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ABSTRACT 

Optofluidic Devices for Cell, Microparticle, and Nanoparticle Manipulation 
 

by 
 

Aaron Takami Ohta 
 

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences 
 

University of California, Berkeley 
 

Professor Ming C. Wu, Chair 
 

Research in the micro- to nanoscale regimes is facilitated by technologies that enable 

the addressing of these tiny particles. In biological research, manipulation enables the 

study of single-cell behavior, as well as the sorting of specific target cells from a mixed 

population. In engineering applications, micro- and nanoparticles can be assembled to 

form electronic and optoelectronic devices. Several types of forces can be used to 

manipulate micro- and nanoscale objects, including optical and electrical forces.  

A device is presented that integrates the advantages of optical and electrical 

manipulation, called optoelectronic tweezers (OET). The OET device combines the 

advantages of both optical and electrical trapping. Optical patterns are used to create 

manipulation patterns and particle traps in an amorphous-silicon-based semiconductor 

device. The optical patterns create dielectrophoretic force in the OET device, via light-

induced dielectrophoresis. Thus, OET does not directly use optical energy for trapping, 

allowing the use of much lower optical intensities than direct optical manipulation. These 

low optical intensities can be achieved by a computer projector or an LED, allowing the 

creation of complex optical manipulation patterns. Furthermore, unlike electrical traps, 

OET is capable of trapping a specific single microparticle from a larger population. 
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In this dissertation, the optoelectronic tweezers device is discussed in detail, including 

the operating principle, design considerations, and fabrication processes. OET 

manipulation is presented in the context of three major applications: sperm sorting for 

improving current in vitro fertilization techniques, microdisk laser assembly for CMOS-

integrated optoelectronic devices, and nanowire assembly 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 to address particles in the micro- and 

nanoscale regimes. For example, biologists have traditionally studied cell behavior by 

observing the bulk response of a population of cells. However, it can be desirable to 

observe the behavior of a single cell in order to study phenomena such as cell-cell 

interactions, cell signaling pathways, mutations or genetic damage among a population, 

or the differentiation of stem cells. In addition, the response of a single cell is observed, 

rather than the average response of an entire population. Certain cells in a homogeneous 

population may exhibit behavior that deviates from the average response; single-cell 

observation may provide more insight into the cause of the deviant response. This 

information can be used in applications such as drug screening and cancer or disease 

detection and diagnosis.  
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Engineers and physicists are interested in non-biological particle manipulation.  

Nanostructures that exhibit quantum-mechanical behavior are interesting to researchers 

studying nanoscale physics, or to engineers who are exploiting the unique properties of 

nanomaterials to create improved devices.  However, the difficulty in addressing and 

assembling these extremely small particles presents an obstacle to creating electronic or 

optoelectronic devices that incorporate nanostructures. 

Micro- and nanoscale manipulation can be achieved with a variety of forces, 

including mechanical, magnetic, fluidic, optical, and electrokinetic forces.  A wide 

variety of devices have been develop to control these forces for particle manipulation.  

Perhaps the most intuitive devices are mechanical manipulators, such as microgrippers 

for cells [1-3] or atomic-force microscope tips used for nanoparticle positioning [4, 5].  

However, it is difficult to scale up the number of mechanical manipulators in order to 

increase the parallel manipulation capabilities of the device. In addition, non-contact 

methods are often preferred by biologists.  

Magnetic forces are not invasive, but this limits manipulation to particles that either 

have an intrinsic magnetic response [6, 7] or are tagged with magnetic beads [8, 9]. 

Cellular tagging with magnetic beads has a high specificity and efficiency [10], but 

tagging protocols may not exist for all the cells of interest. As a result, tag-free protocols 

that do not require attaching cells to magnetic beads or other particles are more attractive 

to biologists.  

Hydrodynamic forces are another non-contact method of cellular manipulation.  

Hydrodynamic forces have been used to trap [11, 12] and sort [13, 14] single cells. 

However, these devices require complicated pump systems and control systems, and the 
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high fluid flow rates in the microfluidic channels can induce shear stress on the cells, 

altering behavior such as protein expression [15].  

Optical forces can also be used for cell manipulation, either through radiation 

pressure [16] or by the force exerted by the gradient of the optical field of a highly-

focused laser beam, as in the classic optical tweezers trap [17]. Optical tweezers provides 

dynamic, flexible manipulation of specific single cells or particles, especially in 

configurations where dynamic optical tweezers traps may be created from a single input 

beam, in a technique known as holographic optical tweezers [18, 19]. Optical tweezers 

has been used in many research applications, such as measuring cell motility [20], sorting 

colloidal particles [21], sorting cells [22], and trapping and assembling nanowires [23, 

24].   

The basic single-beam optical tweezers trap is formed when a laser beam is highly 

focused.  Near the focal point, lateral trapping forces are created due to the gradient force 

of the light.  Along the axial direction of the laser beam, a force due to radiation pressure 

also exists.  Thus, the trap is only stable in three dimensions if the axial gradient force 

near the focal point is stronger than the forces from radiation pressure.  In order to 

generate sufficient trapping forces, laser intensities of approximately 105 to 107 W/cm2 

are typically used, which can damage some types of particles, including cells [25]. 

Cellular photodamage can be reduced by using infrared lasers [26, 27], but some harmful 

effects may still remain [27, 28]. 

In addition, to generate a sufficient gradient force, the laser is highly focused with 

high-numerical-aperture objective lenses. This results in a limited area over which the 

optical traps can be created, limiting the parallel manipulation capabilities of an optical 
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tweezers system. This limitation becomes more restrictive for larger particles, such as 

mammalian cells, which typically have diameters of approximately 10 µm. Other types of 

optical trapping, such as evanescent wave trapping [29, 30], are effective over larger 

areas, but have difficulty isolating a single particle from a larger population. Plasmonic-

enhanced optical tweezers traps have also been demonstrated using low-numerical-

aperture lenses [31], but significant optical intensities are still required to achieve particle 

or cell trapping (approximately 8 x 103 W/cm2) [31, 32].   

Dielectrophoresis (DEP) is the electrical analog of optical tweezers.  This 

phenomena, first described by Pohl in 1958 [33], relies on the gradient force of an 

electric field rather than an optical field.  Dielectrophoretic force results when the 

interaction of the electric field gradient with the induced dipole of particles within the 

field produces a net force on the particles. DEP can act on a variety of particles, including 

non-conductive particles, conductive particles, particles that have a net electric charge, or 

particles that are charge-neutral.  Typically, microfabricated metal electrodes are used to 

create electric field gradients that are sufficient to trap micro- and nanoscale particles 

[34-36]. 

DEP-based devices have been demonstrated in applications ranging from cell 

trapping and sorting [34, 35, 37-40] to carbon nanotube sample separation [41] and 

nanowire assembly [42, 43].  Electrode-based DEP devices have parallel manipulation 

capabilities, but the fixed trapping patterns limit the flexibility of individual devices, and 

make it difficult to isolate a single particle of interest. Spatially-varying electric fields can 

be generated by applying alternating phases to electrodes, transporting cells in what is 

known as traveling-wave dielectrophoresis [34]. However, the same limitations of 
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electrode-based DEP also apply to traveling-wave DEP, namely difficult in isolating 

specific single particles. True dynamic single-cell control requires active control of the 

electric field, achieved in a CMOS-circuit-based device that creates dynamic DEP cages 

[44, 45]. However, this device is limited by the pitch of the CMOS circuitry, and is 

currently limited the manipulation of microscale objects. 

In addition to DEP, other electrokinetic forces may be used for particle manipulation, 

such as electrophoresis [36, 46]. However, electrophoresis only acts upon charged 

particles; charge-neutral particles will experience no force. Another electrokinetic effect, 

electroosmotically-driven fluid flows, have also been used to manipulate cells and other 

particles [47, 48], but like electrode-based DEP, these devices have fixed manipulation 

patterns.  

1.2 Optoelectronic Tweezers (OET) 

Another approach to single-particle manipulation combines aspects of both optical 

tweezers and dielectrophoresis, resulting in optically-induced dielectrophoresis. This 

technology, which we call optoelectronic tweezers (OET), uses a photosensitive surface 

to allow optical patterns to control the electric field landscape [49, 50]. The resulting non-

uniform electric field then generates a DEP force on particles in the OET device (Figure 

1.1). As optical energy is not directly used for trapping, much lower optical intensities 

can be used as compared to optical tweezers, in the range of 0.01 to 10 W/cm2. These 

optical intensities can be achieved by a computer projector or an LED, allowing the 

creation of complex optical manipulation patterns [50, 51]. In addition, the optical 

gradient force is no longer required, relaxing the focusing requirements and allowing the 

use of low numerical aperture lenses. As a result, in our current configuration, the 



 

6 

effective manipulation of OET is 500 times larger than that of a typical optical tweezers 

setup. Furthermore, since the manipulation patterns are controlled optically, OET retains 

the flexibility and dynamic control enjoyed by optical tweezers. Unlike electrode-based 

DEP, OET is capable of trapping a specific single particle from a larger population. In 

addition to the advantages presented by optically-controlled manipulation, OET also 

retains the properties of DEP. Different cells experience varying DEP forces, allowing 

the separation of cells based on the DEP response [50, 52].  

 

Figure 1.1 Schematic of the optoelectronic tweezers device. The OET device 
uses optically-induced dielectrophoretic force to manipulate micro- and 
nanoscale objects. The illuminated areas create optically-defined electrodes on 
the photosensitive surface, creating electric field gradients that generate 
dielectrophoretic force. 

Since OET was developed by our research group in 2003 [49], OET manipulation has 

been demonstrated on a variety of microparticles, including polystyrene beads [50-56], 
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semiconductor microdisks [57], E. coli bacteria [58], red blood cells [51, 56], white blood 

cells [50-52], HeLa cells [52, 59], Jurkat cells [52], and yeast cells [53]. In addition, OET 

is capable of manipulating nanostructures, such as semiconducting and metallic 

nanowires [60-62].  

The source of optical actuation for the OET device can be coherent or incoherent. 

Thus, a variety of light sources can be used for OET manipulation, including low-power 

lasers [49], halogen lamps [50] , and LEDs [50, 52]. The optical source and the optical 

patterning system can also be integrated by focusing the output of a computer projector 

[51] or LCD [55, 56] onto the OET device. Directly using an LCD as in ref [55] creates a 

feature-rich lab-on-a-display that has a smaller footprint than many microfluidic lab-on-a-

chip devices that require bulky external fluidic pumps. 

Alternate configurations of the OET device include using amorphous silicon for both 

of the electrode surfaces [63], which has been shown to reduce the stiction of polystyrene 

beads by reducing their contact to the electrode surfaces of the device. We have also 

integrated OET with electrowetting-on-dielectric devices [64] in order to manipulate 

particles within aqueous droplets. This configuration is described further in Chapter 8. In 

addition, the photosensitive electrode of the OET device can be altered to create a device 

that uses only one substrate. In this device, the electric field direction is primarily parallel 

to the surface of the substrate, so we call this configuration lateral-field optoelectronic 

tweezers (LOET) [52, 57, 61].  The LOET device can be more easily integrated with 

other microdevices, as there is only one substrate.  In addition, anisotropic particles such 

as microdisks [57] and nanowires [61, 62] align with their long axis parallel to the surface 

of the OET device, unlike in the standard OET device [60]. The LOET device is 
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described further in Chapter 5. We have also developed another variant of LOET, called 

planar LOET (PLOET) [62], which is described in Chapter 7.3. Finally, another variant 

of the OET device can be used to manipulate aqueous droplets in oil for cell-based 

assays, and is known as floating-electrode OET [65]. The types of OET devices are 

summarized in Table 1.1. 

Table 1.1 Types of OET devices 

Type of OET device Description Inventors Key reference(s) 
OET Original OET device Chiou, Ohta, Wu [50], Chapters 1 to 4, 8, 9 
OET / EWOD Integration with EWOD device Shah, Chiou, Ohta, 

Wu 
[64], Chapter 8 

LOET Single-sided, lateral-field 
device 

Ohta, Chiou, 
Jamshidi, Hsu, Wu 

[52], Chapters 5 to 7 

PLOET Single-sided, planar lateral-
field device 

Ohta, Neale, 
Jamshidi, Hsu, Wu 

[62], Chapter 7.3 

3D OET a-Si on both electrode surfaces 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 device will be described, including 

massively parallel single-particle manipulation, size-based particle sorting, and image-

feedback-controlled manipulation and sorting. These capabilities enable the use of OET 

for interesting applications, which will be discussed in further detail in subsequent 

chapters. 

1.3.1 Massively Parallel Manipulation 

A demonstration of the high-resolution manipulation capabilities of OET is the 

creation of 15,000 OET traps across an area of 1.3 mm x 1.0 mm solely using optical 

patterning (Figure 1.2) [50]. The optical pattern is created by illuminating a digital 
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micromirror device (DMD) spatial light modulator (Texas Instruments) with a 100-W 

halogen lamp (Figure 1.3). The image created by the DMD is focused onto the OET 

device using a 10× objective lens with a numerical aperture of 0.3. The particles are 

trapped in the darker circular areas of the projected manipulation pattern by the induced 

negative (repulsive) OET forces, which push the beads into the non-illuminated regions 

where the electric field is weaker. The size of each trap is optimized to capture a single 

4.5-µm-diameter polystyrene bead, and corresponds to a 3 x 3 array of DMD pixels. By 

programming the projected images using a computer interface, these trapped particles can 

be individually moved in parallel (Figure 1.2b).  
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Figure 1.2 Massively parallel manipulation of single particles [50]. (a) 15,000 
particle traps are created across a 1.3 mm x 1.0 mm area. The 4.5-µm-diameter 
polystyrene beads experience negative OET forces and are trapped in the darker 
circular areas. Each trap has a diameter of 4.5 µm, which is adjusted to fit a 
single particle. (b) Parallel transportation of single particles. Three video images 
show the particle motion in a section of the overall manipulation area. The 
trapped particles in two adjacent columns move in opposite directions, as 
indicated by the blue and yellow arrows.  
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Figure 1.3 Optical setup for the generation of optical patterns using the DMD 
spatial light modulator. 

1.3.2 Size-Based Particle Sorting 

The optically-induced force in the OET device depends on the volume of the particle 

(explained further in Chapter 2.4), so particles of varying size will experience varying 

strengths of OET forces. This can be used to automatically sort particles based on their 

size. We have demonstrated this using a DMD spatial light modulator to create a 

continuous sorting pattern without the assistance of fluidic flow [50]. Figure 1.4 shows an 

example of an integrated optical manipulator that combines the functions of optical 

conveyors, sorters, wedges and joints. Particles are transported through different 

functional areas and recycled in this light-patterned circuit, traveling through different 

paths depending on the size of the particle. Particles with different sizes are fractionated 

in the lateral z-direction as they pass through the sorter path, due to the angled shape of 

the optical patterns (Figure 1.4b). Larger particles are moved more easily by the 
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optically-induced DEP forces, and do not require as strong of an electric field gradient. 

Thus, the larger particles travel on a trajectory that has a higher value of z. Smaller 

particles need a larger electric field gradient to be transported at the same velocity as 

larger particles, and move up along the field gradient. Thus, the trajectory of smaller 

particles has a lower value of z. The distinct trajectories of a larger 24-µm-diameter 

polystyrene bead and a smaller 10-µm-diameter polystyrene bead can be seen in Figure 

1.4c. At the end of the sorter path, an optical wedge divides and guides the particles into 

the two conveyors. The looped optical conveyors then recycle the particles back to the 

sorter input to repeat the process. The paths of the fractionated particles can be switched 

by reconfiguring the tip position of the optical wedge (Figure 1.4c, d). The trajectories of 

the particle movement are highly repeatable and accurately defined. Figure 1.5 shows the 

distribution of the particle position in the middle of the sorter (marked by a white bar in 

Figure 1.4c, d) after the same particles have passed through the sorter 43 times. The 

standard deviations of trace broadening are 0.5 µm for the 10-µm bead and 0.15 µm for 

the 24-µm bead. The larger particle shows a better confinement in the optically-patterned 

OET cages during transportation due to a larger OET force. 



 

13 

 

Figure 1.4 An example of an integrated virtual optical machine [50]. (a) 
Integration of virtual components, including an optical sorter path, conveyors, 
joints and a wedge. The motion of different components is synchronized. (b) 
Fractionation of particles by size occurs in the z-direction due to differences in 
the OET force. (c, d) Two polystyrene particles with diameters of 10 and 24 µm 
pass through the sorter path and are fractionated in the z-direction. The particle 
trajectories can be switched at the end of the sorter path by the optical wedge.  
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Figure 1.5 Optical sorting repeatability test [50]. The white and black loops in 
Figure 1.4c and Figure 1.4d represent the particle trajectories after 43 cycles. The 
trace broadening at the white bar has a standard deviation of 0.5 µm for the 10-
µm bead and 0.15 µm for the 24-µm bead.  

1.3.3 Image-Based Automated Cell Manipulation 

The most practical method of controlling a large number of particles in parallel is 

through the use of image-feedback-controlled optical manipulation pattern generation. 

The feedback control is combined with a continuously moving OET platform, creating a 

large manipulation area by rastering the OET device across the microscope field of view 

[66]. The experimental setup is shown in Figure 1.6a. The system uses a liquid-crystal 

spatial light modulator (Hamamatsu Photonics Corp.) to generate image patterns for 

optical manipulation. A 10-mW, 635-nm laser is expanded 10 times to cover the image-

generating surface of the spatial light modulator (SLM). The patterned light is focused 

onto the OET device through a 10x objective lens. The OET device is mounted on a 

motorized stage.  
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The image-feedback-control is realized by capturing the microscope image using a 

video CCD camera, and analyzing the video feed with an image-processing software 

(Processing 1.0 [67]) to determine particle characteristics such as size, color, texture, or 

shape. Based on this information, a corresponding optical pattern is generated by the 

software, and transferred to the SLM for projection onto the OET device. In order to 

manipulate a larger number of particles, the OET chip is programmed to move 

continuously across the manipulation area using the motorized stage (Figure 1.6b). As the 

particles move through the OET manipulation area, the randomly distributed particles are 

sorted into multiple groups.  

 

 

 

 

 

 

 



 

16 

 

 

Figure 1.6 (a) Automated OET system for real-time image-analysis feedback 
control. (b) Schematic of chip-scale sorting using OET. 

Automated cell trapping is demonstrated using HeLa cells, a cervical carcinoma cell 

line (Figure 1.7) [66]. The stage carrying the OET device moves from the left to the right 

at a constant speed of 5 µm/s. The cells enter the OET manipulation area from the left 

side of the screen and trigger the SLM to switch on the pixels below the cells, projecting 

the corresponding optical patterns. Unlike polystyrene beads, the cells experience a 

positive (attractive) OET response, and are pulled by the optical patterns towards the 
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lower edge of the field-of-view. Once the corresponding cell reaches the lower edge of 

the field-of-view, the optical trapping patterns are deactivated. The linear trajectories of 

the cells show that a constant OET force is generated across the manipulation area 

(Figure 1.7c).  

 

Figure 1.7 Automated manipulation of HeLa cells. (a, b) HeLa cells are 
transported to the lower region of the field-of-view. (c) Trajectories of the HeLa 
cells entering the OET manipulation area from the left side of the image.  

 Image-feedback control provides another method of size-based sorting. The image-

analysis software can be used to identify the size of particles, and generate the 

appropriate sorting patterns. This has been demonstrated with the sorting of a mixed 

population of 15- and 20-µm-diameter polystyrene beads. The beads enter the active area 

from the lower edge of the field-of-view as the microscope stage moves at a velocity of 

2 sec
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10 µm/s. The bead sizes are identified, and optical patterns are generated to sweep the 20-

µm beads to the left edge of the manipulation area, while the 15-µm particles are swept to 

the right edge (Figure 1.8) [66]. The dashed black lines represent the edges of the OET 

manipulation area.  

In our current system, the throughput is limited by the refresh rate of the SLM, which 

is 5 frames/s. Moving the stage at a velocity greater than 15 µm/s introduces a time delay 

to the optical patterns projected onto the OET surface, resulting in a reduced sorting 

efficiency. The highest particle concentration that has been successfully sorted in this 

system is 1600 beads/mm2, corresponding to a sorting throughput of 120 beads/min in the 

OET manipulation area. A higher stage velocity, and thus a higher throughput can be 

achieved by incorporating prediction algorithms in the image analysis software. 
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Figure 1.8 Automated particle sorting. (a, b) Continuous sorting of 15- and 20-
µm-diameter polystyrene beads. The dashed lines indicated the edges of the OET 
manipulation area. (c) Trajectories of the beads entering 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 tweezers is that of optically-induced 

dielectrophoresis. In this chapter, the physics of OET will be explained, illustrating how 

light can be used to pattern an electric field within the OET device. Dielectrophoresis, the 

force that is produced in the OET device, will also be described. Design considerations 

and constraints of the OET device will be discussed, along with methods of simulating 

OET operation using finite-element modeling. The fabrication process of OET is also 

disclosed, as well as methods of characterizing OET performance. Finally, a brief 

discussion of other effects present in the OET device will be presented.  

2.2 Description of Optoelectronic Tweezers Device 

The OET device consists of two electrodes (Figure 2.1). The upper transparent 

electrode consists of a 100-nm-thick layer of indium tin oxide (ITO), a transparent 
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conductive material, on a glass substrate. The lower photosensitive electrode typically 

consists of featureless layers of ITO and intrinsic amorphous silicon (a-Si) on a glass 

substrate. The upper and lower electrodes are of equal area, typically 1.5 cm by 2.5 cm. 

The two electrodes are separated by spacers, creating a chamber between the electrodes 

that is typically 100 µm in height. An aqueous solution containing the cells or particles 

under manipulation is introduced into the chamber between the electrodes. An electric 

field is created in the device by applying an ac bias across the top and bottom electrodes. 

 

 

Figure 2.1 Cross-section of the OET device. 

The OET device is placed under a microscope to observe the particles under 

manipulation (Figure 2.2). Optical patterns are focused onto the photosensitive surface, 

typically using a microscope objective lens. The focusing objective can be a separate lens 

(Figure 2.2a), or the same lens as the microscope observation objective (Figure 2.2b). 

The optical source is rather flexible. A low-power laser can be used, or an incoherent 

light source such as a halogen or mercury lamp, or a light-emitting diode (LED). Optical 

patterns are created using spatial light modulators, such as a digital micromirror device 

(DMD) (Texas Instruments), which consists of a MEMS mirror array. Another alternative 
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is a liquid-crystal-based spatial light modulator (Hamamatsu Photonics Corp.). The 

optical source and the optical patterning system can also be integrated by focusing the 

output of a computer projector or LCD onto the OET device. 

 

Figure 2.2 OET setup. A spatial light modulator is used to pattern a light source. 
The patterned light is focused onto the OET device using 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 dielectrophoresis to impart a force on the 

particles under manipulation. The dielectrophoretic force is controlled by optical patterns 

that are projected on the photosensitive surface of the device. 

Amorphous silicon, the material used in the photosensitive electrodes of OET, has its 

conductivity modulated by the intensity of the light that is absorbed in the material 

(Figure 2.3). Under ambient lighting conditions and a 5V bias, the a-Si film has a 

conductivity of 0.9 x 10-6 S/m. However, when illuminated with light, photogenerated 

charge carriers are produced in the a-Si. As a result, the conductivity of the a-Si layer 

increases by a few orders of magnitude, to 2.1 x 10-3 S/m under an illumination intensity 
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of 10 W/cm2. The a-Si layer thus has two states; a low-conductivity dark (“off”) state, 

and high-conductivity illuminated (“on”) state. Furthermore, the transition between these 

two states is confined to the region under illumination, due to an ambipolar diffusion 

length of only 115 nm in amorphous silicon [68]. These two states allow the a-Si layer to 

act as an optically-controlled and optically-defined electrode, with a resolution limited to 

the optical diffraction limit. The diffraction limit is given by 

 Diffraction limit 
..2

22.1
AN

λ=  (2.1) 

where λ is the wavelength of the light and N.A. is the numerical aperture of the focusing 

lens. Typical values in OET operation are λ ≈ 630 nm and N.A. ≈ 0.3, which corresponds 

to a diffraction-limited feature size of approximately 1.3 µm. 

The function of the a-Si photoconductive layer can be seen by modeling the OET 

devices with a simplified equivalent circuit model (Figure 2.4). In the dark state, the 

impedance of the a-Si, ZPC, is larger than the impedance of the liquid layer, ZL. Thus, in 

areas with no illumination, most of the applied ac voltage drops across the high 

impedance of the a-Si layer. However, ZPC becomes significantly lower in the illuminated 

areas, allowing a significant voltage drop to occur across the liquid layer. In this manner, 

an electric field gradient is set up between the illuminated and dark areas in the OET 

device.  

The conductivity of the liquid media in the OET device is an important consideration. 

The liquid impedance, ZL, plays an important role in the impedance-divider equivalent 

circuit model of Figure 2.4. If the liquid impedance is too low, the OET device will not 

be able to fully switch the applied voltage to the liquid layer, even in the illuminated (on-
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state) areas. As a result, OET force is minimized if the liquid conductivity is too large. 

The operation of the OET device uses illumination intensities of 10 W/cm2 or less to 

avoid the excitation of undesirable operating regimes (see Chapter 2.9). These optical 

intensities limit the maximum photoconductivity of the a-Si to approximately 2 mS/m. 

Thus, efficient OET operation is limited to liquids with conductivities of approximately 

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

to 10 mS/m. 
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Figure 2.3 Measured photoconductivity of amorphous silicon as a function of 
optical intensity. The light source is a 635-nm diode laser. 



 

25 

 

Figure 2.4 Simplified equivalent circuit model of the OET device. 

2.4 Dielectrophoresis (DEP) 

Electric field gradients in the OET device result in an optically-induced 

dielectrophoretic (DEP) force. This DEP force results from the interaction of a non-

uniform electric field and the induced dipole of a particle within the electric field. The 

forces at each at end of the particle’s dipole are unequal due to the non-uniform field, 

resulting in a net force (Figure 2.5a, b). This force can be described by the following 

equation: 

   EpF ∇⋅=  (2.2) 

where p  is the dipole moment of the particle, and E  is the first term of the Taylor series 

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

a polystyrene bead), then the time-averaged DEP force reduces to: 

  23 )](Re[2 rmsmOETDEP EKrFF ∇== ωεπ  (2.3) 
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where r is the particle radius, εm is the permittivity of the medium surrounding the 

particle, Erms is the root-mean-square electric field strength, and Re[K(ω)] is the real part 

of the Clausius-Mossotti factor, given by:  

  
ω

σεε
ω

σ
εε

εε
εε

ω m
mm

p
pp

mp

mp jjK −=−=
+
−

= **
**

**

,,
2

)(  (2.4) 

where ε is the permittivity of the particle or medium (denoted by a subscript p or m, 

respectively), σ is the conductivity of the particle or medium, and ω is the angular 

frequency of the electric field [69]. The magnitude of Re[K(ω)] varies with frequency, 

resulting in a frequency-dependence of the dielectrophoretic force. Positive values of 

Re[K(ω)] result in particle attraction to electric field maxima (Figure 2.5a). This 

phenomenon is positive DEP, referred to here as positive OET. For negative values of 

Re[K(ω)], particles are repelled from field maxima (Figure 2.5b). This phenomenon is 

negative DEP, referred to here as negative OET. Applying an ac electric field thus allows 

the tuning of the type of DEP force induced on a particle, as well as negating any 

electrophoretic effects, or particle movement due to its surface charge.  

If the particles experiencing a DEP force are not homogeneous throughout their 

volumes, the Clausius-Mossotti factor is affected. This is the case for biological cells, 

which, unlike polystyrene beads, are not homogeneous. Thus, a single-shell model is 

typically used to determine the frequency-dependent Clausius-Mossotti factor for 

mammalian cells (Figure 2.5c). The permittivity and conductivity of the cell membrane 

and interior are used to determine an effective complex permittivity that can then be used 

in Equation 2.4.  This effective permittivity is given by: 
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rC

r
C

mem

memp **
int

*
int**

+
=

ε
εε  (2.5) 

where *
intε  is the complex internal conductivity of the cell, and it is assumed that the 

thickness of the cell membrane, d, is much less than the radius of the cell interior, r [70]. 

The membrane capacitance, *
memC , is given by: 

 
d

j

d
C memmem

mem

σε −=*  (2.6) 

Many cell types are uniquely distinguishable by the real part of the Clausius-Mossotti 

factor (Figure 2.6, Table 2.1). This enables the separation of different cell types using 

DEP force. 

 

Figure 2.5 Dielectrophoresis (DEP). (a) Positive DEP, where particles are 
attracted towards regions of high electric field. (b) Negative DEP, where particles 
are repelled from regions of high electric field. (c) The single-shell model for 
approximating the DEP response of biological shells. The cell membrane is 
represented by a permittivity and conductivity represented by εmem and σmem, 
respectively. The cell interior is represented by a separate permittivity and 
conductivity, represented by εint and σint, respectively. 
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Figure 2.6 Real part of the Clausius-Mossotti factor for red blood cells (RBC), B 
cells (a type of white blood cell), and yeast cells. 

Table 2.1 Cell parameters for the simulation shown in Figure 2.6 

Cell type Internal relative 
permittivity, εint 

Internal conductivity, 
σint (S/m) 

Membrane capacitance, 
Cmem (mF/m2) 

Radius, r 
(µm) 

Red blood cell 
(RBC) [71] 

50 0.53 10 2.4 

White blood cell (B 
cell) [72] 

154.4 0.73 12.6 3.29 

Yeast cell [73, 74] 50.6 0.515 7.03 2.15 
 

2.5 Design of Optoelectronic Tweezers 

Amorphous silicon is chosen for the photoconductive layer, as it is easily deposited in 

thin films, has high photoconductive gain, and has sufficient absorption in the visible 

light wavelengths (Figure 2.7).  In addition, the 115-nm ambipolar diffusion length of a-
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Si [68] means that the patterning of the optically-induced dielectrophoretic traps is 

diffraction-limited, and not limited by carrier diffusion.  

As seen in Figure 2.7, the a-Si absorption changes dramatically as a function of 

wavelength [75]. There is a peak in absorption in the UV wavelengths, then the 

absorption coefficient drops as the wavelength increases. In order to fully activate the 

virtual electrode effects of the a-Si, the optical pattern should be absorbed throughout the 

entire thickness of the a-Si film. Ultraviolet wavelengths, which are strongly absorbed, 

will only fully modulate the impedance of an a-Si film less than 100 nm in thickness. 

However, if the a-Si film is too thin, then the applied voltage will cause breakdown of the 

thin film. Thus, the thickness of the a-Si film is kept at 0.5 µm or above to avoid 

breakdown effects. Typical OET devices use a-Si films with a thickness of 1 µm. This 

thickness of a-Si can be modulated using red or near-infrared light. White light sources 

may also be used to activate the OET device, although the red and longer wavelengths are 

the most important components of the white light source. 

  

Figure 2.7 Absorption in amorphous silicon as a function of wavelength [75]. 
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The forces induced in the OET device are sensitive to the gap between the top and 

bottom electrodes. This gap also defines the thickness of the liquid layer in the OET 

device. If the bias voltage across the electrodes is held constant as the electrode gap is 

decreased, the electric field strength in the OET device will increase. As a result, the 

induced OET force will also increase (Figure 2.8). However, the liquid layer thickness 

has a practical limit. A gap that is too small may cause cells to experience significant 

shear stresses; thus for cellular manipulation this gap should ideally be limited to 50 µm 

or greater.  

 

Figure 2.8 Force induced in the OET device as a function of the gap between the 
upper and lower electrodes.  

2.6 Finite-Element Modeling 

The electric field profile within the OET device is simulated using finite-element 

modeling software (COMSOL Multiphysics). Typical simulation parameters are shown 

in Table 2.2. The actual thickness of each layer of the OET device is used. However, to 
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reduce computation time, an area of approximately 50 µm x 50 µm is modeled. The 

simulation model is adjusted so that there are no edge effects from this smaller simulation 

area.  

The effect of the illumination pattern on the OET device is modeled by a change in 

electrical conductivity of the a-Si layer. A typical laser has a Gaussian optical profile; 

thus, the electrical conductivity in the a-Si layer is expressed using a Gaussian equation 

in the x- and y-directions (Table 2.2).  

The electric field profile within the OET device is shown in Figure 2.9. The 

simulations show that the highest electric fields occur at the center of the Gaussian spot, 

where the electrical conductivity of the a-Si is highest. The highest gradients of the 

square of the electric field are also at the center of the optical pattern, and are 

proportional to the amount of OET force exerted on a particle (Figure 2.10). Furthermore, 

by analyzing the gradients in each direction, more physical insight can be gained from the 

simulations. The magnitudes of the x- and y- components of ���are shown in Figure 

2.11. The gradients in the lateral directions are strongest near the edges of the optical 

pattern. Thus, particles experiencing a positive OET force will be trapped near the edges 

of the optical pattern, if the optical pattern is larger than the particle. However, particles 

that are approximately the same size as the optical pattern or larger may be trapped in the 

center of the pattern, due to the radial symmetry of the force.  

Conversely, particles experiencing a negative OET force will be repelled by the edges 

of the optical pattern. However, with negative OET forces, the gradient of E2 in the z-

direction significantly affects particle trapping. The z-component of ��� is strongest at 

the center of the optical pattern (Figure 2.12). As a result, particles exhibiting negative 
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OET will be levitated if they move into the central area of the optical pattern. In addition, 

the electric field gradients quickly decrease as the distance from the photosensitive 

surface is increased. Thus, the induced forces in the OET device are strongest near the 

photosensitive electrode surface. As negative-OET particles levitate away from the 

photosensitive electrode, the lateral gradient forces will be reduced, lowering the OET 

manipulation velocity of these particles. This is observed experimentally; particles such 

as polystyrene beads, which experience a negative force, can be levitated if situated in the 

center of an optical pattern. Levitated beads experience a greatly reduced manipulation 

velocity, until gravity allows the bead to settle near the photosensitive surface. This 

phenomenon does not occur with particles experiencing positive OET, as the z-gradient 

attracts the particle towards the photosensitive electrode. 

Table 2.2 Simulation parameters for finite-element modeling 

Parameter Variable Value / Expression 
Relative permittivity 
of ITO 

εr,ITO 5 

Electrical conductivity 
of ITO 

σITO 1x 106 S/m 

Relative permittivity 
of a-Si 

εr,aSi 11.7 

Electrical conductivity 
of a-Si, dark (off) state 

σaSi,dark 1 x 10-6 S/m 

Electrical conductivity 
of a-Si, illuminated 
(on) state 

σaSi,light 1 x 10-3 S/m (peak value) 
Expression for a-Si conductivity: ����,
��� 
 0.001 ���� �� 2��4 � 10����� ��� �� 2��4 � 10�����  

Relative permittivity 
of glass 

εr,glass 2.09 

Electrical conductivity 
of glass 

σglass 1 x 10-14 

Relative permittivity 
of liquid 

εr,liquid 78 

Electrical conductivity 
of liquid 

σliquid 0.01 S/m 
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Figure 2.9 Finite-element simulation showing the electric field strength in the 
liquid layer of the OET device. The highest electric fields occur in the center of 
the optical pattern, corresponding to the areas of highest electrical conductivity in 
the a-Si layer. 

 

Figure 2.10 Finite-element simulation device showing |���| in the liquid layer.  
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Figure 2.11 Finite-element simulation showing the x- and y-components of |���|. 

 

Figure 2.12 Finite-element simulation showing the z-component of |���|. 
Particles experiencing a negative OET response are more effectively trapped using a 

ring-shaped optical pattern. A ring trap fulfills two functions on particles with a negative 

OET response: single particles are contained in the center of the ring, and additional 

particles are prevented from entering the trapping area. Ring patterns can be easily 

created using spatial light modulators. We have empirically determined the optical profile 
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of the ring trap to be that of a saturated Gaussian, which is simulated using the following 

equations for a-Si conductivity:  

�!"# $ �!"#,%!&' 
 �!"#,(#)*+ 1,!+ ��� -� 2./�2
�2�012
�2 2 , if ��� -� 2./�2
�2�012

�2 2 6 ,!+ (2.7) 

�!"# $ �!"#,%!&' 
 �!"#,(#)*+, if ��� -� 2./�2
�2�012
�2 2 7 ,!+ (2.8) 

where σaSi,dark is the dark conductivity of the a-Si film (1 x 10-6 S/m), σaSi,light is the peak 

illuminated conductivity of the a-Si film (1 mS/m for this simulation), sat is the 

saturation value of the Gaussian profile, µ is the distance from the center of the trap to the 

location of peak intensity, and 2σ is the ring width at an intensity 1/e2 times the peak 

level. The value of sat has been empirically measured to be 0.2 if a DMD is used to 

create the ring trap. 

The electric field profile of the ring trap is shown in Figure 2.13. In this simulation, 

µ = 5 µm and σ = 1 µm in Equation 2.7, representative of a typical ring trap. The highest 

electric fields occur at the outer and inner borders of the ring. The highest gradients of the 

square of the electric field are also located at the borders of the ring pattern (Figure 2.14). 

Thus, particles experiencing a negative OET force will be repelled by the edges of the 

ring pattern. Lateral particle movement is primarily driven by the x- and y- components 

of ���, the magnitudes of which are shown in Figure 2.15. However, as in the case of the 

single optical spot, the gradient of E2 in the z-direction affects the trapping of particles 

experiencing negative OET. In the case of the ring trap, the z-component of ��� is 

strongest at the borders of the ring, where the strongest x- and y-directional forces also 

occur (Figure 2.16). However, unlike the gradients in the x- and y-directions, a significant 
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z-gradient exists over the area illuminated by the optical ring. Thus, if the ring trap is 

moved too quickly across the surface of the OET device, particles within the trap or 

outside of the trap can be levitated over the high electric field region defined by the 

optical pattern. During experiments, the ring trap should be translated at velocities less 

than those that cause particle levitation instead of lateral movement.  

 

Figure 2.13 Finite-element simulation of the electric field strength in the liquid 
layer for a ring trap pattern. The highest electric fields occur at the borders of the 
ring, corresponding to the areas of highest electrical conductivity in the a-Si 
layer. 

 

Figure 2.14 Finite-element simulation of |���| for a ring trap. Note the intensity 
scale is different between the top view and cross-sectional view. 
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Figure 2.15 Finite-element simulation showing the x- and y-components of |���| 
for a ring trap. Note the intensity scale is different between the top view and 
cross-sectional view. 

 

Figure 2.16 Finite-element simulation showing the z-component of |���| for a 
ring trap. Note the intensity scale is different between the top view and cross-
sectional view. 

2.7 Fabrication of Optoelectronic Tweezers 

The fabrication process of the standard OET device is suitable for low-cost mass 

fabrication for disposable applications. This is an advantage for biological applications, 

as disposable devices reduce the chances of sample cross-contamination. The basic 

fabrication process of the photosensitive electrode is as follows: first, ITO is sputtered 
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onto 1.1-mm-thick glass wafers. The a-Si photosensitive electrodes are then created by 

plasma-enhanced chemical vapor deposition (PECVD). Only one etch step is necessary to 

complete the OET device; a section of the a-Si layer is removed to create a bias pad to 

apply ac bias to the ITO layer. Slight variations of this process have been used with 

comparable results. The detailed fabrication process is outlined in Appendix 1. 

Preparation of the ITO-coated glass electrode surface is the same for all variations of 

the OET device. Commercially-available ITO-coated glass is diced to approximately the 

same size as the corresponding photosensitive electrode. Silver conductive epoxy is 

added to the ITO-coated side of the glass, and is wrapped around the edge of the glass 

piece to form a conductive bias pad on the glass side of the substrate (Figure 2.17). 

 

Figure 2.17 Fabrication of ITO-coated glass electrodes. 

2.8 Characterization of Optoelectronic Tweezers Per formance 

Many variants of the standard OET device can exist. In addition, the quality of the 

thin films can vary between fabrication runs, although all process conditions are kept 

constant. Thus, it is desirable to have some metrics available to quantitatively analyze 

OET performance. The most useful figures of merit are the ratio of illuminated-to-dark 

photoconductivity of the photosensitive layer, and the maximum induced particle 

velocity. 
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2.8.1 Photoconductivity Measurements 

One of the main parameters contributing to OET performance is the properties of the 

photoconductive film.  Studying the properties of photoconductive films can also be used 

to identify alternate photoconductive films in addition to amorphous silicon, such as 

cadmium sulfide [76]. There are two properties that are of primary significance: the dark 

conductivity, and the illuminated conductivity. The dark conductivity should be 

minimized, so in the dark (off) state of OET operation the majority of the applied voltage 

is dissipated in the photoconductive layer. In addition, the photoconductivity should be 

maximized, so that the impedance of the photoconductive layer is minimized in the 

illuminated (on) state of OET operation, and the majority of the applied voltage is 

dissipated in the liquid layer. 

In order to measure the dark and illuminated conductivities of the amorphous silicon 

film, a standard test structure is used, consisting of islands of a-Si with top aluminum 

contacts (Figure 2.18). The a-Si test structure is illuminated through the glass substrate 

with a red laser at various intensities. The illumination is focused such that the entire a-Si 

island under test experiences a uniform light intensity. Probes are used to contact the ITO 

layer and the aluminum top electrode. Using this setup, I-V curves can be extracted for 

various applied voltages and light intensities. This data is then used to calculate the 

photoconductivity of the a-Si (Figure 2.3). For the a-Si films used in these OET devices, 

the OET illuminated conductivity is approximately 300 times the OET dark conductivity 

at an illumination intensity of 1 W/cm2. 
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Figure 2.18 Amorphous silicon conductivity test structure. 

2.8.2 Particle Velocity 

Another figure of merit is the maximum velocity at which a particle can be 

manipulated by the OET device. Particle velocity in the OET device is a function of 

multiple parameters, including applied voltage, optical pattern intensity, optical pattern 

width, and optical pattern trap dimensions. Typically, polystyrene microbeads are used as 

model particles in the OET device. The polystyrene beads experience negative DEP over 

wide range of applied frequencies and liquid conductivities, resulting in a consistent OET 

operation mode for a variety of conditions. Simulations of the Clausius-Mossotti factors 

for polystyrene beads in liquids of different conductivities are shown in Figure 2.19. 

Under typical OET operating frequencies of 50 kHz to 300 kHz, the polystyrene beads 

experience a negative OET force. Thus, by using polystyrene beads as model particles, 

the effects of OET operation under different experimental conditions can be quantified. 

In addition, by keeping all parameters constant, the performance of the photoconductive 

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

Particle velocity is measured by translating the optical pattern, or by keeping the 

optical pattern stationary and translating the OET device, by moving the microscope 

stage. In the latter case, a motorized microactuator (Newport LTA-HL) is used to provide 

a constant stage velocity.    

The following data provides a baseline for comparing particle velocity [51]. The test 

setup consists of an LED source and a DMD spatial light modulator. The image from the 

DMD is focused onto the OET device using a 10x objective lens (N.A. = 0.3). A red LED 

source (Luxeon Star/O, λ = 625 nm) provides an optical intensity of 1 W/cm2. The 

maximum manipulation velocity of 20-µm-diameter polystyrene beads is measured as a 

function of several factors. In steady-state, the OET force is balanced by the viscous drag 

of the fluid, which is related to the velocity of a spherical particle by Stokes’ Law:   
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 vrF ηπ6=  (2.9) 

where r is the radius of the particle, η is the viscosity of the fluid, and v is the velocity of 

the particle. Thus, Stokes’ Law can be used to calculate the OET force on a particle, 

based upon empirical velocity measurements. 

As expected, the induced velocity increases as the applied voltage is increased 

(Figure 2.20). Increasing the applied voltage translates into a sharper electric field 

gradient, increasing the DEP force (see Equation 2.3). However, DEP forces are typically 

proportional to the square of the applied voltage; our results show a more linear 

relationship. We have also found that particle velocity is dependent on the linewidth of 

the manipulation pattern, a phenomenon that is unique to our manipulation technique 

(Figure 2.21). The trends observed in Figure 2.20 and Figure 2.21 can be attributed to the 

tendency of polystyrene particles to levitate vertically, due to the vertical gradient of the 

electric field (Figure 2.12). As a result, particle velocity increases more slowly as a 

function of voltage than predicted with simplified DEP force models.  

As the optical patterns are swept across the manipulation area, particles move in both 

the lateral and vertical directions to the electric field gradients. Furthermore, as the 

applied voltage is increased, both the lateral and vertical gradients increase 

proportionally. However, in the case of these experiments, an increase in the vertical 

gradient is undesirable. The increased vertical gradient will result in increased particle 

levitation, which reduces the lateral force induced on a particle. As a particle is levitated 

away from the a-Si surface, the lateral field gradient decreases, resulting in reduced 

lateral forces. Similarly, a pattern with a narrow linewidth cannot be moved very rapidly 

before a particle’s tendency to levitate causes it to rise over the potential “wall” created 
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by the pattern’s corresponding electric field. However, this problem is alleviated by 

utilizing wider linewidth patterns. It may also be possible to reduce this effect by using a 

smaller spacing between the top and bottom OET surfaces. 
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Figure 2.20 Induced velocity of 20-µm-diameter polystyrene beads as a function 
of applied voltage at 100 kHz for several illumination pattern widths [51]. 
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Figure 2.21 Induced velocity of 20-µm-diameter polystyrene beads as a function 
of the illuminated linewidth of the manipulation pattern [51]. The lower curve is 
for an applied bias of 10 Vpp at 100 kHz; the top curve 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 other phenomena that can affect micro- and 

nanoparticle motion within the OET device. Some of these forces are parasitic, while 

others can be exploited to expand the operational capabilities of the OET device. 

2.9.1 Electrolysis 

Electrolysis is the breakdown of water molecules into hydrogen and oxygen gas due 

to an electric current. This is undesirable in the OET device, as the bubble formation can 

rupture cell membranes and interfere with OET operation. In addition, if the bubble 

formation process is violent enough, the a-Si film can crack, or pinholes can form. 

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

at AC frequencies of 10 kHz or greater. 

2.9.2 Electrothermal Heating 

Another undesirable effect is electrothermal heating, as elevated temperatures can 

cause cell death or even boiling of the liquid media.  The electrothermal heating is caused 

by phonon generation in the a-Si layer or joule heating in the a-Si and liquid layers [77].  

As a result, gradients in the electrical conductivity and permittivity of the liquid media 

arise, resulting in a liquid flow.  Phonon generation is dependent on incident optical 

power, whereas joule heating is dependent upon the conductivity and electric field within 

the material, as given by: 

 2EW σ=  (2.10) 

where W is the power generated per unit volume, and σ is the conductivity of the 

material. However, these effects are only significant under high optical intensities 

(greater than 100 W/cm2) [77]. Alternatively, the heat generation due to optical 

absorption can also be used to induce other operational modes in the OET device 

(discussed in Chapter 9). 

2.9.3 Buoyancy Effects 

Increasing the temperature of a liquid also affects the liquid density. Thus, 

temperature gradients in the liquid result in density gradients that can drive fluidic flows 

under the influence of gravity. However, this effect does not become significant with 

optical intensities of less than 104 W/cm2, 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 another operational regime of the OET 

device, typically occurring at low bias frequencies of approximately 1 kHz.  The LACE 

effect is an optically-patterned control of fluid flow in the OET device, and has been used 

to trap polystyrene beads with diameters of 2 µm down to 50 nm, λ-phage DNA 

molecules, and quantum dots [78].   

Electroosmosis is fluid flow driven by the interaction of an electric field in the liquid 

layer and ions in the electric double layer. The electric field generates enough force to 

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

 89:�; $ � <=>?@  (2.11) 

where 89:�; is the slip velocity, ε is the permittivity of the liquid, ζ is the zeta potential at 

the interface of the liquid and the OET electrode, Et is the tangential component of the 

electric field, and η is the viscosity of the liquid. Electroosmotic flows are typically used 

for microfluidic pumps, driven either with a DC electric field [80, 81] or an AC electric 

field [82].  

When inducing LACE in the OET device, there exists an optimal applied frequency 

to obtain the highest boundary slip velocity. If the applied frequency is too high, the 

impedance of the electric double layer capacitance is low, resulting in most of the applied 

voltage being applied across the liquid and photosensitive layers. In this case, LACE 

effects are negligible, and optically-induced DEP will occur. Conversely, if the applied 

frequency is too low, the impedance of the electric double layer capacitance will be high, 

creating a large voltage drop in the double layer, which screens the electric field in the 

liquid layer. This results in a low electric field in the liquid, and a small value of the 
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tangential electric field, lowering the slip velocity. Thus, an optimal frequency condition 

is given by [78]: 

 AB;C $ D�EFG $ D�E H< IJK  (2.12) 

where σ is the conductivity of the liquid, ε is the permittivity of the liquid, λd is the 

thickness of the double layer, and L is the thickness of the liquid layer. Assuming typical 

OET parameters, i.e. L = 100 µm, σ = 10 mS/m, λd = 10 nm, the calculated fopt is 229 Hz 

[78]. However, the experimentally observed fopt (1 to 10 kHz) is higher, since device 

geometries have not been factored into Equation 2.12. 

2.9.5 Figure-of-Merit for OET Forces 

A figure of merit has been developed to quantify the contribution of these other 

effects relative to the strength of the optically-induced DEP force [77].  This is expressed 

as a ratio, β: 

  
BROWNIANEXTDEP

DEP

XXX

X

++
=β   (2.13) 

where  DEPX ,  EXTX , and  BROWNIANX represent the distance a particle travels in 1 s due 

to optically-induced DEP, all other external forces, and Brownian motion, respectively.  

If β is averaged over an area, a new figure of merit is obtained: 

  ,
1
∫=
A

dxdy
A

B β
            

[ ] [ ]dyrrx ,0,, ∈−∈   (2.14) 

where r is the maximum radius from the center of the optical pattern within which 

particle perturbation is expected, d is the thickness of the liquid layer, and A is the area of 

integration, where A = 2rd.  Thus, B represents the percentage of particle perturbation in 

the OET device due to optically-induced DEP.  For applied bias frequencies of greater 
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than 50 kHz and optical intensities of less than 100 W/cm2 (typical OET operating 

parameters), optically-induced DEP is indeed the dominant force (Figure 2.22) [77].   

 

Figure 2.22 Dominant effects in the OET device [77]. Theoretical simulations are 
shown as dashed lines, and empirically-determined effects are shown as data 
points. The liquid solution has a conductivity of 1 mS/m. The applied voltage is 
at a frequency of 100 kHz, with amplitudes of (a) 20 Vpp and (b) 10 Vpp. 
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Chapter 3 Manipulation of Cells 

3.1 Motivation 

Optoelectronic tweezers is a powerful tool for biological research. Traditionally, 

biologists have studied cell behavior by observing the bulk response of a population of 

cells. However, single-cell studies yield insight into phenomena such as cell-cell 

interactions, cell signaling pathways, mutations or genetic damage among a population, 

or the differentiation of stem cells. OET is capable of manipulating specific single cells in 

parallel, enabling single-cell studies. However, cell manipulation using OET is more 

challenging than the manipulation of polystyrene beads. Here, issues involved in the 

manipulation of mammalian cells are discussed, along with the implemented solutions. 

We then demonstrate OET manipulation for the patterning of cell arrays, and the OET-

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

3.2 Issues with Cellular Manipulation 

The two main factors that make cellular manipulation using OET more challenging 

than the manipulation of polystyrene beads are: 1) the high conductivity of cell culture 
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media and buffers; 2) the non-specific adhesion of cells 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 physiological buffers has a high concentration of 

ions such as Na+, Cl-, K+, Ca2+, Mg2+, and SO4
2- in order to provide osmotic balance for 

the cells and necessary inorganic chemicals. As a result, these media have high electrical 

conductivities. For example, a common culture medium, Dulbecco's Modified Eagle 

Medium (DMEM), has an electrical conductivity of 1.5 S/m. Another common buffer 

solution, phosphate-buffered saline (PBS), also has an electrical conductivity of 1.5 S/m.  

As discussed in Chapter 2.3, the OET device has a relatively low illuminated (on-

state) photoconductivity. At reasonable illumination intensities of 10 W/cm2 or less, the 

maximum photoconductivity of the a-Si is approximately 2 mS/m, which is lower than 

that of cell culture media. This means that the OET device cannot fully switch the applied 

voltage to the liquid layer, and even in the illuminated state, the virtual electrode will 

remain off. A limited degree of OET manipulation in culture media may be obtained by 

further increasing the intensity of the optical patterns beyond 10 W/cm2; however, this 

leads to non-desirable parasitic effects such as electrothermal heating, as discussed in 

Chapter 2.9. The a-Si photoconductivity is limited by the large number of defects in the 

thin film, resulting in a large density of carrier traps and a low carrier mobility. While this 

is beneficial for creating high-resolution optically-defined traps, the low carrier mobility 

limits practical OET operation to low-conductivity solutions. 

Fortunately, the restriction to low-conductivity solutions does not preclude cellular 

manipulation in the OET device. Bacterial cells or other cells with cell walls are rigid 
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enough to withstand suspension in low-conductivity media. Furthermore, mammalian 

cells and other cells without cell walls can be suspended in osmotically-balanced low-

conductivity isotonic solutions. We utilize an isotonic buffer consisting of 8.5% sucrose 

and 0.3% dextrose for our experiments involving mammalian cells (hereafter referred to 

simply as “isotonic solution”). 

One advantage of using low-conductivity media is that the polarity of OET force is 

opposite for live cells versus dead cells. As a result, OET can be used to separate live 

cells from dead cells. This capability is described further in Chapter 3.7 and Chapter 4. 

However, the usage of low-conductivity media also has drawbacks. It can be difficult 

to estimate effect of the non-physiological conditions for cell behavior studies. In 

addition, prolonged exposure to low-conductivity media can cause the loss of normal 

cellular functions and reduce cell viability. The timeframe in which deleterious effects 

from the low-conductivity media appear vary among different cell types, and can range 

from 2 hours to over 24 hours.  

An alternative OET device that is capable of operation in high-conductivity solutions 

has also been developed. This device, called phototransistor-based OET (Ph-OET) uses 

single-crystal silicon as a photoconductive material in order to increase the carrier 

mobility [59]. In addition, as the name suggests, Ph-OET employs a vertical 

phototransistor structure to decrease dark (off-state) conductivity, while increasing the 

illuminated (on-state) conductivity by the phototransistor gain. While this device shows 

great potential for manipulating cells in their native culture media, separation between 

live and dead cells is more complicated, as both live and 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-known issue in biomedical devices [83], 

and is also a concern in OET devices. The fabrication of OET devices is simple enough 

to allow OET devices to be used as single-use, disposable devices, eliminating the cross-

contamination concerns of unwanted cell adhesion. However, cellular adhesion, 

especially among mammalian that adhere to surfaces in order to proliferate, is still 

significant during a single OET manipulation experiment (Figure 3.1). Many types of 

mammalian cells tend to adhere to charged hydrophilic surfaces, a condition which is 

present in the OET device, as the a-Si surface has a native oxide present at the a-Si/liquid 

interface.  Adherent cells are capable of attaching to surfaces with forces on the order of 

nanonewtons, while OET produces forces in the tens to hundreds of piconewtons. Thus, it 

is necessary to passivate the surface of the OET device in order to prevent the undesirable 

adsorption of cells. 

3.3 Surface Treatments for Optoelectronic Tweezers 

In order to avoid cell adhesion, the surfaces of the OET device need to be modified to 

be hydrophilic and uncharged. Furthermore, the passivation layers must be non-

conductive, to avoid shorting out the optically-defined virtual electrodes of the 

photosensitive electrode. At the same time, the non-conductive layers should be thin, in 

order to avoid any parasitic voltage drops across the passivation layers. Two types of 

surface treatments that fulfill these requirements have been used to prevent non-specific 

cell adhesion. 

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

cells (a cervical cancer cell line) were used to quantify the prevalence of nonspecific cell 
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adhesion. The HeLa cells, suspended in isotonic solution at a density of approximately 

1x106 cells/mL, were introduced into the OET device in 20 µL aliquots. Attempts to 

move all cells within the microscope field-of-view (0.027 mm2) were made using a 0.8-

mW HeNe laser to actuate the OET device. Cells that exhibited movement as a result of 

the induced OET force were counted as “free” cells, while cells that did not have 

observable movement were counted as adhered cells. Five distinct fields-of-view were 

tested for each time point; at each time point, at least 30 cells were tested. The 

measurements were repeated on 5 different OET devices. On the standard OET devices, 

the initial percentage of free cells was only 20 ± 21%, decreasing to 3 ± 4% after one 

hour (Figure 3.1). 

 

Figure 3.1 Percentage of live HeLa cells that can be transported under OET 
manipulation in standard OET devices. Non-specific cell adhesion limits the 
reliability of OET manipulation of mammalian cells. The 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 surface is to coat it with bovine serum 

albumin (BSA), a protein found in the bloodstream of cows. Very thin layers of BSA 

protein can be created, making it suitable for use in the OET device.   

Some proteins have a hydrophobic end and a hydrophilic end. Thus, to create an 

uncharged, hydrophilic coating, the hydrophobic end of the protein should be made to 

bond to the device surface. The a-Si surface is hydrophilic due to the native oxide; thus, 

to create a hydrophobic layer, a thin, 50-nm-thick layer of Teflon is coated on the 

photoconductive surface of the OET device by spin coating 0.2% Teflon AF® (diluted 

with perfluoro-(2-perfluoro-n-butyl)tetrahydrofuran) at 1500 rpm for 30 seconds. The 

Teflon-coated devices are cured at 150oC on a hotplate for 20 minutes, and then 

immersed in a solution of 0.1% BSA in DI water. The hydrophobic ends of the protein 

bind to the Teflon, creating a protein layer. The devices are removed after 30 minutes to 1 

hour, and carefully dried with a nitrogen gun.   

The same measurements of the percentage of free cells described in Chapter 3.3 were 

repeated on 5 different BSA-coated OET devices (Figure 3.2). The initial percentage of 

free cells was 88 ± 7%, decreasing slightly to 82 ± 15% after one hour. However, when 

the BSA-coated OET devices were rinsed once using DI water, parts of the BSA coated 

were washed away, resulting in increased cell adhesion. In addition, certain areas of the 

OET surface had a high incidence of cell adhesion, evidenced by the large standard 

deviations. 
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Figure 3.2 Percentage of live HeLa cells that can be transported under OET 
manipulation in BSA-coated OET devices. Non-specific cell adhesion is greatly 
reduced by using this passivation technique. However, rinsing the devices results 
in increased non-specific adhesion. The error bars indicate the standard deviation 
of the measurements. 

3.5 Poly(ethylene glycol) Surface Treatment 

Another type of passivation was explored for cell manipulation using OET. The gold 

standard of non-fouling surface coatings for biomedical devices is poly(ethylene glycol) 

(PEG), a polymer hydrogel [83]. PEG is based on a repeating unit of ethylene glycol, and 

has the following structure: HO–(–CH2CH2–O–)n–H.  This surface has been shown to 

have an excellent resistance to protein and cell adsorption, reducing the amount of 

biofouling by more than 90% [83].  The model for the nonfouling properties of PEG is 

based on entropic repulsion and osmotic pressure; as the PEG hydrogel is hydrated, the 

PEG chain swells and excludes cells and proteins from the PEG surface (Figure 3.3) [84, 

85].  In order to achieve a high-quality nonfouling surface, a high surface density of 
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grafted PEG chains is required. The PEG chains should be dense enough that the distance 

between grafted chains is approximately less than or equal to the radius of gyration of a 

hydrated PEG chain [86]. 

 

Figure 3.3 Poly(ethylene glycol) (PEG) polymer chains resist cell and protein 
adhesion via entropic repulsion and osmotic pressure. 

We have developed a process for creating a thin, non-fouling PEG coating on the 

electrode surfaces of the OET. These surface-modified non-fouling OET devices provide 

a 30-fold increase the amount of cells that can be moved using OET forces.  

The procedure for coating the OET electrodes with PEG was developed in 

collaboration with researchers from Applied Biosystems. To coat the photosensitive 

electrodes with PEG, the a-Si surface is first coated with a 10-nm-thick layer of SiO2 

using PECVD. The SiO2 layer provides a surface that can be silanized to provide 

adhesion of the PEG polymer chains. The silanol groups on the SiO2 layer are enhanced 

by a series of chemical washes. The electrodes are then brought into direct contact with a 

solid-phase PEG silane, (2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane) and 

heated at 65oC, allowing the PEG silane to melt and coat the surface of the photosensitive 

electrode.  

The process for the ITO-coated glass electrodes is similar. First, the hydroxyl end 

groups on the ITO surface are enhanced through a series of chemical washes. The 
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electrodes are then coated with PEG using the same PEG silane process described above. 

The detailed fabrication process for both the a-Si and ITO-coated electrodes is given in 

Appendix 2. 

The resistance to protein adsorption of the PEG-coated OET devices was verified by 

x-ray photoemission spectroscopy (XPS) measurements. The XPS measurements are 

performed at the Molecular Foundry facility of the Lawrence Berkeley National 

Laboratories, using a Physical Electronics PHI 5400 XPS tool, which was equipped with 

an aluminum x-ray source. The measurement area of each sample is approximately 0.5 

mm x 0.5 mm. 

A standard OET device and a PEGylated OET device were both exposed to a solution 

of 0.1% laminin protein. The XPS spectrum of the a-Si electrode shows the presence of 

oxygen, nitrogen, and carbon from the adsorbed proteins (Figure 3.4a). Silicon from the 

a-Si film is also present, suggesting the PEG layer is thin, as desired. The PEG-coated a-

Si electrode also has oxygen and carbon present due to the PEG layer, but it lacks a 

nitrogen peak, indicating the absence of adsorbed laminin proteins (Figure 3.4b). The 

carbon/oxygen (C/O) ratio of the PEG-coated a-Si electrode is 1.63. An ideal PEG layer 

has a C/O ratio of 2; however, the C/O ratio of the measured device may be lower due to 

the presence of the SiO2 layer. 
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Figure 3.4 XPS measurements of laminin adsorption on the a-Si electrode of an 
OET device. (a) Standard a-Si electrode. (b) PEG-coated a-Si electrode. The 
absence of an N 1s peak in this spectrum is an indicator of the resistance to 
protein adsorption. 

The XPS spectrum of the ITO electrode shows similar results as the a-Si electrode. 

Again, the spectrum shows the presence of oxygen, nitrogen, and carbon from the 

adsorbed proteins (Figure 3.5a). As expected, indium and tin are also present, due to the 

ITO film. The PEG-coated ITO electrode also has oxygen and carbon present due to the 

PEG layer, but it lacks a nitrogen peak, indicating the absence of adsorbed laminin 

proteins (Figure 3.5b). The C/O ratio of the PEG-coated ITO electrode is 1.55, which is 

again lower than the ideal C/O ratio. However, the C/O ratio may be affected by the 

oxygen content of the ITO film. 

1000 800 600 400 200 0
0

10000

20000

30000

40000

50000
 

E
le

ct
ro

n 
C

ou
nt

Binding Energy [eV]

O 1s

C 1s
N 1s

Si 2s
Si 2p3

1000 800 600 400 200 0
0

10000

20000

30000

40000

50000

 

 

E
le

ct
ro

n 
C

ou
nt

Binding Energy [eV]

O 1s

C 1s

Si 2s

Si 2p3

a b 



 

59 

 

Figure 3.5 XPS measurements of laminin adsorption on the ITO electrode of an 
OET device. (a) Standard ITO electrode. (b) PEG-coated ITO electrode. The 
absence of an N 1s peak in this spectrum is an indicator of the resistance to 
protein adsorption. 

In addition to the XPS data, the same measurements of the percentage of free cells 

described in Chapter 3.3 were repeated on 5 different PEG-coated OET devices (Figure 

3.6). The initial percentage of free cells was 97±5% on the PEG-coated OET devices. 

After one hour, 91±8% of the cells remained responsive to OET manipulation. The PEG-

coated OET devices increase the reliability of OET manipulation on live adherent cells 

by 30 times compared to an uncoated OET device. Thus, the PEG coating is the most 

effective passivation layer to avoid non-specific cell adhesion in the OET device. In 

addition, the PEG-coated devices are more robust than the BSA-coated devices. Figure 

3.7 shows the results of the HeLa adhesion experiments on different surfaces for 

comparison. 
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Figure 3.6 Percentage of live HeLa cells that can be transported under OET 
manipulation in PEG-coated OET devices. Non-specific cell adhesion is reduced 
30 times by this passivation technique. The error bars indicate the standard 
deviation of the measurements. 
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Figure 3.7 Comparison of the percentage of live HeLa cells that can be 
transported under OET manipulation in various OET devices. The PEG coating 
provides the most robust coating, and the most reliable OET manipulation. The 
error bars indicate the standard deviation of the measurements. 

3.6 Cell Patterning 

The reliable OET manipulation of single cells on PEG-coated devices can be used to 

spatially arrange live cells in arbitrary patterns. This type of manipulation is not possible 

on untreated OET devices, as non-specific cell adhesion is too prevalent. 

Here, we use OET manipulation to assemble Jurkat cells into a cell array (Figure 3.8). 

The optical manipulation patterns are generated using a 635-nm laser and a liquid-crystal 

SLM, in a setup similar to Figure 1.6a. However, in this case, the manipulation patterns 

are created under direct user control.  

Furthermore, multiple cell types can be trapped and transported using OET 

manipulation. This is demonstrated with live fluorescent-labeled Jurkat cells and 
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unlabeled HeLa cells (Figure 3.9). Each cell type can be identified via fluorescent 

microscopy, and subsequently trapped and transported under OET manipulation. Thus, 

the original random distribution of the two cell types can be organized into segregated 

patterns for further single-cell study (Figure 3.9d). 

 

Figure 3.8 Formation of an array of live Jurkat cells on a PEG-coated OET 
device. (a, b) The original randomly-distributed cells are trapped and transported 
using OET manipulation patterns. (c) A 5 x 5 individually-addressable cell array 
is formed. (d) The same array, with the the OET manipulation pattern 
temporarily shut off for cell imaging clarity. 
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Figure 3.9  OET spatial manipulation of multiple cell types. (a) The fluorescent-
labeled Jurkat cells are distinguished from the unlabeled HeLa cells (composite 
image). (b) The Jurkat cells are arranged in a triangular pattern. (c) The HeLa 
cells are arranged in a square pattern. (d) Fluorescent imaging 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 force is a function of the frequency-

dependent electrical properties of the cells under manipulation. As different cell types 

exhibit dissimilar electrical properties, DEP can be used to sort between cell types, or 

even between widely varying cells of the same type [34, 35, 37]. This property is useful 

for cellular manipulation, in which heterogeneous mixtures of cells are common. We 

have used this capability to selectively concentrate live human B cells from dead B cells 

[50]. 

In a live cell, the semi-permeable phospholipid membrane allows a cell to maintain an 

ion differential between its interior and the surrounding liquid medium. As mentioned in 

Chapter 3.2.1, OET experiments use cells that are suspended in a low-conductivity 
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isotonic buffer of 8.5% sucrose and 0.3% dextrose. Thus, live cells have internal 

conductivities greater than the liquid conductivity. However, once a cell dies, the 

membrane becomes permeable to ions. The ion differential is no longer maintained, and 

the conductivity of the cell interior becomes similar to that of the surrounding liquid. This 

means that the Clausius-Mossotti factor is different for live and dead cells. The real part 

of the Clausius-Mossotti factor for a human B cell was calculated, using the single-shell 

model of the cell, as described in Equations 2.5 to 2.6 (Figure 3.10). To determine the 

Clausius-Mossotti factor of dead B cells, it is assumed that the internal permittivity and 

conductivity of the cell is equal to that of the surrounding media, while all other 

parameters remain constant. The simulated results predict that for applied frequencies 

greater than approximately 60 kHz, live B cells will experience a positive OET force, 

while dead B cells will experience a negative OET force. 

 

Figure 3.10 Real part of the Clausius-Mossotti factor for live and dead B cells. 
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The difference in DEP response between live and dead B cells is used to selectively 

concentrate live B cells at an applied frequency of 120 kHz. The selective collection 

pattern is a series of broken concentric rings (Figure 3.10). The pattern is created using 

the DMD, and illumination is provided by a 100-W halogen lamp. As the concentric rings 

shrink, the live cells are focused to the center of the pattern by positive OET. In contrast, 

the dead cells experience negative OET, and slip through the gaps in the ring patterns. 

The B cells are suspended in isotonic solution, with 0.4% Trypan Blue dye. The Trypan 

Blue dye identifies live and dead cells; live cells exclude the dye, and appear clear. The 

dead cells, which have a permeable membrane, absorb the dye, and appear dark. The 

experiment is performed immediately after the addition of the Trypan Blue dye, as the 

dye is toxic, and will increase the amount of dead cells in the sample. 

 

Figure 3.11 Selective concentration of live B cells from dead B cells [50]. (a) 
Initial positions of live (clear) and dead (dark) B cells. (b, c) A broken concentric 
ring pattern is used to transport the live cells to the center of the field-of-view 
while leaving the dead cells behind. (d) Live cells have been concentrated to the 
central region of the optical pattern. 



 

66 

3.8 Separation of Live Jurkat and HeLa Cells 

In addition to differentiating between live and dead cells, OET force can be used to 

discriminate between different cell types. This ability is demonstrated through the spatial 

discrimination of live Jurkat and HeLa cells using OET [52]. 

In this experiment, cultured Jurkat cells were labeled with a green fluorescent dye. 

The labeled Jurkat cells and cultured HeLa cells are washed with isotonic buffer, re-

suspended in isotonic solution, and mixed together. The concentration of the mixed 

solution is approximately 5 x 105 cells/mL. Culture media was added to adjust the 

conductivity of the cell solution to approximately 2 mS/m. A 20-µL aliquot of cell 

solution was introduced into the OET device for manipulation. The cells experience a 

positive OET force, and are attracted towards the optical manipulation patterns. 

The maximum OET manipulation velocity of Jurkat and HeLa cells as a function of 

the frequency of the applied voltage was empirically determined (Figure 3.12) [52]. The 

manipulation velocity is proportional to OET force. At an applied voltage of 10 Vpp at 

100 kHz, sufficient variation in the OET force exists to differentiate between the two cell 

types.  
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Figure 3.12 OET-induced manipulation velocity of different cell types as a 
function of the frequency of the electric field [52]. Cells are manipulated using a 
15-µm-wide scanning line pattern. 

In order to spatially separate the HeLa and Jurkat cells, a scanning line optical pattern 

is used to exploit the differences in OET force on the cells (Figure 3.13). The scanning 

lines are produced using the DMD and an LED source (Luxeon Star/O, λ = 625 nm) that 

provides an optical intensity of 1 W/cm2. A 15-µm-wide leading line and a 23-µm-wide 

trailing line are separated by approximately 40 µm, and are simultaneously scanned at a 

rate of 13 µm/s. The thinner leading line produces a weaker OET force than the thicker 

trailing line, as the manipulation velocity of cells exhibits a dependence on the width of 

the optical pattern (Figure 3.14). Thus, as the two lines are scanned across the OET 

device, the Jurkat cells, which experience a stronger OET force, are held by the leading 

line (Figure 3.13b, c). The leading line does not produce sufficient force to transport the 

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

separation equal to the spacing of the two scanning lines. 

 

Figure 3.13 Optical pattern for OET-enabled cell discrimination [52]. (a) Cells 
before the lines are scanned in the negative x-direction. The thin leading line 
produces a weaker OET force than the thicker trailing line. (b) As the pattern is 
scanned, the Jurkat cells have a sufficiently OET strong force to be retained by 
the leading line, while the HeLa cells do not experience sufficient force. (c) The 
trailing line provides enough force to transport the HeLa cells, while the Jurkat 
cells continue to be retained by the leading line, achieving spatial discrimination. 

 

Figure 3.14 The OET manipulation velocity of Jurkat and HeLa cells as a 
function of the width of the optical pattern [52]. 
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The results of the optical line scanning on a mixed population of Jurkat and HeLa 

cells are shown in Figure 3.15. An initial group of both cell types is present (Figure 

3.15a).  As the scanning pattern moves from right to left across the field of view, the 

Jurkat cells are transported by the 15-µm leading line (Figure 3.15b). The HeLa cells are 

transported only slightly by the leading line pattern, and cannot maintain the velocity of 

the translated leading line. The 23-µm trailing line then attracts and transports the HeLa 

cells. Scanning of the line patterns was repeated twice to achieve the desired separation 

between the Jurkat and HeLa cells. After the third scan, the two cell types are spatially 

separated (Figure 3.15c). A second HeLa cell is also visible, which moved into the field-

of-view during the scanning of the optical pattern. Using fluorescent imaging, it is 

verified that the cells on the leading line pattern are the fluorescent-labeled Jurkat cells 

(Figure 3.15d). In this image, the unlabeled HeLa cells do not appear. 
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Figure 3.15 OET-enabled spatial discrimination of live Jurkat and HeLa cells 
[52]. (a) Initial cell positions before the optical pattern is scanned from right to 
left across the field-of-view. (b) Cells are attracted to the leading line. The HeLa 
cell is starting to lag the scanning line. (c) Cells showing spatial separation after 
the scan is completed. An additional HeLa cell has moved into the field-of-view 
during the scan. (d) Fluorescent image of the cells in (c), verifying that the 
leading cells are the fluorescent-labeled Jurkat cells. 
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Chapter 4 Sperm Sorting for in vitro 
Fertilization 

4.1 Motivation 

Assisted reproductive technology (ART) is used to treat 35 to 70 million couples 

worldwide [87]. In the United States, the Centers for Disease Control and Prevention 

(CDC) estimate that more than 1% of US births are attributed to ART [88].  

Up to 50% of the cases at infertility clinics are due to male infertility [89, 90]. Male 

fertility problems include low sperm counts and/or concentration, low sperm motility, 

and abnormal sperm morphology. One treatment that is available for patients with low 

sperm counts and/or low sperm motility is intracytoplasmic sperm injection (ICSI) [91]. 

This procedure entails directly injecting an entire sperm into an egg’s cytoplasm using a 

micropipette. Since the introduction of ICSI in 1992, this procedure has rapidly gained 

acceptance; as of 2005, ICSI is used in 60% of the ART cases in the US [88]. 

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

mechanisms are bypassed during fertilization. Thus, it is imperative that healthy viable 
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sperm are selected for the ICSI procedure. The selection of viable sperm for ICSI is 

challenging and relies primarily upon sperm motility [92, 93]. However, motility-based 

sperm selection methods are ineffective on samples with reduced sperm motility 

(asthenozoospermia). Furthermore, asthenozoospermic samples for ICSI are not limited 

to patients with reduced sperm motility in fresh ejaculate. Typical in vitro fertilization 

techniques use previously-frozen sperm samples from patients.  Upon thawing of the 

sample, previously-motile sperm can be rendered non-motile. Fortunately, even in 

samples with complete asthenozoospermia (no motile sperm), up to 50% of the non-

motile sperm remain viable [94, 95]. In these instances, it is desirable to analyze the 

viability of the available non-motile sperm.  

Current sperm viability assays are limited by subjectivity, sensitivity, and potential 

toxicity. The Trypan Blue dye exclusion test is a gold-standard cell viability assay, but its 

toxicity precludes using sperm exposed to Trypan Blue for ICSI. Another dye-based 

assay, eosin-nigrosin staining, involves an air-drying step which renders the tested sperm 

unavailable for further use [96]. A potentially non-damaging assay is the hypo-osmotic 

swelling test [94, 97, 98]. This assay has been successfully used to increase the 

fertilization rate of eggs in vitro [99]. However, the collection of viable sperm is still 

performed manually. As a result, sperm in typical ICSI procedures are still subjectively 

selected by a technician based on morphology. 

Optoelectronic tweezers can provide a method of distinguishing between live and 

dead cells (see Chapter 3.7), which is applicable to selecting viable non-motile sperm. In 

addition, viable sperm that is identified using OET can be collected in parallel, and 

transported off-chip for use in ICSI procedures. Here, the OET response of live non-
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motile sperm and dead sperm are quantified, showing a clear distinction in OET-induced 

force. In addition, we demonstrate that the OET manipulation procedure does not induce 

DNA damage to the cells under manipulation, which is an important concern if the sperm 

are to be used for in vitro fertilization. 

4.2 Experimental Setup 

PEG-coated OET devices, as described in Chapter 3.5, were used to manipulate 

sperm samples. OET actuation was provided by a 10-mW, 635-nm diode laser, focused 

onto the OET surface using a 10× objective lens (Figure 4.1). The output of the laser is 

attenuated, resulting in an intensity of 40 mW/cm2 incident upon the OET device. The 

laser is incident from the glass substrate underneath the a-Si layer; thus, the sperm sample 

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

 

Figure 4.1 Setup of the OET device for sperm manipulation. 
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Fresh ejaculate specimens from 6 healthy males were evaluated using OET (Figure 

4.2). The adequacy of each specimen was confirmed by the presence of motile sperm in 

the sample, indicating viability. In order to determine the viability of non-motile cells, the 

samples were mixed in a 1:1 volume ratio with 0.4% Trypan Blue dye in DI water, and 

incubated at room temperature for 3 minutes. The sperm/Trypan mixture was then diluted 

approximately 100 times by adding isotonic solution. The conductivity of the diluted 

sperm solution was adjusted to be 6.5 mS/m for all samples.  

 

Figure 4.2 Sperm samples for OET manipulation. 

A 20-µL aliquot of the Trypan-stained sperm sample was pipetted into the PEG-

coated OET devices. Over a 15-minute period, 55 distinct sperm were evaluated from 

each donor. As a positive control, five motile sperm were trapped using OET, verifying 

that a positive OET response was induced on these viable sperm. The OET-induced 

velocity of 25 non-motile sperm that excluded the Trypan Blue dye was also evaluated. 

These sperm are live, but non-motile.  In addition, the OET-induced velocity of 25 dead 
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sperm was measured. Here, dead sperm refer to the cells that experienced negative OET 

or no OET response. Most of these sperm were stained by Trypan Blue (Trypan Blue 

positive), although a few were not stained (Trypan Blue negative). All velocity 

measurements were done using an applied bias of 9 Vpp at 100 kHz. 

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

A total of 330 individual sperm from the 6 donors were assayed. All (100%) of the 

motile sperm visualized in each specimen were Trypan Blue negative, and all of those 

assayed (N=25) experienced positive OET. All (100%) sperm experiencing positive OET 

were Trypan Blue negative (N=150). The Trypan-Blue-positive sperm demonstrated 

either no response (54%) or a weak repulsive response (46%) to the OET manipulation 

pattern. A few Trypan-Blue-negative sperm (15%) demonstrated no response to OET 

actuation, suggesting that these sperm are also dead.  

The velocity measurements on the live non-motile sperm and dead sperm are shown 

in Figure 4.3. The average velocity of live non-motile sperm in the OET device is 8.0 ± 

3.9 µm/s, averaged over 150 cells from 6 separate donors. The average velocity of dead 

sperm is -1.0 ± 1.2 µm/s with the negative value indicating a negative OET force. The 

dead Trypan-Blue-positive sperm exhibited some variability in their OET response, 

exhibiting either weak negative OET (54%) or no response to the OET pattern (46%). 

However, no Trypan-Blue-positive sperm exhibited a positive OET response. Thus, these 

results show a clear separation of the cell subpopulations. 
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Figure 4.3 OET-induced velocities of live non-motile sperm and dead sperm. The 
error bars indicate the standard deviation of the measurements. “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 distinguishing between live and dead 

non-motile sperm, but if OET is to be used for in vitro fertilization, we must also 

establish that the OET manipulation process is gentle enough to avoid inducing DNA 

damage on sperm. The DNA fragmentation of sperm is measured using the Comet assay. 

An PEG-coated OET device with a microfluidic chamber was used in the Comet 

assay experiments. The microfluidic chamber measures 1 cm x 1 cm x 100 µm, and 

allows the introduction and removal of the test samples using syringe pumps. Six separate 

test samples were prepared from a single semen sample. The test samples consist of: 1) 

the fresh ejaculate sample (“pure sample”); 2) sperm suspended in a 1:100 dilution of the 

pure sample to isotonic solution, and flushed through the OET device (“isotonic 
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sample”); 3) sperm in isotonic solution that are exposed to an applied bias of 10 Vpp at 

100 kHz and an optical pattern at an intensity of 80 mW/cm2 for 30 s (“low dose 

sample”); 4) a sample similar to the low dose sample, except the applied bias is increased 

to 20 Vpp at 100 kHz (“high dose sample”); 5) pure sample that has been incubated in a 

UV oven for 15 minutes (“UV sample”); 6) pure sample that has been heated in a water 

bath at 50oC for 5 minutes (“Heat sample”). 

The results of the Comet assay show that a very low level of DNA fragmentation is 

present in the pure and isotonic samples, as expected (Figure 4.4). Most significantly, no 

increase in DNA fragmentation is observed for the samples that underwent OET 

manipulation, either at a low dose or a high dose. The UV-treated sample surprisingly 

showed little DNA fragmentation, but the heat-treated sample provided a positive control, 

as DNA fragmentation was evident (inset). Thus, OET manipulation should provide 

viable cells after sorting operations are performed. 

 

Figure 4.4 Comet assay on OET-manipulated sperm under different conditions. 
Similar levels of DNA fragmentation is evident in the pure control sample and 
the samples manipulated using OET (low dose and high dose). DNA 
fragmentation is present in sperm that was heated to 50oC for 5 minutes (inset).  
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4.5 Future Work 

We have demonstrated that OET is capable of non-invasively identifying, assessing, 

and sorting viable live non-motile sperm from non-viable sperm, without introducing 

DNA damage on the cells under manipulation. However, the experiments presented here 

were performed with fresh ejaculate; it will also be interesting to repeat the experiments 

using frozen samples to more closely simulate clinical IVF procedures. 

In addition, an optimized microfluidic setup is being integrated with the PEG-coated 

OET devices to enable more efficient sample retrieval of the sorted cells. Concurrently, 

our collaborators at the University of California, San Francisco are developing an animal 

model to test ICSI fertilization using OET-sorted sperm. 
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Chapter 5 Lateral-Field Optoelectronic 
Tweezers (LOET) 

5.1 Motivation 

Although optoelectronic tweezers is a highly flexible, versatile device, certain 

limitations exist. The electric field in the OET device is created in a liquid layer between 

two planar electrodes (Figure 5.1), thus, both electrodes must be in contact with the liquid 

for the device to operate. As a result, OET cannot be integrated with devices that do not 

provide a conductive planar surface.  

In addition, anisotropic objects such as microdisks, nanowires, and E. coli bacteria 

align normal to the plane of the electrodes in the OET device (Figure 5.2a) [57, 58, 60]. 

This is due to the torque exerted on the induced dipole of the particle in response to the 

electric field (Figure 5.2b). Thus, if an application (such as creating nanowire 

interconnects) requires the OET device to assemble anisotropic objects such that their 

major axis is parallel to the device surface, the primary electric field direction needs to be 

altered. 
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Figure 5.1 Electric field in the OET device. The color gradient shows the 
conductivity gradient in the a-Si layer, generated by illuminating the 
photoconductor. Note that the primary direction of the electric field is normal to 
the plane of the photosensitive electrode. 

 

Figure 5.2 (a) Microdisks, nanowires, and other anisotropic objects align normal 
to the plane of the electrodes of the OET device. (b) Torque exerted on a dipole 
in an electric field. 

To remedy this, we have developed another version of the OET device that retains the 

same functionality as the original OET device, namely optically-controlled 

dielectrophoresis. However, this new version of OET combines the ITO-coated glass 
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electrode and the photosensitive electrode of the standard OET device onto a single 

substrate (Figure 5.3). This new single-sided OET device can be used with a variety of 

opposing surfaces, facilitating integration with other microdevices, such as microfluidic 

channels. Unlike standard OET, the single-sided OET device produces an electric field 

that is parallel to the plane of the device; thus, we call this device lateral-field 

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

be manipulated with the major axis parallel to the substrate of the LOET device. 

 

Figure 5.3 Lateral-field optoelectronic tweezers device. The LOET device 
consists of an interdigitated array of photosensitive a-Si electrodes. 

Like the OET device, the lateral-field optoelectronic tweezers device is a two-

electrode device. However, unlike the standard OET device, the electrodes of the LOET 

device are co-located on the same substrate. In LOET, the electrodes are laid out in an 

interdigitated pattern. As with OET, the electrodes are photosensitive, and consist of the 

same layers of ITO and intrinsic a-Si. In contrast to standard OET, the electric field is 

created by applying an ac bias across the interdigitated electrode arrays. As a result, an 

upper electrode is unnecessary in the LOET device. However, in most of the experiments 
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presented in this dissertation, a glass cover is used with the LOET device, in order to 

reduce the evaporation of the liquid / particle solution. 

5.2 Operating Principle of LOET 

The LOET device operates on the same principal of optically-induced 

dielectrophoresis as the standard OET device. The LOET device can be modeled with 

simplified equivalent circuit model that is similar to the OET model (Figure 5.4). In this 

simplified model, only one electrode pair, defined as one electrode at one potential, and 

an adjacent electrode at a potential 180o out-of-phase, is represented. The actual LOET 

device consists of an array of these electrode pair elements.  

 

Figure 5.4 Simplified equivalent circuit model of the LOET device. 

As with standard OET, in the dark state the impedance of the a-Si, ZPC, is larger than 

the impedance of the liquid layer, ZL. However, for LOET, both electrodes are coated 

with a-Si, so there are two elements represented by ZPC. In areas with no illumination, 

most of the applied ac voltage drops across the a-Si layers, represented by the two ZPC 

elements. In order to actuate the LOET device, both electrodes of the pair must be 
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illuminated, to reduce the impedance of both of the ZPC elements. If this condition is met, 

a significant voltage drop will occur in the liquid layer, ZL. Thus, the electric field 

gradient in the LOET device, like the OET device, is controlled by the position of the 

optical pattern. However, the direction of the electric field is different in the LOET 

device as compared to the OET device. In the OET device, the potential difference that 

creates the electric field is across the top and bottom electrodes, resulting in a field that is 

primarily perpendicular to the surface of the OET device (Figure 5.1). However, in the 

LOET device, the potential difference is across the interdigitated electrode fingers. When 

adjacent electrodes are illuminated, an electric field is formed parallel to the surface of 

the OET device (Figure 5.5). Full two-dimensional control is retained in the LOET 

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

 

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

5.3 Design of LOET 

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

insensitive to a gap between the electrode array surface and an opposing surface. Instead, 
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the force induced in the LOET device is dependent on the dimensions of the electrodes, 

including the electrode width and the spacing between the electrode fingers. 

When designing the LOET device, the particle size under manipulation must also be 

considered. The LOET device is more sensitive to variations in particle size than the 

standard OET device. In the case of particles that experience negative OET, this 

sensitivity is more relaxed. The electrode width, w, and the spacing between electrode 

fingers, g, should be equal to or smaller than the major axis of the particle, d (Figure 

5.6a). If these conditions are not met, then 2-D particle manipulation will be sacrificed. 

As w and g become larger than d, the particles will only be actuated along the length of 

the electrode fingers.  Movement across the electrode fingers will be limited, as the 

optically-patterned electric fields will no longer have enough resolution.  

 

Figure 5.6 Optimizing LOET dimension for particle dimensions. (a) Particles 
experiencing negative OET should be equal to or larger than the electrode 
dimensions w and g to ensure 2-D manipulation. (b) Particles experiencing 
should be positive OET should be equal to or larger than 2w + g to ensure 2-D 
manipulation. 

In the case of particles that experience positive OET, similar requirements exist. 

However, in this case, 2w + g should be equal to or less than d. Particles experiencing 
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negative OET will rest above the a-Si electrodes, even if no manipulation pattern is 

present. However, positive-OET-responsive particles will rest in the gaps between the 

electrodes when no manipulation pattern is present. Thus, if w and g are too large, the 

particles will remain in the electrode gaps, and only movement along the length of the 

electrodes will be achieved. However, this can also be used to help align particles to the 

electrode edges, as will be discussed in Chapter 6. 

The reason why particles in the LOET device self-organize even in the absence of 

optical manipulation patterns is due to undesirable leakage fields across the portions of 

ITO that are exposed to the liquid layer (Figure 5.3). When voltage is applied across the 

LOET electrodes, some electric field exists in the liquid layer even in the absence of an 

optical pattern (Figure 5.7a). Thus, the gaps between the electrodes are regions of higher 

electric field, causing negative-OET-responsive particles to be repelled, and rest above 

the a-Si electrodes when no optical pattern is presented. The same high-field regions 

cause positive-OET-responsive particles to be attracted, and situate in the gaps between 

the electrodes. 

The undesirable leakage fields can be reduced by undercutting the ITO layer beneath 

the a-Si. A 2-µm undercut of a 10-µm-wide electrode can significantly reduce the leakage 

fields, and is the technique employed in the devices described in this chapter (Figure 

5.7b). Alternatively, an electrically insulating layer that blocks direct exposure of the ITO 

electrodes to the liquid can be used, such as encapsulating the ITO electrodes using a-Si 

(Figure 5.7c). Other LOET geometries that reduce the leakage fields will be described in 

Chapters 7 and 8. 
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Figure 5.7 Leakage fields in the LOET device. (a) An LOET device with ITO 
directly exposed to the liquid, with no undercut, shows significant leakage fields. 
White areas represent electric field strengths that are higher than the range of the 
scale bar. (b) An LOET device with a 2-µm undercut of the ITO beneath a 10-
µm-wide a-Si electrode. The leakage fields are significantly reduced. (c) A 
further reduction of the leakage fields can be obtained by encapsulated the ITO 
electrodes with the a-Si layer. 

5.4 Fabrication of LOET 

The fabrication of the LOET device is slightly more involved than the standard OET 

device, but is also suitable for the manufacturing of low-cost devices (Table 5.1 and 
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Figure 5.8). The devices are fabricated from wafers with existing ITO and hydrogenated 

amorphous silicon (a-Si:H) layers (Silicon Display Technology). The first two 

fabrications steps are the same as the standard OET device. After the a-Si:H layers are 

deposited, the electrode arrays are photolithographically defined and etched using 

reactive-ion etching (RIE), stopping on the ITO layer. The ITO is then chemically etched  

in 38% HCl to complete the formation of the interdigitated electrode arrays. Finally, a 

second RIE is performed to create bias pads to the ITO layer. Only two bias pads are 

required to address the entire LOET array, which consists of more than 450 electrode 

fingers.  

Table 5.1 LOET fabrication process overview 

Step Process Parameters 
1 Clean substrate; N2 dry Start with 0.85-mm-thick ITO-coated glass 

substrate, with 50 nm n+ a-Si:H / 1 µm a-Si:H 
2 Dehydration bake 150oC for 15 min 
3 Spin on photoresist (AZ 5214E), 

define interdigitated electrode 
pattern (Mask #1) 

500 rpm spread for 5 s, 2000 rpm for 30 s 
Equipment: Headway spin coater 
                    Karl Suss MA6 contact mask aligner 

4 RIE a-Si electrodes 9:1 SF6:O2, 100 mtorr, 100 W for 1 min. 
Equipment: Plasmatherm PK-12 RIE 

5 Wet etch ITO between electrodes 38% HCl for 3 min. 
6 Define electrical contact areas with 

photoresist 
500 rpm spread for 5 s, 2000 rpm for 30 s 
Equipment: Headway spin coater 

7 RIE electrical contact pads 9:1 SF6:O2, 100 mtorr, 100 W for ~2 min. 
Equipment: Plasmatherm PK-12 RIE 

8 Remove photoresist Acetone 
9 Electrical contact pads Silver conductive epoxy (Epotek E2101) 

Recipe: 3:1 part A to part B, cure @ 150oC for 1 hr. 
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Figure 5.8 Fabrication process of LOET devices. 

5.5 Experimental Results 

In order to demonstrate that the lateral-field OET device retains the 2-D manipulation 

pattern capabilities of the standard OET device, initial tests were performed using 

polymer microparticles. Polystyrene beads with diameters of 25 and 45 µm were 

suspended in a solution of KCl and deionized water, which is adjusted to attain a 

conductivity of 10 mS/m. Approximately 20 µL of the bead solution is dispensed into the 

LOET device.  
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Polystyrene bead manipulation in the LOET device was tested using a laser source. 

The LOET devices had electrodes that were 10 µm in width, with a gap of 20 µm 

between electrode fingers. The electrode arrays were biased with an ac voltage of 4 Vpp 

at 100 kHz. Both longitudinal and transverse motion of 25-µm-diameter polystyrene 

beads was observed (Figure 5.9). Longitudinal motion refers to particle movement along 

the length of the electrodes, and transverse motion refers to particle movement across 

electrode fingers. 

 

Figure 5.9 Movement of 25-µm-diameter polystyrene beads in the LOET device. 
(a) The initial positions of the beads. (b) A laser is used to transport a single bead 
in the transverse direction, while simultaneously moving other beads in the 
longitudinal directions. Arrows indicate the direction of motion. (c) The final 
position of the polystyrene beads. 

The velocity induced in the LOET device on 25- and 45-µm-diameter polystyrene 

beads is shown as a function of the illumination light intensity and applied ac voltage 

(Figure 5.10). Both the longitudinal and the transverse directions of movement have 

approximately the same manipulation velocities, further confirming that full 2-D motion 

is preserved on the LOET device. 
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Figure 5.10 Experimental induced velocities of polystyrene beads in the LOET 
device [52]. Longitudinal velocity refers to movement along an electrode, while 
transverse velocity refers to movement across electrode fingers. (a) Particle 
velocity as a function of illumination pattern intensity. (b) Particle velocity as a 
function of applied ac voltage at a frequency of 100 kHz. 
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Chapter 6 III-V Microdisk Laser Assembly 
on Silicon Using Lateral-Field 
Optoelectronic Tweezers 

6.1 Motivation 

Copper interconnects are inherently low-bandwidth, and are limited to throughputs of 

10 Gb/s or less. Copper presents a bottleneck in data throughput as data transfer rates in 

computers increase. Optical interconnects are an attractive alternative to copper, and have 

already supplanted copper wires in long-haul data networks as well as server-to-server 

interconnects. However, optical interconnects have not yet been employed for short-range 

data networks, such as from board-to-board, chip-to-chip, or intrachip, as optical 

integration is difficult and expensive. 

One way to lower the manufacturing costs and increase integration of optical 

components is by fabricating optical elements directly on silicon. Silicon photonic 

devices are designed to be compatible with CMOS processes, leveraging the existing 

manufacturing infrastructure and processes. In addition, optical elements can be directly 
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integrated with CMOS circuitry, such as nanoscopic photonic waveguides and optical 

modulators [100, 101]. 

One challenge that remains for silicon photonics is the integration of optical sources. 

Silicon is an indirect bandgap semiconductor, making it a poor light emitter. Silicon 

Raman lasers have been demonstrated, but external optical light sources are still required, 

and their footprint is large [102, 103]. Electrically-pumped lasers are much more 

desirable for silicon photonics, requiring the use of compound semiconductor materials. 

However, the integration of these materials with silicon presents another set of 

challenges. 

Heteroepitaxial growth can create compound semiconductor materials directly on a 

silicon substrate [104], but the growth temperature (greater than 400oC) is usually too 

high for post-CMOS processing. Alternatively, there are low temperature (less than 

300oC) compound semiconductor-to-silicon bonding techniques, either assisted by 

oxygen plasma [105] or a thermosetting polymer [106]. Using these techniques, 

AlGaInAs-Si hybrid evanescent lasers [107] and InP-based microdisk lasers have been 

demonstrated [108]. However, integrating lasers on fully-processed CMOS wafers 

presents additional challenges, as the silicon bonding surfaces are buried underneath 

many (up to ten) layers of electrical interconnects, and therefore the bonding surface 

exhibits significant topographical variation. To avoid such issues, one approach is to 

build electrical interconnects and photonic circuits on separate Si wafers, bond the Si 

wafers, and then use flip-chip bonding to secure the III-V semiconductor materials on the 

Si wafers [109]. However, this is a complicated bonding process, requiring multiple 

bonding step, making it difficult to integrates sources with a variety of wavelengths.  
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Optoelectronic tweezers provides a room-temperature microparticle manipulation 

process that is a good candidate for post-CMOS assembly of hybrid semiconductor 

lasers. The room-temperature optofluidic assembly process can overcome the topography 

issue and more efficiently utilize expensive epitaxial III-V wafers. Furthermore, 

heterogeneous integration of multiple materials can be performed in parallel, unlike wafer 

bonding techniques.  

Microdisk lasers are an attractive candidate for CMOS integration, as they have a 

small footprint and do not require mirrors [110]. However, in the standard OET device, 

anisotropic objects such as microdisks align with the electric field lines, and are 

manipulated with the major axis normal to the photosensitive electrode. Instead, the 

microdisks should be assembled with their major axis parallel to the substrate. Thus, 

instead of the standard OET device, lateral-field optoelectronic tweezers (LOET) are used 

for the post-CMOS optofluidic assembly of microdisk lasers. This assembly process 

allows LOET to integrate pre-fabricated high-performance III-V semiconductor lasers on 

fully-processed CMOS wafers. Here, InP-based microdisk lasers are fabricated to 

demonstrate room-temperature heterogeneous integration onto a silicon platform.  

6.2 InP-based Microdisk Lasers 

An InGaAs/InGaAsP multiple-quantum-well (MQW) epitaxial wafer with a 

photoluminescence peak at 1550 nm is used to fabricate microdisk lasers [57]. Optical 

gain is provided by three 7-nm-thick InGaAs quantum wells that are separated by 10-nm-

thick InGaAsP layers. The MQW layers are sandwiched by two symmetrical larger-

bandgap optical confinement layers, while InP is used as a sacrificial layer for releasing 
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the microdisks into solution. The total thickness of the active layers is approximately 200 

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

Table 6.1 Epitaxial layer structure of the microdisk lasers 

Layer (Bandgap) Thickness  Description 
InGaAsP (1.1 µm) 20 nm Optical confinement layer 
InGaAsP (1.2 µm) 50 nm Optical confinement layer 
InGaAsP (1.2 µm) 10 nm x 4 Quantum well barriers (4 layers) 
In0.53Ga0.47As 7 nm x 3 Quantum wells (3 layers) 
InGaAsP (1.2 µm) 50 nm Optical confinement layer 
InGaAsP (1.1 µm) 20 nm Optical confinement layer 
InP (919 nm) 350 µm Sacrificial layer (substrate) 

   

Microdisk fabrication is achieved by standard optical lithography and etching 

processes (Figure 6.1). Silicon nitride is deposited on the epitaxial wafer using low-

pressure chemical vapor deposition (LPCVD) (Step 1). The circular microdisk pattern is 

transferred from photoresist to the silicon nitride hardmask by plasma etching (Step 2). 

After removing the photoresist, the hardmask pattern is then transferred through the 

active layers to the InP sacrificial layer by a nonselective etchant of 0.5% Br2 in methanol 

(Step 3). The hardmask is removed, and the MQW microdisks are released by etching the 

InP sacrificial layer using a diluted hydrochloric acid (HCl) solution (Step 4). The 

microdisks are then re-suspended in ethanol for LOET assembly. Figure 6.2a shows 

fabricated 5-µm-diameter microdisks on a partially-etched InP sacrificial layer. A close-

up of the microdisk is shown in Figure 6.2b, showing a smooth sidewall that is essential 

for laser cavities with a low scattering loss. 
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Figure 6.1 Fabrication process for InGaAs/InGaAsP multiple-quantum-well 
(MQW) microdisk lasers. 

 

Figure 6.2 5-µm-diameter microdisks on an InP substrate. (a) The disks are wet 
etched by 0.5% Br2 in methanol, followed by partial etch of the InP sacrificial 
layer using diluted HCl. The rhombic grey region is an InP pedestal under the 
active layers of the microdisk. (b) Microdisk sidewall after etching.  The smooth 
sidewall creates a high quality factor laser cavity. 

Simulations of the whispering gallery mode (WGM) of the microdisk lasers indicate 

that the optical mode profile is confined near the edge of disks (Figure 6.3). The 

fundamental transverse electric (TE) WGM mode is concentrated near the edge of the 

microdisk. Thus, to avoid scattering loss, the microdisks are assembled on pedestals such 
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that the boundary of pedestals is at least 1 µm and 1.5 µm away from the microdisk edge 

for 5-µm-diameter and 10-µm-diameter microdisk lasers, respectively [110]. 

 

Figure 6.3 The calculated magnetic field intensity profiles of the fundamental TE 
whispering gallery radial mode for 5-µm-diameter and 10-µm-diameter 
microdisks.  The origins of the figures represent the center of the disks while the 
orange area represents the cross-section of the microdisks. 

6.3 LOET Device for Microdisk Assembly 

Silicon pedestals have been integrated with the LOET device for microdisk assembly. 

This integrated LOET device is shown schematically in Figure 6.4. Interdigitated 

electrodes consisting of a 100-nm-thick aluminum layer, topped by 0.8 µm of amorphous 

silicon (a-Si) are deposited on a patterned Si substrate. The a-Si electrodes are 10 µm in 

width, and with gaps of 5 µm between adjacent electrodes. The 3-µm-diameter silicon 

pedestals are centered in the 5-µm gaps.  
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Figure 6.4 Schematic diagram of the integrated LOET device for microdisk laser 
assembly. 

The LOET device is fabricated on a silicon-on-insulator (SOI) wafer using a two-

mask process (Figure 6.5). Silicon pedestals are patterned by dry etching the top silicon 

layer (Step 1), followed by a 50-nm thermal oxidation to passivate the pedestals (Step 2). 

The 100-nm-thick aluminum and 0.8-µm-thick a-Si layers are then deposited using 

electron-beam evaporation and PECVD, respectively (Step 3). The a-Si is reactive-ion 

etched to create interdigitated electrodes, and then used as a hard mask to wet etch the 

aluminum layer (Step 4). At this point, the device is ready for the microdisk assembly 

process (Steps 5 and 6), which is further described in Chapter 6.4. After assembly, the a-

Si layer is removed by XeF2 etching at 40oC so that the a-Si does not interfere with the 

optical mode of the microdisk (Step 7). 
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Figure 6.5 Fabrication process of integrated LOET devices. 

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

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

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

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

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

position of the electric field across the electrodes is controlled via the optical patterns. 

The electric field is non-uniform, as it is strongest only in the illuminated areas of the 
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electrodes. This field gradient generates an optically-induced dielectrophoretic force, 

which is used to attract microdisks. The highest forces are in the illuminated areas near 

the electrode edges (Figure 6.6), which attract and align disks in the middle of the gap 

between electrodes when the size of the disk is equal to or larger than the gap. 

 

Figure 6.6 Finite-element simulation of the electric field profile across the LOET 
electrodes. The arrows show the direction of the optically-induced force. The 
strongest forces occur near the edges of electrodes with illumination. 

6.4 III-V Microdisk Laser Assembly on a Silicon Pla tform 

The fabricated InP-based microdisks, suspended in ~90% ethanol, are pipetted onto 

the LOET substrate. The LOET electrodes create an optically-induced DEP force which 

attracts the microdisks to the illuminated areas, and the microdisks self-align in the gap 

between the electrodes. An optical pattern is projected onto the LOET device through a 

20× objective lens (Figure 6.7). A CCD camera is used to monitor the relative locations 

of the projected pattern, the microdisks, and the pedestals. The use of a computer 
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projector (Dell 2400MP) provides real-time control over the optical patterns, which allow 

transportation of the microdisks along the length of the electrodes using an applied AC 

voltage of 1 to 10 Vpp at 200 kHz. Once the disks are aligned over a pedestal, the applied 

voltage is increased to 20 Vpp to hold the disks in place as the solution dries. Ethanol is 

used to minimize surface tension forces during drying, ensuring that the disks remain in 

place. After drying, the a-Si layer is removed to avoid interference with the optical modes 

of the microdisks, as mentioned in Chapter 6.3. Figure 6.8 displays a series of microscope 

images showing the assembly process, as well as SEM images of assembled 5-µm-

diameter (Figure 6.8c) and 10-µm-diameter microdisks (Figure 6.8f). As the gap between 

electrodes is 5 µm, 5-µm-diameter microdisks fit between the electrodes (Figure 6.8a, b), 

while 10-µm-diameter microdisks self-align in the middle of the gap (Figure 6.8d, e). 

Both sizes of microdisks can be moved along the length of the electrodes by controlling 

the optical patterns. 
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Figure 6.7 Optical setup for microdisk assembly using LOET. A computer-
controlled projector is used to generate optical patterns to attract and transport 
microdisks to a designated position.  
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Figure 6.8  Assembly of 5-µm-diameter (a-c) and 10-µm-diameter (d-f) 
microdisks onto 3-µm-diameter silicon pedestals using LOET. (a, d) The initial 
positions of the microdisks. The optical trapping pattern, generated by a 
computer projector, is visible as a red rectangle. The target Si pedestal for 
assembly is indicated by an arrow. (b, e) The microdisks are positioned over the 
target Si pedestal. The trapping force is then increased to immobilize the disks on 
the substrates. (c, f) SEM pictures of assembled 5- and 10-µm-diameter 
microdisks.  

The alignment accuracy of the assembled microdisks on the pedestals is critical, since 

the pedestals have to be far enough from the edge of microdisks to avoid the pedestal-

induced scattering loss (Figure 6.9). The horizontal alignment (alignment of the 

microdisks between the electrodes) is a self-aligning process, as both edges of the 

microdisks experience identical trapping forces due to symmetry. The vertical alignment 

(alignment of the microdisks along the length of the electrodes) is controlled by the 

projected light. The resulting misalignment is 0.13 ± 0.05 µm in the horizontal direction, 
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and 0.25 ± 0.18 µm in the vertical direction. The self-aligned horizontal alignment is 

usually more accurate than user-controlled vertical alignment, although an image-

feedback control system similar to the one described in Chapter 1.3.3 can be 

implemented to further improve the vertical alignment. However, the current 

misalignment is less than 0.25 µm, which is sufficient to avoid the scattering loss due to 

the pedestals. 

 

Figure 6.9 Alignment accuracy measurement of assembled microdisks. The 
horizontal alignment is achieved by a self-alignment of the disks across the 
electrode gap. Vertical alignment is achieved by user control of the optical 
pattern. 

6.5 Optical Measurements of Assembled Microdisks 

The assembled microdisk lasers are optically pumped at room temperature (18oC) by 

0.5-µs pulses with a 20 kHz repetition rate (1% duty cycle) using a 780-nm diode laser. 

The pump beam is focused onto the disk through a 40× objective, resulting in a beam size 

of 3 µm. The emitted light is collected through the same objective and then filtered by an 
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optical filter to block the light from the pump laser. The filtered optical signal is coupled 

to a multimode fiber, and the output spectrum is measured by an optical spectrum 

analyzer (OSA). 

Both 5- and 10-µm-diameter microdisk lasers on silicon pedestals exhibit single-

mode operation under pulsed excitation, with lasing wavelengths of 1558.7 nm and 1586 

nm, respectively (Figure 6.10a). The collected laser power at the lasing wavelength 

versus peak pump power and effective absorbed power (L-L curve) are shown in Figure 

6.10b, where approximately 40% of the pump power is absorbed by the active layers of 

the microdisk lasers. The threshold pump powers for 5- and 10-µm microdisk lasers on 

silicon pedestals are 0.85 mW and 2.5 mW, which correspond to 0.34 mW and 1 mW of 

effective absorbed powers, respectively. The 5-µm-diameter microdisk laser has a lower 

threshold pump power due to a smaller optical mode volume. The threshold pump powers 

of the microdisk lasers before and after LOET assembly are comparable, indicating that 

the microdisks are not damaged during the assembly procedure (Figure 6.10b).   
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Figure 6.10  Optical measurements of assembled microdisk lasers. (a) Lasing 
spectra from assembled 5- and 10-µm-diameter microdisks on silicon pedestals 
under pulsed excitation. The pump power for these two spectra is 1.7 mW for the 
5-µm disks and 3.5 mW for the 10-µm disks. (b) Collected laser power versus 
peak pump power (L-L curves). The threshold pump powers for 5- and 10-µm 
disks are 0.85 mW and 2.5 mW, corresponding to 0.34 mW and 1 mW of 
effective absorbed power in the active layers.  

Heating of the microdisk lasers eventually limits the output power when the pump 

power exceeds 2 mW and 4 mW for 5- and 10-µm microdisks on Si pedestals, 

respectively (Figure 6.10b). There are two possibilities that could hinder heat dissipation. 

The first is the 3-µm-thick buried silicon dioxide layer underlying the silicon pedestals, 

which substantially increases the thermal resistance due to the low thermal conductivity 

of silicon dioxide. The second is a poor contact between the microdisk lasers and the 

silicon pedestals. Therefore, for microdisks on InP pedestals, before releasing and 

assembly, the power saturation is not as severe as those on silicon pedestals. However, 

thermal annealing can improve the contact between the microdisk lasers and the silicon 
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pedestals. After annealing, the maximum laser output power increases, indicating 

improved thermal conduction (Figure 6.11). However, the threshold power also increases, 

due to non-ideal annealing conditions, which are currently being optimized. 

 

Figure 6.11 L-L curves of assembled 5-µm microdisk lasers before and after 
thermal annealing. The maximum output power of a 5-µm microdisk laser is 
improved by annealing at 300oC for 5 hours (Anneal 1), or 300oC for 5 hours, 
followed by another anneal at 350oC for 5 hours (Anneal 2). After annealing, the 
maximum output power is increased by 30% and 57% for annealing 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 of nanowire-based electronics is the 

controlled assembly of single nanowires. Nanowire fabrication using “bottom-up” 

approaches presents difficulties to integration with heterogeneous material systems. Post-

synthesis integration circumvents these issues, but has its own limitations. The post-

synthesis assembly of individual nanowires and carbon nanotubes has been demonstrated 

using mechanical manipulators [4, 5, 111] and optical tweezers [23, 24]; however, the 

parallel processing capabilities of these tools are limited. Single nanowires have also 

been assembled using the dielectrophoretic forces produced by microfabricated metal 

electrodes, but the trap locations and trapping patterns are static [112].  

Optoelectronic tweezers has also been used to assemble single nanowires in parallel, 

but is limited to aligning nanowires in a direction normal to the photoconductive surface 

of the device [60]. In order to assemble nanowires with their long axis parallel to the 
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device substrate, lateral-field optoelectronic tweezers (LOET) are required. Here, 

nanowire trapping and assembly is demonstrated on LOET devices. This work has 

applications towards creating nanowire electronics and optoelectronics, such as a 

nanowire-based LED display. 

7.2 Nanowire Trapping Using Lateral-Field Optoelect ronic 
Tweezers 

Semiconductor nanowire trapping is demonstrated using LOET [61]. As discussed in 

Chapter 5, although the force produced by LOET is similar to that of standard OET, the 

directions of the electric field lines in the LOET device are predominantly parallel to the 

plane of the electrodes. Thus, anisotropic particles such as nanowires that have a major 

axis significantly longer than the minor axis will line up with the electric field lines as a 

result of torque on the dipole of the particle.  

Silicon nanowires of varying diameters (50 to 200 nm) and lengths (5 to 50 µm) 

were fabricated by etching a silicon wafer [113]. The nanowires are then suspended in 

deionized water by sonification of the wafer. Potassium chloride is added to the nanowire 

suspension to adjust the conductivity to 1.5 mS/m. A 20-µL aliquot of the nanowire 

solution is introduced into the LOET device. The LOET devices used in these nanowire 

manipulation experiments had electrodes that were 20 µm in width, separated by 2 µm 

gaps. The electrodes were biased at 5 Vpp at 50 kHz. The optical source was a 650-nm 

diode laser, at an intensity of 10 W/cm2. 

Initially, no ac bias was applied to the LOET device. Using dark-field microscopy, 

randomly oriented nanowires were observed near the surface of the LOET device (Figure 

7.1a). Individual nanowires were identified, and the optical pattern was positioned near a 
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specific nanowire (Figure 7.1b). The ac bias was then applied, activating the LOET 

device and creating DEP force. The nanowire experiences an attractive force, and 

becomes trapped in the illuminated area. After the nanowire has been trapped, it can be 

transported across the LOET surface at a velocity of 20 µm/s (Figure 7.1c). The initial 

position of the nanowire trapping and the final position of the nanowire after transport are 

shown in Figure 7.1d. 

 

Figure 7.1 Trapping and transport of silicon nanowires using LOET [61]. (a) The 
initial position of a silicon nanowire, with the electric field turned off. The laser 
spot is visible in the upper right. (b) The laser is moved closer to the nanowire. 
This frame is immediately before the electric field is switched on; after the 
electric field is applied, the nanowire is attracted towards the laser. (c) The 
trapped nanowire is transported by scanning the laser spot at up to 20 µm/s. (d) 
The laser is switched off to show the final position of the nanowire in greater 
clarity. The initial position is also indicated; the direction 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 trapping and transport.  However, the 

LOET device does not provide control over the rotational orientation of the nanowires. In 

order to achieve more functionality for nanowire assembly, we have developed a new 

version of LOET that affords control of the in-plane orientation of nanowires. This device 

uses a blanket deposition of a-Si, without etching electrodes into the a-Si layer. Thus, we 

call this device planar lateral-field optoelectronic tweezers (PLOET), referring to the 

unetched a-Si layer. 

7.3.1 Planar Lateral-Field Optoelectronic Tweezers 

The PLOET device consists of an interdigitated array of 100-nm-thick aluminum 

electrodes on an oxidized silicon wafer (Figure 7.2). The electrode fingers are separated 

by gaps of 10 or 25 µm. A 0.75-µm-thick amorphous silicon (a-Si) layer is deposited over 

the aluminum electrodes by PECVD. The gap between the electrodes forms the active 

area for nanowire assembly. 
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Figure 7.2 Schematic of planar lateral-field optoelectronic tweezers (PLOET) for 
nanowire assembly [62]. The device consists of an unpatterned amorphous 
silicon layer over an aluminum electrode array, fabricated on an oxidized silicon 
wafer. Paired triangular optical patterns create nanowire traps in between the 
metal electrodes. 

The principle of operation of PLOET is slightly different from previous devices. 

Instead of the optical patterns switching electrodes on, as in the standard LOET device 

(see Chapter 5), the optical patterns are used to form conductive extensions of the metal 

electrodes. This creates high-field regions at the ends of illuminated regions. 

An AC bias is placed across the electrode arrays, resulting in a uniform electric field 

between electrode fingers. To create a nanowire trap, optical patterns created by a DMD 

are projected onto the PLOET device. The optical setup is identical to the one presented 

in Chapter 6.4  

As in the other incarnations of OET and LOET, the optical patterns act as virtual 

electrodes by lowering the impedance of the a-Si in the illuminated areas. However, in 

the case of PLOET, the optical patterns function as extensions of the metal electrodes. 

Paired triangular patterns extend from the metal electrodes, and create a trap that spans 

the tips of the triangular patterns (Figure 7.2). The simplified equivalent circuit model is 
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shown in Figure 7.3. The light patterns are used to modulate the conductivity of the a-Si 

film in the regions extending from the metal electrodes (ZPC1). A section of a-Si is left un-

illuminated and in the high-impedance dark state (ZPC2). Thus, when the optical patterns 

are activated, ZPC1 is reduced, creating low-impedance paths that act as extensions of the 

metal electrodes. The voltage is now dropped across the parallel network of ZPC2 and the 

liquid impedance, ZL. This creates strong electric fields at the tips of the illuminated areas 

(Figure 7.4). The nanowires are attracted to these areas of strong electric field, and align 

between the triangular patterns. A typical triangular optical pattern has a tip diameter of 2 

µm and a taper angle of 14 degrees. The gap between paired triangular patterns is 

adjusted to approximate the length of the trapped nanowire, which is typically 5 µm. The 

tips of the triangular patterns can be shifted in relation to each other, affording orientation 

control of the nanowires under manipulation. 

 

Figure 7.3 Simplified equivalent circuit model of the PLOET device. 



 

113 

 

Figure 7.4 Finite-element simulation of the electric field profile across the 
PLOET electrodes. 

7.3.2 Nanowire Rotation and Assembly  

The capabilities of PLOET for nanowire orientation control and assembly are 

demonstrated [62]. Silver nanowires with diameters of 80 to 100 nm and lengths of 1 to 

10 µm were suspended in ethanol, and introduced into the LOET device. The optical 

patterns can be used to transport nanowires parallel to the plane of the LOET device, and 

can control the nanowire orientation in both the x- and y-directions (Figure 7.5). 

Rotational control is achieved by adjusting the relative alignment of the triangular 

trapping patterns. Continuous rotation control has been performed over a range of ±28 

degrees. Further optimization should result in a larger range of orientation control. 
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Figure 7.5 Trapping of silver nanowires using PLOET [62]. Aluminum 
electrodes are visible underneath the amorphous silicon layer, at the top and 
bottom of each image. Optical patterns, visible as the bright areas, are used to 
create nanowire traps. The nanowire positions are indicated by dashed circles.  
(a, b) Transport of a nanowire in the negative x-direction at a rate of 
approximately 3 µm/s. (c, d) Transport of a nanowire in the positive y-direction. 
Other nanowires are weakly trapped at the edges of the electrodes, but can be 
moved by the LOET trap patterns. (e) Rotational control of a nanowire is 
achieved by moving the tips of the optical patterns relative to each other. 

Orientation-controlled nanowire assembly can be combined with another advantage 

of PLOET: parallel manipulation. The goal of parallel nanowire assembly is to create a 

nanowire-based electronic or optoelectronic device. Our target is the creation of a red- 

green-blue (RGB) nanowire display. Nanowire LEDs have been demonstrated [114], but 

arrays have yet to be assembled.  

Semiconductor nanowires that can be used to form the red, green, and blue pixels 

include cadmium selenide (CdSe), cadmium sulfide (CdS), and zinc oxide (ZnO) 

nanowires, respectively. The measured photoluminescence of the three types of 
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nanowires is shown in Figure 7.6. Currently, the ZnO and CdS nanowires both exhibit 

photoluminescence in the green wavelengths; however, tuning of the composition of the 

ZnO nanowires can result in a blue-shift of the photoluminescence peak [115]. 

Alternatively, it is possible to obtain blue wavelengths using other semiconductor 

nanowire materials [116]. 

 

Figure 7.6 Measured photoluminescence of semiconductor nanowires for a red-
green-blue nanowire LED display. 

The proof-of-concept of the nanowire array assembly is demonstrated here with the 

assembly of four individual nanowires into a regularly-spaced array (Figure 7.7). In this 

experiment, silver nanowires are used, as the grown CdSe nanowire samples were not as 

pure. However, manipulation of all types of semiconductor nanowires is possible using 

PLOET. 

Each nanowire of the array is trapped in parallel by a pair of optical patterns. The 

nanowires are positioned at with a 200-kHz AC signal at a voltage of 300 mVpp. Once 
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the nanowires are trapped in the desired locations, the voltage is increased to 2.8 Vpp to 

anchor the nanowires to the surface. After the suspension solution dries, the nanowires 

remain assembled in a regular array on the substrate (Figure 7.7e). 

 

Figure 7.7 Fabrication of a silver nanowire array [62]. (a) Three nanowires have 
been trapped in parallel. (b) The nanowires are arranged in a closer, more regular 
spacing. Another nanowire can be seen to the left of the array. (c) The fourth 
nanowire is trapped by another set of optical patterns. The applied voltage is 
increased to assemble the nanowires on the surface of the 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 individual cells to varying environmental 

conditions and stimuli to study their response to different concentrations of nutrients and 

chemicals. However, controlling the environmental conditions at the single-cell level in 

the same continuous microfluidic device is inherently difficult. Cellular response to a 

single or small number of stimuli has been demonstrated [11, 117, 118], but there have 

been few attempts to conduct multiplexed assays [119, 120], since this involves a 

complex network of pumps, microvalves, latches, and interconnected channels [121].  

The isolation of environments for individual cells is an inherent feature of droplet 

microfluidics [122], where fluids are handled in the form of discrete droplets as opposed 

to continuous flow through channels. Droplet microfluidics driven by electrowetting-on-

dielectric (EWOD) is an attractive lab-on-a-chip platform, due to its simple design, low 

power consumption, and reprogrammable fluid paths [123-125]. Fluids are handled in the 
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form of droplets driven by electrically controlling the wetting property of a dielectric 

surface. The driving force is a combination of electrowetting (Laplace forces generated 

by an asymmetric contact angle change) and dielectrophoresis [126, 127]. Multiple 

droplet paths can be simultaneously controlled by properly sequencing the application of 

voltage to an underlying electrode array. Operations such as creating, merging, moving 

and splitting droplets can be performed on the EWOD platform [128, 129], which allows 

precise spatial and temporal control over the reagents in each droplet. Cross-

contamination during droplet movement is avoided by appropriately choosing the paths 

for various reagents. Unlike continuous flow microfluidic channels, the droplets are 

isolated from their surroundings, and can act as microreactors supplied with independent, 

multiplexed stimuli. 

Cell separation is a key function for lab-on-a-chip platforms. EWOD-based systems 

can use differences in particle properties between the target and non-target particles to 

segregate a mixed population, followed by target particle isolation by splitting the 

droplet. Mechanisms explored for target separation and concentration inside a droplet 

include electrophoresis [130], dielectrophoresis [64, 131] and magnetism [132, 133]. 

Although some biochemical applications of EWOD have been shown [134-136], very 

few have dealt with cell studies [136]. Furthermore, EWOD actuation has not been 

demonstrated at the single-cell level.  

A device that combines the single-particle manipulation capabilities of OET and the 

droplet handling of EWOD would be an extremely valuable tool for research in cellular 

biology. Here, we demonstrate the integration of OET and 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 electric charge to change the free energy 

on a dielectric surface [124]. As a result, the wettability of the surface is altered, and 

liquid droplets at the surface experience a change in contact angle, θ (Figure 8.1). The 

change of the contact angle as a function of applied voltage, V, can be derived from 

Lippmann’s equation and Young’s equation (see [124] for derivation), and is given by 

[124]: 

 LM,N�O� � LM,NB $ <P<�QRSC O� (8.1) 

where θo is the equilibrium contact angle at V = 0 V, εo is the vacuum permittivity, ε is 

the permittivity of the dielectric layer, γLV is the liquid/vapor interfacial tension, and t is 

the thickness of the dielectric layer. EWOD devices employ a hydrophobic dielectric 

layers or dielectrics coated with an additional hydrophobic layer, creating a large θo. 

Applied voltages create a reduced contact angle. If the contact angle is reduced only on 

one side of the droplet, the droplet will move in towards the region the reduced contact 

angle. Droplet movement on a typical EWOD device is shown in Figure 8.2 [124]. 

 

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

8.3 Integrated OET / EWOD Device 

The easiest method to create an integrated device that retains the functionality of both 

OET and EWOD is to use a two-substrate device, where one substrate consists of the 

photosensitive OET electrode, and the other consists of EWOD electrodes (Figure 8.3) 

[64].  However, EWOD devices require a relatively thick dielectric layer (typically 0.5 to 

1.5 µm of silicon dioxide or parylene) over the actuation electrodes to prevent electric 

breakdown and current leakage across the droplet. The presence of the thick dielectric 

layer precludes the use of the EWOD electrodes as the opposing electrode for OET 

operation, as the dielectric will absorb most of the applied voltage, greatly reducing the 

OET force in the droplet.  
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Figure 8.3 Cross-section of the integrated OET/EWOD device [64]. The top glass 
substrate has EWOD electrodes except for the central electrode, which is used for 
OET. The bottom glass substrate consists of the a-Si photosensitive OET 
electrode. Silicon dioxide and Cytop® are patterned on EWOD chip, except for 
the OET region, which only has a thin hydrophobic layer. 

In order to circumvent this issue, a region of the EWOD device has no dielectric 

layer. This corresponds to an area in which OET manipulation can be performed, but not 

EWOD actuation. Conversely, OET manipulation is ineffective in the other regions of the 

EWOD device. Moving the droplet of interest into and out of the OET region must be 

performed using EWOD electrodes surrounding the region. Once the droplet is in the 

OET region, manipulation of particles within the droplet can be performed. Thus, there is 

a design trade-off between relative sizes of the OET electrode and the EWOD side-

electrodes. Larger side-electrodes make droplet manipulation easier, but reduce the area 

available for particle manipulation by OET. The electrode layout (Figure 8.4) was chosen 

as a result of this trade-off.  

The operating concept of the integrated OET/EWOD device is shown in Figure 8.4 

[64]. A droplet containing the cells is positioned over the OET region using the adjoining 

EWOD electrodes (Figure 8.4a). Using OET, all cells are swept to one side of the droplet, 

then individual cells are separated to the other side, based on differences in visual or 
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dielectric properties (Figure 8.4b). Finally, EWOD is used to create a smaller droplet 

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

 

Figure 8.4 Schematic of the integrated OET/EWOD device [64]. The light gray 
areas represent EWOD electrodes, and the dark gray represents the OET 
manipulation area. (a) A droplet containing cells is transported to the OET area 
using EWOD. (b) Using OET, cells are swept to left and individual cells are 
selected based on dielectric properties or visual differences. The droplet position 
relative to the OET area can be adjusted by the EWOD side-electrodes. (c) Using 
EWOD, desired cells are removed by generating a droplet, or waste medium is 
removed as droplets. A fresh droplet can be added from other directions to 
replenish cell medium. 

Another operating mode can be used to culture cells on chip. Maintaining a viable 

cell environment requires replenishing the cell culture medium. Using EWOD operations, 

wastes and toxins can be removed, and replaced by fresh media while the cells are held 

by OET. 

The integrated EWOD device was fabricated by patterning electrodes in a 140-nm-

thick ITO layer. A 700-nm-thick layer of SiO2 was deposited by PECVD over the 

electrodes, followed by the spin-coating of a 200-nm-layer of Cytop® (Asahi Inc.). Both 

the SiO2 and Cytop® layers were removed in the area reserved for OET manipulation, 

although a 20-nm-thick layer of Cytop® was spin-coated over the OET manipulation 

region to maintain hydrophobicity.  
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The integrated OET device consists of a standard a-Si electrode, as discussed in 

Chapter 2.7. However, the surface of the a-Si must be rendered 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/ EWOD system is the same as 

described in Chapter 1.3.3. A liquid-crystal spatial light modulator and a 635-nm laser 

were used to generate image patterns for optical manipulation. The optical patterns are 

focused onto the OET device through a 5× objective lens. Image processing software was 

used to determine the particle characteristics, and generate the corresponding optical 

manipulation patterns to separate particles.  

8.3.3 Experimental Results 

A droplet containing 20-µm-diameter polystyrene beads was moved into the OET 

region using the EWOD side-electrodes (Figure 8.5a, b) [64]. The side-electrodes can 

also be used to pull the droplet in different directions, so that particles initially outside the 

OET region can be “captured” with OET. Cutting of the droplet was also demonstrated 

(Figure 8.5c, d) using the adjoining EWOD electrodes.  
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Figure 8.5 Droplet manipulation by EWOD [64]. (a, b) EWOD is used to 
transport a droplet with beads into OET manipulation region. (c, d) EWOD cuts a 
droplet out of the OET region as in Fig. 2(c). The dielectric pattern inside the 
OET electrode (rotated square) marks active OET region. Surrounding EWOD 
electrodes are used to move droplets into, out of and around OET region. 

Once the droplet is moved into the OET region, an image-feedback-controlled optical 

pattern was used to manipulate individual particles in the droplet. Particles were 

identified by the image-processing software and swept to the left (Figure 8.6a) [64]. A 

user-controlled optical pattern can also be used to sweep particles in OET manipulation 

area (Figure 8.6b). Nearly all particles responded to OET manipulation, although two 

particles were adhered to the surface of the OET substrate (Figure 8.6c). A single particle 

from the group that was swept to the left was selected by the user, and an optical pattern 

was generated to move only this particle to the right edge of the droplet (Figure 8.7) [64]. 
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Figure 8.6 Particles swept to the left side of the image using OET [64]. (a) Each 
particle (dark dot) is pushed to left by an optical line pattern. (b) User-controlled 
optical patterns can also be used to sweep particles. (c) Nearly all particles in the 
OET region have been swept to the left (most are out of the field-of-view). The 
edges of the OET manipulation region are added for clarity. 

 

Figure 8.7 Individual particle control using OET [64]. (a) A specific particle 
(circled) is chosen by the user, and transported to the right. (b, c) The selected 
particle is moved away from the others, as indicated by 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 individually demonstrated the 

integrated device, the mutually exclusive nature of the OET and EWOD operational areas 

led to difficulties in demonstrating a complete sequence of EWOD-OET operations. The 

lack of OET manipulation in the EWOD region restricts particle manipulation to the 
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relatively small OET region, while the lack of EWOD actuation over the OET region 

presents difficulties for sustaining the particle distribution against microfluidic flow 

(Figure 8.8). 

 

Figure 8.8 EWOD electrode arrangements around the OET manipulation region 
with two alternative shapes for the hydrophilic opening. During EWOD droplet 
actuation, the fluid in the hydrophilic region remains stagnant (indicated by the 
flow lines), while causing flow near the meniscus to grow stronger. This creates 
strong viscous forces on particles outside the hydrophilic region, such as those 
labeled 1 and 2. 

Since the manipulation of wetting properties is not possible in the OET region, the 

droplet size is chosen to be bigger than the OET region, and microfluidic operations are 

performed with the help of the EWOD electrodes surrounding the OET region. Moreover, 

the hydrophobicity of the OET region must be chosen carefully. Three possibilities may 

be considered, based on the size of the hydrophilic opening in Figure 8.8.  

Case 1 – the entire OET region is hydrophilic. When a droplet enters the OET region, 

it readily wets and fills the entire OET region, and overflows onto the EWOD electrodes 

outside the OET region. While OET manipulation can be performed on particles inside 

the OET region, manipulation on particles in the droplet that lie outside the OET region is 

problematic. One possibility is to manipulate the droplet so that particles outside the OET 

region are introduced into the OET manipulation area. However, when more fluid is 
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pulled in by EWOD towards the hydrophilic OET region, it is unable to displace the fluid 

already present. Thus, the hydrophilic site presents a stagnant zone that flow lines 

circumvent, preventing new particles from being introduced into the OET region.  

Case 2 – the entire OET region is hydrophobic. A hydrophobic OET region allows 

the free exchange of fluids and hence particles between the OET and EWOD regions, and 

the appropriate surrounding electrodes can be employed to introduce droplets into the 

OET region. However, subsequent microfluidic movements may tend to dry the OET 

region, causing the droplet meniscus to sweep across it. OET force is too weak to oppose 

particle movement against the interfacial force of the meniscus, and thus the OET-

generated particle distribution is disturbed.  

Case 3 – the OET region is part hydrophilic and part hydrophobic. The two cases 

considered thus far suffer from either no fluidic movement or too much fluidic movement 

in the OET region as a result of EWOD actuation. A solution to this issue was sought by 

making only part of the OET region hydrophilic, leaving the rest covered with a thin 

hydrophobic layer (Figure 8.8). Fluid exchange between the hydrophobic OET region 

and the EWOD region would enable particles originally outside the OET region to enter 

the OET manipulation area. At the same time, the hydrophilic site does not allow the 

droplet meniscus to sweep across the entire OET region, preventing the complete 

disturbance of OET-driven particle re-arrangement.  

Theoretically, this design could allow combined EWOD and OET operations. 

However, in practice it is rather difficult to capture all the particles in the droplet 

(including those initially outside the OET region) for OET manipulation. The presence of 

the central hydrophilic region tends to push the flow lines away from the center (and 
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hence the OET region) towards the meniscus (Figure 8.8). As a result, many particles are 

still excluded from the OET region (particle 1 in Figure 8.8).  

It is also difficult to keep the OET-generated particle distribution undisturbed during 

EWOD operations such as droplet cutting. Although the hydrophilic opening prevents the 

meniscus from completely sweeping across the OET region, there is still significant 

fluidic movement during EWOD actuation. OET cannot maintain the particle distribution 

against this movement, particularly in the hydrophobic part 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 Chapter 8.3.4, a second-generation device 

was designed and tested. This device uses a PLOET device (discussed in Chapter 7.3)   

instead of the standard OET device, and a typical EWOD device, with no special OET 

actuation area. 

The PLOET device no longer needs an opposing electrode, so the EWOD device can 

be left unmodified, with no patterning of the dielectric or hydrophobic layers. This 

eliminates the “OET only” region of the first-generation device, and also expands the 

OET region into the previously “EWOD-only” regions. Since the EWOD and OET 

regions are no longer mutually exclusive, the problems described above for the first-

generation device are no longer encountered.   

8.4.1 Fabrication 

The EWOD electrodes are each 1 mm2, and were defined in a 140-nm-thick ITO 

layer on a 700-µm-thick glass substrate (TechGophers Inc.). A chromium/gold layer (10 
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nm/100 nm) was deposited and patterned to define the contact pads and electrode labels 

for easier visualization. Next, a 1-µm-thick silicon nitride layer was deposited using 

PECVD, and patterned to define the dielectric layer. A 1-µm-thick Cytop® layer was 

spin-coated and annealed at 200oC to make the surface hydrophobic.  

The LOET devices were fabricated as described in Chapter 7.3.1. A 20-nm-thick 

layer of Teflon AF® was spin-coated on the a-Si and annealed at 150oC, rendering the 

surface hydrophobic. Since OET force is strongest near the PLOET device, and since 

particles and cells settle due to gravity, the LOET device was placed on the bottom. A 

100-µm-thick spacer is used between the two substrates. 

8.4.2 Experimental Setup 

The integrated PLOET/EWOD device used the optical setup described in Chapter 6.4. 

Briefly, the output of a computer projector (Dell 2400MP) was collimated and focused 

onto the LOET substrate through a 10× objective lens, which also serves as the 

observation objective. A fiber illumination is used to provide the background illumination 

necessary to view the microparticles, and a CCD camera is used to capture the 

microscope images. 

The PLOET was biased at 3 to 5 Vrms at 200 kHz, while the EWOD device used 120 

Vrms at 20 kHz. During the PLOET manipulation, one of the electrode arrays was 

connected to the LOET voltage supply, while the other was grounded. During EWOD 

actuation, the PLOET electrodes act as the ground electrode. Grounding one array of 

PLOET electrodes is sufficient, although EWOD actuation was found to be better when 

both the arrays were grounded, particularly during droplet cutting. 
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Live HeLa cells were suspended in an isotonic buffer containing 8.5% sucrose and 

0.3% dextrose (σ = 5 mS/m). Under these conditions, the cells experience positive OET, 

and are attracted to the regions illuminated by the optical patterns. Unfortunately, the 

hydrophobic surface required for EWOD actuation is prone to fouling from the cells, and 

the hydrophobic requirement excludes the use of PEG coating. However, the addition of 

small quantities of surfactant prevents cell adhesion, allowing the actuation of cell 

samples using EWOD [137]. Therefore, 0.2% Pluronic surfactant F68 (Sigma-Aldrich) 

was added to the solution. 

8.4.3 Experimental Results 

The sequence of EWOD and PLOET functions is shown in Figure 8.9. The droplet 

position prior to PLOET manipulation was experimentally determined to minimize the 

collected cells from being re-distributed by the droplet movement during a subsequent 

cut. The droplet is positioned accordingly using EWOD (Figure 8.9a, b).  

Next, PLOET operations are performed on the cells, in this case moving the cells 

from the lower (“depleted”) to the upper (“collected”) region of the droplet (Figure 8.9b, 

c). Since the field-of-view of the microscope is small with respect to the EWOD 

electrode dimensions, multiple sweeps may have to be performed to cover the entire 

droplet area (Figure 8.9c, d). After the PLOET manipulation is completed, the droplet is 

split using EWOD (Figure 8.9e), and separated into the “collected” droplet that contains 

most of the collected cells, and the “depleted” droplet with a few cells of interest (Figure 

8.9f). 
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Figure 8.9 Schematic of the operations performed on the integrated 
PLOET/EWOD device. The light arrows indicate droplet movement by EWOD 
while the dark arrow indicates the movement of the PLOET optical pattern. (a) A 
droplet containing cells is placed on the device. (b) To avoid disturbing the 
PLOET-generated particle distribution due to fluidic movements during the 
droplet cutting step, the droplet is positioned properly by EWOD prior to PLOET 
operations. The PLOET image pattern is then projected and moved across the 
droplet, transporting the cells upwards. (c) Since the droplet dimensions are 
larger than the PLOET image area, cell manipulation may be repeated over 
multiple regions to cover the entire droplet. (d) All but a few cells have been 
concentrated in one region. (e) The droplet is subsequently split using EWOD. (f) 
Cells have been separated into the collected droplet and the depleted droplet. 

A 350-nL droplet containing live HeLa cells at a concentration of 6 x 104 cells/mL is 

placed on the integrated device (Figure 8.10a). The droplet is stretched by EWOD, and 

positioned for the subsequent steps (Figure 8.10b). Next, cell manipulation is performed 

using PLOET; cells are collected upwards by sweeping a computer-generated optical 

pattern from the bottom-to-top across the field of view (Figure 8.10b, c). The bright spot 

in Figure 8.10b-d shows the entire illuminated area; the optical pattern within the 

illuminated area can be seen more clearly in Figure 8.11.  
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Figure 8.10 EWOD functions during the operation of the integrated 
PLOET/EWOD device. (a) A 350-nL droplet containing HeLa cells is placed on 
the integrated device. (b) The droplet is positioned so the PLOET-generated cell 
distribution is not disturbed during the droplet cutting. PLOET manipulation is 
performed starting from the bottom of the stretched droplet. (C) Collection of the 
cells from the lower (“depleted”) region into the upper (“collected”) region of the 
droplet. (d) The cell collection is performed across the width of the droplet to 
move most of the cells into the collected region. (e, f) After collection, the 
droplet is split into the “collected” (top) and “depleted” (bottom) droplets. 

The EWOD electrode features (outlined) can be used as reference to see the 

movement of cells by PLOET. Since the cells experience positive DEP, they are attracted 

to the optical pattern (Figure 8.11a). As the pattern moves upwards, the cells are 

transported (Figure 8.11b, c). More cells are collected the pattern moves upwards towards 

the collection area (Figure 8.11d to f). As the droplet is larger than the microscope field-

of-view, multiple sweeps are performed, each time transporting the cells to the collected 

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

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

 

Figure 8.11 PLOET manipulation of HeLa cells within a droplet. The dark 
arrows indicate the movement direction of the optical pattern. (a) Since the cells 
experience positive OET, they are attracted to the pattern. (b) As the pattern 
moves up, the pattern more cells are collected. (c) The movement of the cells can 
be seen with respect to the EWOD features. (d to f) The pattern sweeps across 
multiple EWOD electrodes starting from the bottom of the droplet, collecting all 
the cells in the upper (“collected”) region.  

In this experiment, ~19 live cells were present in the original droplet. Subsequently, 

13 cells were concentrated into the collected droplet, while 6 cells remained in the 

depleted droplet. A few of the cells that remained in the depleted droplet were 

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

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

transported approximately 2 to 3 mm due to the EWOD electrode dimensions. 
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Furthermore, dirt particles present in the droplet or on the device surface can also block 

cells from being transported. 

8.4.4 Future Improvements 

The demonstration of sequential EWOD and OET operations for cell handling on an 

integrated device is a significant development. However, some obstacles remain. One of 

the issues is cell adhesion in the device, which is exacerbated by the large 1 mm x 1 mm 

EWOD electrodes. Cells must be manipulated by PLOET over a distance of 2 to 3 mm, 

which was successful for many cells, but not all. One solution is to scale down the 

EWOD dimensions, requiring PLOET manipulation to occur 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 the optoelectronic tweezers device is 

the creation of a thermal gradient due to laser absorption in the a-Si electrode. However, 

unlike the electrothermal effects described in Chapter 2.9.2, this does not depend on the 

electric field within the OET device, and can occur in the complete absence of an electric 

field. This optically-induced thermal effect can be used to transport gas bubbles within an 

OET device, or in a microfluidic device with an a-Si layer similar to the OET structure.  

Gas bubbles in microfluidic devices can serve many functions, including acting as 

pumps [138], valves [139], mixers [140], and switches [141], and performing Boolean 

logic operations [142]. Typically, the bubbles are carried passively by fluid flow in 

microfluidic channels. To achieve the active positioning of gas bubbles or liquid droplets, 

many different methods may be used, such as dielectrophoresis [143], electrowetting 
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[144, 145], optoelectrowetting [146], and evaporation [147]. Another method is to use 

thermal gradients to drive the motion of gas bubbles in liquids (or liquid droplets in air or 

other immiscible liquids) by altering the surface tension. Surface tension is dependent on 

several factors, including temperature; thus, a thermal gradient creates a surface 

temperature gradient, which drives a fluid motion, known as thermocapillary force or the 

thermal Marangoni effect [148]. As a result, sufficient thermal gradients can drive the 

motion of bubbles [138, 141, 148], droplets [149-152], or thin films of fluids [153, 154]. 

Typically, thermocapillary forces are created by integrated resistive heating elements 

[149, 152, 155]. However, recent work has shown that the thermal gradients necessary to 

generate thermocapillary-driven bubble or droplet movement can be created by the 

absorption of a laser beam in a liquid [156-159]. Such optically-controlled actuation has 

advantages over conventional dielectrophoresis, electrowetting, and resistive heating 

methods, as it is easier to address a large array of bubbles using optical patterns. 

Furthermore, optically-controlled actuation is more flexible and more easily 

reconfigurable than resistive heating elements. However, the properties and chemistry of 

the liquids compatible with this method are limited, since an optically-absorbing liquid is 

required. 

Here, we demonstrate the trapping and transport of air bubbles, driven by an 

optically-actuated thermocapillary force arising from the laser heating of an absorbing 

substrate (the a-Si electrode of the OET device) [160]. The use of an absorbing substrate 

creates more flexibility than using absorbing liquids, as it makes optically-actuated 

thermocapillary forces independent of the optical properties of the liquids or gases. 

Furthermore, as mentioned earlier, the a-Si electrode of the OET device is inexpensive, 
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allowing it to act as a disposable surface to minimize the cross contamination of sensitive 

samples. Other work that relies on the heating of a substrate produces Marangoni forces 

via surface plasmon heating of a thin gold film on a quartz substrate, which is more 

expensive to produce [161]. 

9.2 Theory 

The optically-induced heating of the absorbing substrate creates a thermal gradient in 

the substrate and the liquid media. This thermal gradient affects the surface tension of the 

liquid media, as most liquids have a constant, negative value of T∂∂ /σ , where σ  is the 

surface tension and T is the temperature. The change in surface tension is directly 

proportional to the change in temperature: 

 �� $ THTU �V (9.1) 

Thus, the presence of a temperature gradient will decrease the surface tension in the 

warmer region, creating a flow toward the colder region as the liquid attempts to 

minimize the total surface energy. As a result of this thermally-induced liquid movement, 

bubbles in the liquid move toward the high-temperature regions, such as those created by 

optically-induced heating. Once a bubble is centered above a radially-symmetric thermal 

gradient, it is stably trapped, as the thermally-induced forces balance. 

9.3 Experimental Setup 

In order to create the optically-actuated thermocapillary forces, we utilize the a-Si 

electrode of an OET device, consisting of a 0.85-mm-thick glass slide coated with a 100-

nm-thick layer of indium tin oxide, followed by a 1-µm-thick layer of hydrogenated 

amorphous silicon (a-Si:H), which absorbs light in the visible and UV wavelengths 



 

138 

(Figure 9.1) [160]. A 100-µm-high fluidic chamber was formed between the absorbing 

substrate and a 1.1-mm-thick glass slide and filled with approximately 20 µL of silicone 

oil (Dow Corning 200® fluid). Air bubbles are trapped during the loading of the fluidic 

chamber, with volumes ranging from approximately 85 pL to 23 nL. Contact angle 

measurements at the oil/air/substrate interface show that the silicone oil completely wets 

the a-Si:H surface. The laser source that provides the optically induced heating is a 10-

mW, 635-nm semiconductor laser. At this wavelength, it was empirically determined that 

the a-Si:H-coated substrate absorbs 94% of the incident light, not accounting for 

reflections at the air/substrate and substrate/liquid interfaces. The output of the 

semiconductor laser is expanded to fill the aperture of a 20× microscope objective, which 

focuses the beam to a 6-µm-diameter spot on the surface of the absorbing substrate. The 

laser intensity is controlled with a variable attenuator, and the laser power is monitored 

using an optical power meter (Hewlett-Packard 8153A). 

 

Figure 9.1 Experimental setup for the optically actuated thermocapillary 
movement of air bubbles [160]. A 10 mW, 635 nm laser is focused onto the 
absorbing substrate of a fluidic chamber by a 20× objective lens. Air bubbles in 
the silicone oil have a contact angle of approximately 180°, as the oil completely 
wets the surface of the substrate. 
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9.4 Experimental Results 

The optically-actuated thermocapillary movement of a 114-µm-diameter air bubble in 

silicone oil is shown in Figure 9.2 [160]. The air bubble is initially positioned directly 

over the area illuminated by the laser (Figure 9.2a). The laser illumination position is 

subsequently scanned across the substrate by manually adjusting the position of the 

focusing objective relative to the fluidic chamber. From the original location, the laser 

spot is translated in the positive y-direction (Figure 9.2b), then in the positive x-direction 

(Figure 9.2c), and then in the negative y- and negative x-directions (Figure 9.2d). The 

dashed circle in Figure 9.2d indicates the initial position of the bubble, and the dashed 

line indicates the approximate trajectory. The silicone oil/air meniscus is visible in the 

upper-left corner of each image as a reference. The image sequence in Figure 9.2 spans 

6.2 s, during which the bubble attains velocities of approximately 800 µm/s. 
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Figure 9.2 Optically-actuated thermocapillary movement of an air bubble in 
silicone oil [160]. A 114-µm-diameter (1.0 nL) bubble is trapped in the thermal 
trap created by a laser focused on the absorbing substrate (a). The oil/air 
meniscus can be seen at the top left. The bubble follows the position of the laser 
spot, as it is scanned in the positive y-direction (b) and then in the positive x-
direction (c). The bubble is then moved in the negative y- and negative x-
directions (d). The initial bubble position is indicated by a dashed circle, and the 
approximate trajectory of the bubble is indicated by a dashed line. 

We have been able to reproducibly transport air bubbles with diameters ranging from 

33 to 329 µm, which correspond to a volume range of 19 pL to 23 nL. (A spherical 

volume is assumed for bubbles with diameters smaller than the chamber height of 100 

µm; for larger bubbles, the cylindrical volume formula is used.) The maximum velocity at 

which these bubbles can be transported is linearly dependent on the intensity of the laser 

source (Figure 9.3) [160]. This is expected, as the laser intensity is directly proportional 

to induced thermal gradient produced by the optical absorption. The measured velocities 

are the maximum translation rates of the bubbles across the surface of the absorbing 

substrate, as the optical pattern is fixed and the substrate is moved by a motorized stage. 

The maximum translation rate of the motorized stage is 1 mm/s, limiting the maximum 

velocity that can be measured with this method. Bubbles with diameters of approximately 
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100 µm or less (volumes of 0.5 nL or less) easily exceed the maximum velocity of 1 mm/ 

s, especially at the higher laser intensities. However, analysis of video captured during 

the bubble transport allows us to approximate the maximum velocity of bubbles less than 

0.5 nL in volume to be approximately 1.5 mm/s at the lowest measured light intensity, 2 

kW/cm2. 

 

Figure 9.3 Optically-actuated thermocapillary movement-induced velocities of 
air bubbles as a function of laser intensity. The solid lines are linear fits to the 
data points. 

The optically-induced temperature gradient can be determined using the temperature-

dependent surface tension equation (Equation 9.1) and the Navier-Stokes equation. The 

calculated temperature gradient required to move a bubble at 1.5 mm/ s is approximately 

4000 K/m, given the viscosity of the silicone oil [161], µ = 4.56×10−3 Pa·s, and the 

temperature coefficient of the surface tension [19, 50], Tγ = – T∂∂ /σ = 7.2×10−5 
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N·m−1·K−1. In the geometry of the optically-actuated thermocapillary device, this 

corresponds to a temperature rise of approximately 0.5 °C at the oil/a-Si:H interface. This 

value was verified experimentally using a 50-µm-thick thermocouple (Omega 

Engineering, type T; resolution = 0.1°C) affixed to the a-Si:H substrate. The temperature 

measurements were taken with the fluidic system on an aluminum microscope stage, 

surrounded by a room temperature environment. 

9.5 Discussion 

Further possibilities of optically-actuated thermocapillary movement include the 

usage of spatial light modulators to simultaneously create multiple bubble traps, a 

technique that has widespread usage in the optical trapping community [142]. In addition, 

this technique is not limited to excitation by a coherent source; incoherent sources can be 

used, as long as a sufficient thermal gradient is generated. 

Furthermore, the absorbing substrate used in these experiments has not been 

optimized for the generation of a thermal gradient, as it was originally designed for use as 

an electrode for OET. Thus, improvements may be made to the absorbing substrate to 

create higher thermal gradients. This may include alternate materials that have suitable 

optical absorption coefficients and low thermal conductivities. Optically-actuated 

thermocapillary bubble movement on an absorbing substrate enables the actuation of 

bubbles in a variety of liquids, independent of the optical properties of the liquid. This 

capability can be used in microfluidic applications as a way to optically control fluid 

pumping or switching [142]. The optical addressing of this technique is also amenable to 

the creation of dense arrays of optically-controlled bubbles. 
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Chapter 10 Conclusion 

Optoelectronic tweezers has been demonstrated to be a flexible, powerful platform for 

micro- and nanoparticle manipulation. As OET utilizes optically-induced 

dielectrophoresis, it is more flexible and more easily reconfigured as compared to 

conventional dielectrophoresis. OET adds the control functionality of optical tweezers to 

dielectrophoresis; enabling parallel manipulation of specific single particles. However, as 

the underlying force mechanism is dielectrophoresis, optically-controlled manipulation is 

achieved using significantly lower optical intensities than optical tweezers, making OET 

manipulation much less harmful to live cells and optically-absorbing particles. In 

addition, OET is capable of trapping particles over a larger area than optical tweezers, 

resulting in improved parallel manipulation capabilities, especially for larger particles 

such as mammalian cells. 

The usefulness of the OET device has been presented in the context of two main 

application fields: biology and engineering. In biology, OET can be used as a tool for 

single-cell studies, or to sort samples of cells. OET is capable of sorting between different 
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cell types, or between live and dead cells. We have used this capability to distinguish live 

viable non-motile sperm from dead sperm to aid in viable sperm selection for in vitro 

fertilization procedures. Furthermore, unlike traditional toxic chemical assays, OET 

manipulation introduces no detectable DNA fragmentation in the sorted sperm. Thus, 

OET sorting has the potential to increase the yield of intracytoplasmic sperm injection 

procedures, increasing efficacy while reducing cost. Medical costs associated with ICSI 

can exceed $15,000 per procedure, with no guarantee of the outcome. Thus, improving 

ICSI would benefit more infertile couples by increasing the accessibility of this 

procedure. 

A variant of the standard optoelectronic tweezers device, lateral-field optoelectronic 

tweezers, has been demonstrated. The LOET device is capable of manipulating 

anisotropic objects with their major axis parallel to the LOET substrate. This is useful for 

the assembly of anisotropic objects, such as nanowires, and for the heterogeneous 

integration of III-V material microdisk lasers on a silicon platform. This room-

temperature, post-CMOS assembly technique provides an alternative to wafer-bonding 

processes, and is well-suited for the integration of a small number of optical sources with 

many CMOS devices, as in a transceiver chip. In addition, the parallel integration of 

multiple materials to achieve lasing at multiple wavelengths is possible using LOET 

assembly. This has the potential to facilitate the creation of silicon photonic devices, 

enabling optical communication from board-to-board, chip-to-chip, and even intrachip. 

The removal of the data bandwidth limitation presented by the current copper 

interconnects will transform the computer industry.  
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A variant of the LOET device is created with a blanket deposition of a-Si, with no 

subsequent electrode etching, to form a planar lateral-field optoelectronic tweezers 

device. This planar surface enables orientation control in the assembly of anisotropic 

objects such as nanowires. We are currently exploring the use of this device for the 

creation of a nanowire-based LED display. Other applications include the assembly of 

nanowires as interconnects or components in electronic devices. As this technique is 

capable of manipulating nanowires in parallel, it offers improved throughput over 

existing techniques such as placement using AFM tips. 

The PLOET device is also self-contained on a single substrate, facilitating integration 

with other microelectromechanical systems, such as electrowetting-on-dielectric devices. 

Furthermore, the planar surface avoids pinning the meniscus of droplets on the surface of 

the device, unlike the standard LOET device. This made it possible to integrate the 

PLOET device with an EWOD device. The resulting platform is promising for cell 

purification and culturing. Cells of interest can be isolated from a larger population, and 

exposed to reagents contained in additional droplets. In this manner, single-cell behavior 

can be accurately studied and quantified, allowing biologists new insights into cellular 

behavior. 

We have also demonstrated other useful effects in OET devices, such as optically-

actuated thermocapillary forces using the OET substrate. This technique is capable of 

flexibly and dynamically controlling bubbles in microfluidic devices. Bubbles can be 

used to perform microfluidic-based logic operations, and can act as pumps and switches 

in microfluidic devices. This makes it possible to realize a true lab-on-a-chip device, with 

no external pumps required. Instead, optofluidic control will be used to pump and route 
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samples through the chip, greatly simplifying many current microfluidic setups, which 

can have a large number of fluidic connections and pumps.  

The OET device enables many exciting experiments and applications, many more of 

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

A1.1 UCLA Fabrication Process 

Early OET devices, used in the experiments described in Chapter 1, were fabricated 

at the UCLA Nanoelectronics Research Facility (Nanolab) using commercially-available 

ITO-coated glass wafers (Delta Technologies, Ltd.). The fabrication process is outlined in 

Table A1.1 and Figure A1.1.  

The fabrication process begins with a 1.1-mm-thick glass substrate, coated on one 

side with 100 nm of ITO.  The substrate is diced into pieces measuring approximately 3.5 

cm × 2.5 cm.  The pieces are then cleaned in acetone, methanol, and isopropanol, rinsed 

with deionized (DI) water, and dried with a jet of nitrogen (N2) gas (Step 1).  The 

substrates are dried on a hotplate for 15 minutes at a temperature of 150oC (Step 2).  An 

aluminum film is deposited onto the ITO-coated glass by an electron-beam (e-beam) 

evaporation process, using either the Sloan SL 1800 the CHA Mark 40 e-beam 

evaporators (Step 3).  The aluminum layer creates a more ohmic contact to the 
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amorphous silicon (a-Si) layer.  To avoid the buildup of an oxide on the aluminum, 

intrinsic a-Si was deposited immediately following the aluminum deposition by plasma-

enhanced chemical vapor deposition (PECVD) by the Plasmatherm 790 PECVD machine 

(Step 4). The a-Si layer has a thickness of 1 to 1.5 µm.  Immediately after the a-Si 

deposition step, 20 nm of silicon nitride is deposited by PECVD, also in the Plasmatherm 

790 (Step 5).  The film quality of the a-Si layers fabricated in the Nanolab was relatively 

poor, making the silicon nitride essential as a passivation layer.  If the nitride layer is not 

present, the a-Si film cracks and flakes off upon exposure to liquid.  Low-tack tape is 

used to temporarily mask one edge of each piece (an area of approximately 2.5 cm × 0.5 

cm), which will be used for electrical contact when applying ac bias to the device.  

Photoresist (AZ 5214E) is then spun over the device, using a spin speed of 2000 rpm for 

30 seconds (Step 6).  The low-tack tape is removed, exposing the area that will be etched.  

Reactive-ion etching (RIE) is used to etch through the nitride and a-Si layers, exposing 

the aluminum surface (Step 7).  To perform this etch, the Technics Fluorine RIE 800 

machine is used, with a 5:1 CF4:O2 gas ratio at a pressure of 200 mtorr.  The RF power 

used to create the plasma is set at 150 W, allowing etch completion in approximately 6 

minutes.  The photoresist is removed using acetone, and the pieces are rinsed with 

isopropanol and DI water (Step 8).  After drying the pieces with N2 gas, the electrical 

contact pads are created with a silver conductive epoxy (Step 9). 
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Table A1.1 OET fabrication process overview (UCLA process) 

Step Process Parameters 
1 Clean substrate; N2 dry Start with 1.1-mm-thick ITO-coated glass substrate 
2 Dehydration bake 150oC for 15 min 
3 Electron-beam evaporation of aluminum 10 nm film thickness 

Equipment: Sloan SL 1800 e-beam evaporator or 
CHA Mark 40 e-beam evaporator 

4 Plasma-enhanced chemical vapor 
deposition (PECVD) of a-Si 

1 to 1.5 µm film thickness 
Equipment: Plasmatherm 790 
Recipe: a-Si2 

5 PECVD deposition of silicon nitride 20 nm film thickness 
Equipment: Plasmatherm 790 
Recipe: lnitride 

6 Spin on photoresist (AZ 5214E), leave 
electrical contact area unprotected 

500 rpm spread for 5 s, 2000 rpm for 30 s 
Equipment: Headway spin coater 

7 Reactive-ion etch (RIE) electrical 
contact area to aluminum layer 

5:1 CF4:O2, 200 mtorr, 150 W for ~6 min. 
Equipment: Technics Fluorine RIE 800 

8 Remove photoresist Acetone clean 
9 Electrical contact pads Silver conductive epoxy (Epotek E2101) 

Recipe: 3:1 part A to part B, cure @ 150oC for 1 hr. 
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Figure A1.1 Fabrication process of OET devices fabricated at UCLA. 

A1.2 Silicon Display Technologies Fabrication Proce ss 

A foundry service (Silicon Display Technology, Seoul, Korea) was used to fabricate 

the OET devices used in the experiments of Chapter 1, 3, 5, and 9. These devices utilized 

a slightly different device structure, as the a-Si could now be doped. In addition, 

hydrogen could be incorporated into the a-Si to reduce the number of defect states, 

resulting in hydrogenated amorphous silicon (a-Si:H). The fabrication process for the 

alternate variation of the OET device is shown below in Table A1.2 and Figure A1.2.  All 
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steps are performed in the UCLA Nanolab or UC Berkeley Microfabrication Laboratory 

(Microlab), although the starting device layers are fabricated by Silicon Display 

Technology.   

Table A1.2 Alternate fabrication process overview 

Step Process Parameters 
1 Clean substrate; N2 dry Start with 0.85-mm-thick ITO-coated glass 

substrate, with 50 nm n+ a-Si:H / 1 µm a-Si:H 
2 Dehydration bake 150oC for 15 min 
3 Spin on photoresist (AZ 5214E), 

leave electrical contact area 
unprotected 

500 rpm spread for 5 s, 2000 rpm for 30 s 
Equipment: Headway spin coater 

4 RIE electrical contact area to ITO 
layer 

5:1 CF4:O2, 100 mtorr, 150 W for ~6 min. 
Equipment: Technics Fluorine RIE 800 
9:1 SF6:O2, 100 mtorr, 100 W for ~2 min. 
Equipment: Plasmatherm PK-12 RIE 

5 Remove photoresist Acetone clean 
6 Electrical contact pads Silver conductive epoxy (Epotek E2101) 

Recipe: 3:1 part A to part B, cure @ 150oC for 1 hr. 
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Figure A1.2 Fabrication process of OET devices with ITO and a-Si:H layers 
deposited by Silicon Display Technology. 

The fabrication process for the devices from Silicon Display Technology begins with 

the shipped glass wafers, which consist of a 0.85-mm-thick glass substrate, coated on one 

side with 100 nm of ITO, 50 nm of n+ doped a-Si:H, and 1 µm of intrinsic a-Si:H. The n+ 

doped a-Si:H layer provides an ohmic contact between the ITO and the intrinsic a-Si:H. 

The wafers are diced, cleaned, and dried (Step 1), followed by a dehydration bake (Step 

2).  The deposited a-Si:H layers of these devices are of much higher quality than those 

produced in UCLA’s Nanolab.  Even upon repeated exposure to liquid, the a-Si:H layers 

are not damaged.  Thus, passivating the silicon surface with a nitride layer is not required 

for these devices.  As in the previous fabrication process, photoresist (AZ 5214E) is then 

spun over the device, leaving the area to be used for electrical contact exposed (Step 3).  
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An RIE step is performed to gain access to the ITO layer (Step 4).  The photoresist is 

stripped (Step 5), and the electrical contact pads are created (Step 6).   

A1.3 UC Berkeley Fabrication Process 

The fabrication of all types of OET devices can also be done entirely in UC 

Berkeley’s Microlab. The quality of the a-Si films deposited in the Microlab are of a 

quality similar to the films from Silicon Display Technology, although hydrogenation and 

doping are currently unavailable. The fabrication process is shown in Table A1.3 and 

Figure A1.3. 

 

 

 

Table A1.3 OET fabrication process overview (UC Berkeley process) 

Step Process Parameters 
1 Clean substrate; N2 dry Start with 1.1-mm-thick ITO-coated glass substrate 
2 Dehydration bake 150oC for 15 min 
3 Plasma-enhanced chemical vapor 

deposition (PECVD) of a-Si 
0.75 to 1.5 µm film thickness 
Equipment: Oxford Plasmalab 80plus PECVD 
Recipe: 400 sccm Ar, 100 sccm 10% SiH4 / Ar 

900 mtorr, 350oC, 10 to 300 W RF power 
4 Spin on photoresist, leave electrical 

contact area unprotected 
500 rpm spread for 5 s, 2000 rpm for 30 s 
Equipment: Headway spin coater 

5 Reactive-ion etch (RIE) electrical 
contact area to ITO layer 

9:1 SF6:O2, 100 mtorr, 100 W for ~2 min. 
Equipment: Plasmatherm PK-12 RIE 

6 Remove photoresist Acetone clean 
7 Electrical contact pads Silver conductive epoxy (Epotek E2101) 

Recipe: 3:1 part A to part B, cure @ 150oC for 1 hr. 
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Figure A1.3 Fabrication process of OET devices fabricated at UC Berkeley. 

Like the UCLA process, fabrication begins with a 1.1-mm-thick glass substrate, 

coated on one side with 100 nm of ITO.  Steps 1 and 2 are identical to the UCLA process. 

However, the aluminum layer is eliminated, as its absence does not affect the OET device 

performance. Undoped a-Si is deposited directly on the ITO layer using PECVD. Steps 4 

to 7 describe the creation of the electrical contact pads, 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 OET electrode, just before the electrical 

contact pads are created with silver conductive epoxy. (The fabrication of the a-Si 

electrodes is described in Appendix 1.) The complete PEG 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 SiO2 on a-Si Equipment: Oxford Plasmalab 80plus PECVD 
2 Rinse Rinse with ethanol, dry with N2 

3 Bake 110oC for 30 min. in convection oven 
4 Electrical contact pads  Silver conductive epoxy (Epotek E2101) 

Recipe: 3:1 part A to part B, cure @ 150oC for 1 hr. 
5 Chemical wash 1:1:4 volume ratio of 29% NH4OH, 30% H2O2, DI water 

for 90 min. 
Rinse with DI water 

6 Chemical wash 1:1:4 volume ratio of 38% HCl, 30% H2O2, DI water for 
90 min. 
Rinse with DI water, dry with N2  

7 Bake 110oC for 30 min. in convection oven 
8 PEG coating Place ~10 mg of PEG-silane on OET chip 

65oC for 24 hours on hotplate 
9 Rinse DI water, dry with N2 
10 Anneal 110oC for 10 min. in convection oven 
 

First, a 10-nm-thick SiO2 layer is deposited over the a-Si layer using PECVD. The a-

Si electrodes are then rinsed, and baked in a convection oven. Following this, the 

electrical bias pads are created using silver epoxy. The a-Si chips then undergo a series of 

chemical washes to silanize the surface, enhancing PEG attachment. First, the devices are 

bathed in a 1:1:4 volume ratio of 29% NH4OH, 30% H2O2, and DI water for 90 min, then 

rinsed with DI water. This is followed by another bath in a 1:1:4 volume ratio of 38% 

HCl, 30% H2O2, and DI water for 90 min. The chips are again rinsed with DI water, 

dried, and baked to remove all moisture. A solid PEG-silane of 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (Nektar) is placed on the surface of 

the a-Si electrodes, and melted using a hotplate at 65oC for 24 hours. The PEG-coated 

chips are then rinsed and annealed at 110oC in a convection oven. 
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A2.2 PEG Coating on ITO-coated Electrodes 

The PEG coating process begins with an ITO OET electrode. (The fabrication of the 

ITO electrodes is described in Chapter 2.7.) The complete 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, DI water, dry 

with N2 

2 Bake 110oC for 10 min. in convection oven 
3 Chemical wash 1:1:4 volume ratio of 29% NH4OH, 30% H2O2, DI water 

for 90 min. 
Rinse with DI water, dry with N2  

4 Bake 110oC for 10 min. in convection oven 
8 PEG coating Place ~10 mg of PEG-silane on OET chip 

65oC for 24 hours on hotplate 
9 Rinse DI water, N2 dry 
10 Anneal 110oC for 10 min. in convection oven 
 

First, the ITO electrodes are rinsed, and baked in a convection oven. The ITO chips 

then undergo a chemical wash to silanize the surface, enhancing PEG attachment. The 

devices are bathed in a 1:1:4 volume ratio of 29% NH4OH, 30% H2O2, and DI water for 

90 min. Next, they are rinsed with DI water, dried with nitrogen, then baked to remove all 

moisture. The solid PEG-silane is placed on the surface of the ITO electrodes, and melted 

using a hotplate at 65oC for 24 hours. The PEG-coated chips are then rinsed and annealed 

at 110oC in a convection oven. 
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