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Abstract

The synthesis of nanowires has advanced in the last decade to a point where a vast range of insulating,
semiconducting, and metallic materials® are available for use in integrated, heterogeneous
optoelectronic devices at nanometer scales 2. However, a persistent challenge has been the
development of a general strategy for the manipulation of individual nanowires with arbitrary
composition. Here we report that individual semiconducting and metallic nanowires with diameters
below 20 nm, are addressable with forces generated by optoelectronic tweezers (OET) 3. Using
100,000x less optical power density than optical tweezers, OET is capable of transporting individual
nanowires with speeds 4x larger than maximum speeds achieved by optical tweezers. A real-time
array of silver nanowires is formed using photopatterned virtual-electrodes, demonstrating the
potential for massively parallel assemblies. Furthermore, OET enables the separation of
semiconducting and metallic nanowires, suggesting a broad range of applications for the separation
and heterogenous integration of one-dimensional nanoscale materials.

One approach for the organization of materials with nanometer-scale dimensions 4 is the so-
called ‘bottom-up’ assembly of heterogeneous building blocks °. Though it is possible to
achieve a high level of orientation control 8 7 through epitaxial growth of semiconductor
materials 8, 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 first to synthesize
various materials at favorable processing conditions, then employ a strategy for post-synthesis
integration.

Several techniques have been employed over the last decade to enable nanowire integration.
Advances in microcontact printing have opened up the possibility to coat macroscopically-
large areas with inorganic nanowires or carbon nanotubes 2. Microfluidic 19 11 and Langmuir-
Blodgett 12-14 patterning also have been used to align large numbers of nanowires dispersed
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in a fluid matrix. The manipulation of single structures requires more precise control, which
has been achieved using motorized nanomanipulators ° or optical traps 6. Dielectrophoresis
(DEP) 17-19 js another approach that has been employed recently to manipulate suspended 1D-
nanostructures. In this technique, microfabricated electrodes are used to produce an AC
potential that polarizes the given 1D-nanostructure, forcing it to align with the electric field
lines between the patterned electrodes. The non-uniform electric field presentin the liquid layer
induces a dipole in the nanostructures and attracts them to the region of highest field gradient.
The DEP force expression for a spherical particle is given 20 by Fpgp = 2zr 3 &, Re{K}

VE 2 where r is the radius of the particle, ey, is the permittivity of the media, Re{K} is the real
part of the Clausius-Mossotti (C.M.) factor (K), and VE 2 is the gradient of the squared electric
field. The C.M. factor is a function of the permittivity and conductivity of the particle and the
media, and in the case of spherical particles, has a value between —0.5 and 1. Although the
approach has yielded impressive nanostructure alignment 18 and separations 17, itis constrained
as the DEP electrodes are fixed in place, and are unable to arrange individual nanostructures
into real-time reconfigurable patterns.

Optoelectronic tweezers (OET) have emerged as a powerful tool for massively parallel
manipulation of polymer-beads and living cells at micron length-scales via optically-induced
dielectrophoresis 3. 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
(as in DEP) produced by the projected light pattern, yielding a powerful optoelectronic method
of particle manipulation based on dynamic, light-actuated virtual electrodes®L.

Although this approach works extremely well for micron-scale objects, the forces generated
with OET typically are overcome by thermal (Brownian) fluctuations when particles are much
smaller than 1 um, as DEP force scales with r3. The theory of dielectrophoretic trapping 2°
suggests that one way to manipulate objects with sub-micron dimensions is to work with highly
elongated structures, where two dimensions of the particle can be significantly below 100 nm,
while the third dimension is on the order of micrometers. Modeling the force using an elongated
ellipsoid model 20, the DEP force for a nanowire is given by Fpgp = (ar 21/6)ey, Re{K}VE 2,
where r and | are the nanowire's radius and length, respectively. 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.

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 illustrated in Fig.
la. In addition, finite element simulations were employed to calculate approximate field
gradients and the corresponding forces on suspended nanowires. In comparing the DEP force
of a nanowire (length = 5 pm) and a spherical particle over a range of radii (Fig. 1b), it is
evident that the nanowire experiences a DEP force 2-3 orders of magnitude larger than the
spherical particle due to one of the dimensions of the nanowire (length) being larger than the
spherical particle and the increase in the C.M. factor of the nanowire. The inset of Fig. 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 mentioned above, the
smallest spherical particle trappable using OET is approximately 1 um. The increase in the
DEP force for the nanowire, however, makes it possible to trap individual nanowires having
diameters as small as 20 nm with OET. Nanowires experience a torque in addition to the DEP
force, which aligns the long-axis of the nanowire with the electric field perpendicular to the
imaging plane of the OET device (Fig. 1a,d). Therefore, the nanowire is aligned vertically
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within the sample chamber. Figs. 1c-e show the process of trapping an individual silicon
nanowire using a 633 nm HeNe laser (10 um FWHM and 100 W/cm?). In Fig. 1c there is no
voltage applied across the device and the nanowire undergoes Brownian motion
(Supplementary Information, Video 1). Once the voltage is applied (Fig. 1d), the long axis of
the nanowire aligns with the electric field in a fraction of a second and the nanowire follows
the laser trap as the beam is manually scanned across the stage (Fig. 1e). Maximum trapping
speeds for an individual silicon nanowire with 100 nm diameter and 5 um length approach 135
um/s with a peak-to-peak trapping voltage of 20V. This is approximately 4 times the maximum
speed achievable by optical tweezers 16 and is reached with 5-6 orders of magnitude less optical
power density than optical tweezers. In addition, OET trap stiffness figure-of-merit22 is
measured to be 1.6x107% N/(mxmW) which is approximately 2 orders of magnitude larger
than typical stiffness figure-of-merit numbers reported for optical tweezers!® (Supplementary
Information, Fig. S6). Fundamentally, the size of the trapping potentials are diffraction-limited
and the positioning accuracy of the wire inside the trap is limited by Brownian motion. We
used particle tracking image analysis software to measure the nanowire localization to be less
than 0.22 um? (Supplementary Information, Fig. S3). Although a single wire is trapped in this
potential well, it is possible to trap arbitrarily large numbers of wires in a given area, simply
by focal adjustment of the optical spot's size (Supplementary Information, Video 2).

We have also found it is possible to preserve the position and orientation of the wires trapped
with OET using a photocurable polymer23: 24 solution such as PEGDAZ®: 26, enabling
immobilization of nanowires in the polymer matrix within seconds by exposing the
manipulation area to an ultra-violet source. (Supplementary Information, Fig. S7, Video 3).
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. The polymer
solution's increased viscosity and conductivity are found to reduce the speed of nanowire
translation by more than a factor of 2, and future work will focus on finding optimal polymer
solutions to minimize interference from viscous drag and the screening of nanowire
polarizablity.

In addition to trapping semiconductor nanowires, we also demonstrated that OET is capable
of trapping and manipulating metallic (silver) nanowires. Prior experiments with a single-beam
infrared laser trap showed that high laser powers led to intense heating and scattering forces
that prevented the optical trapping of silver nanowires 16, Silver nanowires were found to show
interesting OET trapping characteristics (Fig. 2) due to their very high polarizability which
forces them to align strongly with the electric field present in the liquid layer. Fig. 2b,c show
the process of trapping three silver nanowires over a period of 4s. It is interesting to note that
the silver nanowires are trapped in the laser spot at an angle, as depicted in Fig. 2a. The trapping
angle, 9y, of silver wires in the OET potential (Fig. 2c) is measured to be approximately 74°
using the relation 6y, = cos 1(Li/L,), 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 VEZ (Fig. 2a), we also calculate, 8, the angle of the electric field in high-
VEZ2 region and find it to be approximately 64°, which is within 15% of the experimentally
measured value.

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 larger DEP force due to their higher polarizabilities. Fig. 3a 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,
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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. Figs. 3b-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 (Fig. 3b)
and as the laser is scanned across the stage, the silicon nanowire is left behind (Supplementary
Information, Video 4) whereas the silver nanowire stays with the trap (Fig. 3d). 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 r2
dependence of Fpgp, the increased aspect ratio and higher electrical conductivity of carbon
nanotubes suggest OET as a promising direction for nanotube separations.

Recently there has been interest in vertically aligned nanowire arrays for solar energy
conversion?’, thermoelectric cooling?8, and vertical field effect transistor?? applications. One
powerful aspect of OET is its ability to perform large-scale assembly of objects with a digital
micromirror device (DMD) 3. Figs. 4a-b show examples of large-scale assembly of nanowires
using real-time dynamic trapping. Fig. 4a. shows the formation of a 5x5 array of single silver
nanowires which are individually addressable in real-time (Supporting information, Fig. S2,
Video 5). Another approach to formation of large-scale arrays of nanowires is to use larger
trapping patterns. Fig. 4b shows the process of tuning the density of silver nanowires trapped
by varying the size of a rectangular trapping pattern in real-time (Supporting information,
Video 6). 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.

At present, many challenges remain before this approach 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. However, it has been demonstrated recently that nanowire surface
functionalization is an effective tool to control interactions between nanowires and
surfaces3? and these methods can potentially be used to reduce the nanowire adhesion. One
promising future direction involves trapping nanowires in lateral directions and immobilization
of the nanowires for construction of three-dimensional heterostructures from metallic and
semiconducting nanowires 31. However, in its present form, real-time OET offers parallel,
high-speed manipulation for a broad range of one-dimensional materials, enabling dynamic
positioning and rapid separation of semiconducting and metallic nanowires. In principle, the
technique may be extended to microfluidic chambers and applied to the separation of other
materials, such as carbon nanotubes 17+ 32 or to the construction of thermoelectric arrays 28

Optoelectronic Tweezers

The OET device consists of a top indium-tin oxide (1TO) transparent electrode, and a bottom
ITO electrode coated with a 1-um layer of hydrogenated amorphous silicon (a-Si:H). Fig. 1a
shows the device structure of the optoelectronics tweezers (OET). The liquid layer containing
the nanowire sample is sandwiched between the top and the bottom layers. There is an AC

voltage bias applied between the top and the bottom electrode. To actuate the a-Si:H layer, a
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633 nm HeNe laser is used. When there is no laser present, the voltage is dropped across the
aSi:H layer. However, once the laser is turned on, it generates electron-hole pairs in the a-Si:H
layer and the voltage is transferred to the liquid layer where the laser is present. The voltage
in the liquid layer above the illuminated area creates a non-uniform electric field pattern across
the liquid layer.

Dynamic Trap Generation

By programming a digital micromirror spatial light modulator (Texas Instruments, 1,024x768
pixels, 13.68 um x 13.68 um pixel size), it is possible to create real-time, dynamic, flexible
trapping patterns for trapping and separating the individual nanowires. A 635 nm
semiconductor laser is expanded, covering the spatial light modulator area. The spatial light
modulator images are controlled through a GUI interface, which is capable of creating
arbitrarily configured real-time traps by focusing the images onto the OET chip surface using
a 10x objective. (Supplementary Information, Videos 5, 6, and 7).

Finite-Element Analysis

Simulations of the electric field gradient produced at virtual electrodes in the optoelectronic
tweezers were performed with commercial software (COMSOL Multiphysics).

Particle Tracking Analysis

Synthesis

Nanowire tracking analysis were done using the IDL-based particle tracking software
developed by J. Crocker and E. R. Weeks.

Silicon nanowires in Figs. 3, S2, and S3 were grown by chemical vapor deposition (CVD) of
silicon tetrachloride (SiCl,) onto a silicon wafer, which was gold coated by e-beam evaporation
of Au, in a 850°C furnace for approximately 30 minutes 33, Silicon nanowires used in Figs.
1, S4, and S5 were etched from single-crystal silicon wafers following electroless metal
deposition 34. Silver nanowires were prepared using poly(vinyl pyrrolidone) (PVP) as the
capping agent 3 and were found to have diameters of 80 to 100 nm, and lengths from 1 to 10
um.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. OET manipulation of single silicon nanowire
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a, Optoelectronic tweezers device structure with an individual nanowire trapped at the laser
spot. b, Comparison of the DEP force for a 5-um-long nanowire and a spherical particle as a
function of radius. The inset shows the simulated values of the Clausius-Mossotti factor over
arange of frequencies for different nanowire conductivities (for a nanowire with a 5 um length,
and a 50 nm diameter). ¢ — e, Trapping of an individual silicon nanowire using a laser spot;
¢, No voltage is applied across the device, and the nanowire undergoes Brownian motion; d,
The voltage is applied, the long-axis of the nanowire aligns with the electric field and the
nanowire moves into the trap; e, The nanowire follows the laser trap position.
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Figure 2. OET manipulation of silver nanowires

a, Simulation of VEZ2 (color plot) and the electric field (arrows) for a 50 kHz, 8V peak-to-peak
bias applied to the device. The electric field in the area of highest VE2 (where the wires are
trapped) is calculated to have an angle of 8. = 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. ¢, 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 6, = 74° which is within
15% of the calculated value.
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Figure 3. Dynamic separation of semiconducting and metallic nanowires

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 8 V peak-to-peak, the silver nanowires experience
speeds up to 125 pum/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. ¢, The translation of the line potential begins
the separation. d, Scanning of the laser line with speeds greater than approximately 2 um/s
causes final separation of the silver and silicon nanowires.
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Figure 4. Large-scale assembly of nanowires

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)?2 to 2000 (um)2. The laser source is filtered out
digitally in the images to aid pattern observation.
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