lines), while causing flow near the meniscagytow stronger. This creates
strong viscous forces on particles outside the dpfuific region, such as those
labeled 1 and 2.

Since the manipulation of wetting properties is possible in the OET region, the
droplet size is chosen to be bigger than the OHgione and microfluidic operations are
performed with the help of the EWOD electrodes@umding the OET region. Moreover,
the hydrophobicity of the OET region must be chosarefully. Three possibilities may
be considered, based on the size of the hydropgipkning in Figure 8.8.

Case 1 — the entire OET region is hydrophilic. Whedroplet enters the OET region,
it readily wets and fills the entire OET regiondaoverflows onto the EWOD electrodes
outside the OET region. While OET manipulation &e@nperformed on particles inside
the OET region, manipulation on particles in thepdet that lie outside the OET region is
problematic. One possibility is to manipulate tmepdet so that particles outside the OET

region are introduced into the OET manipulationaandowever, when more fluid is

126



pulled in by EWOD towards the hydrophilic OET regjia is unable to displace the fluid
already present. Thus, the hydrophilic site presentstagnant zone that flow lines
circumvent, preventing new patrticles from beingadticed into the OET region.

Case 2 — the entire OET region is hydrophobic. Arbghobic OET region allows
the free exchange of fluids and hence particleséden the OET and EWOD regions, and
the appropriate surrounding electrodes can be gmglto introduce droplets into the
OET region. However, subsequent microfluidic movetaemay tend to dry the OET
region, causing the droplet meniscus to sweep adtoQET force is too weak to oppose
particle movement against the interfacial forcetloé meniscus, and thus the OET-
generated particle distribution is disturbed.

Case 3 — the OET region is part hydrophilic and pgdrophobic. The two cases
considered thus far suffer from either no fluidiovament or too much fluidic movement
in the OET region as a result of EWOD actuatiorsodution to this issue was sought by
making only part of the OET region hydrophilic, Veay the rest covered with a thin
hydrophobic layer (Figure 8.8). Fluid exchange lestw the hydrophobic OET region
and the EWOD region would enable particles oridynautside the OET region to enter
the OET manipulation area. At the same time, thérdphilic site does not allow the
droplet meniscus to sweep across the entire OETomregreventing the complete
disturbance of OET-driven particle re-arrangement.

Theoretically, this design could allow combined EW(Gnd OET operations.
However, in practice it is rather difficult to cap¢ all the particles in the droplet
(including those initially outside the OET regidoy OET manipulation. The presence of

the central hydrophilic region tends to push tlevflines away from the center (and
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hence the OET region) towards the meniscus (Fi§L8e As a result, many particles are
still excluded from the OET region (particle 1 iiglre 8.8).

It is also difficult to keep the OET-generated detdistribution undisturbed during
EWOD operations such as droplet cutting. Althoughhydrophilic opening prevents the
meniscus from completely sweeping across the OHjlome there is still significant
fluidic movement during EWOD actuation. OET canmatintain the particle distribution
against this movement, particularly in the hydraph@art of the OET region (particle 2

in Figure 8.8).

8.4 Integrated Planar LOET / EWOD Device

In order to solve the issues discussed in Chap&#,8a second-generation device
was designed and tested. This device uses a PL@Ki€ed(discussed in Chapter 7.3)
instead of the standard OET device, and a typitdOP device, with no special OET
actuation area.

The PLOET device no longer needs an opposing eletiso the EWOD device can
be left unmodified, with no patterning of the dethec or hydrophobic layers. This
eliminates the “OET only” region of the first-geagon device, and also expands the
OET region into the previously “EWOD-only” regionSince the EWOD and OET
regions are no longer mutually exclusive, the peoid described above for the first-

generation device are no longer encountered.

8.4.1 Fabrication

The EWOD electrodes are each 1 mmand were defined in a 140-nm-thick ITO

layer on a 700-um-thick glass substrate (TechGaplmer). A chromium/gold layer (10
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nm/100 nm) was deposited and patterned to defieedntact pads and electrode labels
for easier visualization. Next, a 1-um-thick silcaitride layer was deposited using
PECVD, and patterned to define the dielectric layerl-pum-thick Cytop® layer was
spin-coated and annealed at ZD@ make the surface hydrophobic.

The LOET devices were fabricated as described iap@n 7.3.1. A 20-nm-thick
layer of Teflon AF was spin-coated on the a-Si and annealed &iCl5@ndering the
surface hydrophobic. Since OET force is strongestr ihe PLOET device, and since
particles and cells settle due to gravity, the LO&€eVice was placed on the bottom. A

100-pum-thick spacer is used between the two substra

8.4.2 Experimental Setup

The integrated PLOET/EWOD device used the optiealsdescribed in Chapter 6.4.
Briefly, the output of a computer projector (Ded@MP) was collimated and focused
onto the LOET substrate through a 10x objectives,lamhich also serves as the
observation objective. A fiber illumination is ustedprovide the background illumination
necessary to view the microparticles, and a CCD ecams used to capture the
microscope images.

The PLOET was biased at 3 to 5 Vrms at 200 kHz|enthe EWOD device used 120
Vrms at 20 kHz. During the PLOET manipulation, omiethe electrode arrays was
connected to the LOET voltage supply, while theeotivas grounded. During EWOD
actuation, the PLOET electrodes act as the grolecirede. Grounding one array of
PLOET electrodes is sufficient, although EWOD atiarawas found to be better when

both the arrays were grounded, particularly dudraplet cutting.
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Live HelLa cells were suspended in an isotonic uftantaining 8.5% sucrose and
0.3% dextrosed = 5 mS/m). Under these conditions, the cells eepee positive OET,
and are attracted to the regions illuminated bydpecal patterns. Unfortunately, the
hydrophobic surface required for EWOD actuatioprigne to fouling from the cells, and
the hydrophobic requirement excludes the use of B&&ing. However, the addition of
small quantities of surfactant prevents cell adhesiallowing the actuation of cell
samples using EWOD [137]. Therefore, 0.2% Pluranidactant F68 (Sigma-Aldrich)

was added to the solution.

8.4.3 Experimental Results

The sequence of EWOD and PLOET functions is shawRigure 8.9. The droplet
position prior to PLOET manipulation was experinadiyt determined to minimize the
collected cells from being re-distributed by themet movement during a subsequent
cut. The droplet is positioned accordingly using @W/(Figure 8.9a, b).

Next, PLOET operations are performed on the cellghis case moving the cells
from the lower (“depleted”) to the upper (“colledtgregion of the droplet (Figure 8.9b,
c). Since the field-of-view of the microscope is aimwith respect to the EWOD
electrode dimensions, multiple sweeps may haveetgpdrformed to cover the entire
droplet area (Figure 8.9c, d). After the PLOET rpaiation is completed, the droplet is
split using EWOD (Figure 8.9¢e), and separated ihéo“collected” droplet that contains
most of the collected cells, and the “depleted’ptlbwith a few cells of interest (Figure

8.91).
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Figure 8.9Schematic of the operations performed on the iategr
PLOET/EWOD device. The light arrows indicate dropievement by EWOD
while the dark arrow indicates the movement ofRh©ET optical pattern. (a) A
droplet containing cells is placed on the devidg. To avoid disturbing the
PLOET-generated particle distribution due to flaidhovements during the
droplet cutting step, the droplet is positionedperty by EWOD prior to PLOET
operations. The PLOET image pattern is then prege@nd moved across the
droplet, transporting the cells upwards. (c) Sitice droplet dimensions are
larger than the PLOET image area, cell manipulativay be repeated over
multiple regions to cover the entire droplet. (d) But a few cells have been
concentrated in one region. (e) The droplet is sgbently split using EWOD. (f)
Cells have been separated into the collected drapkbthe depleted droplet.

A 350-nL droplet containing live HeLa cells at ancentration of 6 x 1Dcells/mL is
placed on the integrated device (Figure 8.10a). droglet is stretched by EWOD, and
positioned for the subsequent steps (Figure 8.10&xt, cell manipulation is performed
using PLOET,; cells are collected upwards by sweg@ncomputer-generated optical
pattern from the bottom-to-top across the fieldviefv (Figure 8.10b, c). The bright spot
in Figure 8.10b-d shows the entire illuminated ardee optical pattern within the

illuminated area can be seen more clearly in Figuté.
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Figure 8.1CEWOD functions during the operation of the integdat
PLOET/EWOD device. (a) A 350-nL droplet containidgLa cells is placed on
the integrated device. (b) The droplet is posittbee the PLOET-generated cell
distribution is not disturbed during the droplettog. PLOET manipulation is
performed starting from the bottom of the stretctisaplet. (C) Collection of the
cells from the lower (“depleted”) region into thpper (“collected”) region of the
droplet. (d) The cell collection is performed asrdbe width of the droplet to
move most of the cells into the collected regios,. fj After collection, the
droplet is split into the “collected” (top) and ‘wleted” (bottom) droplets.

The EWOD electrode features (outlined) can be uaedreference to see the
movement of cells by PLOET. Since the cells expegepositive DEP, they are attracted
to the optical pattern (Figure 8.11a). As the pattenoves upwards, the cells are
transported (Figure 8.11b, c). More cells are ctdle the pattern moves upwards towards
the collection area (Figure 8.11d to f). As thepdiebis larger than the microscope field-
of-view, multiple sweeps are performed, each timedporting the cells to the collected

region. After the PLOET operations are completbd, droplet is split using EWOD by
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stretching it in both directions (Figure 8.10e)suking in “collected” (top) and

“depleted” (bottom) droplets (Figure 8.10f).

uncollected 50 pm

collected
cells ~—_

Image for LOET

¢l EWOD electrode 2

EWOD electrode 1

. droplet

more collected
cells

MENIScUs

EWOD electrode 2

EWOD electrode 1

cells moving w/ image
(wrt EWCD features)

EWOD electrode
~ features

EWOD electrode 2

Figure 8.11PLOET manipulation of HelLa cells within a dropléthe dark
arrows indicate the movement direction of the @btattern. (a) Since the cells
experience positive OET, they are attracted topatern. (b) As the pattern
moves up, the pattern more cells are collectedrl'ife) movement of the cells can
be seen with respect to the EWOD features. (d {th§ pattern sweeps across
multiple EWOD electrodes starting from the bottofriree droplet, collecting all
the cells in the upper (“collected”) region.

In this experiment, ~19 live cells were presenthia original droplet. Subsequently,

13 cells were concentrated into the collected dtoplvhile 6 cells remained in the

depleted droplet. A few of the cells that remainedthe depleted droplet were

unintentional, as cells tend to stick the PLOETrawe over the relatively long distance of

manipulation. In order for the cells to be sepatateo discrete droplets, they must be

transported approximately 2 to 3 mm due to the EW@PBctrode dimensions.
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Furthermore, dirt particles present in the droplebn the device surface can also block

cells from being transported.

8.4.4 Future Improvements

The demonstration of sequential EWOD and OET ojmeratfor cell handling on an
integrated device is a significant development. Eosv, some obstacles remain. One of
the issues is cell adhesion in the device, whiadxecerbated by the large 1 mm x 1 mm
EWOD electrodes. Cells must be manipulated by PLO#&r a distance of 2 to 3 mm,
which was successful for many cells, but not alheGsolution is to scale down the
EWOD dimensions, requiring PLOET manipulation tocurc over much shorter

distances.
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Chapter 9 Optically-Actuated
Thermocapillary Forces in
Optoelectronic Tweezers Devices

9.1 Motivation

Another notable phenomenon that can occur in theebgctronic tweezers device is
the creation of a thermal gradient due to laseogdti®n in the a-Si electrode. However,
unlike the electrothermal effects described in G&ap.9.2, this does not depend on the
electric field within the OET device, and can octouthe complete absence of an electric
field. This optically-induced thermal effect can led to transport gas bubbles within an
OET device, or in a microfluidic device with an al&/er similar to the OET structure.

Gas bubbles in microfluidic devices can serve m@mgtions, including acting as
pumps [138], valves [139], mixers [140], and swisH141], and performing Boolean
logic operations [142]. Typically, the bubbles araried passively by fluid flow in
microfluidic channels. To achieve the active posiing of gas bubbles or liquid droplets,

many different methods may be used, such as diefdutresis [143], electrowetting
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[144, 145], optoelectrowetting [146], and evapanat[147]. Another method is to use
thermal gradients to drive the motion of gas bublodiquids (or liquid droplets in air or
other immiscible liquids) by altering the surfaeagion. Surface tension is dependent on
several factors, including temperature; thus, arntiaé gradient creates a surface
temperature gradient, which drives a fluid motikbmown as thermocapillary force or the
thermal Marangoni effect [148]. As a result, suéiit thermal gradients can drive the
motion of bubbles [138, 141, 148], droplets [142]1%r thin films of fluids [153, 154].

Typically, thermocapillary forces are created btegrated resistive heating elements
[149, 152, 155]. However, recent work has shown titva thermal gradients necessary to
generate thermocapillary-driven bubble or dropleivement can be created by the
absorption of a laser beam in a liquid [156-15%]clSoptically-controlled actuation has
advantages over conventional dielectrophoresis;treleetting, and resistive heating
methods, as it is easier to address a large arfayubbles using optical patterns.
Furthermore, optically-controlled actuation is moréexible and more easily
reconfigurable than resistive heating elements. éi@n, the properties and chemistry of
the liquids compatible with this method are limitsthce an optically-absorbing liquid is
required.

Here, we demonstrate the trapping and transportiofbubbles, driven by an
optically-actuated thermocapillary force arisingnr the laser heating of an absorbing
substrate (the a-Si electrode of the OET devic&Q][1The use of an absorbing substrate
creates more flexibility than using absorbing lagji as it makes optically-actuated
thermocapillary forces independent of the opticedpprties of the liquids or gases.

Furthermore, as mentioned earlier, the a-Si eldetaf the OET device is inexpensive,
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allowing it to act as a disposable surface to minénthe cross contamination of sensitive
samples. Other work that relies on the heating sdilzstrate produces Marangoni forces
via surface plasmon heating of a thin gold film @muartz substrate, which is more

expensive to produce [161].

9.2 Theory

The optically-induced heating of the absorbing sabs creates a thermal gradient in
the substrate and the liquid media. This thermatligint affects the surface tension of the
liquid media, as most liquids have a constant, treg@alue of0o/dT , whereo is the
surface tension and is the temperature. The change in surface tensodirectly

proportional to the change in temperature:
Vo =22vT 9.1
9= or (©-1)

Thus, the presence of a temperature gradient witkrehse the surface tension in the
warmer region, creating a flow toward the coldegioa as the liquid attempts to
minimize the total surface energy. As a resulthid thermally-induced liquid movement,
bubbles in the liquid move toward the high-tempa®ategions, such as those created by
optically-induced heating. Once a bubble is centetgove a radially-symmetric thermal

gradient, it is stably trapped, as the thermaltjuiced forces balance.

9.3 Experimental Setup

In order to create the optically-actuated thermdizap forces, we utilize the a-Si
electrode of an OET device, consisting of a 0.85-thitk glass slide coated with a 100-
nm-thick layer of indium tin oxide, followed by ain-thick layer of hydrogenated

amorphous silicon (a-Si:H), which absorbs lightthe visible and UV wavelengths
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(Figure 9.1) [160]. A 10Q@em-high fluidic chamber was formed between the diiagr
substrate and a 1.1-mm-thick glass slide and filgtl approximately 2Q.L of silicone
oil (Dow Corning 208 fluid). Air bubbles are trapped during the loadisfgthe fluidic
chamber, with volumes ranging from approximately @5 to 23 nL. Contact angle
measurements at the oil/air/substrate interfacevghat the silicone oil completely wets
the a-Si:H surface. The laser source that providesoptically induced heating is a 10-
mW, 635-nm semiconductor laser. At this wavelengtivas empirically determined that
the a-Si:H-coated substrate absorbs 94% of thedentilight, not accounting for
reflections at the air/substrate and substratedigumterfaces. The output of the
semiconductor laser is expanded to fill the apertifra 20x microscope objective, which
focuses the beam to aufa-diameter spot on the surface of the absorbingtsate. The
laser intensity is controlled with a variable attetor, and the laser power is monitored

using an optical power meter (Hewlett-Packard 81)53A

Glass (1.1 mm)
Silicone oil
(0.1 mm)

Absorbing substrate (0.9 mm)

!'| } Fluidic chamber |
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Figure 9.1Experimental setup for the optically actuated tlerapillary
movement of air bubbles [160]. A 10 mW, 635 nm tasefocused onto the
absorbing substrate of a fluidic chamber by a 2Bjediive lens. Air bubbles in

the silicone oil have a contact angle of approxetyal80°, as the oil completely
wets the surface of the substrate.
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9.4 Experimental Results

The optically-actuated thermocapillary movemena dfl4pum-diameter air bubble in
silicone oil is shown in Figure 9.2 [160]. The &ubble is initially positioned directly
over the area illuminated by the laser (Figure P.Zae laser illumination position is
subsequently scanned across the substrate by ramdflisting the position of the
focusing objective relative to the fluidic chambErom the original location, the laser
spot is translated in the positiyedirection (Figure 9.2b), then in the positixlirection
(Figure 9.2c), and then in the negatieand negative-directions (Figure 9.2d). The
dashed circle in Figure 9.2d indicates the inigiakition of the bubble, and the dashed
line indicates the approximate trajectory. Theceitie oil/air meniscus is visible in the
upper-left corner of each image as a reference.ifflage sequence in Figure 9.2 spans

6.2 s, during which the bubble attains velocitieagproximately 80@um/s.
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Figure 9.20ptically-actuated thermocapillary movement of an laubble in
silicone oil [160]. A 114am-diameter (1.0 nL) bubble is trapped in the thérma
trap created by a laser focused on the absorbimgtrste (a). The oil/air
meniscus can be seen at the top left. The bubbev®the position of the laser
spot, as it is scanned in the positiwdirection (b) and then in the positive
direction (c). The bubble is then moved in the miegay- and negativex-
directions (d). The initial bubble position is indted by a dashed circle, and the
approximate trajectory of the bubble is indicatgdallashed line.

We have been able to reproducibly transport aiblagwith diameters ranging from
33 to 329um, which correspond to a volume range of 19 pL 3on2. (A spherical
volume is assumed for bubbles with diameters sm#iien the chamber height of 100
um; for larger bubbles, the cylindrical volume forimis used.) The maximum velocity at
which these bubbles can be transported is linelehendent on the intensity of the laser
source (Figure 9.3) [160]. This is expected, aslaser intensity is directly proportional
to induced thermal gradient produced by the opttelorption. The measured velocities
are the maximum translation rates of the bubblessacthe surface of the absorbing
substrate, as the optical pattern is fixed andsthestrate is moved by a motorized stage.
The maximum translation rate of the motorized stage mm/s, limiting the maximum

velocity that can be measured with this method.lBegowith diameters of approximately
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100um or less (volumes of 0.5 nL or less) easily exdabednaximum velocity of 1 mm/

s, especially at the higher laser intensities. H@reanalysis of video captured during
the bubble transport allows us to approximate th& mum velocity of bubbles less than
0.5 nL in volume to be approximately 1.5 mm/s &t libwest measured light intensity, 2

kKW/cn.
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Figure 9.30ptically-actuated thermocapillary movement-inducgsglocities of
air bubbles as a function of laser intensity. Thkdslines are linear fits to the
data points.

The optically-induced temperature gradient can dterdhined using the temperature-
dependent surface tension equation (Equation %id)tlze Navier-Stokes equation. The
calculated temperature gradient required to molakdble at 1.5 mm/ s is approximately

4000 K/m, given the viscosity of the silicone oll6l], x = 4.56x10° Pa-s, and the

temperature coefficient of the surface tension [$9], y,= —00/dT = 7.2x10°
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N-m K™ In the geometry of the optically-actuated theramitary device, this
corresponds to a temperature rise of approxim@&yC at the oil/a-Si:H interface. This
value was verified experimentally using a @@-thick thermocouple (Omega
Engineering, type T, resolution = 0.1°C) affixedthe a-Si:H substrate. The temperature
measurements were taken with the fluidic systemaomraluminum microscope stage,

surrounded by a room temperature environment.

9.5 Discussion

Further possibilities of optically-actuated thermpitlary movement include the
usage of spatial light modulators to simultaneousigate multiple bubble traps, a
technique that has widespread usage in the optaggbing community [142]. In addition,
this technique is not limited to excitation by decent source; incoherent sources can be
used, as long as a sufficient thermal gradieneregated.

Furthermore, the absorbing substrate used in tleegeeriments has not been
optimized for the generation of a thermal gradiastit was originally designed for use as
an electrode for OET. Thus, improvements may beertadthe absorbing substrate to
create higher thermal gradients. This may inclutierrsate materials that have suitable
optical absorption coefficients and low thermal dawoctivities. Optically-actuated
thermocapillary bubble movement on an absorbingstsate enables the actuation of
bubbles in a variety of liquids, independent of tpeical properties of the liquid. This
capability can be used in microfluidic applicatioas a way to optically control fluid
pumping or switching [142]. The optical addressifighis technique is also amenable to

the creation of dense arrays of optically-contebleibbles.
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Chapter 10 Conclusion

Optoelectronic tweezers has been demonstratedddlbrible, powerful platform for
micro- and nanoparticle manipulation. As OET uéBz optically-induced
dielectrophoresis, it is more flexible and more ilgaseconfigured as compared to
conventional dielectrophoresis. OET adds the coftractionality of optical tweezers to
dielectrophoresis; enabling parallel manipulatiérspecificsingle particles. However, as
the underlying force mechanism is dielectrophorespsically-controlled manipulation is
achieved using significantly lower optical interestthan optical tweezers, making OET
manipulation much less harmful to live cells andticgly-absorbing particles. In
addition, OET is capable of trapping particles oadarger area than optical tweezers,
resulting in improved parallel manipulation capdieis, especially for larger particles
such as mammalian cells.

The usefulness of the OET device has been presamtdte context of two main
application fields: biology and engineering. Inlbgy, OET can be used as a tool for

single-cell studies, or to sort samples of cell&TGs capable of sorting between different
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cell types, or between live and dead cells. We heesl this capability to distinguish live
viable non-motile sperm from dead sperm to aidiable sperm selection fan vitro
fertilization procedures. Furthermore, unlike ttemtial toxic chemical assays, OET
manipulation introduces no detectable DNA fragmimtain the sorted sperm. Thus,
OET sorting has the potential to increase the ywlahtracytoplasmic sperm injection
procedures, increasing efficacy while reducing .chitdical costs associated with ICSI
can exceed $15,000 per procedure, with no guararitdee outcome. Thus, improving
ICSI would benefit more infertile couples by incseay the accessibility of this
procedure.

A variant of the standard optoelectronic tweezexgia®, lateral-field optoelectronic
tweezers, has been demonstrated. The LOET deviceapmble of manipulating
anisotropic objects with their major axis parattethe LOET substrate. This is useful for
the assembly of anisotropic objects, such as nameewiand for the heterogeneous
integration of IlI-V material microdisk lasers on glicon platform. This room-
temperature, post-CMOS assembly technique prowageslternative to wafer-bonding
processes, and is well-suited for the integratiba small number of optical sources with
many CMOS devices, as in a transceiver chip. Intiaag the parallel integration of
multiple materials to achieve lasing at multiplevelengths is possible using LOET
assembly. This has the potential to facilitate ¢heation of silicon photonic devices,
enabling optical communication from board-to-boarhip-to-chip, and even intrachip.
The removal of the data bandwidth limitation preésdnby the current copper

interconnects will transform the computer industry.
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A variant of the LOET device is created with a li@indeposition of a-Si, with no
subsequent electrode etching, to form a planardatield optoelectronic tweezers
device. This planar surface enables orientatiortrobin the assembly of anisotropic
objects such as nanowires. We are currently exglothe use of this device for the
creation of a nanowire-based LED display. Otherliagfions include the assembly of
nanowires as interconnects or components in el@ctrdevices. As this technique is
capable of manipulating nanowires in parallel, ffexs improved throughput over
existing techniques such as placement using AFM tip

The PLOET device is also self-contained on a sisglestrate, facilitating integration
with other microelectromechanical systems, sucblestrowetting-on-dielectric devices.
Furthermore, the planar surface avoids pinningtieaiscus of droplets on the surface of
the device, unlike the standard LOET device. Thadenit possible to integrate the
PLOET device with an EWOD device. The resultingtfplan is promising for cell
purification and culturing. Cells of interest caa isolated from a larger population, and
exposed to reagents contained in additional drepletthis manner, single-cell behavior
can be accurately studied and quantified, allovwbraogists new insights into cellular
behavior.

We have also demonstrated other useful effectsii @evices, such as optically-
actuated thermocapillary forces using the OET satest This technique is capable of
flexibly and dynamically controlling bubbles in mifluidic devices. Bubbles can be
used to perform microfluidic-based logic operatioswsd can act as pumps and switches
in microfluidic devices. This makes it possibler¢alize a true lab-on-a-chip device, with

no external pumps required. Instead, optofluidiotad will be used to pump and route

145



samples through the chip, greatly simplifying manyrent microfluidic setups, which
can have a large number of fluidic connections@nadps.
The OET device enables many exciting experimendsagaplications, many more of

which have yet to be discovered.
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Appendix 1 Fabrication Process of
Optoelectronic Tweezers

Al.1 UCLA Fabrication Process

Early OET devices, used in the experiments destribbeChapter 1, were fabricated
at the UCLA Nanoelectronics Research Facility (Nabpusing commercially-available
ITO-coated glass wafers (Delta Technologies, Lithe fabrication process is outlined in
Table Al1l.1 and Figure Al1.1.

The fabrication process begins with a 1.1-mm-tigtkss substrate, coated on one
side with 100 nm of ITO. The substrate is diced pieces measuring approximately 3.5
cm x 2.5 cm. The pieces are then cleaned in aeetoathanol, and isopropanol, rinsed
with deionized (DI) water, and dried with a jet witrogen (N) gas (Step 1). The
substrates are dried on a hotplate for 15 minutestemperature of 180 (Step 2). An
aluminum film is deposited onto the ITO-coated gléy an electron-beam (e-beam)
evaporation process, using either the Sloan SL 18@0 CHA Mark 40 e-beam

evaporators (Step 3). The aluminum layer createsiaae ohmic contact to the
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amorphous silicon (a-Si) layer. To avoid the buidof an oxide on the aluminum,
intrinsic a-Si was deposited immediately followitigg aluminum deposition by plasma-
enhanced chemical vapor deposition (PECVD) by therRatherm 790 PECVD machine
(Step 4). The a-Si layer has a thickness of 1 fouin. Immediately after the a-Si
deposition step, 20 nm of silicon nitride is depasiby PECVD, also in the Plasmatherm
790 (Step 5). The film quality of the a-Si layéabricated in the Nanolab was relatively
poor, making the silicon nitride essential as sspasion layer. If the nitride layer is not
present, the a-Si film cracks and flakes off up&posure to liquid. Low-tack tape is
used to temporarily mask one edge of each piecarganof approximately 2.5 cm x 0.5
cm), which will be used for electrical contact whapplying ac bias to the device.
Photoresist (AZ 5214E) is then spun over the dewsang a spin speed of 2000 rpm for
30 seconds (Step 6). The low-tack tape is remaagahsing the area that will be etched.
Reactive-ion etching (RIE) is used to etch throtigh nitride and a-Si layers, exposing
the aluminum surface (Step 7). To perform thidhetbe Technics Fluorine RIE 800
machine is used, with a 5:1 CF4:02 gas ratio aeasure of 200 mtorr. The RF power
used to create the plasma is set at 150 W, alloeioly completion in approximately 6
minutes. The photoresist is removed using acetand, the pieces are rinsed with
isopropanol and DI water (Step 8). After dryin@ thieces with N2 gas, the electrical

contact pads are created with a silver conducipexg (Step 9).
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Table Al.1 OET fabrication process overview (UCLAGESS)

Step Process Parameters
1 Clean substrate;Ndry Start with 1.1-mm-thick ITO-coated glass stdist
2 Dehydration bake 150 for 15 min
3 Electron-beam evaporation of aluminum 10 nm fifmckness
Equipment: Sloan SL 1800 e-beam evaporator or,
CHA Mark 40 e-beam evaporator
4 Plasma-enhanced chemical vapor 1 to 1.5um film thickness
deposition (PECVD) of a-Si Equipment: Plasmatherm 790
Recipe: a-Si2
5 PECVD deposition of silicon nitride 20 nm filmickness
Equipment: Plasmatherm 790
Recipe: Initride
6 Spin on photoresist (AZ 5214E), leave 500 rpm spread for 5 s, 2000 rpm for 30 s
electrical contact area unprotected Equipment: Headway spin coater
7 Reactive-ion etch (RIE) electrical 5:1 CR:0,, 200 mtorr, 150 W for ~6 min.
contact area to aluminum layer Equipment: Technics Fluorine RIE 800
8 Remove photoresist Acetone clean
9 Electrical contact pads Silver conductive epdxpdtek E2101)

Recipe: 3:1 part A to part B, cure @ 260or 1 hr.
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Step 1-2: Cleaning and dehydration bake Step 7: RIE contact to aluminum

Step 3: Aluminum deposition

Step 8: Remove photoresist

Step 4: Amorphous silicon deposition -

Step 5: Silicon nitride deposition Step 9: Formation of electrical contacts

2

Step 6: Spin on photoresist

[ ]Glass(1.1 mm) [ SisN. (20 nm)
| |1TO (100 nm) B Photoresist

B A1(10 nm) ___ silverepoxy
B a-si(1 pym)

Figure Al.1 Fabrication process of OET devicesitaited at UCLA.

Al.2 Silicon Display Technologies Fabrication Proce  ss

A foundry service (Silicon Display Technology, Skdorea) was used to fabricate
the OET devices used in the experiments of Chdpt8y 5, and 9. These devices utilized
a slightly different device structure, as the aeBuld now be doped. In addition,
hydrogen could be incorporated into the a-Si toucedthe number of defect states,
resulting in hydrogenated amorphous silicon (a-pi:Fhe fabrication process for the

alternate variation of the OET device is shown Welo Table A1.2 and Figure A1.2. All
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steps are performed in the UCLA Nanolab or UC Bletk&licrofabrication Laboratory
(Microlab), although the starting device layers dabricated by Silicon Display

Technology.

Table Al.2 Alternate fabrication process overview

Step Process Parameters
1 Clean substrate; Ndry Start with 0.85-mm-thick ITO-coated glass
substrate, with 50 nm n+ a-Si:H fuin a-Si:H
2 Dehydration bake 15G for 15 min
3 Spin on photoresist (AZ 5214E), | 500 rpm spread for 5 s, 2000 rpm for 30 s
leave electrical contact area Equipment: Headway spin coater
unprotected
4 RIE electrical contact area to ITO | 5:1 CR:0,, 100 mtorr, 150 W for ~6 min.
layer Equipment: Technics Fluorine RIE 800
9:1 SK:.0O,, 100 mtorr, 100 W for ~2 min.
Equipment: Plasmatherm PK-12 RIE
5 Remove photoresist Acetone clean
6 Electrical contact pads Silver conductive epdxpdtek E2101)
Recipe: 3:1 part A to part B, cure @ 260or 1 hr.
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Step 1-2: Cleaning and dehydration bake Step 5: Remove photoresist

Step 3: Spin on photoresist Step 7: Formation of electrical co%tacts

Step 4: RIE contact to ITO
[ ] Glass (0.85 mm) [0 a-Si:H (1 pm)
- [ |ITO (100 nm) B Photoresist
- n+a-Si:H (50 nm) ~  Silver epoxy

Figure Al.2 Fabrication process of OET devices Witd and a-Si:H layers
deposited by Silicon Display Technology.

The fabrication process for the devices from Sili€isplay Technology begins with
the shipped glass wafers, which consist of a 0.8%hick glass substrate, coated on one
side with 100 nm of ITO, 50 nm of n+ doped a-SaHd 1um of intrinsic a-Si:H. The n+
doped a-Si:H layer provides an ohmic contact betwiee ITO and the intrinsic a-Si:H.
The wafers are diced, cleaned, and dried (Stefoligwed by a dehydration bake (Step
2). The deposited a-Si:H layers of these devicesoAmuch higher quality than those
produced in UCLA’s Nanolab. Even upon repeatecosype to liquid, the a-Si:H layers
are not damaged. Thus, passivating the silicofasewith a nitride layer is not required
for these devices. As in the previous fabricapoocess, photoresist (AZ 5214E) is then

spun over the device, leaving the area to be usedléctrical contact exposed (Step 3).

152



An RIE step is performed to gain access to the 1ay@r (Step 4). The photoresist is

stripped (Step 5), and the electrical contact @adsreated (Step 6).

Al.3 UC Berkeley Fabrication Process

The fabrication of all types of OET devices canoalze done entirely in UC
Berkeley’s Microlab. The quality of the a-Si filndeposited in the Microlab are of a
quality similar to the films from Silicon Displayethnology, although hydrogenation and
doping are currently unavailable. The fabricationgess is shown in Table A1.3 and

Figure A1.3.

Table A1.3 OET fabrication process overview (UCKedey process)

Step Process Parameters
1 Clean substrate;Ndry Start with 1.1-mm-thick ITO-coated glass stdist
2 Dehydration bake 150 for 15 min
3 Plasma-enhanced chemical vapor 0.75 to 1.5um film thickness
deposition (PECVD) of a-Si Equipment: Oxford Plasmalab 80plus PECVD

Recipe: 400 sccm Ar, 100 sccm 10% SIHAr
900 mtorr, 356C, 10 to 300 W RF power

4 Spin on photoresist, leave electrical | 500 rpm spread for 5 s, 2000 rpm for 30 s
contact area unprotected Equipment: Headway spin coater

5 Reactive-ion etch (RIE) electrical 9:1 SK:0,, 100 mtorr, 100 W for ~2 min.
contact area to ITO layer Equipment: Plasmatherm PK-12 RIE

6 Remove photoresist Acetone clean

7 Electrical contact pads Silver conductive epdxydtek E2101)

Recipe: 3:1 part A to part B, cure @ 260or 1 hr.
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Step 1-2: Cleaning and dehydration bake Step 6: Remove photoresist

Step 3: Amorphous silicon deposition

Step 7: Formation of electrical contacts
%

Step 4: Spin on photoresist

[ ]Glass (1.1 mm) [J] Photoresist
[ ]1TO (100 nm) ~_ Silverepoxy

Step 5: RIE contact to ITO B a-si(1pm)

Figure A1.3 Fabrication process of OET devicesitaibed at UC Berkeley.

Like the UCLA process, fabrication begins with d-itm-thick glass substrate,
coated on one side with 100 nm of ITO. Steps 1Zack identical to the UCLA process.
However, the aluminum layer is eliminated, as iisesmce does not affect the OET device
performance. Undoped a-Si is deposited directlyhenlTO layer using PECVD. Steps 4
to 7 describe the creation of the electrical canpacls, which is the same as in the other

fabrication processes.
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Appendix 2  PEG Coating Process

A2.1 PEG Coating on a-Si Electrodes

The PEG coating process begins with an a-Si OEdirelde, just before the electrical
contact pads are created with silver conductivexep@The fabrication of the a-Si
electrodes is described in Appendix 1.) The conepREG coating process is outlined in

Table A2.1.
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Table A2.1 PEG coating process on a-Si electrodes

Step Process Parameters

1 Deposit 10-nm-thick Si©on a-Si Equipment: Oxford Plasmalab 80plus PECVD

2 Rinse Rinse with ethanol, dry withp N

3 Bake 116C for 30 min. in convection oven

4 Electrical contact pads Silver conductive ep(ixyotek E2101)
Recipe: 3:1 part A to part B, cure @ #6or 1 hr.

5 Chemical wash 1:1:4 volume ratio of 29% JIHH, 30% HO,, DI water
for 90 min.
Rinse with DI water

6 Chemical wash 1:1:4 volume ratio of 38% HCI, 38%,, DI water for
90 min.
Rinse with DI water, dry with N

7 Bake 116C for 30 min. in convection oven

8 PEG coating Place ~10 mg of PEG-silane on OEf chi
65°C for 24 hours on hotplate

9 Rinse DI water, dry with N

10 Anneal 118C for 10 min. in convection oven

First, a 10-nm-thick Si@layer is deposited over the a-Si layer using PECViRe a-
Si electrodes are then rinsed, and baked in a ctiomeoven. Following this, the
electrical bias pads are created using silver epblg a-Si chips then undergo a series of
chemical washes to silanize the surface, enharRig attachment. First, the devices are
bathed in a 1:1:4 volume ratio of 29% MBH, 30% HO,, and DI water for 90 min, then
rinsed with DI water. This is followed by anotheath in a 1:1:4 volume ratio of 38%
HCI, 30% HO,, and DI water for 90 min. The chips are againeathsvith DI water,
dried, and baked to remove all moisture. A solid GPiane of 2-
[methoxy(polyethyleneoxy)propyl]trimethoxysilane €itar) is placed on the surface of
the a-Si electrodes, and melted using a hotplagsa for 24 hours. The PEG-coated

chips are then rinsed and annealed af@10 a convection oven.
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A2.2 PEG Coating on ITO-coated Electrodes

The PEG coating process begins with an ITO OETtrelde. (The fabrication of the
ITO electrodes is described in Chapter 2.7.) Thewpiete PEG coating process is

outlined in Table A2.2.

Table A2.2 PEG coating process on ITO electrodes

Step Process Parameters

1 Rinse DI water, methanol, acetone, methanol, &tkew dry
with N,

2 Bake 116C for 10 min. in convection oven

3 Chemical wash 1:1:4 volume ratio of 29% JIHH, 30% HO,, DI water
for 90 min.
Rinse with DI water, dry with N

4 Bake 116C for 10 min. in convection oven

8 PEG coating Place ~10 mg of PEG-silane on OEf chi
65°C for 24 hours on hotplate

9 Rinse DI water, Ndry

10 Anneal 118C for 10 min. in convection oven

First, the ITO electrodes are rinsed, and bakea @onvection oven. The ITO chips
then undergo a chemical wash to silanize the seyrfanhancing PEG attachment. The
devices are bathed in a 1:1:4 volume ratio of 29®H, 30% HO,, and DI water for
90 min. Next, they are rinsed with DI water, dneith nitrogen, then baked to remove all
moisture. The solid PEG-silane is placed on thé&sarof the ITO electrodes, and melted
using a hotplate at 66 for 24 hours. The PEG-coated chips are thendinse annealed

at 110C in a convection oven.
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