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Abstract

Optoelectronic Manipulation, Assembly, and Patterning of Nanoparticles

by

Arash Jamshidi

Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences and the
Designated Emphasis in Nanoscale Science & Engineering

University of California, Berkeley

Professor Ming C. Wu, Chair

The synthesis of nanostructures has advanced in the last decade to a point where a vast range
of insulating, semiconducting, and metallic materials are available in a variety of forms and
shapes such as wires, tubes, ribbons, sheets, and spheres. These nanostructures display
exceptional physical properties that can be used to realize novel devices such as high-speed
electronics, efficient photovoltaics and thermoelectrics, sensitive chemical and biological
sensors, nano-light sources such as lasers and light-emitting diodes, and high-frequency
resonators. However, a persistent challenge has been the development of a general strategy for
manipulation and heterogeneous integration of individual nanostructures with arbitrary shapes
and compositions. Development of such methods is essential in transforming nano-sciences into
successful nano-technologies that can ultimately affect the society. Several techniques such as
microcontact printing, microfluidics, Langmuir-Blodgett, mechanical nano-manipulators, optical
tweezers, and fixed-electrode dielectrophoresis have been developed to address this challenge.
However, these techniques either lack the capability to manipulate single nanostructures or are
unable to do so in a dynamic and large-scale fashion.

Optoelectronic tweezers (OET) has emerged as a powerful tool for massively parallel
manipulation of polymer-beads and living cells at micron length-scales via optically-induced
dielectrophoresis. By combining the optical and electrical trapping capabilities, OET is able to
manipulate particles with much lower optical intensities than optical tweezers and unlike fixed
electrode dielectrophoresis, OET is capable of dynamic manipulation of single particles over
large areas.

In this dissertation, we will first introduce OET as an optofluidic platform and characterize
the various electrokinetic forces that can be generated in the OET device. Next, we will use these
forces for manipulation, sorting, assembly, and patterning of various nanostructures such as
semiconducting and metallic nanowires, carbon nanotubes, and metallic spherical nanocrystals.
Though the initial demonstrations of OET were limited to manipulation of microscale objects,
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here, we will explore the capabilities of OET for manipulation of nanoscale particles,
establishing it as an important tool for post-synthesis organization and heterogeneous integration
of nanostructures.
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inverted to enhance visibility of faint light scattering of SWCNT bundles. The laser line
(Ar’, 488 nm) is blocked by a holographic notch filter. ..............cccovviriveveeeereireeeereeeean. 61

Figure 4.8 ex situ characterization of COOH-SWCNTs following deposition with
optoelectronic tweezers at high peak-to-peak voltages. (a) SEM image of SWCNT
bundles deposited next to a Ti/Au fiducial marker. Scalebar - 100 nm. (b) Raman
spectrum of deposited SWCNT bundles showing radial breathing mode (RBM), D, and G
bands; a-Si:H background Subtracted. ............cccueeeiieriiiiiieniieiiee e 62

Figure 4.9 Enhanced Raman signal from COOH-SWCNTs trapped with OET (a) Schematic
of Raman experiment. (b) Raman spectrum with (red) and without (black) OET trapping
b1aS OF OVPP, TSKHZ. .ottt e e e e e e ta e e esaeeenaeeas 63

Figure 5.1 (a) Optoelectronic tweezers (OET) device structure for manipulation of
nanoparticles. (b) The simulated gradient of electric field intensity is shown near the OET
surface. The nanoparticles are immersed and trapped in the high field intensity gradient
region near the OET surface. (O IEEE [79]) .oocoviieiiieiieeeeeeeeee et 66
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Figure 5.2 Trapping and transport process of a single 100 nm gold nanoparticle using OET.
The nanoparticle is transported over an approximately 200 um?” area in 12 seconds. (©
TEEE [79]) ettt sttt sttt

Figure 5.3 OET-trapped nanoparticles’ translational speed as a function of the applied
voltage. A maximum translational speed of 68 pm/s at 20 Vpp is achieved. The
experimental data follows a quadratic trend (black fitted curve). This is expected since
the DEP force is proportional toVE?. (O IEEE [79]) .eoouiiiiiiiiiiiieieeeeeeeee e

Figure 5.4 (a) The repulsive force (F.p) between two nanoparticles (due to dipole-dipole
interaction and columbic repulsion) as a function of applied voltage. (b) The repulsive
force interaction is also observed for three nanoparticles. In the beginning, the particles
are trapped using OET (laser filtered out), once the trap is removed, the nanoparticles
repel each other. (O TEEE [79]) c.uiouiiiiiiiieeieee ettt ettt

Figure 5.5 Trapping and transport of five 250 nm gold nanoparticles. (a) Nanoparticles are
trapped and concentrated in the laser trap. (b) Nanoparticles are transported to a new
location by manually adjusting the laser position. (c¢) Laser trap is removed and
nanoparticles undergo Brownian motion. (d) Five gold nanoparticles are distinctly
observable after removal of the trap. (O IEEE [79]) c.uvveeoiiiioiiieeeeee e

Figure 5.6 Collection of 90 nm gold nanoparticles in the OET chamber for enhancement of
Raman signal from a dilute solution of BPE molecules. ...........cccccevviiieiiiniiieieeeeeeen

Figure 5.7 In-situ surface enhanced Raman spectra of BPE molecules using OET trapped 90
nm gold nanoparticles. The nine individual spectra were acquired 4 seconds apart from
each other. The laser source is applied at a time between the first and second spectra. As
soon as the laser is applied, the Raman signal grows over time as more particles are
attracted to the 11lumination ra............ceoeiieriiiiiiiinieeetereee e

Figure 5.8 In-situ surface enhanced Raman spectra of BPE molecules using OET trapped 90
nm gold nanoparticles. The nine individual spectra were acquired 4 seconds apart from
each other. The AC voltage source is applied at a time between the first and second
spectra. As soon as the voltage is applied, the Raman signal grows over time as more
particles are attracted to the illumination area. The background signal is subtracted from
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Figure 6.1 (a) Optoelectronic tweezers (OET) optofluidic platform used to realize the
NanoPen process. The collection flow collects the particles towards the illuminated area
and the immobilization force (Finp) patterns the particles on the surface. (b) Finite-
element simulation of the NanoPen process. The arrows indicate the collection flow
which is a combination of the electrothermal (ET) flow and light-actuated AC
electroosmosis (LACE) flow. The immobilization force consists mainly of the
dielectrophoresis (DEP) force. (© American Chemical Society [85]) ..ccoveveveeviiieeiciieniiens

Figure 6.2 (a) Real-time patterning of 90 nm diameter gold nanoparticles by translating the
stage while patterning the particles in the illuminated area. The red spot is the patterning
beam and the green areas indicate the patterned nanoparticles. In the beginning the
voltage is off and no particles are immobilized, once the voltage is turned on, the
nanoparticles are collected and permanently patterned in the illuminated area. The stage
is manually transported, leaving a trace of the nanoparticles behind. Once the patterning
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is complete, the voltage is turned off and the patterning process stops. (b) Increasing the
exposure time expands the patterned area and density of particles within the illuminated
region as indicated for 2-120s exposure times. The inset shows the SEM image of the
patterned spots. (© American Chemical SOCiety [85])....cccvvieriiieriiiieiieeiee e

Figure 6.3 (a) SEM images of NanoPen patterned 90 nm Au nanoparticles with 2, 10, 20, 30,
60, 120 second exposure times. All scale bars are 1 pm unless otherwise noted. (b)
Approximate number of particles as a function of the exposure time. (c) An expanded
view of the 30 second exposure spot. (© American Chemical Society [85])....ccccevveveuveeenneen.

Figure 6.4 Immobilization of a single 90 nm diameter gold nanoparticle. (a) Pre-designated
target patterns were fabricated on the OET device using e-beam lithography. (b,c) Once
the laser spot is positioned, a nanoparticle is attracted and patterned on the surface, ~10
um above the e-beam pattern. (d) SEM image of the area indicated in (c) by the white
rectangle, showing the patterned nanoparticle near the e-beam structure. The inset is a
zoom-in SEM image of the particle. (© American Chemical Society [85])......ccccvvverveeennenn.

Figure 6.5 NanoPen immobilization of multi-wall carbon nanotubes (MWCNTs). (a) There is
no voltage applied to the device and the nanotubes undergo Brownian motion. (b) Once
the voltage is applied, the nanotubes are collected in the center of the laser trap and
patterned on the substrate as the laser source is translated manually. (c) Scanning electron
microscopy (SEM) image of a line of MWCNTs immobilized on the surface of the OET
device using NanoPen. The linewidth is approximately 10 pm. Multi-wall carbon
nanotube samples were purchased from SES and were dispersed in a 5:1 SDBS:mwCNT
solution for solubilization followed by sonication and centrifugation. (© American
Chemical SOCIELY [85]) .ieoveerreeriieriieitieeiie ettt ettt ettt et e te et e st e esbeessbeenbeesaaeenbeassneenseas

Figure 6.6 NanoPen patterning of semiconducting (silicon) nanowires. (a-c) The process of
patterning silicon nanowires in the form of character (“A”) using the NanoPen technique.
(© American Chemical SOCIELY [85]) vveerrvrrerririeiiieeeiieeriie et e esteeerreeerve e e e e eraeeeaeeeeaaee e

Figure 6.7 NanoPen patterning of neutral (methyl-coated) 90 nm diameter Au nanoparticles.
The nanoparticles are patterned on the surface using the NanoPen process by keeping the
trapping laser stationary and translating the stage manually relative to the patterning laser
source. (© American Chemical SOCIELY [85])..cccvierieiiiiiiiiiieiie ettt

Figure 6.8 Large area patterning of nanoparticles using NanoPen. Patterning of 90 nm
diameter gold nanoparticles in the form of (a) a 10x10 array, over 150x140 pum?, (b)
“NIH” logo over 160x140 um®and (c) “CAL” logo over 140x110 pm?, all using a
commercial light projector (<10 W/cm® light intensity). (© American Chemical Society

Figure 6.9 Surface-enhanced Raman spectroscopy (SERS) using NanoPen patterned metallic
nanoparticles. (a) Measurement of Rhodamine 6G (R6G) spectrum using the NanoPen
patterned gold nanoparticle (mixture of 60 and 90 nm sizes). The 2-dimensional scan of
Raman signal at ~1570 cm™ Raman shift indicated a large enhancement in the areas with
higher density nanoparticles. The inset shows a typical Raman spectrum of R6G
achieved. (b) Characterization of Raman enhancement factor for the BPE molecules. The
Raman signal level is compared for 100 nM BPE solution on NanoPen SERS structures
(red line) to the Raman signal from a benchmark 10 mM solution of BPE (black line).
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The inset shows a zoom-in of 1100-1350 cm™ Raman shift range with the benchmark 10
mM solution signal multiplied by 25 to make it more visible. The calculated enhancement
factor at the 1200 cm™ Raman shift peak is ~10”. (© American Chemical Society [85])...... 87
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Chapter 1 Introduction

1.1 Methods for Nanoparticle Manipulation and Patterning

The synthesis of nanostructures has advanced in the last decade to a point where a vast range
of insulating, semiconducting, and metallic materials [1-5] are available for use in applications
such as integrated, heterogeneous optoelectronic devices [6], nanoelectronics [7, 8], biological
and chemical sensing [9-11], and thermoelectrics [12]. One approach for organization of
materials with nano-scale dimensions is the so-called ‘bottom-up’ assembly of heterogeneous
nano-scale building blocks [13]. Though it is possible to achieve a high level of orientation
control [14, 15] through epitaxial growth of semiconductor materials [16], there are enormous
challenges to achieving a high level of integration with heterogeneous material systems due to
large differences in chemical and thermal stability. One way to circumvent the constraints of
thermo-chemical incompatibility is to first synthesize various materials at favorable processing
conditions, then employ a strategy for post-synthesis integration. However, a persistent challenge
has been the development of a general strategy for the manipulation of individual nanostructures
with arbitrary shapes and compositions. Several techniques have been employed over the last
decade to address this challenge. These techniques use a variety of forces including optical,
electrical, magnetic, mechanical, and fluidic effects to address the nanoparticles. Each of these
methods has its own unique capabilities and limitations; here, we will briefly review some of
these techniques.

Optical tweezers [17], first proposed by Ashkin in 1970 [18], is a powerful optical
manipulation technique that has been used for trapping of cells and polystyrene beads [19],
nanowires [20], carbon nanotubes [21], nanoparticles [22, 23], and characterization of bio-
molecules [24]. In this method, the optical field of a highly focused laser light is used to trap the
particles. In the case of particles with sizes much smaller than the wavelength of the trapping
laser (the Rayleigh limit), the particles are treated as electrical dipoles that are interacting with
the optical trap’s electric field gradient. For particles much larger than the wavelength of the
trapping laser, (the Mie limit), the particles change the momentum of the photons by refracting
the laser light, therefore experiencing an equal and opposite force. The radiation force resulting
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from the bombardment of the particles with photons opposes the trapping of particles in both
cases. Therefore, to create a stable trap, the trapping light source needs to be tightly focused,
using a lens with high numerical aperture (N.A.), to overcome the radiation pressure. As a result,
optical tweezers’ trapping capability is limited by the high optical power intensity required to
create a stable trap. In addition, the high required N.A. for focusing the laser source limits the
effective working area of optical tweezers to about 100 um x 100 pm using a spatial light
modulator, commonly referred to as holographic optical tweezers (HOT) [25].

Fixed-electrode dielectrophoresis (DEP) is another approach that has been widely used to
manipulate micro-scale objects and has been employed recently to manipulate various suspended
nanostructures [26-29]. In this technique, the interaction of a non-uniform electric field with
suspended particles in the solution results in attraction or repulsion of particles from the area of
highest electric field intensity gradient. The non-uniform field is typically created using
lithographically fabricated electrodes. Therefore, even though fixed-electrode DEP is not limited
by the manipulation area, the trapping patterns are fixed. As a result, this method does not allow
for real-time and flexible manipulation and transport of trapped particles. Other electrokinetic
effects such as electrophoresis [30, 31] and electroosmosis [32] have been used to address
various nanoparticles. However, electrophoresis requires the particles to carry charges and
doesn’t act on uncharged particles and electroosmotic flows have fixed trapping patterns similar
to the fixed-electrode DEP. Another electrokinetic method for trapping single molecules is the
Anti-Brownian Electrokinetic (ABEL) technique [6] which cancels the Brownian motion of the
particle by inducing electrophoretic and electroosmotic drifts. This method can provide extensive
information about the particle dynamics but requires the molecules to be fluorescent.

Mechanical nano-manipulators have been used to position and shape one-dimensional
nanostructures [6, 33, 34]. Even though integration of nano-manipulators with scanning electron
microscopes can yield impressive position control, this technique is incapable of large-scale and
parallel manipulation of particles. Moreover, mechanical techniques are inherently invasive and
can potentially damage the manipulated nanostructures. This is especially important at the
nanoscale since surface defects can greatly modify the nanopaticle properties such as electrical
and thermal conductivity.

Magnetic forces have also been used to trap and align nanoparticles [35-37]. However, these
methods can only address intrinsically magnetic materials or require tagging of particles with
magnetic objects. Microfluidics [38, 39] have been used to control the orientation of a large
number of nanostructures using hydrodynamic forces. However, these methods require
complicated pump and flow control systems and are incapable of addressing single
nanoparticles.

Self-assembly of nanostructures through patterning of organic markers [40] has been used for
large-scale patterning of nanoparticles. Microcontact printing techniques have opened up the
possibility to coat macroscopic areas with inorganic nanowires or carbon nanotubes [41-45].
Langmuir-Blodgett [46-48] patterning has also been used to align large numbers of nanowires
dispersed in a fluid matrix to form highly organized structures. However, all these techniques
lack the capability to manipulate and position individual nanostructures. Other powerful
techniques such as dip-pen nanolithography [49-54] and nanofabrication [55, 56], have been
used to pattern nanostructures. However, these techniques are incapable of creating real-time
reconfigurable patterns without the use of complicated instrumentation or processing steps.



1.2 Optoelectronic Tweezers (OET)

Optoelectronic tweezers (OET) [57] is a powerful optical manipulation technique for
manipulation, sorting, organization, and patterning of micro- and nanoparticles. Figure 1.1 shows
the OET device structure. In this technique, two-dimensional patterns of low-intensity light are
projected onto a plane of photoconductive material sandwiched between transparent parallel-
plate electrodes. The light excites carriers in the photoconductive layer (hydrogenated
amorphous silicon), reducing the local impedance to create an inhomogeneous electric field
across the liquid layer. In the presence of the non-uniform electric field, a polarization is induced
in particles between the parallel plates. The polarized particles are either attracted to or repelled
from the field gradient (according to the DEP principle) produced by the projected light pattern,
yielding a powerful optoelectronic method of particle manipulation based on dynamic, light-
actuated virtual electrodes.
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Figure 1.1 Optoelectronic tweezers (OET) device structure. The OET device consists of
a top transparent ITO electrode and a bottom ITO electrode. There is a layer of
photoconductive material (hydrogenated amorphous silicon) on top of the bottom
electrode. An AC voltage is applied between the two electrodes. The liquid medium
containing the particles of interest is sandwiched between the top and bottom layers. The
interaction of the light source with the photoconductive layer reduces the impedance
locally, transferring the voltage to the liquid layer in the area that the light is present. This
non-uniform electric field traps the particles by light-induced dielectrophoresis principle.

In the OET technique, the optical power intensity required for trapping the particles is
reduced considerably relative to optical tweezers since the optical field is not directly used to
trap the particles; rather, the optical field is used to create virtual electrodes in the
photoconductive layer. In addition, since the electrodes are defined optically, it is possible to
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create real-time flexible trapping patterns using a spatial light modulator. Furthermore, due to the
small optical power intensity required for trapping and relaxed optical focusing requirements, a
large working area can be achieved. These capabilities of OET have previously been
demonstrated through massively parallel manipulation of 15,000 particles over a large area, 1.3
mmx1.0 mm as shown in Figure 1.2 [57].

Figure 1.2 Massively parallel manipulation of single 4.5-um-diameter polystyrene
particles over 1.3 mm x 1.0 mm area using 15,000 traps created by a digital micromirror
device. The inset shows the transport of particles in the direction depicted by the arrows.
[57]

Since the DEP force is dependant on the properties of the particles in relation to the
surrounding media, OET is also capable of distinguishing between particles with differing
complex permittivities such as dead and live cells [57] and semiconducting and metallic
materials [58]. This ability is particularly important in cell separation and sample purification.

Since the first demonstration of optoelectronic tweezers by our research group in 2003, OET
has grown to become an important optofluidic manipulation tool and is pursued around the world
by various research groups who are innovating new ideas to expand this field. Figure 1.3 shows
the ten research groups who are currently active in the optoelectronic tweezers field.
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Figure 1.3 Optoelectronic tweezers around the world.

Figure 1.4 shows some of the major milestones achieved by various groups in the
development of optoelectronic tweezers. To date, various photoconductive materials such as
hydrogenated amorphous silicon [57], silicon phototransistor [59], CdS [60], metallic plasmonic
nanoparticles [61, 62], and polymers [63] have been used to realize the optoelectronic tweezers
devices. Dynamic actuation of OET has been accomplished with a variety of coherent and
incoherent light sources such as scanning lasers [64], digital micromirror devices [57], and LCD
flat panel displays [65, 66]. Moreover, various modes of operation such as dielectrophoresis
(DEP) [57], light-actuated AC electroosmosis [67], and electrothermal heating [68] have been
observed and characterized in the OET optofluidic platform. Manipulation of microparticles such
as polystyrene beads [57, 65, 66, 69-72], red blood cells [66, 70], E. coli bacteria [64], white
blood cells [57, 71], Jurkat cells [71], HeLa cells [71, 73], yeast cells [72], and Neuron cells [74]
and nanoparticles such as semiconducting and metallic nanowires [58, 75-77], carbon nanotubes
[78], metallic spherical nanoparticles [79], and DNA [80, 81] has been achieved with OET.
Other functionalities such as dynamic single cell electroporation [82] and cell lysis [83],
optically induced flow cytometry [84], and large-scale, dynamic patterning of nanoparticles [85]
have been demonstrated using the OET platform.

In addition to the conventional OET device structure, other OET configurations have also
been invented including: phototransistor OET (phOET) which makes use of a phototransistor
structure as the photoconductive layer to achieve higher optical gains and manipulate cells in
high conductivity cell culture media [59], lateral-field OET (LOET) and planar lateral-field OET
(PLOET) [71, 75-77] which are capable of manipulating particles in a lateral fashion through the
use of interdigitated photoconductive electrodes, floating electrode OET (FLOET) [86] which
can manipulate aqueous droplets in oil, double sided OET [87] which reduces the nonspecific
stiction of particles by using amorphous silicon as the top and bottom surfaces, and OET



integrated with electrowetting-on-dielectric [88] devices which enable manipulation of particles

within droplets.
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Figure 1.4 Timeline of major developments in optoelectronic tweezer technology.



Chapter 2 Optoelectronic Tweezers

2.1 Introduction

In addition to light-induced dielectrophoresis force which is the main operational principle of
OET, there are other operational regimes in the OET device that can be generated by tuning
various parameters such as voltage, frequency, and liquid conductivity [89]. These operational
regimes create various electrokinetic forces that can be used to address micro- and nanoscale
particles. Therefore, a comprehensive understanding of these operational regimes is essential in
using OET as an integral part of an optofluidic system. In this chapter we will describe the OET
device structure in detail and will explore and characterize the various electrokinetic forces
observed in the OET device.

2.2 Optoelectronic Tweezers Device Description

Figure 2.1 shows the structure of the optoelectronic tweezers (OET) device. The OET device
consists of a top 300-nm thick transparent indium-tin-oxide (ITO) coated glass electrode and a
bottom ITO-coated glass substrate on top of which a 1-2 um layer of photoconductive material
(hydrogenated amorphous silicon, a-Si:H) is deposited. The liquid solution containing the
particles of interest is sandwiched between the top and bottom surfaces using a 80-100 um spacer
and an AC voltage (5-20V peak-to-peak voltage at 1-100 kHz frequency) is applied between the
top and bottom ITO electrodes. Figure 2.1 inset shows a scanning electron microscopy (SEM)
cross-section of the OET device bottom electrode.

Once the OET device is assembled, it is placed under a microscope for observation and
actuation. Various microscope observation modes such as bright-field, dark-field, fluorescent or
differential interference contrast (DIC) microscopy can be used for particle visualization. Dark-
field observation is particularly suitable for observation of nanoscale objects due to the strong
light scattering by nanostructures. A charge-coupled device (CCD) camera is used to record the
particle manipulation and provide image feedback. Coherent light sources such as low-power
laser diodes or incoherent light sources such as light-emitting diodes (LEDs) can be used to
actuate the OET device. Dynamic light patterns are generated using spatial light modulators such
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as digital micromirror devices (Texas Instruments) or liquid-crystal based spatial light
modulators (Hamamatsu). The light patterns are then focused onto the OET device surface either
through the same microscope objective used for observation or an additional objective lens on
the opposite side.
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Figure 2.1 Optoelectronic tweezers (OET) device structure. The OET device consists of
a top transparent ITO electrode and a bottom ITO electrode. There is a layer of
photoconductive material (hydrogenated amorphous silicon) on top of the bottom
electrode. An AC voltage is applied between the two electrodes. A spacer separates the
top and bottom surface to form the OET chamber. The inset is an SEM image of the OET
device bottom surface cross-section.

Figure 2.2 shows two common configurations for OET actuation used in this work. Figure
2.2a shows the setup for OET actuation using a low-power single laser source. The observations
are made through the top microscope objective and additional bottom objective is used to focus
the laser source onto the OET device. Figure 2.2b shows actuation of the OET device using a



spatial light modulator. In this case, the generated light patterns are focused onto the OET
surface through the same microscope objective used for observation.
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Figure 2.2 Optical setups for OET actuation. (a) A single low-power laser source is
focused onto the OET device using a bottom objective and observations are made
through the top microscope objective. (b) Dynamic light patterns are generated by
projecting a diode laser or lamp onto a digital micromirror device (DMD) and are focused
onto the OET device using the same observation objective lens.

The relaxed requirements on optical actuation of OET make it possible to integrate the OET
optical manipulation setups with other forms of optical spectroscopy and characterization. An
example of such techniques is Raman spectroscopy [90-92], which is an optical spectroscopic
technique used to study the vibrational or rotational modes of molecules. In this technique,
photons generated by a monochromatic light source (such as a laser) are inelastically scattered by
the molecules and collected by an objective lens. A notch or high pass filter is typically used to
remove the laser line and the remaining signal is sent to a spectrometer and detector to identify
the “fingerprints” of the molecules. The “fingerprints” of the molecules are unique since their
vibrational modes are related to the chemical structure of each molecule. Therefore, Raman
spectroscopy is an important technique in chemical and biological characterization and
identification of various materials. As we will see in future chapters, integration of OET with
Raman spectroscopy opens up many possibilities for in-situ characterization and detection of
trapped objects.

2.3 Optoelectronic Tweezers Device Operation

OET device actuation is achieved by modulating the impedance of the photoconductive layer
(a-Si:H). Figure 2.3 shows the experimental photoconductivity values of a-Si:H as a function of
the light intensity. The measurements were done by continuously attenuating a 10 mW, 632 nm
diode laser focused onto a 50 umx50 pm a-Si:H area. Voltage sweeps were applied to aluminum
electrodes fabricated on the a-Si:H layer to measure the photocurrents and extract the
photoconductivity values. In the absence of light, the dark conductivity of a-Si:H is
approximately 10™ S/m. With light illumination, electron-hole pair carriers are generated in the
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photoconductive material and the photoconductivity is increased by 3 orders of magnitude to
approximately 10? S/m, using a 10-100 W/cm® illumination intensity. The amount of light
absorbed by a-Si:H is a function of its absorption coefficient which depends strongly on the
illumination wavelength [93]. The absorption coefficient of a-Si:H is approximately 10* cm™ in
the visible region, which corresponds to a 90% absorption length of ~1 um, the typical thickness
of the a-Si:H layer in the OET device. Even though a-Si:H has large absorption coefficients in
the UV region (10°-10° cm™), the absorption length is ~100 nm and cannot fully actuate the OET
device, however, reducing the thickness of a-Si:H can potentially enable UV actuation. On the
other hand, a-Si:H absorption coefficient for near infrared is approximately 10° cm™, therefore,
larger intensity illumination is required to actuate the OET device at these wavelengths.
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Figure 2.3 Experimental photoconductivity of a-Si:H as a function of optical intensity.
[68]

To better understand the operation of the OET device, we can model it using a simple
lumped circuit element model shown in Figure 2.4. When there is no light present (Figure 2.4a),
the impedance of the photoconductive layer (a-Si:H), Zpc, is higher than the impedance of the
liquid layer, Z;, therefore, the majority of the applied AC voltage is dropped across the
photoconductive layer. However, when the light source is present (Figure 2.4b), the impedance
of the photoconductive layer is reduced locally, creating a “virtual electrode”, causing the
majority of the AC voltage to drop across the liquid layer.
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Figure 2.4 OET device operation principle. (a) In the dark state, the impedance of the
photoconductive layer is higher than the impedance of the liquid layer and most of the
voltage is dropped across the photoconductive layer. (b) Once the light source is applied,
it generates electron-hole pairs in the photoconductive layer, reducing its impedance
below that of the liquid layer, and transferring the voltage to the liquid layer in the
illuminated area.

It is important to note that the impedance of the photoconductive layer is reduced only in the
area that the light source is present. This is due to a-Si:H’s small ambipolar diffusion length of
115 nm [94] which confines the actuated area to within the illumination region. Therefore, the
resolution of the OET device virtual electrodes is fundamentally limited by the light source
diffraction limit given by [95]:

A

Diffraction Limit =1.22 ——— 2.1
iffraction Limi N A (2.1)

where, A is the wavelength of illumination and N.A. is the numerical aperture of the objective
lens. Using a typical illumination wavelength of 630 nm and N.A. = 0.6, we achieve a diffraction
limited spot of approximately 630 nm.

Typical liquid conductivities used for optimal OET device operation are between 1-10 mS/m.
At liquid conductivity values higher than this range, the impedance of the liquid layer would be
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much lower than the a-Si:H layer even under illumination, therefore, impeding the transfer of
voltage from the a-Si:H layer to the liquid layer.

Since the voltage is transferred to the liquid layer only in the illuminated area, a non-uniform
electric field is created in the liquid layer as shown in Figure 2.5. The interaction of this non-
uniform field with the particles, liquid media, and the virtual electrodes creates various
electrokinetic forces under different operational regimes. In the next section, we will explore and
characterize the electrokinetic forces observed in the OET device.

Top ITO
Electrode

Liquid
Buffer

1 1

' ]

i ! Electric
+ | Field
1 [

-
-

Bottom ITO
Electrode

a24nosg b

Figure 2.5 The non-uniform electric field created in the OET chamber due to the transfer
of voltage from the a-Si:H layer to the liquid layer in the virtual electrode area.

2.4 Electrokinetic Forces Present in OET

2.4.1 Finite element modeling of OET device

To study the various electrokinetic effects in OET, we will use finite element simulations
(COMSOL Multiphysics) to model the OET device operations. Table 2.1 summarizes various
parameters used in modeling the OET device.

Parameter Symbol Value/Expression
Liquid conductivity Gliquid 10°-107 S/m
Relative permittivity Eliquid 78
of liquid

12



Thermal conductivity kiiquia 0.6 W/(m.K)

of liquid

Dynamic viscosity of Niiquid 8x10™ Pa.s
liquid

Relative permittivity Easi 11.7

of amorphous Silicon

Dark conductivity of Odark 10° S/m
amorphous silicon

Light conductivity of i
g Y Heht 0,01 [exp(— 2)‘] x exp( bj} +107

amorphous silicon (20x10°°) T (20x10°%)?
S/m

Thermal conductivity kasi 1 W/(m.K)

of amorphous silicon

Relative permittivity Eglass 2.09

of glass

Glass conductivity Oglass 10" S/m

Thermal conductivity kegass 1.38 W/(m.K)

of glass

Table 2.1 Parameters used for finite-element modeling of the OET device.

To model the effect of illumination on amorphous silicon conductivity, G, We represent
Glight Using a Gaussian profile that follows the light source pattern as indicated in Table 2.1.
Figure 2.6 shows the typical electric field distribution in the OET device with an applied voltage
of 10 Vpp at 100 kHz and using the various parameters in Table 2.1. The color map indicates the
magnitude of the electric field and the arrows indicate the direction of the field. It is evident that
the electric field has a non-uniform profile inside the liquid area with the strongest gradient close
to the a-Si:H bottom surface.
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Figure 2.6 The simulated electric field profile in the OET device for an applied voltage
of 10 Vpp at 100 kHz. The non-uniform field profile is clearly seen with the strongest
gradients present near the bottom amorphous silicon surface.

2.4.2 Dielectrophoresis (DEP)

The first electrokinetic effect that we will describe in the OET device is the dielectrophoresis
(DEP) force. DEP is a technique that uses the interaction of a non-uniform electric field with the
induced dipoles on the particles to attract or repel the particles from areas of highest electric field
intensity gradient. In the presence of a non-uniform electric field (E), a dipole moment (p) is
induced in the particles with unequal charges on two ends. Therefore, the dipole feels a net force
towards or away from areas of highest field intensity gradients depending on the AC bias
frequency and properties of the particles and the liquid solution. By taking the difference
between the forces experienced by the charges at the two ends of the dipole, we can approximate
the DEP force as [96]:

F=(p-V)E (2.2)

To calculate the DEP force expression on various objects, the particles are assigned an
effective dipole moment which is the moment of a point dipole that creates an identical
electrostatic potential when immersed in the imposed electric field. By comparing the
electrostatic potential of the particle of interest to the electrostatic potential of a point dipole, and
by ignoring the higher order terms in the Taylor expansion of the electric field, the following
formula is derived for the DEP force on a spherical particle [96]:
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(Fo ) =21, RelK " (@) VE? 2.3)

. e —€ o . e
K (w)=——",¢,=¢,-j—".6,=¢,—j—= (2.4)
g, +2¢, @ @

where 7 is the radius of the particle, ¢, and ¢, are the permittivities of the medium and the
particle respectively, o,, and o, are the conductivities of the media and the particle respectively,
w is the frequency of the AC potential, Re{K } is the real part of the Clausius-Mossotti (C.M.)

factor (K*), and VE?is the gradient of the electric field intensity. The C.M. factor is a function
of the permittivity and conductivity of the particle and the medium, and in the case of spherical
particles, has a value between -0.5 and 1. For particles that are more polarizable than the
surrounding medium, the C.M. factor is positive and the particles experience a positive DEP
force. However, the particles less polarizable than the surrounding medium experience a negative
DEP force and are repelled from regions of highest electric field intensity gradient. The other
important parameter that determines the magnitude of the DEP force is the gradient of the field

intensity. In the OET device, VE”has its maximum close to the OET surface and falls off
rapidly as we move further away from the surface. Figure 2.7 shows the normalized field
intensity gradient as a function of distance from the OET surface at the center of the illuminated

area. It is evident that the VE* magnitude drops by 1-2 orders of magnitude 10 pm away from
the OET surface and it falls by roughly 3 orders of magnitude 50 pym away from the OET
surface. Therefore, particles feel the maximum trapping force near the OET surface.

10°

107 |

10-2 L

10-3 L

Normalized field intensity gradient

104 : - - :
0 10 20 30 40 50

Distance from OET surface (pm)

Figure 2.7 Normalized gradient of field intensity (VE?) as a function of distance from
the OET surface in the center of the illuminated area.

Many of the nanostrucures of interest such as nanowires. carbon nanotubes, and biomaterials
such as bacteria, viruses, and DNA have anisotropic geometries and can typically be modeled as
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cylindrical objects. Therefore, it is important to analyze the DEP force expression for particles
with anisotropic geometries. Cylindrical objects with radius »and length / can be modeled as
elongated ellipsoids with a, b, and ¢ dimensions, where b=c=randa =//2. The effective
dipole moment along the length of the ellipsoid is given by [96]:

22l 5; —5;
o)1 = ., " - " E 2.5
(pﬁ)l 3 |:‘9m+(5p_3m)Lz:l ! (2.5)

wheree” = &— jo/w, subscripts m and p denoting complex permittivity of medium and particle

respectively, and L; is the depolarization factor along the long axis of the ellipsoid. Similar
expressions can be derived for polarization along the short-axis of the ellipsoid. The
depolarization factor is defined by an elliptical integral and for an elongated ellipsoid, it can be
approximated to be [96]:

Ir? % ds 5 o 2 3
Ll_To(s+(1/2)2)”(s+r2)Nzr (e f71=1=2DI0S =0

where,

£ =1=1n2r/1)> 2.7)

For ellipsoids with high aspect ratio (! >> r), we have L; << L, which results in much stronger
polarization along the long-axis of the elongated ellipsoids.

Once the expression of the ellipsoid’s effective dipole moment is known, the DEP force can
be approximated using equation 2.2 as:

271 £, =&, 1
Foep :{ ~ 8"{ . :lEl-v]El :(m; jngV(Elz) (2.8)

3 &+ (8; -& )L,
where
£, — &,
K = (2.9)

- * * *
g, +(5p -¢&,)L,

which is the C.M. factor for ellipsoidal particles. Therefore, the time-averaged DEP force is
given by:

(Fppp) = (ﬂ?jgm Re{K |V(E}) 2.10)

For high aspect ratio ellipsoids, the depolarization factor along the long axis of the particle is
much smaller than depolarization factor for spherical particles (1/3). Therefore, the real part of
the C.M. factor can be much larger than one for elongated ellipsoids (Re{Kgiipsoia} >> 1), as
opposed to the C.M. factor of spherical particles, which has a value between -0.5 to 1 (-0.5 <
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Re{Kspperica}< 1). Therefore, the DEP force for high-aspect ratio ellipsoids is considerably
enhanced compared to spherical particles with similar dimensions. Figure 2.8 shows the value of
the CM factor as a function of the aspect ratio of the particle, assuming a frequency of 100 kHz,
liquid relative permittivity &, = 80 and conductivity o, = 10 mS/m, and particle relative
permittivity ¢, = 12 and conductivity o, = 10 S/m. For an aspect ratio equal to two, such as
spherical particles, the CM factor is 1 (due to high polarizability of the particle assumed here).
However, as the aspect ratio of the particle increases, corresponding to particles with ellipsoidal
and cylindrical geometries, the value of the CM factor increases by 2-3 orders of magnitude, for
aspect ratios over 100.

10° : :
_10% -
@)
5
®
LL
= 3
O 10 ]
O - -
10 0 1 2 3

10 10 10 10
Aspect ratio (I/r)

Figure 2.8 The value of the Clausius-Mossotti factor as a function of the aspect ratio of
the particle.

This enhancement in the C.M. factor value has important implications in DEP manipulation
of particles with anisotropic geometries such as nanowires and carbon nanotubes and we will
explore how it affects the trapping of such objects in the next chapters.

Cylindrical objects in a non-uniform electric field also experience a torque aligning them
with the electric field lines. The torque for cylindrical objects is given by [96]:
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m m

= T o (L, -L)EE, (2.12)

where L, and L; are the deplorization factors in the radius and length direction of the cylinder,
respectively, and Ej; and Ej, are the electric field in the radius and length direction of the
cylinder.

When objects move in a liquid medium, a net hydrodynamic force opposes the motion, this
force is typically referred to as the drag force. The approximate drag forces for a spherical
particle and a cylindrical object moving perpendicular to its long-axis are given by [97]:

F

Drag

=071V 44 (2.13)
oo 87r771vdmg
e (21n(21/r)-1)

(2.14)

where 7 is the viscosity of the surrounding medium. When objects are transported using the DEP
force in a liquid medium, we can calculate the velocity of the particles due to the DEP force by
equating the DEP force to the drag force:

Frep = Fuug 2.15)

Using this formula and equations 2.3 and 2.10 for the DEP force on spherical and elongated
ellipsoidal particles, respectively, we can calculate the velocity of these particles due to the DEP
force in the OET device.

Figure 2.9 shows the velocity due to the DEP force as a function of the distance from the
center of the illuminated area for a spherical particle and an elongated ellipsoid. The liquid
conductivity is assumed to be 1 mS/m and an AC voltage of 10Vpp at 100kHz is applied to the
device. The average gradient of field intensity for each particle is calculated at a distance equal
to half the length of the particle from the OET surface. The spherical particle is assumed to be a
polystyrene bead with 10 um diameter, relative permittivity ¢, = 2.56, and conductivity much
lower than the liquid medium, this results in a CM factor close to -0.5. Therefore, the polystyrene
bead experiences a negative DEP force. The dotted portion of the speed calculation in Figure 2.9
for the spherical particle does not present valid simulated velocities. This is because the vertical
negative DEP force component will cause the particle to rise off the OET substrate near the beam
center. This occurs when the vertical DEP component and buoyancy forces balance one another
which occurs at around 18 pum from the beam center according to the experiments. As discussed,
horizontal DEP force drops dramatically as we move away from the OET surface. Therefore,
once the particle leaves the surface, the particle often slips over the light pattern and results in the
loss of particle control. Therefore, the DEP-induced velocity is only meaningful for distances
from the beam center at which the particle still remains on the OET surface.
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Figure 2.9 Velocity due to optically-induced DEP force in the OET device as a function
of the distance from the center of the trap for a spherical particle, 10 um in diameter
(black) and an elongated ellipsoid, 5 pm in length and 100 nm in diameter (green).

The elongated ellipsoid particle is assumed to be 5 um in length, 100 nm in diameter with
relative permittivity ¢, = 12 and conductivity 0, = 1 S/m, which results in a C.M. factor of
approximately +640, therefore, the particle will experience a positive DEP force. As opposed to
the polystyrene bead case, the DEP force is attractive for the elongated particle assumed here and
the particle is pulled down towards the OET surface. Therefore, the large velocities in the
illuminated area present valid simulated velocities. As we will discuss in future chapters, many
nanoscale particles such as nanowires and carbon nanotubes have similar physical properties and
can be modeled as elongated ellipsoids.

In summary, even though the elongated ellipsoidal particle has approximately 10,000%
smaller volume relative to the spherical particle, they both experience DEP forces of similar
magnitude in the OET device. There are three main reasons for this: First, the elongated particle
has a much larger C.M. factor due its anisotropic geometry. Second, due to its higher
polarizability relative to the liquid medium, the elongated particle experiences a positive DEP
force and is attracted towards the illuminated area. In contrast, the spherical particle experiences
a negative DEP force and is pushed up from the OET surface before it can reach the high field
intensity region in the illuminated area. As we will see in future chapters, the nanostructures
studied in this work experience attractive DEP forces due to their higher polarizability relative to
the liquid medium. In fact, our analysis here suggests that DEP manipulation of nanoparticles
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with negative DEP response would be challenging. However, this also presents an opportunity
for separation and purification of nanoparticle solutions composed of particles with negative and
positive DEP responses. Third, the gradient of field intensity drops rapidly as the distance from
the OET surface increases, as shown in figure 2.7. Therefore, due to its smaller length, the
elongated particle settles closer to the OET surface and experiences stronger average field
intensities relative to the spherical particle. As we will see in Chapter 5, this is an important
effect for spherical nanoparticles which are immersed in the high field region near the OET
surface.

2.4.3 Light-actuated AC Electroosmosis (LACE)

The application of an electrical potential to an ionic fluid results in the formation of an
electrical double layer. If a tangential electric field component is present in the double layer
region, ions in the layer will move in response to this field. The velocity of these ions is referred
to as the slip velocity and is expressed by the Helmholtz-Smoluchowski equation [98]:

gm éEt
n

Vsiip =~ (2.16)

where ¢, is the permittivity of the liquid, { is the zeta potential (defined as the voltage drop
across the electrical double layer), E; is the tangential electric field, and # is the fluid viscosity.

Electro-osmotic flows have been used in applications such as microfluidic pumps [99] and
are generated using either a DC bias [100, 101] or an AC bias [102]. In the case of AC Electro-
osmosis flow, the ionic charge at the surface of the double layer switches polarity in response to
the applied AC field and results in a steady state motion of the ions in one direction. AC electro-
osmosis also exhibit frequency dependence which arises from the fact that the electrical double
layer acts as a capacitor and, therefore, has an intrinsic roll-off frequency. Above this critical
frequency, the double layer can no longer sustain a voltage drop across itself and the zeta
potential, along with the slip velocity, approach zero.

In the OET device, the creation of a virtual electrode upon localized illumination results in a
tangential electric field which produces a slip velocity, resulting in light induced AC Electro-
osmosis (LACE) flows [103].

In order to model this effect, an equivalent circuit model, shown in Figure 2.10a, is used to
extract the zeta potential. In this model, the electrical double layer is treated as a simple parallel
plate capacitor in series with resistors accounting for the liquid layer and a-Si:H layer. The
double layer capacitance depends on its thickness, which is a function of the liquid conductivity.
This relationship, described by Gouy-Chapman theory, is governed by the following equation

[104]:
-1/2
g 20'mzze
= 1 kT (2.17)

where g, is the liquid conductivity, x, is the bulk ion mobility (8x10™® m*/(V.s) for KCl), z is the
valence of the ion (e.g. 1 for KCI), e is the charge on an electron, & is Boltzmann’s constant, and
T is the temperature. We assume that o, = e,umno, where 1’ is the bulk ion concentration. Figure
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2.10b shows the dependence of the electrical double layer thickness on the liquid conductivity.
For a 1 mS/m solution, the double layer thickness is calculated to be approximately 25 nm.
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Figure 2.10 (a) Equivalent circuit schematic of LACE. Ions in the electrical double layer
respond to tangential electric resulting in a slip velocity. (b) Electrical double layer
(EDL) thickness versus KCl conductivity. (c) Fluid flow pattern due to LACE in the
absence of other forces at 1 kHz. (d) Fluid velocity due to LACE versus frequency. (©
IEEE [68])

Once the zeta potential is known, the tangential electric field is extracted from finite-element
simulations and a slip velocity is calculated. This velocity is entered into the Navier-Stokes
equation as a boundary condition at the a-Si:H/liquid interface. The resulting fluid flow pattern is
shown in Figure 2.10c. Similar to AC -electro-osmosis, LACE also exhibits frequency
dependence; Figure 2.10d shows the maximum fluid flow due to LACE versus frequency.

2.4.4 Electrothermal Flow

The energy of incident photons absorbed in the a-Si:H is dissipated through either electron-
hole pair or phonon generation. The latter can be modeled as a localized heat source in the a-Si:H
layer. Additionally, joule heating in the liquid occurs from the applied electric field according to
the equation:
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W=0cE’ (2.18)

where W is the power generated per unit volume and g, is the conductivity of the medium.

The generated heat results in a gradient in electrical permittivity and conductivity in the
solution. In turn, these gradients interact with the surrounding electric field to produce a body
force on the surrounding liquid. The time averaged force per unit volume on the liquid is given
by the following equation [105]:

1 o
<fET>=ERe|:(%(KE —Kg)j(VT-E)E }—E‘E‘ZKEE,"VT (2.19)

where x, and k. are empirical constants which represent the percentage change per unit
temperature in conductivity and electrical permittivity, respectively. For typical electrolytes, x, =
2% K and x, = -0.4% K" [105].

The simulated fluid temperature distribution in the OET device for a 1 mW laser with a 20
um beam diameter (250 W/cm?) at a bias of 20 Vpp is shown in Figure 2.11a. The maximum
temperature increase is about 2.4 K. By calculating the temperature distribution for a given
optical power density and bias, equation 2.19 can be entered into the Navier-Stokes equation as a
perturbing force and the resulting fluid flow can be observed (Figure 2.11b). The maximum fluid
velocity versus optical power (in the absence of all other effects) is shown Figure 2.11c¢. It is
important to note that the effects of ET flow will be dominant at high optical power densities
(higher temperature gradients) and high electric fields.
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Figure 2.11 (a) Temperature increase distribution due to a 1 mW laser focused to a 20
um spot size. (b) Simulated flow due to electro-thermal effects. (c) Dependence of ET
fluid velocity on incident optical power. (© IEEE [68])
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2.4.5 Electrolysis

The electrolysis effect is observed in the OET device when a DC voltage or an AC voltage
with frequency below 1 kHz is applied to the device. The formation of bubbles due to
electrolysis interferes with the OET operation and can potentially damage the photoconductive
layer; therefore, operational regimes at which the electrolysis can occur are usually avoided.

2.4.6 Buoyancy

The density of a liquid is a function of temperature. Therefore, a localized temperature
gradient can result in a fluid density gradient which, under the influence of gravity will result in
fluid flow. This flow can be characterized by the following equation [106]:

P
oT

fe = AT-g (2.20)

where, p,, is the fluid density, 47 is the change in temperature, and g is the acceleration due to
gravity (9.8 m/s?).

Unlike the other effects mentioned already, this flow can occur in the OET device in the
absence of an applied bias. Thus, given a high enough temperature gradient, it is possible to
move objects in the absence of applied bias.

This force, like the ET force, is entered into the Navier-Stokes equation as a fluidic
perturbation. The resulting fluid flow is shown in Figure 2.12a. The maximum fluid velocity
versus optical power density is shown in Figure 2.12b. The magnitude of buoyancy driven flow
is much less than the other effects. Therefore, we do not expect buoyancy to play a role in OET
operation except in the absence of external biasing.
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Figure 2.12 (a) Simulated fluid flow due to buoyancy effects. (b) Dependence of
buoyancy fluid velocity on optical power. Note that the fluid velocity due to buoyancy is
much smaller than that imposed by the other effects. (© IEEE [68])

2.4.7 Figure of merit

In order to determine which of the aforementioned effects is dominant for a given set of
device and bias conditions, a figure of merit has been developed. Since all of the effects
described eventually manifest themselves as a fluid or particle velocity, it makes sense to use this
factor as a means for comparison. Specifically, we can compare the speed due to DEP force to
that induced by other effects in the fluid. Thereby, we define a dimensionless value f for each
point in the liquid as:

ﬂ XDEP - XEXT - <XBR0WN]AN>

2.21
Xpep + Xpxr + <X BROWN]AN> ( )
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where Xpgp, Xpxr, and (X gropniay) refer to the distance the particle travels in one second due to

DEP force, external forces (LACE, ET, and Buoyancy), and Brownian motion, respectively. The
average distance a spherical particle travels in one second due to Brownian motion is defined as
[107]:

kT
3znr

<X BROWN]AN> = (2.22)

Therefore, a f value close to 1 corresponds to near complete dominance, or control, by the
DEP force. Likewise, a £ value near -1 indicates DEP force has little control over the particle
motion.

Applying this definition of f to the simulation grid, we can calculate a value of f for each
point in the mesh. It is therefore necessary to reduce this array of f values down to a single
number, or figure of merit. Thus, we define a number B as:

1

=— j fdxdy, x €[-1,1],y €[0,d] 2.23)
A

where r is defined as the control radius, d is the thickness of the liquid layer, and 4 is the area of
integration equal to 2 X r x d. The control radius is determined by the greatest radius from the
beam center at which particle perturbation is expected, since fundamentally, ignoring other
effects, DEP can induce a particle velocity at a distance. Therefore, B is an average value of
over a predefined area and has a value between -1 and 1 which can be interpreted as the extent of
DEP control for a given set of parameters. Figure 2.13 shows the experimental and simulated
results for various OET operational regimes. Simulated values of normalized B are plotted on a
contour plot while experimental results are overlaid as points. The experimental results follow
the B contour lines quite well. It appears that, for this liquid solution, a normalized B value of
greater than 0.8 results in DEP actuation. DEP actuation, as predicated by the theory, is
overcome by LACE at low frequencies, ET at high optical powers, and both LACE and ET at
high optical powers and low frequencies. Therefore, it appears that to ensure DEP dominance
over external effects (e.g. LACE, ET, Buoyancy) the OET device should be operated at
frequencies above the LACE cutoff (~1 kHz for 1 mS/m solution) and low optical powers (less
than 1 kW/cm?) to prevent ET flow effects.
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Figure 2.13 Overlay of observed dominant effect with theoretical predictions for I mS/m
at (a) 20 Vpp and (b) 10 Vpp. (© IEEE [68])

2.5 Summary

In this chapter, we have described the optoelectronic tweezers device and characterized the
various electrokinetic forces present in the OET device. There are three main operational regimes
in the OET device: dielectrophoresis (DEP), electro-thermal (ET) flow, and light-actuated AC
electro-osmosis (LACE). These different operational regimes can be achieved in OET by tuning
the parameters such as optical power and frequency. Figure 2.14 shows which effect dominates
in the OET device as a function of optical power and frequency.
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Figure 2.14 OET operational regimes as a function of optical power and frequency.

In the next chapters, we will take a closer look at applications of the OET device to nanoscale
particles and explore the use of the various electrokinetic effects introduced in this chapter, in

particular light-induced dielectrophoresis, for manipulation, assembly, and patterning of various
nanostructures.
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Chapter 3 Dynamic Manipulation and
Separation of Individual
Seminconducting and Metallic
Nanowires

3.1 Motivation

In the past decade, many synthesis techniques have been developed to create nanowires with
various material properties and shapes. Nanowires unique physical properties make them
attractive candidates for fabrication of a range of novel high performance electronic and
optoelectronic devices. However, heterogeneous integration of nanowires requires development
of techniques for manipulation of individual nanowires with arbitrary composition. Current
integration techniques either lack the capability to manipulate nanowires in a large-scale and
flexible fashion or are unable to address individual nanowires. In this chapter, we will
demonstrate the use of OET for large-scale and dynamic manipulation, assembly, and separation
of individual nanowires, therefore, establishing OET as an important optoelectronic method for
heterogeneous nanowire organization.

3.2 Manipulation of Nanowires
3.2.1 Modeling and Simulation

As mentioned before, OET works based on the optically-induced dielectrophoresis (DEP)
principle. Since the magnitude of the DEP force scales with the volume of the particle, OET
trapping of particles becomes more challenging as their size reduces. However, there are a
variety of factors that can be exploited to overcome this challenge. As discussed in section 2.4.2,
the theory of dielectrophoretic trapping [96] suggests that one way to manipulate objects with
sub-micron dimensions is to work with highly elongated structures, where two dimensions of the
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particle can be significantly below 100 nm, while the third dimension is on the order of
micrometers. This can be seen bu modeling the force using an elongated ellipsoid model [96],
the DEP force for a nanowire is given by equation 2.10. For nanowires that are much more
polarizable than the surrounding media and have high aspect ratios, the C.M. factor can be much
larger than 1.

Figure 3.1a shows the schematic of the electric field distribution around a nanowire inside
the OET device. Using the finite element simulations to approximate field gradients we can
estimate the corresponding forces on suspended nanowires. We can also compare the magnitude
of the DEP force on a nanowire (length = 5 pm) and a spherical particle over a range of radii,
assuming the same field intensity for both cases (Figure 3.1b). It is evident that the nanowire
experiences a DEP force two to three orders of magnitude larger than the spherical particle. The
reason for this enhancement in the nanowire DEP force relative to the spherical particle is two
fold: first, one of the dimensions of the nanowire (length) is larger than the spherical particle and
second, the increase in the C.M. factor of the nanowire results in higher DEP forces. Moreover,
the C.M. factor is a function of the aspect ratio and has a larger value for higher aspect ratios
(smaller radii). The C.M. factor is also a function of relative polarizability of the particle to the
liquid medium. The inset of Figure 3.1b shows the simulated values of the C.M. factor for a
nanowire of length 5 um and radius 50 nm for different values of nanowire resistivity over a
range of frequencies. As the resistivity of the nanowire is reduced from 390 Q.cm to 10 Q.cm,
the C.M. factor is increased by roughly 4x.

From these simulations, it is expected that the increase in the DEP force due to their
anisotropic geometry makes it possible to trap individual nanowires with two dimensions in the
nanoscale. We will explore this possibility experimentally in next sections.
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Figure 3.1 (a) Optoelectronic tweezers device structure with an individual nanowire
trapped at the laser spot. (b) Comparison of the DEP force of a 5-pm-long nanowire and a
spherical particle as a function of radius. The inset shows the calculated values of
Clausius-Mossotti factor over a range of frequencies for different nanowire conductivities
(for a nanowires with 5 pm length, and a 50 nm diameter).

3.2.2 Nanowire Samples

Before we move on to experimental trapping of nanowires, we will briefly describe the
nanowire samples used in the experiments. Silicon nanowires were grown using the vapor-liquid
solid (VLS) method through chemical vapor deposition of silicon tetrachloride (SiCls) onto a
silicon wafer, which was gold coated by e-beam evaporation of Au, in a 850°C furnace for
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approximately 30 minutes [108]. Figures 3.2a and 3.2b show the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) images of the silicon nanowire
samples.

Figure 3.2 (a) Transmission electron microscopy (TEM) images of the silicon nanowire
samples at 2.9K and 41K magnifications. (b) Scanning electron microscopy (SEM)
images of silicon nanowire samples at 10.1K magnification.

The TEM images indicate that the nanowire samples do not have any noticeable gold catalyst
residues on their surface. In addition, there is a thin layer of oxide, a few angstroms in size, on
the surface of the nanowires. Using the SEM images, we can characterize the radius and length
of the silicon nanowires. On average, the silicon nanowires have a radius of approximately 100
nm and length of approximately 5 um. The change in the growth direction is due to cutting off
the gas flow at the end of the growth process.

Another silicon nanowire sample used in certain experiments was prepared by etching a
single crystalline silicon wafer followed by electroless metal deposition [109]. The ability to etch
the nanowires out of a silicon wafer allows for preparation of nanowires with specific doping and
orientations. Figures 3.3a and 3.3b show two TEM images of these nanowires.
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Figure 3.3 (a)-(b) Transmission electron microscopy images of etched silicon nanowire
samples.

It is evident from the TEM images that the surfaces of these wires are rougher than the wires
grown using the vapor-liquid-solid (VLS) method. The diameter and length of the wires are
harder to control using this method, and are typically from 50-150 nm and 5-50 pm, respectively.

Silver nanowires used in the experiments were prepared using poly(vinyl pyrrolidone) (PVP)
as the capping agent [110] and were found to have diameters of 80 to 100 nm, and lengths from 1
to 10 um.

3.2.3 Manipulation of Individual Nanowires

To determine whether OET forces could address nanowires suspended in a fluid matrix, we
transferred an aqueous suspension of silicon nanowires to a device chamber. Figures 3.4a-c show
the process of trapping an individual silicon nanowire using a 633 nm HeNe laser (10 um
FWHM and 100 W/cm?). In Figure 3.4a there is no voltage applied across the device and the
nanowire undergoes Brownian motion. Once the voltage is applied (Figure 3.4b), the long axis
of the nanowire aligns with the electric field in a fraction of a second, due to the torque
experienced by elongated objects in electric fields, and the nanowire follows the laser trap as the
beam is manually scanned across the stage (Figure 3.4c). Maximum trapping speeds for an
individual silicon nanowire with 100 nm diameter and 5 um length approach 135 pum/s with a
peak-to-peak trapping voltage of 20Vpp. This is approximately 4 times the maximum speed
achievable by optical tweezers [20] and is reached with five to six orders of magnitude less
optical power density than optical tweezers.

33



Silicon NW

Voltage Off

Silicon NW
Aligned,
moving into trap

Voltage On

Silicon NW
Transported

-
’

Figure 3.4 Trapping of an individual silicon nanowire using a laser spot. (a) No voltage
is applied across the device, and the nanowire undergoes Brownian motion. (b) The
voltage is applied, the long-axis of the nanowire aligns with the electric field and the
nanowire moves into the trap. (¢) The nanowire follows the laser trap position.

To characterize the OET trap, we can measure the trap stiffness as shown in Figure 3.5. The
stiffness (k) is measured by measuring the relative displacement of the nanowire for negative and
positive displacements for different translation speeds. The translation speed of the nanowires is
used to calculate the DEP force (Fpgp) by equating the drag force to the DEP force, as discussed
in section 2.4.2. By dividing the DEP force by the displacement, we can calculate the trap
stiffness to be 0.16 pN/um for a silicon nanowire with 100 nm diameter, 5 um length and a
maximum speed of 50 pum/s at 15 Vpp voltage. A 100 uW trapping source was used for
measuring the trap stiffness which gives an OET trap stiffness figure-of-merit of 1.6x10°
N/(mxmW), which is approximately two orders of magnitude larger than trap stiffness figure-of-
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merit of optical tweezers [20]. Therefore, OET can achieve comparable trap stiffnesses to optical
tweezers with 100x less optical power, resulting in a 100x larger figures of merit.
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Figure 3.5 Measurement of the trap stiffness for a silicon nanowire. The trap stiffness
for a silicon nanowire with 100 nm diameter and 5 um length is measured to be ~0.16
pN/um for an applied voltage of 15 Vpp and a maximum translation speed of 50 pm/s.
For 100 pW trapping source, the OET trap stiffness figure-of-merit translates to 1.6x10
N/(mxmW).
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As mentioned in Section 2.3, fundamentally, the size of the OET trapping potentials are
diffraction-limited. However, Brownian motion displacement is inversely proportional to size of
the particles, as shown in equation 2.22, and can play a more significant role in positioning
accuracy of trapped objects as the size of the particle is reduced. To characterize the effect of
Brownian motion in case of nanowires, we have used particle tracking image analysis [111].
Figure 3.6 shows the process of trapping a single silicon nanowire and the corresponding
nanowire trajectory. A single silicon nanowire undergoes Brownian motion in the field of view,
covering an area of 28.9 um? (Figure 3.6d), once a trapping laser is positioned near the nanowire,
it is attracted toward the laser (Figure 3.6¢) and moved to a final location (Figure 3.6b). The
nanowire is localized inside the trap to an area less than 0.22 um” due to Brownian motion.
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Figure 3.6 Manipulation trajectory of an individual silicon nanowire. (a) Measured
trajectory of a single silicon nanowire. (b) while the nanowire is in the trap (spans an area
of 0.22 um?). (c) as the nanowire is trapped by the laser trap and transported to a new
location. (d) as the nanowire undergoes Brownian motion (spans an area of 28.9 um?).

In addition to trapping single nanowires, it is possible to trap multiple wires simultaneously
in a given area, simply by adjustment of the optical spot’s size (Figure 3.7).

36



Voltage Off

Voltage On

Figure 3.7 Collection of a large number of silicon nanowires. (a) There is no voltage
applied to the OET device and nanowires undergo Brownian motion. (b) Once the
voltage is applied the nanowires’ long-axis aligns with the electric field simultaneously.
(c) Nanowires follow the laser trap as it is scanned across the stage.

In addition to trapping semiconductor nanowires, OET is also capable of trapping and
manipulating metallic (silver) nanowires. Prior experiments with a single-beam infrared laser
trap has showed that high laser powers led to intense heating and scattering forces that prevented
the optical trapping of silver nanowires [20]. Silver nanowires were found to show interesting
OET trapping characteristics (Figure 3.8) due to their very high polarizability which forces them
to align strongly with the electric field present in the liquid layer. Figure 3.8b,c show the process
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of trapping three silver nanowires over a period of 4 seconds. It is interesting to note that the
silver nanowires are trapped in the laser spot at an angle, as depicted in Figure 3.8a. The trapping
angle, 6, of silver wires in the OET potential (Figure 3.8c) is measured to be approximately 74°

using the relation
L
6. =cos” (L—tj 3.1)
(8)

where L, equals the total length of the horizontal, non-trapped nanowire and L, equals the
observed length of the nanowires once they are in the trap. The silver nanowires are trapped in
the region of highest electric field gradient and it is expected that they align to the electric field
in that region due to their high polarizability. Using the simulated values for VE* (Figure 3.8a),
we also calculate, &., the angle of the electric field in high-VE® region and find it to be
approximately 64°, which is within 15% of the experimentally measured value.
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Figure 3.8 (a) Simulation of VE ? (color plot) and the electric field (arrows) for a 50kHz,
8V peak-to-peak bias applied to the device. The electric field in the area of highest
VE? (where the wires are trapped) is calculated to have an angle of 6, = 64° with the
OET surface. (b) No voltage is applied to the device, therefore the silver nanowires
undergo Brownian motion and are not attracted to the laser spot. (c) Once the voltage is
turned on the nanowires align with the electric field and are trapped in the laser spot at an
angle of approximately 8,, = 74° which is within 15% of the calculated value.

3.2.4 Immobilization of Trapped Nanowires

The ability to preserve the position and orientation of OET-trapped nanowires is critical for
enabling later post-processing steps, such as the deposition of metallic contacts. In this section,
we will explore one possible way to achieve this for OET-trapped nanowires. Poly(ethylene
glycol) diacrylate (PEGDA) is a UV-curable polymer [112, 113] that forms a three-dimensional
polymer matrix in the presence of a UV source and a photoinitiator material (Figure 3.9).
Exposure to UV illumination starts the polymerization process by creating free radicals from the
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photoinitiator that attack the PEGDA molecules forming new free radicals and resulting in a
chain reaction.
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Figure 3.9 The process of PEGDA chain reaction is started using a photoinitiator.
Exposure of the photoinitiator to UV source forms free radicals that attack the PEGDA,
forming more free radicals, resulting in a chain reaction.

The transport and mechanical properties of PEGDA are customizable through adjusting the
molecular weight and polymer percentage of the solution. In addition, high water content and
tissue-like mechanical properties of PEGDA makes it a biocompatible material. PEGDA can be
mixed with liquid solution containing the nanowires to enable immobilization of nanowires
positioned at desired locations by exposure to a UV source. Figure 3.10 shows trapping and
immobilization of a single silver nanowire in a PEGDA solution. The silver nanowires are
dispersed in a solution containing 20% w/v PEGDA and 0.2% w/v photoinitiator (Irgacure
2959). After the solution is introduced into the OET chamber, the silver nanowires can be
trapped and transported in the PEGDA solution. Once desired positioning is achieved, it is
possible to freeze the nanowires in place in 3-4 seconds, by introducing a UV source (325 nm, 8
mW HeCd laser) from the top transparent ITO electrode and starting the polymerization process.
Since PEGDA forms a three-dimensional matrix in the area that UV is present in such short time
span, the orientation of the trapped wires is preserved in the immobilization process. One adverse
effect of using PEGDA is that the presence of PEGDA increases the conductivity of the liquid
approximately 6x the optimal liquid conductivity for nanowire manipulation which screens the
polarizability of the nanowires, decreasing the DEP force that nanowires experience. In addition,
PEGDA increases the viscosity of the solution, decreasing the translation speed of the nanowires
further.
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Figure 3.10 In-situ trapping and immobilization of an individual silver nanowire in a
photocurable polymer matrix. A single silver nanowire is transported using OET in
PEGDA photocurable polymer solution. Once the nanowire is positioned at the desired
location, the manipulation area is exposed to a UV source (325 nm, 8 mW, HeCd laser),
polymerizing the hydrogel solution and fixing the wire in place. After the polymerization
the nanowire does not undergo Brownian motion and the laser trapping source is unable
to move the nanowire. In addition, after turning off the AC potential, the nanowire’s
position and orientation are unaffected.
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3.2.5 In-situ Raman Measurement of OET-trapped Nanowires

As mentioned before, OET optical manipulation setup can be integrated with other
optical characterization techniques such as Raman spectroscopy. In-situ Raman spectroscopy
has been used by other manipulation methods such as optical tweezers to study biological
cells, micro and nanostructures [3,4]. However, OET’s low required optical power density,
large working area, and ability to massively manipulate cells in liquid buffer makes it highly
biocompatible [1]. Therefore, OET-trapped nanostructures can be used for future non-
invasive probing and imaging applications. In addition, in-situ Raman measurements of OET-
trapped individual nanowires will be useful for sorting and separating nanowires of different
compositions, sizes, surface functionalities, as well as for creating arrays of single nanowires
of alternating properties.

Figure 3.11a shows the experimental setup for Raman measurements of trapped silicon
nanowires. The liquid buffer containing the silicon nanowires (100 nm diameter, 10-20 um in
length) was introduced into the OET device. In this case, the same trapping laser (830 nm, 20
mW) has also been used for excitation of Raman signal. At first, no voltage was applied to the
device and the nanowires were undergoing Brownian motion. Once the voltage was applied to
the device, a single silicon nanowire was attracted to the laser spot. Upon trapping of the
individual silicon nanowire, the silicon Raman peak was observed in the Raman spectra
(Figure 3.11b). The Raman peak, approximately 520 cm™, agrees with typical reported values
for silicon nanowires [5].
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Figure 3.11 (a) Experimental setup for Raman measurement of an individual silicon
nanowire: a diode laser (830 nm , 20 mW optical power) is focused onto the OET surface
using a 20% objective. An AC voltage of 15 Vpp at 100 kHz is applied across the device.
The Raman signal is collected using a spectrometer and a CCD camera. (b) No Raman
signal was detected in the absence of an AC voltage (dotted line). Once the voltage was
applied, an individual silicon nanowire was attracted to the laser and the silicon Raman
peak was detected (solid line).



3.3 Separation of Semiconducting and Metallic Nanowires

As mentioned before, the strength of the DEP force depends on the relative permittivities and
conductivities of the nanowire and suspension medium. Therefore, in the case of semiconducting
(silicon) nanowires versus metallic (silver) nanowires, it is expected that the silver nanowires
experience a larger DEP force due to their higher polarizabilities. Figure 3.12a shows the
maximum trapping speeds achieved for individual silicon and silver nanowires for a range of
peak-to-peak AC voltages. With an 8 V peak-to-peak AC bias applied across the OET device,
the silver nanowires experience speeds up to 125 um/s while remaining trapped, whereas silicon
nanowires remain trapped only for speeds < 2 um/s. Thus, it is possible to separate silicon and
silver nanowires by adjusting the scanning speed of the trapping laser while using a suitable
peak-to-peak AC bias; so that the silver nanowires will be captured by the laser trap while silicon
nanowires will be left behind. Figures 3.12b-d show the process of separating an individual silver
nanowire from a silicon nanowire. The silver nanowire is aligned with the electric field even at 8
V peak-to-peak due to its high polarizablitliy, whereas the silicon nanowire is not aligned. A line
laser is used to trap the silicon and silver nanowires (Figure 3.12b) and as the laser is scanned
across the stage, the silicon nanowire is left behind whereas the silver nanowire stays with the
trap (Figure 3.12d). In addition, control experiments were performed using silicon nanowires of
comparable or larger lengths than the silver nanowires and the same separation effect was
observed. We expect this approach to nanowire separations may also be extended to the
separation of semiconducting and metallic carbon nanotubes. Despite the smaller cross sectional
area of carbon nanotubes and the 7 dependence of Fpgp, the increased aspect ratio and higher
electrical conductivity of carbon nanotubes suggest OET as a promising direction for nanotube
separations. We will explore the OET manipulation of carbon nanotubes in Chapter 4.
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Figure 3.12 Separation process of an individual silver nanowire from an individual
silicon nanowire by adjusting the scanning speed of a line laser. (a) Maximum
experimental trapping speed for an individual silicon and silver nanowire over a range of
peak-to-peak AC voltages. Due to the high polarizability of silver nanowires, at 8V peak-
to-peak, the silver nanowires experience speeds up to 125 um/s while silicon nanowires
only experience speeds less than 2 um/s. The solid lines in the plot are quadratic fits to
the experimental data points. (b) Both silver and silicon nanowires rest in the stationary
trapping potential. (c) The translation of the line potential begins the separation. (d)
Scanning of the laser line with speeds greater than approximately 2 pm/s causes final
separation of the silver and silicon nanowires.

3.4 Large-Scale Assembly of Nanowires

Recently there has been interest in vertically aligned nanowire arrays for solar energy
conversion [114], thermoelectric cooling [115], and vertical field effect transistor [116]
applications. One powerful aspect of OET is its ability to perform large-scale assembly of
objects with a digital micromirror device (DMD) [57]. Figures 3.13a-b show examples of large-
scale assembly of nanowires using real-time dynamic trapping. Figure 3.13a shows the
formation of a 5x5 array of single silver nanowires which are individually addressable in real-
time. Another approach to formation of large-scale arrays of nanowires is to use larger trapping
patterns. Figure 3.13b shows the process of tuning the density of silver nanowires trapped by
varying the size of a rectangular trapping pattern in real-time. It is interesting to note that when
multiple wires are trapped in a single potential, they are observed to repel each other and fill the
active trapping pattern due to dipole-dipole interactions. We will study this dipole-dipole
interaction in detail in the next section.
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Figure 3.13 Large-scale manipulation of silver nanowires using traps created with a
digital micromirror spatial light modulator and positioned with a computer-mouse-
controlled GUI. (a) Formation of a 5x5 single silver nanowire array. (b) Large-scale
control of nanowire density by adjusting the size of the trapping pattern. A collection of
more than 80 Silver nanowires is concentrated from an area of approximately 3000 um®
to 2000 pm’. The laser source is filtered out digitally in the images to aid pattern
observation.

3.5 Dipole-Dipole Interactions between Nanowires

Metallic nanowires and nanorods have been used in a variety of novel applications such as
multiplexed biodetection assays [117, 118], molecular sensing [119], nanophotonics [120-122],
and nanomedicine [123] due to their interesting physical and chemical properties. Therefore,
study and characterization of metallic nanowire and nanorod properties is essential to
understanding their behavior in various applications. For example, hydrodynamic and
electrokinetic characteristics of nanowires and nanorods, such as induced charge electroosmosis
(ICEO) [124-128], have been extensively studied and characterized. As we mentioned in the
previous section, another technique that greatly benefits from electrokinetic characterization of
these nanostructures is dielectrophoresis [96] (DEP), which is the operational principle of OET.
In the DEP technique, in addition to interacting with the non-uniform field, the induced dipoles
on nanowires also interact among themselves. When the dipoles line up, they attract each other,
creating a “pearl chaining” effect [96], which has been observed in both micro and nanoparticles
[96, 129-132]. On the other hand, when the dipoles are parallel to each other, the particles will
repel each other. This is a unique feature that can be used to produce self-assembled, equally-
spaced nanoparticle arrays [133].
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Figure 3.14 shows the OET device structure and major forces acting on two OET-trapped
silver nanowires. As mentioned previously, the nanowires experience a positive DEP force
(Forr) and are trapped in the OET-induced potential. However, the induced dipoles of each
nanowire are parallel to each other, resulting in a net repulsive force (Fyjpor) On each nanowire
from the aligned dipoles. This repulsive force repels the nanowires from each other and pushes
them away from the OET trap. Therefore, the nanowires are positioned at the balance-point
between the DEP force and the dipole-dipole repulsive force.
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Figure 3.14 Optoelectronic tweezers (OET) device structure for study of dipole-dipole
interaction between two silver nanowires. The nanowires are pulled towards the trap by
the DEP force (Fogr) and are pushed away from the trap by the dipole-dipole repulsive
force (Fgipote). Once the laser source is removed, the nanowires are no longer held together
by the DEP force and are pushed away from the trap, until the dipole-dipole repulsive
force cannot overcome the Brownian motion.

To study the dipole-dipole interactions between nanowires, a 3-uL solution of silver
nanowires was introduced into the OET device chamber. The silver nanowires, grown using
aqueous reduction of silver ions [110], with 7 um average length and 50-80 nm diameter were
dispersed in a 1:1 ethanol and KCl / deionized water solution with 1-5 mS/m conductivity. A
635-nm diode laser with a measured power of 100 uW at the OET surface was used to trap the
silver nanowires. AC voltages of 5-8 Vpp at 50-100 kHz were applied to the OET device.

Figure 3.15a shows two silver nanowires trapped in the laser spot. Once the laser is turned
off, the nanowires are no longer confined by the DEP force (Fpgp = 0), and are pushed away
from the trap by the repulsive dipole-dipole force. The trajectories of the nanowires, shown in
Figure 3.15b, were extracted using a Matlab-based particle tracking software. The nanowires are
displaced by an average distance of ~3+0.6 um along the x-direction due to the repulsive dipole-
dipole force. Since the dipole-dipole force falls off rapidly with the distance between the
nanowires, the maximum net repulsive force on one wire can be calculated by measuring the
maximum nanowire displacement per unit of time, immediately after the trapping source is
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removed. Figure 3.15c¢ shows the x-displacement of the two nanowires in Figure 3.15a versus
time. The nanowires experience a maximum repulsive speed of approximately 5.5+1 pm/s
immediately after removing the trap. To estimate the repulsive force magnitude, we can calculate
the drag force acting on the nanowire and equate the dipole-dipole interaction force (Fiipore) to
the drag force which results in a maximum Fl;,,. on the nanowires of approximately 0.1+0.02
pN.

A similar repulsive response is observed for four OET-trapped nanowires as depicted in
Figure 3.15d, the extracted trajectories of the nanowires are overlaid on the 4 seconds frame. The
average displacement of the four nanowires due to dipole-dipole force is approximately 10+0.8
pm.
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Figure 3.15 (a) The process of dipole-dipole repulsion between two OET-trapped
nanowires (2.2 pm apart). In the beginning the nanowires are trapped. Once the laser trap
is removed the nanowires repel each other. The time stamps indicate the time elapsed
since the laser removal. (b) The trajectory of the two nanowires. The initial position of
nanowires] is used as the origin. (¢) The x-displacement of the two nanowires versus
time due to dipole-dipole repulsion. The magnitude of the dipole-dipole repulsive force
(Faipole) can be calculated by measuring the initial speed of the nanowires immediately
after the trap removal which is 5.5+1 pm/s. This speed corresponds to a force of Fgipore =
0.11%0.02 pN. (d) The dipole-dipole repulsion process for four OET-trapped NWs. The
white trajectories on the 4s frame indicate the extracted trajectories of four nanowires
after removing the OET trap.

Another interesting aspect of the dipole-dipole interaction is that multiple nanowires
confined in the same OET trap will spontaneously assemble into patterns with the lowest
potential energy. This is observed experimentally, where two nanowires trapped by OET form a
line, three nanowires form an equilateral triangle, four nanowires form a square, and five
nanowires form a pentagonal structure (Figure 3.16a-d). These regular nanowire patterns present
stable arrangements with the lowest possible potential energy. Figure 3.16e-g shows the process
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of adding a nanowire to the two nanowire structure to make a triangle. In the beginning there are
two nanowires in the trap forming a line (NWs 2,3) and a third nanowire (NW1) is attracted to
the OET trap from the bottom of the screen. Once NW1 reaches a distance of ~4.4 um from
NW3, the dipole-dipole repulsive force of the two nanowires pushes them in the opposite
direction and self-organizes the three nanowires in the form of a rectangle.
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Figure 3.16 Formation of smallest possible energy systems by nanowires trapped using
OET. Formation of (a) a line for two nanowires trapped (b) an equilateral triangle for
three nanowires trapped (c) a square for four nanowires trapped, and (d) a pentagonal
structure for five nanowires trapped. The trapping laser source is filtered out in the
images. (e-g) show the process of addition of a nanowire to the two nanowire ensemble.
(e) NW1 is attracted to the OET trap from the bottom of the screen. (f) Once NW1
reaches a distance ~4.4um from NW3, (g) it pushes NW3 to the side and three NWs re-
assemble to form a triangle structure in the trap. (h) trajectories of the three nanowires.
The arrows indicate the direction of the nanowires motion.

3.6 Assembly of Nanowires using Lateral Field OET (LOET)

As we have seen in previous sections, in addition to the DEP force, the nanowires experience
a torque which aligns their long-axis with the electric field. In the conventional OET device, the
field lines are perpendicular to the bottom and top surfaces. Therefore, elongated particles are
manipulated perpendicular to the device surface. Though this feature is desirable in forming
highly aligned nanowire arrays, as discussed in Section 3.4, for many applications such as
fabrication of electronic and optoelectronic devices, it is desirable to manipulate and position
nanowires in a lateral fashion. A new version of the OET device called lateral-field
optoelectronic tweezers (LOET) [71] has been developed to enable lateral manipulation of
objects. Figure 3.17 compares the device structure for conventional OET and lateral-field OET
(LOET). LOET is able to dynamically manipulate objects laterally by patterning the bottom a-
Si:H surface in the form of interdigitated electrodes and applying an AC bias between the
electrodes. This results in electric field lines in parallel with the manipulation plane and
simplifies the assembly process.
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Figure 3.17 (a) Conventional and (b) Lateral-field OET device structures and simulated
electric field lines for each case. (© Optical Society of America [76])

Figure 3.18a-d shows the process of trapping and translation of a single silicon nanowire
using LOET with an applied voltage of 5 Vpp at 50 kHz. In the beginning there is no voltage
applied to the device and the nanowire is undergoing Brownian motion. Once the AC voltage is
applied, the nanowire is attracted to the laser spot and can be translated. The long-axis of the
wire remains aligned with the lateral electric fields created between the interdigitated electrodes.
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Figure 3.18 Trapping and transport of a single silicon nanowire using lateral
optoelectronic tweezers (LOET). (© Optical Society of America [76])

One application of LOET assembly has been demonstrated in formation of RGB pixels for
low power display applications for a variety of devices including cell phones. Current display
technologies such as liquid crystal displays (LCDs) and organic light emitting diodes (OLED)
suffer from poor efficiencies (5-10%) or short lifetimes, respectively. Therefore, semiconductor
nanowire LEDs offer an attractive alternative due to their long lifetime and low-cost synthesis.
However, the main challenge in using nanowires is to find methods capable of heterogeneous
integration of nanowires with different materials. As discussed previously, OET presents an
optofluidic method for addressing this challenge. To assemble an RGB pixel, CdSe (A = 685nm),
ZnO (A = 518nm), and CdS (A = 496nm) nanowires have been used for red, green, and blue
pixels, respectively. Figure 3.19a-c shows the excitation of each nanowire with a UV light source
(HeCd, 325 nm, 8 mW). Figure 3.19d shows the dark field image of the nanowire array
assembled using a variation of LOET [75, 77]. These results show that LOET can be used as a
tool to manipulate nanowires and heterogeneously integrate them into an array. Potentially, the
nanowire array can be directly assembled on CMOS circuit drivers for a full colour display.
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Figure 3.19 (a) to (c) show the ZnO, CdSe and CdS nanowires being illuminated
successively by the UV laser. These images show that the photoluminescence from these
nanowires is of different wavelength and can hence be used as a RGB pixel. (d) shows a
dark field image of the nanowire array. (© Optical Society of America [75])

3.7 Summary

In its present form, OET offers real-time, parallel, and high-speed manipulation for a broad
range of one-dimensional materials, enabling dynamic positioning, assembly, and rapid
separation of semiconducting and metallic nanowires. However, many challenges remain before
OET becomes viable for large-scale nanowire integration. Manipulation is restricted to the 2D
surface coated by a photoconductive thin film, limiting the construction of 3D heterostructures.
Additionally, wires are observed to adhere to the samples surface through non-specific binding
which limits the ease of manipulation. Though, it has been demonstrated recently that nanowire
surface functionalization is an effective tool to control interactions between nanowires and
surfaces [134] and these methods can potentially be used to reduce the nanowire adhesion.
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Chapter 4 Manipulation of Multi-walled and
Single-walled Carbon Nanotubes

4.1 Motivation

Over the past two decades single- wall and multi-wall carbon nanotubes have been employed
in myriad applications including desalination membranes [135], chemical sensors [136],
additives for high-strength polymer composites [137], field emitters [138], and integrated circuits
[8, 139]. Although an impressive degree of control has been achieved for carbon nanotube
synthesis [140], currently few optical method exists for freely trapping and translating individual
nanotubes in solution, with contemporary approaches typically relying on either
dielectrophoresis (DEP) or single-beam laser tweezers. However, OET is particularly well suited
for trapping of carbon nanotubes since it can combine the massive parallelism of DEP with the
optical flexibility of laser tweezers by using optical intensities low enough to minimize
detrimental effects due to optical absorption. In this chapter, we will explore the use of OET for
manipulation of multi-wall and single-wall carbon nanotube samples with potential applications
in separation of semiconducting and metallic nanowires and device fabrication.

4.2 Preparation of Carbon Nanotube Samples

There are two main challenges in handling samples of carbon nanotubes in aqueous
solutions. First is the tendency of carbon nanotubes to form bundles in solution and second is the
difficulty in observation of carbon nanotubes due to their extremely small size. In this section,
we will discuss and characterize the carbon nanotube samples used for manipulation
experiments.
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4.2.1 Multi-wall Carbon Nanotubes (MWCNT)

To prevent carbon nanotube samples from bundling in solution, they are typically mixed with
a surfactant solution [141]. The hydrophobic end of surfactant molecules attaches to the
hydrophobic surface of carbon nanotubes, leaving the hydrophilic end of surfactant molecules on
the surface interacting with the solution, and therefore solubalizing the sample. MWCNTs were
purchased from SES Solutions and dispersed in water (Millipore) with a surfactant (sodium
dodecylbenzenesulfonate or SDBS) at a mass ratio of 5:1 surfactant: MWCNTs, sonicated for 30
min, and then centrifuged for 10 min at 16,000 g yielding a semitransparent solution. The initial
loading of MWCNTs in solution typically is on the order of 0.1 mg/mL, and final solution
conductivities can be varied between 1-100 mS/m. Typical MWCNTs have diameters and
lengths ranging between 10 — 80 nm and 0.3 - 6 um, respectively, with an average diameter of 38
nm measured from scanning electron microscopy (Figure 4.1).
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Figure 4.1 Diameter distribution of MWCNTs (a) SEM of MWCNTs imaged within an
OET chamber following a typical OET trapping experiment (b) Histogram of MWCNT
diameters from (a) with an average diameter of 38 nm. (© American Institute of Physics

[78])

Figure 4.2 shows transmission electron micrograph of a multi-wall carbon nanotube with a
hollow core.
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Figure 4.2 Transmission electron microscopy image of a multi-wall carbon nanotube with
hollow core. Scale bar - 100 nm. Inset shows individual graphite layers of the tube Scale
bar - 5 nm. (© American Institute of Physics [78])

4.2.2 Single-wall Carbon Nanotubes (SWCNT)

COOH-functionalized carbon nanotubes have been used as a surfactant-free alternative for
aqueous SWCNT suspensions, with the hydrophilic COOH-surface functional groups serving as
a means to suspend the nanotubes on polar solvents such as water [142]. COOH-functionalized
SWCNTs (P3, Carbon Solutions, Inc., ~4 atomic % COOH-functionalization) were dispersed as-
made in Milli-Q deionized water, bath-sonicated for 30 min, and centrifuged for 30 min at
16,000 g to remove large bundles and other metallic catalyst particles yielding a semitransparent
solution. Transmission electron microscopy and atomic force microscopy can be used to
characterize the physical dimensions for the nanotube bundles, with diameters ranging from 2 to
11 nm, and lengths ranging from 0.1 to 2 pm (Figure 4.3a,b), with a mean bundle diameter of 6.4
+ 2.4 nm. We assume the bundles consist of a mixture of semiconducting and metallic tubes,
with the dielectric properties of the metallic tubes dominating the overall dielectric response of
the bundles.
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Figure 4.3 Characterization of COOH-functionalized SWCNTs (a) Bright field
transmission electron micrograph. Scale bar - 50 nm. (b) Atomic force micrograph of
SWCNTs on an aminoproylesilane coated mica wafer. Scalebar - 1um.

4.3 Manipulation of an Individual Multi-wall Carbon Nanotube

Several methods have been used to overcome the challenge of observing carbon nanotubes in
solution. Single nanotube imaging employing either fluorescent labels [143] or intrinsic SWCNT
photoluminescence [144] has been used recently to measure translational and rotational diffusion
coefficient for individual SWCNT structures. Individual MWCNTs can also be observed
without fluorescent labeling due to their large Rayleigh scattering cross section using dark-field
microscopy and either a color or electron-multiplying CCD [145]. Figure 4.4a shows the
schematic of a multi-wall carbon nanotube in the OET chamber. A large (80 nm diameter) multi-
walled carbon nanofiber is shown in Figure 4.4b, representing the upper bound of the MWCNT
size used here. In solution, MWCNTSs undergo Brownian motion before the trapping voltage is
applied to the chamber (Figure 4.4b). Once the trapping voltage is applied to the OET device,
the MWCNTs experience a torque aligning them with the electric field (Figure 4.4c) and a
positive DEP force causing them to translate towards the OET laser trap (Figure 4.4d), analogous
to what we discussed for nanowires.

The MWCNT is observed to follow the laser trap as it translates throughout the OET device.
We can use a particle tracking software to extract the motion of the tube from video frames
[111]. Discrete translation events are labeled in Figure 4.4e by a Roman numeral with an arrow
indicating the direction of motion. Circled regions indicate where the laser trap was brought to
momentary rest. For the first MWCNT translation, the laser is stationary and the MWCNT
moves into the trap after the AC field is applied across the ITO electrodes. The trap is then
translated by hand through a diamond shaped course filling a region of approximately 100 pm?
before it is brought to rest. When the trapping spot is stationary, the MWCNT is confined to a
region less than 1 umz (Figure 4.4e, inset) while continuing to undergo Brownian motion.
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Figure 4.4 (a) OET chamber schematic. (b) Dark field image of an isolated MWCNT in
Brownian motion. Scale bar - 5 um. (c¢) Alignment and initial translation of the MWCNT
following 10Vpp, 100 kHz field applied to chamber. (d) Translation over ~15 um of the
MWCNT into the OET trap. (e) X-Y coordinates of MWCNT and trapping laser
measured from video frames. Circles indicate locations where trapping laser was
temporarily static. Inset: Coordinates of trapped MWCNT in static laser at finish. Scale
bar - 200 nm. (© American Institute of Physics [78])

The respective position coordinates for the MWCNT and trapping laser spot can be analyzed
further to gain information on the absolute speed of the MWCNT and trap, as well as their
relative separation. Figure 4.5a shows the instantaneous speeds for both the MWCNT and
trapping laser over the course of approximately 20 seconds while Figure 4.5b shows their
relative separation. During trace 1 (when the laser velocity is zero), the tube velocity exceeds 30
um/s as it translates into the trapping laser. The trap is then translated through traces 2 — 7, and
the MWCNT’s velocity is observed to respond after each translation event.
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Figure 4.5 (a) Absolute speed and (b) absolute separation of MWCNT and laser during
the course of the trapping measurement in Figure 4.4. (¢) Trapping stiffness measurement
from force on MWCNT measured from Stokes drag exerted by the trapping laser during
trace 1 in Fig. 4.4. Inset: schematic of fluid flow around MWCNT. (© American
Institute of Physics [78])

Inertial forces are negligible in the trap as a consequence of the extremely small Reynolds
number that exists at the operating conditions of this device (Re ~ 10®). Therefore, MWCNT
motion is dominated by a competition between OET forces, Brownian motion, and viscous drag.
Due to their large aspect ratios and the variable shape of their end-facts, we model the MWCNTs
as elongated, prolate-ellipsoids, as discussed in Section 2.4.2. By neglecting end-facet
dissipation, this calculation provides a conservative lower-bound measure of applied forces that
are approximately 10% lower than for a circular cylinder [146] with an equivalent aspect ratio. In
Figure 4.5¢ the calculated force as a function of absolute MWCNT-trap separation is plotted
using the measured MWCNT length of ~6 um and the upper-bound diameter of 80 nm for the
sample of MWCNTSs. This results in an approximately linear response as the MWCNT moves
into the stationary laser trap over a distance of ~10 pum. A linear fit to this region of data reveals
an approximate trap stiffness of 50 fN/um. Additional experiments with a motorized translation
stage (Newport) have shown MWCNTs to move with speeds of 235 £+ 29 um/s, which is in
agreement with calculated trapping forces on the order of pico-Newtons.

Many post-synthetic processing techniques such as selective surface binding [147], inkjet
printing [148], or microcontact stamps [149] operate on large ensembles of nanotubes.
Consequently, parallel MWCNT processing with OET requires investigation of the case when
multiple MWCNTs are trapped simultaneously in a virtual electrode. Figure 4.6a,b shows dark-
field images of the two MWCNTs trapped together in a common virtual electrode, as well as the
MWCNTs in Brownian motion after the trapping voltage is turned off (Figure 4.6c). The
Brownian motion of the tubes shown in Figure 4.6d differs significantly from that of a single
trapped MWCNT (Figure 4.4e, inset) in that the pair of tubes are not free to move across the
OET virtual electrode, but rather occupy separate sides due to mutual repulsion from in-phase
induced dipole moments, as discussed for nanowires in Section 3.5. Figure 4.6e shows the
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histogram of tube-tube separation with the mean separation of the tubes measured to be roughly
3 um, consistent with the size of the trapping spot.
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Figure 4.6 (a-b) Dark-field microscope images of two MWCNTs trapped in a single OET
virtual electrode at different times with voltage on. Scale bar - Sum. (c) Corresponding
MWCNTs with voltage off. (d) The Brownian motion trajectory of the tubes inside the
trap, occupying separate sides of the trap from dipole-dipole interaction. (e) Histogram of
tube-tube separation. (f) Number density of >15 MWCNTs in a ~10 pm OET trapping
spot before and after trapping laser is turned off. Insets show dark-field images

corresponding to when the OET laser is on an off. Scale bar - 5 pm. (© American
Institute of Physics [78])
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This observed mutual dipole-dipole repulsion can be used for modulating the number density
of MWCNTs in the OET device simply by actuating the virtual electrode. In Figure 4.6f,
measurements are made on the number density of >15 MWCNTs in a ~10 um OET trapping
spot. By turning on the trapping spot, all tubes are collected in the virtual electrode, with a
number density of approximately 0.2 MWCNTs/um®. When the laser is removed, the tubes
experience an immediate dipole-induced repulsion, with an exponentially decaying number
density that reaches a baseline value of 0.02 MWCNTs/um? in approximately 3 seconds. This
number density is still two orders of magnitude below what has been achieved with high-density
MWCNT synthesis [135] but represents a rapid optical method for locally tuning the density of
MWCNTs over an order of magnitude.

4.4 Manipulation of Bundles of Single-wall Carbon Nanotubes

In this section, we will explore the OET manipulation of single-wall carbon nanotubes.
Observation of single-wall carbon nanotubes is more challenging than multi-wall samples, due to
their small dimensions. However, dark-field optical microscopy can be used [145] to image
aqueous suspensions of SWCNT bundles with a video-rate EMCCD (Andor, iXon). When a
15Vpp, 100kHz trapping voltage is applied across the OET chamber the SWCNTs are observed
to move away from one another (Figure 4.7a) due to repulsive, in-phase dipole-dipole
interactions. When the trapping laser is turned on (488 nm, 100 uW) SWCNT bundles are
observed to migrate into the laser spot (Figure 4.7b), agreeing with previous reports of positive
dielectrophoresis forces for metallic SWCNTs [26].
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Figure 4.7 Dark-field EMCCD video microscopy of optoelectronic trapping of COOH-
SWCNTs with laser off (a) and on (b) at an AC bias of 15Vpp, 100kHz. Images are
inverted to enhance visibility of faint light scattering of SWCNT bundles. The laser line
(Ar', 488 nm) is blocked by a holographic notch filter.

Even though dark-field microscopy can be used for observation of single-wall carbon
nanotubes bundles, it is difficult to confirm trapping of smaller bundles or single tubes optically.
Therefore, high trapping voltages (20 Vpp, 100kHz) the SWCNTSs were used to attract and attach
the trapped objects irreversibly to the a-Si:H surface. Electron beam lithography was used to
pattern a grid of metallic fiducial markers (20 nm Ti, 50 nm Au) on top of the polished a-Si:H
layer which are then used to locate regions on the OET surface following Raman deposition
experiments. Using SEM of deposited structures next to an e-beam fiducial (Figure 4.8a) and
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Raman spectroscopy (Figure 4.8b) for ex sifu characterization, we are able to confirm that the
deposited structures are indeed SWCNT bundles.
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Figure 4.8 ex situ characterization of COOH-SWCNTs following deposition with
optoelectronic tweezers at high peak-to-peak voltages. (a) SEM image of SWCNT
bundles deposited next to a Ti/Au fiducial marker. Scalebar - 100 nm. (b) Raman
spectrum of deposited SWCNT bundles showing radial breathing mode (RBM), D, and G
bands; a-Si:H background subtracted.

Single beam laser tweezers [17] have been used previously for three-dimensional trapping
[150, 151], and Raman characterization [152] of SWCNT suspensions, however, they typically
require several milliwatts of power to produce electric field gradients sufficient for trapping.
Confocal Raman measurements may also be performed with OET in an upright backscattering
configuration. Generally, several hundred pyW from the polarized 632.8 nm line of a CW He:Ne
laser (Figure 4.9a) are focused to an area of ~75 um?, yielding a maximum local irradiance of
<500W/cm? which is more than sufficient to actuate the OET virtual trapping electrodes while
simultaneously providing enough inelastically scattered photons for Raman spectroscopy. The
focal point is positioned in the chamber with a motorized translation stage, using the Raman
signal of the a-Si:H as a means of ensuring that the Raman focal volume coincides directly with
the OET-trapping volume.

When Raman spectra are taken from the COOH-SWCNT dispersions, signal levels are low
due to both the low concentration of tubes in solution as well as defects within the carbon lattice
that decrease the inelastic scattering cross section [153]. Raman spectra are acquired both with
and without the OET trapping voltage (6 Vpp, 100 kHz) at both the a-Si/fluid interface (Figure
4.9a) and ~20um above the a-Si. Once the trapping voltage is applied the in-plane asymmetric
E,, stretching mode at 1591 cm™ collected from the a-Si/fluid interface shows an 18-fold
increase based on a ratio of integrated 1591 cm™ peak areas. The enhancement exists both when
compared to the case with the trapping voltage off, and with the voltage on, but with the focus
~20 um above the a-Si surface (Figure 4.9b). The signal enhancement is reversible, depending
only on whether the laser is present to generate inhomogeneous lateral electric trapping fields.
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When the AC-voltage is turned off, the signal relaxes to the background level, suggesting that
trapped SWCNTSs become free to diffuse through solution in agreement with dark-field images.
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Figure 4.9 Enhanced Raman signal from COOH-SWCNTs trapped with OET (a)
Schematic of Raman experiment. (b) Raman spectrum with (red) and without (black)
OET trapping bias of 6Vpp, 75kHz.

This signal enrichment can potentially be combined with other Raman enhancement
techniques such as surface-enhanced Raman spectroscopy (SERS) to create more sensitive
Raman probes. OET is unique in that low laser intensities can be used to enrich the local analyte
concentration while simultaneously producing inelastically scattered photons for sample
characterization.

Finally, characterization of single-wall nanotubes trapping characteristics is an important step
towards separation of tubes according to their material properties. Despite numerous
demonstrations of superior physical properties [154] (such as ballistic electron transport and
ultra-high mechanical strength), the practical use of carbon nanotubes has been frustrated by one
simple yet crucial limitation—the challenge of growing purely semiconducting or metallic
material [155]. In particular, roughly 30% of all tubes for a given synthesis (such as pulsed laser
ablation and chemical vapor deposition) are metallic due to how the electronic band structure is
affected by the random way graphite sheets may roll to make a tube. The resulting heterogeneity
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is an intrinsic barrier that has seriously hindered the widespread application of carbon nanotubes.
For example, transistors and photodetectors require semiconducting components and the metallic
fraction in a heterogeneous carbon nanotube sample contaminates the device, greatly limiting the
performance of the resulting circuitry.

To achieve separation between metallic and semiconducting nanotubes, one of their differing
physical properties such as density, conductivity, or chemical reactivity has to be exploited.
Many techniques have been used to address this challenge, dielectrophoresis with
lithographically patterned electrodes has been used to demonstrate an enrichment of metallic
nanotubes from a heterogeneous mixture based on their conductivity [26]. The method uses an
alternating electric field to distinguish between the unique polarizability of metallic and
semiconducting tubes, though the technique suffers from adhesion of the nanotubes to the fixed
electrodes. Another technique, density gradient ultracentrifugation [156] has been used to
fractionate nanotubes based on their relative densities. This technique is limited to batch-level
processing, with no direct pathway for continuous high-volume throughput. Size-exclusion and
ion exchange chromatography have been employed recently [157] to address the challenge of
high throughput separations, though the process is heavily labor intensive and has not yielded
material suitable for device applications

As discussed in this chapter, optoelectronic tweezers offers the ability to perform massively
parallel manipulation of carbon nanotubes. The in-situ Raman characterization capability allows
also for characterization of trapped objects in solution. Moreover, since OET works based on the
DEP principle, it can also distinguish between different material properties due to their varying
polarizability. This property was used in Section 3.3 to separate semiconducting and metallic
nanowires. Therefore, OET offers an ideal platform for future investigations of massively
parallel separation of semiconducting and metallic nanotube.

4.5 Summary

In conclusion, we have demonstrated that carbon nanotubes be translated and positioned in
solution using OET virtual electrodes. OET is used as a general method to freely manipulate
aqueous surfactant or surface functionalized dispersions of nanotubes in two dimensions. Optical
control of nanotubes’ density offers a potential means to tune electrical, thermal, optical, and
mass transport properties in nanotube-composite thin films, opening new possibilities for device
fabrication. The ability to perform in-situ Raman measurements is important for characterization
of manipulated structures. In addition, the Raman signal enrichment can be used to create more
sensitive Raman probes suggesting a broad range of applications chemical/biological sensing.
Furthermore, this preliminary study will help guide future OET studies with semiconducting and
metallic SWCNTs including separation of semiconducting and metallic nanotubes.
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Chapter 5 Manipulation of Spherical Metallic
Nanoparticles

5.1 Motivation

In recent years, there has been much interest in metallic nanoparticles as biological nano-
sensors due to their interesting optical properties [9]. Optical tweezers have been used previously
to trap metallic nanoparticles of different sizes [158, 159]; however, the high optical power
intensities required for stable trapping (~10’7 W/cm?) result in excessive heating in metallic
nanoparticles (AT > 55°C) [160], hampering the application of optical tweezer-trapped particles
in biological environments. Dielectrophoresis (DEP) can trap nanoparticles using fixed
electrodes [161]; however, since the trapping positions are lithographically defined, fixed-
electrode DEP lacks the capability to dynamically scan and manipulate the trapped particles.
Trapping of single molecules has also been achieved using an Anti-Brownian Electrokinetic
(ABEL) trap [6] which provides extensive information about the particle dynamics. However,
this technique requires the molecules to be fluorescent.

In this chapter we will explore the application of OET in trapping, translation, and
concentration of metallic nanocrystals (60 to 250 nm diameter).

5.2 Trapping of Individual Spherical Metallic Nanoparticles
5.2.1 Simulation and Modeling

Figure 5.1a shows the schematic of a single metallic nanoparticle trapped using OET. As
discussed in Chapter 2, the magnitude of the DEP force is proportional to the volume of the
particles and drops rapidly as the size of the particle reduces. However, the DEP force is also
dependent on the gradient of the field intensity. As shown in Figure 5.1b, the gradient of field
intensity is strongest near the OET surface and falls off sharply as we move away from the
surface. Therefore, due to their small size, nanoparticles are immersed in the high-VE’region
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near the OET surface and feel a stronger field gradient relative to larger objects. The gradient of
field intensity can be simulated using COMSOL finite-element modeling and is estimated to be
10" — 10" V*/m?® near the OET surface. Using this value, we can estimate the strength of the
DEP force for a 100 nm diameter metallic nanoparticle to be approximately 0.1 pN, assuming a
Clausius-Mossotti factor of 1 due to much higher conductivity of metal particle relative to the
liquid medium. To estimate the velocity of the nanoparticles due to this DEP force, we can
equate the drag force acting on the spherical nanoparticles to the DEP force (Fpep = Fprag),
which results in a speed close to 100 pum/s. This suggests that spherical nanoparticles with
dimensions close to 100 nm can be trapped and manipulated near the OET surface.
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Figure 5.1 (a) Optoelectronic tweezers (OET) device structure for manipulation of
nanoparticles. (b) The simulated gradient of electric field intensity is shown near the OET
surface. The nanoparticles are immersed and trapped in the high field intensity gradient
region near the OET surface. (© IEEE [79])

5.2.2 Temperature Analysis

Before we move on to metallic nanoparticle manipulation experimental results, it is
important to discuss the amount of temperature increase for manipulated particles in the liquid
solution. The temperature increase during the OET manipulation process is due to two effects:
First is the absorption of trapping source illumination in the metallic particles. This is the main
factor contributing to high temperature increase in metallic nanoparticles trapped with optical
tweezers. However, as we will see, this effect is almost negligible in the case of OET since the
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trapping sources are orders of magnitude less in optical intensity relative to optical tweezers. The
second source of temperature increase is due to the joule heating of the liquid and absorption of
illumination in the photoconductive layer. This effect is present in the OET device due to
application of the AC voltage bias.

To estimate the temperature increase due to the absorption of the trapping laser source in
metallic particles, we will follow an analysis similar to reference [160]. The temperature increase
in OET-trapped nanoparticles can be estimated as:

Pabs
A= e 5.1

where C is the thermal conductivity of water (0.6 W/K.m), » is the radial distance from the
nanoparticle’s center, and P, is the absorbed power in the nanoparticle given by:

Pabs = O-absI2 (52)

where [ is the laser intensity and O ,;, is the absorption cross section of the nanoparticle given
by:

O = 2, x Im 3V£gp _g*m) (5.3)
A g, +2¢,

where &, ~1.77 (n,, =~ 1.33) and 6‘; ~—10.66+i1.37 at A = 635 nm and V' is the volume of the

nanoparticle. For a 20 pW trapping laser source with 1.7 um (FWHM) spot size, we can
estimate the temperature increase at the surface of 60 to 250 nm diameter gold nanoparticles due
to absorption to be less than 0.1°C. Therefore, this effect is almost negligible relative to very
high temperature increases observed in optical tweezers (AT > 55°C) [160].

The second source of temperature increase in OET is due to the joule heating of the liquid
solution and the photoconductive layer. We characterized this effect in Section 2.4.4 and
simulated the temperature increase to be approximately 2-3°C. We can also estimate the joule
heating effect using [162]:

AT _ O-liquide

Jjoule — 20 (5 4)

where o, ., 1s the liquid conductivity, V' is the applied voltage, and C is the thermal conductivity
of water. Using the typical experimental values for nanoparticle trapping (o, = 1-10 mS/m, V

= 10-20 V peak-to-peak), we can estimate the temperature increase due to joule heating to be less
than 2°C, which is about an order of magnitude larger than the temperature increase due to
absorption in metallic nanoparticles. Therefore, joule heating would be the dominant effect in the
OET environment. However, the combined effect of joule heating and absorption in OET
produce temperature increases of 2-3°C, which is at least an order of magnitude smaller than
optical tweezers and is within acceptable range for biological experiments.
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5.2.3 DEP Manipulation of Spherical Gold Nanoparticles

Gold nanoparticles with 60 to 250 nm diameters with an approximately 10'° particles/ml
density were diluted in a 2.6 mS/m conductivity solution of DI water and KCIl. 4 pL of the
sample was introduced into the OET device. Majority of the nanoparticles showed strong
Brownian while a portion of the particles adhered to the surface. A 635 nm diode laser with 20
uW power and 1.7 um (FWHM) optical spot size at the OET surface was used to trap the
nanoparticles. AC voltages of 10-20 Vpp at 50-100 kHz frequency were applied to the OET
device. Dark field microscopy using a BX51M Olympus microscope was used to visualize the
nanoparticles and images were captured using a CCD camera. Figure 5.2 shows trapping of a
single 100 nm gold nanoparticle using OET. The nanoparticle experiences a positive DEP force
and is attracted to the laser trapping source. By manually adjusting the laser trap position, the
nanoparticle is transported over an approximately 200 um” area in 12 seconds.

100 nm Gold Nanoparticle
nanoparticle . transported
in laser trap

Nanoparticle
transported

Figure 5.2 Trapping and transport process of a single 100 nm gold nanoparticle using
OET. The nanoparticle is transported over an approximately 200 um” area in 12 seconds.
(OIEEE [79)])

To quantify the maximum trapping speed of the metallic gold nanoparticles, an ESP-300
Newport motorized actuator controller and a LTA-HL motorized actuator was used to move the
microscope stage relative to the optical pattern. Figure 5.3 shows the maximum translational
speeds of 100 nm gold nanoparticles as a function of the applied AC voltage. The experimental
data follows a quadratic trend (black fitted line) which is expected since the DEP force is
proportional to the gradient of the field intensity. A 68 pm/s maximum translation speed is

68



measured for an applied AC voltage of 20 Vpp. This measured translational speed is close to the
calculated speeds for metallic nanoparticles.
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Figure 5.3 OET-trapped nanoparticles’ translational speed as a function of the applied
voltage. A maximum translational speed of 68 um/s at 20 Vpp is achieved. The
experimental data follows a quadratic trend (black fitted curve). This is expected since
the DEP force is proportional tovE?. (© IEEE [79])

When more than one nanoparticle is trapped in the laser, the particles experience a mutual
repulsive force due to two effects. First, nanoparticles carry a negative surface charge with a zeta
potential of & =-70 mV resulting in a mutual columbic repulsion. Second, the dipoles induced

in the nanoparticles interact with each other resulting in a dipole-dipole repulsive force which is
a function of the applied voltage. By measuring the translation speeds of the particles after
removing the laser trap, the net repulsive force between two 100 nm gold nanoparticles can be
calculated to be approximately 23 fN at 20 Vpp (Figure 5.4a). This repulsive force acting on
more than two particles can also be observed as shown in Figure 5.4b for three nanoparticles. In
the beginning the three particles are trapped in the laser source (filtered out), once the laser trap
is removed, the mutual repulsion between the particles repels them from each other.
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Figure 5.4 (a) The repulsive force (F,.,) between two nanoparticles (due to dipole-dipole
interaction and columbic repulsion) as a function of applied voltage. (b) The repulsive
force interaction is also observed for three nanoparticles. In the beginning, the particles
are trapped using OET (laser filtered out), once the trap is removed, the nanoparticles
repel each other. (© IEEE [79])

Figure 5.5a-d shows trapping and transport of five 250 nm gold nanoparticles using OET.
Nanoparticles are concentrated in the OET trap and can be transported by scanning the laser trap
manually, once the laser trap is removed, nanoparticles undergo Brownian motion and the five
gold nanoparticles are distinctly observable. The ability to concentrate the nanoparticles in a
single spot is important to enhance the sensitivity of the dynamic hot-spots for imaging and
sensing applications.
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nanoparticles transported
in the trap

Individual 250 nm
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Figure 5.5 Trapping and transport of five 250 nm gold nanoparticles. (a) Nanoparticles
are trapped and concentrated in the laser trap. (b) Nanoparticles are transported to a new
location by manually adjusting the laser position. (c) Laser trap is removed and
nanoparticles undergo Brownian motion. (d) Five gold nanoparticles are distinctly
observable after removal of the trap. (© IEEE [79])

5.3 In-situ surface enhanced Raman spectroscopy (SERS) using
metallic nanocrystals

As discussed in section 3.2.5, it is possible to integrate the OET manipulation setup with a
Raman spectroscopy setup to perform in-situ Raman measurement of trapped objects. Metallic
nanocrystals such as gold nanoparticles have been shown to enhance the magnitude of Raman
signals from molecules placed in their vicinity as much as 10" times [10, 11]. This effect is
referred to as surface-enhanced Raman spectroscopy or SERS and plays an important role in
sensing applications since Raman scattering is an inherently inefficient process and the
enhancement of Raman signal makes it much easier to detect the “fingerprint” of molecules.
Therefore, the OET-trapped nanoparticles can be used as a dynamic sensor in the OET chamber
to sense the Raman signal from a dilute solution of molecules. To demonstrate this capability, we
have mixed a 24 uM solution of trans-1,2-bis(4-pyridyl)ethane [163] (BPE) molecules with the
nanoparticles solution in 1:1 ratio. A single laser source (785 nm, 30 mW) was used to collect
the nanoparticles and detect the Raman signal. Figure 5.6 shows the collection of nanoparticles
after the application of trapping laser, the dotted line indicates the laser area.
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Concentrated 90 nm Au nanoparticles

7s

Figure 5.6 Collection of 90 nm gold nanoparticles in the OET chamber for enhancement
of Raman signal from a dilute solution of BPE molecules.

Figure 5.7 shows the detected Raman signal from the BPE molecules in the solution as a
function of time. There are nine individual spectra acquired 4 seconds apart from each other
starting at the onset of application of the laser source. As we can see, the Raman signal grows
over time and reaches a maximum which indicates the maximum concentration of nanoparticles
achieved. We can also observe the same effect by leaving the laser on but suddenly turning on
the AC voltage and observing the Raman signal grow over time (Figure 5.8) as more particles
are attracted to the illumination area.
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Figure 5.7 In-situ surface enhanced Raman spectra of BPE molecules using OET trapped
90 nm gold nanoparticles. The nine individual spectra were acquired 4 seconds apart
from each other. The laser source is applied at a time between the first and second

spectra. As soon as the laser is applied, the Raman signal grows over time as more
particles are attracted to the illumination area.
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Figure 5.8 In-situ surface enhanced Raman spectra of BPE molecules using OET trapped
90 nm gold nanoparticles. The nine individual spectra were acquired 4 seconds apart
from each other. The AC voltage source is applied at a time between the first and second
spectra. As soon as the voltage is applied, the Raman signal grows over time as more

particles are attracted to the illumination area. The background signal is subtracted from
all spectra.

Other measurement techniques such as two-photon photoluminescence (TPPL) of metallic
nanostructures have also been used for in-vivo and in-vitro imaging of biological objects [164,
165] and can be combined with OET manipulation platform to allow real-time dynamic imaging
and manipulation of metallic particles. Moreover, OET can potentially be used to concentrate
and position nanoparticles of interest near the surface of cells. This capability combined with cell

surgery techniques [166, 167] could be used for targeted delivery of sensors inside the cells to
study cellular processes such as phosphorylation [168].

5.4 Summary

In this chapter, we demonstrated the use of OET for trapping and concentration of single and
multiple spherical gold nanoparticles with 60 to 250 nm diameters. Due to low optical intensities
required for stable trapping we estimate the temperature increase in OET-trapped nanoparticles
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due to absorption and joule heating to be only a few °C, which is at least one order of magnitude
smaller than particles trapped with optical tweezers. The limited temperature increase makes
OET a suitable technique for manipulation of metallic nanoparticles in biological environments.
Moreover, through integration of OET trapping setup with Raman spectroscopy, it is possible to
use OET-trapped nanoparticles as dynamic surface-enhanced Raman spectroscopy (SERS)
sensors for a variety of in-situ chemical/biological sensing and imaging applications.
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Chapter 6 NanoPen: Dynamic, Low-Power, and
Light-Actuated Patterning of
Nanoparticles

6.1 Motivation

The ability to pattern nanostructures has important applications in medical diagnosis [169,
170], sensing [171], nano- and optoelectronic device fabrication [172, 173], nanostructure
synthesis [174], and photovoltaics [175]. Several techniques such as dip-pen nanolithography
[49-54], nanofabrication [55], contact printing [41-44], self-assembly [176, 177], and Langmuir-
Blodgett [178] have been used to pattern nanostructures. However, these techniques lack the
capability to create real-time reconfigurable patterns without the use of complicated
instrumentation or processing steps. Various optical patterning techniques [179-183] have tried
to overcome this challenge. Optical patterning of nanoparticles has been achieved previously by
actuating an indium-tin oxide (ITO) layer as a photoconductive material and generating local
current densities to concentrate the nanoparticles. However, these methods suffer from a slow
patterning process [179] (several minutes to hours) or they require very high optical intensities
[180] (~10° W/cm®) to pattern the nanostructures. These limitations prevent the widespread
application of such techniques. Alternatively, optical tweezers have been used to manipulate and
permanently assemble nanostructures onto the substrate [181, 182]. Moreover, optical tweezers
have been combined with local heating of nanoparticles to create convective flows for collection
and patterning of particles [183]. However, optical tweezers are also limited to using very high
optical intensities (~10’ W/cm?) and high numerical aperture objectives, which limits the ease of
operation, reduces the available working area, and potentially damages the nanoparticles [181].

" Reproduced in part with permission from [85] A. Jamshidi, S. L. Neale, K. Yu, P. J. Pauzauskie, P. J. Schuck, J. K.
Valley, H. Y. Hsu, A. T. Ohta, and M. C. Wu, "NanoPen: Dynamic, Low-Power, and Light-Actuated Patterning of
Nanoparticles," Nano Lett., vol. 9, pp. 2921-2925, 2009. Copyright 2009 American Chemical Society.
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As we discussed extensively in Chapter 2, in addition to optically induced dielectrophoresis
[96], there are other major electrokinetic forces present in the OET device [68], including, light-
actuated AC electroosmosis (LACE) [67, 184] and electrothermal (ET) [185] flow. In this
chapter, we will demonstrate that the combination of these electrokinetic effects in OET
optofluidic platform can be used to "directly write" patterns of nanoparticles. We call this novel
technique NanoPen.

6.2 NanoPen Mechanism

NanoPen uses various electrokinetic forces (DEP, LACE, and ET) to collect and permanently
immobilize nanoparticles on the OET surface. NanoPen can be operated to collect and
immobilize single and multiple nanoparticles such as spherical metallic nanocrystals and one-
dimensional nanostructures such as multi-wall carbon nanotubes. Please note that the name
NanoPen refers to a method for patterning nanoparticles (a Nanoparticle Pen) and does not mean
nanoscale positioning accuracy. Figure 6.1 shows the device structure for OET nanopatterning
optofluidic platform. The nanoparticles of interest, such as metallic nanocrystals, carbon
nanotubes, and nanowires are dispersed in a KCI/DI water solution with 1-10 mS/m conductivity
and are introduced into the OET chamber. There is an AC voltage applied between the two ITO
electrodes, with 10-20 peak-to-peak voltage and 10-100 kHz frequency. To actuate the OET
device, an optical pattern is projected on the a-Si:H layer, either by using a laser source, a spatial
light modulator, or a commercial projector.

Figure 6.1b depicts finite-element simulation (using COMSOL Multiphysics) of various
electrokinetic forces in the OET chamber for an applied voltage of 20Vpp at 10 kHz, with 1
mS/m liquid conductivity. The NanoPen mechanism benefits from the combination of these
electrokinetic forces generated in the OET optofluidic platform. In particular, there are two
distinct forces that lead to light-actuated patterning of nanoparticles: a collection force
responsible for collecting the particles from long range (over 100 pum distances) and
concentrating them in the light spot and an immobilization force which strongly attracts the
particles (with up to 0.1 pN forces) and immobilizes them on the OET surface. The collection
force benefits from DEP force attraction of particles over the short range and LACE and ET
flow-based collection of the particles over the longer range. The immobilization force which is
responsible for attracting the particles to the surface is mainly dominated by the DEP force but is
also affected by electrophoretic forces due to the particles surface charges.
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Figure 6.1 (a) Optoelectronic tweezers (OET) optofluidic platform used to realize the
NanoPen process. The collection flow collects the particles towards the illuminated area
and the immobilization force (Fi,,) patterns the particles on the surface. (b) Finite-
element simulation of the NanoPen process. The arrows indicate the collection flow
which is a combination of the electrothermal (ET) flow and light-actuated AC
electroosmosis (LACE) flow. The immobilization force consists mainly of the
dielectrophoresis (DEP) force. (© American Chemical Society [85])

6.3 NanoPen Patterning of Nanoparticles

Figure 6.2a shows NanoPen immobilization and patterning of 90 nm diameter gold
nanoparticles (purchased from Nanopartz Inc. [186]) dispersed in a 5 mS/m solution of KCI and
DI water with ~ 10'" particles/ml concentration. In the beginning, there is no voltage applied to
the device and the nanoparticles undergo Brownian motion. Once the voltage is applied (20Vpp
at 50 kHz), the nanoparticles are collected in the center of the light spot (continuous-wave 633
nm diode laser, 100 W) and are immobilized on the OET bottom surface. The stage is then
manually transported leaving a trace of gold nanoparticles in the illuminated area on the OET
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surface. Once the immobilization process is complete, the liquid solution can be removed
without damaging the patterned structure. The patterned surface remains intact after multiple
rinsing and drying steps.

The line-width and density of immobilized structures can be tuned by adjusting the AC
voltage source parameters such as peak-to-peak voltage and frequency, light source parameters
such as light intensity and spot size, and operational parameters such as the exposure time and
light pattern scanning speed. An example of this area density tuning is shown in Figure 6.2b
where the number of patterned nanoparticles within the illuminated area is increased by
increasing the exposure time from 2 seconds to 120 seconds. After completion of the patterning
process, the top ITO is removed and the remainder of the liquid is blow-dried leaving the
patterned structures intact. The inset shows the SEM image of the patterned spots. Figure 6.3
shows expanded SEM images of each spot; the number of particles patterned ranges from ~250
particles for a 2 second exposure to ~6500 particles for a 120 second exposure (Figure 6.3b).

79



20 um

2s 10s 20s 30s

Figure 6.2 (a) Real-time patterning of 90 nm diameter gold nanoparticles by translating
the stage while patterning the particles in the illuminated area. The red spot is the
patterning beam and the green areas indicate the patterned nanoparticles. In the beginning
the voltage is off and no particles are immobilized, once the voltage is turned on, the
nanoparticles are collected and permanently patterned in the illuminated area. The stage
is manually transported, leaving a trace of the nanoparticles behind. Once the patterning
is complete, the voltage is turned off and the patterning process stops. (b) Increasing the
exposure time expands the patterned area and density of particles within the illuminated
region as indicated for 2-120s exposure times. The inset shows the SEM image of the
patterned spots. (© American Chemical Society [85])
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Figure 6.3 (a) SEM images of NanoPen patterned 90 nm Au nanoparticles with 2, 10, 20,
30, 60, 120 second exposure times. All scale bars are 1 um unless otherwise noted. (b)
Approximate number of particles as a function of the exposure time. (¢) An expanded
view of the 30 second exposure spot. (© American Chemical Society [85])

In addition, using a diluted nanoparticle solution, NanoPen is capable of patterning single

nanoparticle as depicted in Figure 6.4 for patterning a single 90 nm-diameter spherical gold
nanoparticle.
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Figure 6.4 Immobilization of a single 90 nm diameter gold nanoparticle. (a) Pre-
designated target patterns were fabricated on the OET device using e-beam lithography.
(b,c) Once the laser spot is positioned, a nanoparticle is attracted and patterned on the
surface, ~10 um above the e-beam pattern. (d) SEM image of the area indicated in (c) by
the white rectangle, showing the patterned nanoparticle near the e-beam structure. The
inset is a zoom-in SEM image of the particle. (© American Chemical Society [85])

NanoPen is also capable of patterning one-dimensional nanostructures such as multi-wall
carbon nanotubes (Figure 6.5) as well as semiconducting and metallic nanowires (Figure 6.6). It
is important to note that during the patterning process, the CNTs are oriented vertically due to
the torque experienced by 1-dimensional nanostructures in the electrical fields. However, after
the patterning process is completed and the AC voltage is removed, the 1-dimensional structures
fall on the surface with random orientations which increases the effective linewidth of the
patterned structures. One potential way to achieve better orientation of these structures would be
to use a lateral field optoelectronic tweezer (LOET) device [76, 77].
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Figure 6.5 NanoPen immobilization of multi-wall carbon nanotubes (MWCNTSs). (a)
There is no voltage applied to the device and the nanotubes undergo Brownian motion.
(b) Once the voltage is applied, the nanotubes are collected in the center of the laser trap
and patterned on the substrate as the laser source is translated manually. (c¢) Scanning
electron microscopy (SEM) image of a line of MWCNTSs immobilized on the surface of
the OET device using NanoPen. The linewidth is approximately 10 pm. Multi-wall
carbon nanotube samples were purchased from SES and were dispersed in a 5:1
SDBS:mwCNT solution for solubilization followed by sonication and centrifugation. (©
American Chemical Society [85])

Figure 6.6 NanoPen patterning of semiconducting (silicon) nanowires. (a-c) The process
of patterning silicon nanowires in the form of character (“A”) using the NanoPen
technique. (© American Chemical Society [85])

To further investigate the patterning process, we performed experiment with 90 nm diameter
gold nanoparticles with different surface charges. We have observed similar patterning
characteristics for gold nanoparticles with negative (-carboxyl conjugated), positive (-amine
conjugated), and neutral (-methyl conjugated) surface charges. Figure 6.7 demonstrates the
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NanoPen patterning process for neutral —methyl coated nanoparticles. These observations along
with the fact that our patterning process does not require any DC bias applied to the device
further suggest that the DEP force is the dominant immobilization force relative to
electrophoretic effects.

30 um Os

Figure 6.7 NanoPen patterning of neutral (methyl-coated) 90 nm diameter Au
nanoparticles. The nanoparticles are patterned on the surface using the NanoPen process
by keeping the trapping laser stationary and translating the stage manually relative to the
patterning laser source. (© American Chemical Society [85])

6.4 Large-Scale and Low-Power Patterning of Nanoparticles

Since NanoPen is a light-induced patterning technique, it can be used for dynamic and
flexible patterning of nanoparticles by adjusting the projected light pattern using a spatial light
modulator. Moreover, the low required optical power intensity for actuation of NanoPen makes it
possible to pattern the nanostructures using a commercial projector (Dell, 2400MP with 3000
ANSI Lumens, 1024x768 resolution) with <10 W/cm® optical intensity. To demonstrate this
capability, we have patterned 90 nm diameter gold nanoparticles in the form of a 10x10 array
over a 150x140 um” area, the “NIH” logo over a 160x140 um” area, and the “CAL” logo over a
140x110 um® area, as shown in Figures 6.8a, 6.8b, and 6.8c, respectively. These arbitrary
patterns were created through a Microsoft Powerpoint interface with the projector. The optical
patterns were then focused onto the OET chip using a 20x objective. The exposure time for
10x10 spots array is 2 minutes. The slight non-uniformity in the patterns is due to the non-
uniformity of the projected light patterns and could be improved through better optical
alignment.
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Figure 6.8 Large area patterning of nanoparticles using NanoPen. Patterning of 90 nm
diameter gold nanoparticles in the form of (a) a 10x10 array, over 150x140 pm?, (b)
“NIH” logo over 160x140 um”and (c) “CAL” logo over 140x110 pm?’, all using a
commercial light projector (<10 W/cm® light intensity). (© American Chemical Society

[85])

6.5 Surface-Enhanced Raman Spectroscopy (SERS) using
NanoPen Patterned Gold Nanoparticles

Applications of patterned nanostructures range from fabrication of opto- and nanoelectronic
devices in case of nanowires and carbon nanotubes[172, 173] to DNA microarrays [169, 170]
depending on the type and characteristics of the patterned nanoparticles. In recent years, metallic
nanocrystals have received much attention as local, sub-diffraction limited nanosensors [171] for
medical and chemical diagnosis and imaging, due to their interesting plasmonic properties.
Therefore, NanoPen patterned metallic nanoparticles present a method for flexible and dynamic
patterning of SERS sensing structures. To explore this capability further, we tried a solution of
Rhodamine 6G (R6G) dye on the surface of an arbitrary NanoPen patterned structure (Figure
6.9a). The NanoPen patterned SERS substrates were prepared by patterning a solution of 60-90
nm gold nanoparticles on the OET surface using the NanoPen process. Once the patterning is
complete, the top ITO cover glass is removed and the remaining liquid is blow dried, leaving the
patterned area intact. The two-dimensional Raman scan (at 1570 cm”' Raman shift) of the
structure indicates strong signal enhancement in the areas that nanoparticles are patterned.
Moreover, we observe that positions with higher nanoparticle concentration (longer exposure
time) show better enhancement relative to areas with lower particle density. A typical Raman
signal achieved from R6G molecules (using a 3 mW, 532 nm laser excitation) is shown in Figure
6.9a inset.
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To quantify the SERS enhancement factor for NanoPen patterned gold nanoparticles, we
dried 1-10 pL droplets of a 100 nM solution of trans-1,2-bis(4-pyridyl)ethane [163] (BPE)
molecules on a patterned area, followed by a two-minute rinse with methanol and water. Raman
measurements were then performed using a Raman setup built around an inverted TE2000 Nikon
microscope. 10x%, 40, or 60% objectives were used to focus the laser source (785 nm, 30 mW)
onto the sample and collect the Raman signal. As shown in Figure 6.9b, the enhancement factor
is calculated by comparing the Raman signal intensities acquired from the 100 nM BPE
molecules dried on the SERS structures to the Raman intensities acquired from a benchmark
solution of 10 mM BPE. At the 1200 cm™ Raman shift peak, the Raman intensity for 100 nM
solution for the SERS structures is 32,000 counts versus 250 counts for the 10 mM benchmark
solution leading to an enhancement factor (EF) of,

32,000 o 10mM
250  100nM

EF = ~1.3x10’ (6.1)

Figure 6.9b inset shows a zoomed-in version of the Raman signal of the main plot in the
range 1100-1350 cm™, with the 10 mM benchmark solution Raman signal multiplied by a factor
of 25 to make it more visible. The BPE Raman signals were achieved for 4 second integration
using a 30 mW, 785 nm laser source and all signal levels are measured relative to the
background. In addition, we observed strong SERS signal with concentrations as small as pico-
molars.
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Figure 6.9 Surface-enhanced Raman spectroscopy (SERS) using NanoPen patterned
metallic nanoparticles. (a) Measurement of Rhodamine 6G (R6G) spectrum using the
NanoPen patterned gold nanoparticle (mixture of 60 and 90 nm sizes). The 2-dimensional
scan of Raman signal at ~1570 cm” Raman shift indicated a large enhancement in the
areas with higher density nanoparticles. The inset shows a typical Raman spectrum of
R6G achieved. (b) Characterization of Raman enhancement factor for the BPE
molecules. The Raman signal level is compared for 100 nM BPE solution on NanoPen
SERS structures (red line) to the Raman signal from a benchmark 10 mM solution of
BPE (black line). The inset shows a zoom-in of 1100-1350 cm™ Raman shift range with
the benchmark 10 mM solution signal multiplied by 25 to make it more visible. The
calculated enhancement factor at the 1200 cm™ Raman shift peak is ~10’. (© American
Chemical Society [85])
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6.6 Summary

Currently, due to the small size of the patterned particles (<100 nm), the positioning accuracy
is limited predominantly by Brownian motion and the diffraction-limited spot size. Moreover,
NanoPen requires the use of a photoconductive thin-film substrate for the patterning process to
work. However, after patterning the structures in the desired locations, the photoconductive film
can potentially be removed [187] to allow further processing steps. Here, we have focused on
patterning one kind of a particle at a time. However, this limitation can be overcome through
integration of NanoPen with microfluidic channels to form a complete optofluidic [188] system.
Such integration would help realize promising applications such as the creation of DNA
microarrys. However, future investigations need to be done to study the operational conditions
of NanoPen for patterning biomaterials such as DNA and various proteins. Furthermore, since
the immobilization force is dominated by the dielectrophoresis force, it can potentially be tuned
according to particle size and material properties. In addition, the well-understood surface
chemistry [189] of gold nanocrystals makes them ideal carriers of other materials such as DNA,
therefore, NanoPen patterning of gold nanoparticles can be used to pattern other materials
conjugated to the gold surface. In its present form NanoPen introduces a flexible, real-time
reconfigurable, large-scale, and low-power method for patterning various nanostructures with
potential applications in chemical and biological sensing, opto- and nano-electronic device
fabrication, nanostructure synthesis, and photovoltaics.
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Chapter 7 Conclusion

Optoelectronic tweezers (OET) presents a powerful optofluidic platform for light-actuated
manipulation of micro and nanoscale particles. Various operational regimes and electrokinetic
forces have been observed and characterized in the OET device including: light-induced
dielectrophoresis, light-actuated AC electroosmosis, and electrothermal flow. Through
combining the benefits of optical and electrical actuation, OET is capable of manipulating
particles with approximately 5 orders of magnitude less optical intensity than optical tweezers.
Moreover, since the electrodes are optically defined, OET is capable of dynamic and real-time
manipulation of particles in contrast to fixed electrode dielectrophoresis techniques.

Manipulation of various nanostructures has been investigated using the OET platform
including: semiconducting and metallic nanowires, multi-wall and single-wall carbon nanotubes,
and metallic spherical nanoparticles. According to the dielectrophoresis (DEP) theory, the
magnitude of the DEP force is proportional to the volume of the particle, therefore, the DEP
force decreases rapidly as the size of the particle reduces, making manipulation of nano-scale
particles difficult. However, the anisotropic geometry of particles such as nanowires and
nanotubes greatly enhances the polarizability of the objects and increases the DEP force, making
their manipulation possible. In the case of metallic spherical nanoparticles, the increase in
polarizability is not present, however, the particles are immersed in the high electric field
intensity region close to the OET bottom surface and experience larger field intensity gradients
which enhances the DEP force magnitude and leads to trapping of these particles near the OET
surface.

The OET’s ability to manipulate nanoparticles opens up many exciting possibilities in post-
synthesis organization and heterogeneous integration of nanostructures. These new capabilities
are enabled by dynamic and massively parallel nature of OET platform and include: real-time
density tuning of nanoparticles, parallel assembly of nanowires and nanotubes for optoelectronic
applications, in-situ and dynamic sensing of molecules for chemical and biological applications,
and dynamic separation of nanostructures according to their polarizability (conductivity). In
addition to trapping individual nanostructures, a novel patterning technique, called NanoPen,
based on OET was demonstrated which is capable of large-scale patterning of various

89



nanostructures using a commercial projector (<10 W/cm?) within seconds. NanoPen is capable of
large-scale formation of surface-enhanced Raman spectroscopy ‘“hot-spots” by patterning gold
nanoparticles with enhancement factors exceeding 10’ and pico-molar sensitivities.

In conclusion, optoelectronic tweezers presents a powerful platform for organization of
nanostructures and enables many new capabilities essential in transforming nano-sciences into
successful nano-technologies.
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Appendix 1 OET Fabrication Process

In this section, we will review the fabrication process for optoelectronic tweezers devices.
All processes have been completed at UC Berkeley microfabrication laboratory (Microlab).
Figure Al.1 shows the steps involved in fabrication of the OET device. The process starts with
6-inch, 720 um thick glass wafers coated with 300 nm layer of sputtered indium tin oxide (ITO),
with 10 Q/o sheet resistance. The wafers were first cleaned in a pre-furnace metal clean bath
followed by rinse and N, dry steps. Plasma enhanced chemical vapor deposition (PECVD) was
used to deposit 1-2 pm of hydrogenated amorphous silicon. The process conditions for PECVD
deposition of a-Si:H are: 400 sccm Ar, 100 sccm SiHi, at 900mTorr pressure, 350°C
temperature, and 100W RF bias.
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Step 1: Clean substrate Step 5: Etching contact to ITO

|

Step 2: a-Si:H deposition

Step 6: Remove PR

Step 3: CMP

_ Step 7: Electrical contacts

Step 4: Lithography

I Jowss [ PR

[] 1mo [] silver epoxy
[ a-si:H

Figure A.1 Optoelectronic tweezers fabrication process.

After the a-Si:H deposition is completed, the surface of the wafers are polished to reduce the
a-Si:H surface roughness. This step is critical to improve the dark-field observation quality. As
shown in figure A.2a, the surface of the as-deposited a-Si:H strongly scatters light due to surface
roughness which makes the observation of nanoparticles challenging under dark-field. The
chemical mechanical polishing (CMP) of the a-Si:H layer results in a smoother surface with
considerably reduced scattering under dark field observation (Figure A.2b).
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Figure A.2 Dark-field image of the OET surface (a) before the CMP step and (b) after the
CMP step.

After the CMP step is completed, the glass wafers are diced to make OET chips with typical
sizes of 2 cmx3 cm. The chips are coated with photoresist (PR) and lithography is used to
remove the PR in the electrical contact area. RIE etching is used to remove a-Si:H to ITO layer
and finally silver epoxy is applied to make contact to the ITO layer.

The top side of the OET device consists of ITO-coated glass slides which is fabricated by
dicing the original 720 pum thick ITO-coated glass slides to make 2cmx3cm size chips. The gap
spacing between the top and the bottom layer is typically defined using double sided tape with
80-100 um thickness.
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