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Visible light-gated reconfigurable rotary actuation
of electric nanomotors

Zexi Liang' and Donglei Fan™?*

Highly efficient and widely applicable working mechanisms that allow nanomaterials and devices to respond to
external stimuli with controlled mechanical motions could make far-reaching impact to reconfigurable, adaptive,
and robotic nanodevices. We report an innovative mechanism that allows multifold reconfiguration of mechanical
rotation of semiconductor nanoentities in electric (E) fields by visible light stimulation. When illuminated by light
in the visible-to-infrared regime, the rotation speed of semiconductor Si nanowires in E-fields can instantly in-
crease, decrease, and even reverse the orientation, depending on the intensity of the applied light and the
AC E-field frequency. This multifold rotational reconfiguration is highly efficient, instant, and facile. Switching be-
tween different modes can be simply controlled by the light intensity at an AC frequency. We carry out experiments,
theoretical analysis, and simulations to understand the underlying principle, which can be attributed to the optically
tunable polarization of Si nanowires in an aqueous suspension and an external E-field. Finally, leveraging this
newly discovered effect, we successfully differentiate semiconductor and metallic nanoentities in a noncontact
and nondestructive manner. This research could inspire a new class of reconfigurable nanoelectromechanical and
nanorobotic devices for optical sensing, communication, molecule release, detection, nanoparticle separation, and
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microfluidic automation.

INTRODUCTION

Changing the working scheme of nanodevices from static to dynamic,
from passive to active, enabling intelligent and autonomous perform-
ances, could bring unprecedented impact to an array of applications in
electronics, communication, sensing, therapy, and single-cell biology
research (1-12). Mechanically active materials and structures, which
change volume, shape, and mechanical motions in response to external
stimuli, are essential for realizing intelligent and autonomous electronics
and have received immense research interest (13-15). For instance,
the widely used shape memory alloys that undergo controlled volume
change in external physical fields are now key elements of actuators
widely used in aerospace, automobile, and precision instrumentation
(16). Miniaturized mechanical grippers, made of strategically fabricated
multilayer thin films with tailorable interfacial stresses, can readily self-
fold to capture live cells and sample biological tissues when sensing the
acidic environment near the cells (17). More recently, mimicking live
microorganisms in nature, artificial micro/nanorobotic devices have
been fabricated with functionality analogous to the behavior of natural
organisms (18). The acoustic hologram technique assembles particles into
reconfigurable arbitrary patterns in time-evolving acoustic fields (19).
Many techniques rely on light for motion control. Azobenzene chemical
groups form shapes reconfigurable with light-induced isomerization in
both macroscopic and molecular scales. These polymers are applied
to carry out complex tasks, such as the capture and release of DNA
molecules (20). Self-electrophoresis, based on photochemistry, has been
exploited to develop light-guided micromotors with intrinsic asymmetric
structures or light-induced asymmetry (21). Transition of TiO, micro-
spheres from swarm-like aggregation to monodispersive suspension is
observed on exposure to ultraviolet light (22). The redistribution of
electric (E) fields in response to light patterns on photoconductive sub-
strates can readily translocate nanoparticles, cells, or droplets by dielec-
trophoresis or electrowetting (23, 24). Plasmonic nanostructures make
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it possible to control light in a subwavelength scope. With uniquely
designed metallic structures, torques can be induced by a laser that
compels the rotation (25). Thus, these remarkable materials that respond
to external stimuli with mechanical actuations are highly potential for
many unprecedented applications. However, most of these materials
to date only respond to stimuli in one manner, for example, linear trans-
location, bending, rotation, or aggregation, and only work in limited
environments. Moreover, to obtain these materials, sophisticated design,
synthesis, and functionalization are often required. To overcome these
bottlenecks, it is highly desirable to investigate a completely new mech-
anism in activating nanomaterials with efficient, reversible, and multi-
fold reconfigurabilities.

Here, by controlling light stimuli, we achieve multifold mechanical
reconfigurability of nanomechanical devices, that is, rotary nanomotors,
in an efficient, versatile, and potentially widely applicable manner. The
investigation is based on exploitation of the underlying interactions of
electrokinetics around semiconductor Si nanowires, optically controlled
interfacial polarization of Si nanowires in an aqueous suspension and
applied high-frequency E-fields. We realize reconfigurable mechanical
rotation of nanowires, including acceleration, deceleration, stop, and re-
versal of orientation by controlling illumination of visible light. We un-
derstand the working mechanism of both theoretical modeling and
numerical simulations. With this newly discovered optomechanical ef-
fect, we demonstrate efficient noncontact differentiation of mixed me-
tallic (Au) and semiconductor (Si) nanowires. This work could open
new opportunities in the identification and separation of nanoparticles
and live entities. It also inspires innovative approaches to equip nano-
materials and devices with multifold light-controlled mechanical recon-
figurability for the emerging nanorobotics.

RESULTS

Arrays of silicon nanowires (diameter, 100 nm and above) are fabricated
by modified metal-assisted chemical etching (MACE) templated
through nanosphere assemblies (26, 27). The process is shown in Fig. 1A
and discussed in detail in Materials and Methods. Briefly, we assemble
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Fig. 1. Fabrication process of silicon nanowires and experimental setup. (A) Schematic of silicon nanowire fabrication via nanosphere lithography based on MACE.
(B and €) SEM images of silicon nanowires. (B) Cross-sectional view of arrays of silicon nanowires of 200 nm in diameter made from n-type silicon wafers (560 to 840 ohm-cm)
(inset: top view). (C) A nanowire of 500 nm in diameter (inset: a nanowire of 200 nm in diameter). (D) Schematic of the optical-electric setup for reconfigurable manipulation.

LEDs, light-emitting diodes.

a monolayer of nanospheres on a silicon wafer as a mask for the dep-
osition of Ag film. We then remove the nanospheres, leaving the Ag
film with arrays of nanoholes. By immersing the sample in the etchant
of hydrofluoric acid and hydrogen peroxide, we fabricate Si nanowires
with controlled diameters, as shown in the scanning electron micros-
copy (SEM) images in Fig. 1 (B and C). For nanowires with diameters
of less than 100 nm, we instead adopt one-step MACE (28). A droplet
of nanowire suspension (20 pl) is dispersed at the center of a quadruple
microelectrode (500 pm in gap) made of Au (100 nm)/Cr (5 nm) on
glass. After allowing several minutes for the nanowires to deposit to
the bottom, we record and analyze the motions. If not stated otherwise,
the nanowires are 500 nm in diameter and 5 um in length, fabricated
from n-type silicon wafers (560 to 840 ohm-cm).

We place the microelectrode on an inverted microscope equipped
with a 532-nm laser as the stimulating source and a customized light-
emitting diode ring with low illuminance (500 lux) as the background
(Fig. 1D). By applying four AC voltages with a sequential 90° phase
shift and at a frequency in the range of 2.5 kHz to 2 MHz on the quad-
ruple electrodes, a rotating AC E-field can be readily created to rotate
the nanowires, an effect termed as electrorotation. Figure 2A shows
the distinct rotation characterizations with and without laser illumina-
tion versus AC frequencies from 5 kHz to 2 MHz at 20 Vpp (peak-to-
peak voltage) (movie S1 to S4).

In the following, we name the blue and red curves with and without
laser stimuli as the bright and dim spectra, respectively. The positive and
negative signs of the rotation indicate the cofield and counterfield rota-
tions of the nanowires to that of the external E-fields, respectively. The
dim spectrum in Fig. 2A, obtained at low intensity of light (~500 lux),
shows consistent cofield rotation in AC E-fields from 5 kHz to
2 MHz with a peak near 100 kHz. At low frequencies, for example,
2.5 kHz, some nanowires in suspension exhibit counterfield rotation.
The differences from the rotation spectra reported previously (27) could
be attributed to the differences in size, materials, and light conditions.
However, under high-intensity illumination, we observe the reversal of
the rotation orientation at frequencies of less than 50 kHz, as shown in
the bright spectrum (red curve) in Fig. 2A. Besides the reversal of the
rotation orientation, laser illumination substantially increases the abso-
lute rotation speeds of the nanowires across the entire frequency region,
except around the transition frequency at ~80 kHz. Two rotation peaks
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can be found at 10 and 750 kHz, corresponding to the maximum coun-
terfield and cofield rotations, respectively. Overall, the effect of laser on
the rotation spectra can be divided into four frequency regions: region I,
low AC frequencies, below 5 kHz, increased rotation speed in the coun-
terfield direction; region II, from 5 to 80 kHz, reversed rotation ori-
entation from cofield to counterfield directions; region III, from 80
to 100 kHz, lowered rotation speed in the original cofield direction;
region IV, from 100 kHz to 2 MHz, increased rotation speed in the orig-
inal cofield direction.

After discovering the marked reconfigurable rotation of Si nano-
wires with optical illumination, we systematically investigated the effect
of laser intensity on rotation spectra by tracking a single nanowire
through all intensity conditions and frequencies (Fig. 2B). Obviously,
the increase of the laser power from 0 to 255 mW c¢m™> enhances the
rotation speed at both high and low frequencies, while the peak positions
of the cofield rotation blue-shift from ~50 kHz to above 300 kHz mono-
tonically.

We observe a similar optoresponsive rotation with laser illumination
at 633 and 785 nm (127 mW cm™2), as shown in Fig. 3A. How the
mechanical rotation of nanowires responds to light of different wave-
lengths is determined by their material properties as well as their geom-
etries, which will be further investigated in a separation effort. Here, we
found that the versatile reconfiguration of Si nanowires is widely at-
tainable with a light source from the visible-to-near-infrared regime,
which is desirable for a variety of applications.

We obtain the above strong light sensitivity in electrorotation from
silicon nanowires of 500 nm in diameter. It is interesting to know
whether such an optical reconfigurable effect can be obtained from
nanowires of different dimensions. To investigate the size effect, we
selected intrinsic Si nanowires to remove possible experimental uncer-
tainties due to dopant variations if using n/p-type nanowires. We carry
out a series of experiments. At a fixed diameter of 500 nm, we tested
nanowires with four different lengths of 5, 7.5, 10, and 13 um. The
aforediscussed optoreconfigurable effect exists strongly in all of them, as
shown in Fig. 3B. We found that light stimulation always blue-shifts the
rotation spectra with significantly enhanced magnitude of peak speeds
for both cofield and counterfield rotations. Furthermore, for conditions
with or without light, with the increase of length of nanowires, the peak
frequencies for cofield monotonically shift to lower frequencies. The
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Fig. 2. Rotation of silicon nanowires and the reconfiguration by laser illuminance in E-fields. (A) Rotation speed versus AC frequency of silicon nanowires (n-type,
560 to 840 ohm-cm; length, 5 um; diameter, 500 nm) in dim environment and under 532-nm laser illumination (127 mW cm™2). (B) Rotation versus AC frequency of
silicon nanowires illuminated at different laser intensities (20 Vpp at all frequencies unless stated otherwise). We obtain the eye-guiding lines with cubic spline inter-
polation. (C) Snapshots of the rotation of single silicon nanowires in AC frequencies of 50 kHz to 0.5 MHz, showing three distinct optical responses. Scale bar, 5 um.

peak magnitude also systematically decreases as the length of nanowires
increases, which agrees with the modeling to be discussed later.

We also tested nanowires of different diameters of 500, 400 nm,
and 200 nm with a same length of ~5 um, as shown in Fig. 3C. We also
fabricate ultrafine nanowires with sub-100-nm diameters. All nano-
wires exhibit the optoreconfigurable responses, including the ultrafine
wires of sub-100 nm in diameter. For larger-diameter nanowires of 400
to 500 nm, it can be found that the peak frequencies of cofield rotation
are located fairly closely between 500 and 750 kHz. Such a peak frequen-
cy red-shifts to ~100 kHz when the diameter is decreased to 200 nm.
We also observe that the magnitude of the peak speed of cofield ro-
tation decreases with the reduced diameter of 200 nm. These results
agree with the simulation to be discussed later. Here, we note that the
peak frequencies of nanowires with 400- and 500-nm diameters are
located closely with that of the 400-nm nanowires slightly positioned
on the left. This can be attributed to the similar aspect ratios of 10 and
12.5 of these nanowires as well as the dimensional distribution from the
fabrication process that can generate noticeable errors in the rotation-
spectrum tests. Although the movement of ultrafine nanowires due to
Brownian motions is much stronger compared to other nanowires,
we still observed the marked change of rotation speed when turning
the laser on and off (Fig. 3D). With the 532-nm laser (127 mW cm?),
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the nanowire instantly switches to continuous rotation from random
Brownian movement at an AC field of 0.5 MHz, as shown in the
snapshots in Fig. 3E and movie S5. Overall, the experimental results of
both the length and diameter dependence tests under laser illumination
show expected and understandable trends.

These experimental studies demonstrate that the manner of re-
configuration of the nanowires, including acceleration, deceleration,
and reversal of rotation chirality, depends on factors including AC
frequency, laser power, and dimensions of silicon nanowires. The op-
tical response of electrorotation is applicable to Si nanowires with a wide
range of sizes and various resistivities from intrinsic (>5000 ohm - cm) to
moderately n-doped silicon (0.6 to 0.75 ohm-cm), while the highly
n-doped degenerate silicon nanowire (0.001 to 0.005 ohm-cm) does not
respond to the light, which will be discussed later. The same effect is also
observed in p-type silicon nanowires, as shown in Fig. S5, and can be
applicable to other types of photosensitive semiconductors and poly-
mers. To understand these complex phenomena, we conducted both
theoretical analysis and numerical simulations.

Theoretical modeling and analysis
The rotational torques on small particles arise from the interactions of

polarized particles and high-frequency rotating E-field (29). The electric
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Fig. 3. Reconfigurable rotation of Si nanowires under different laser illumination and with different geometric dimensions in an AC E-field. (A) Rotation
spectra of silicon nanowires under illumination of 633- and 785-nm lasers. (B) Rotation spectra of intrinsic silicon nanowires of 500 nm in diameter and lengths ranging
from 5 to 13 um. (C) Rotation spectra of intrinsic silicon nanowires of 5 um in length and various diameters ranging from 200 to 500 nm. (D) Rotation angle versus time
showing optically initiated rotation of nanowires of sub-100 nm in diameter (0.5 MHz and 20 Vpp). (E) Snapshots of laser-induced rotation of a nanowire of sub-100 nm
in diameter. Scale bar, 2 um. For a clearer view, the error bars of the dim spectra are shown in fig. S4 (B and E).

polarization of a nanoparticle is governed by multiple parameters in-
cluding permittivity, conductivity and geometry of the nanoparticle
and the electrical properties of suspension medium, as well as frequency
of the rotating E-field. Theoretical models have been developed to un-
derstand the rotational behavior of metal and semiconductor nano-
wires. In addition to the long-established Maxwell-Wagner interfacial
polarization effect (29), the electrical double layer (EDL) charging effect
that also governs the rotation was identified recently (30, 31).

When a rotating AC E-field is applied via the quadruple electrodes,
an electrical torque is exerted on the induced dipole moment of the na-
nowire and compels its rotation. Consider a nanowire placed in the
center of a quadruple microelectrode with the long axis pointing along
the y direction (Fig. 4A, top-down view). The nanowire is modeled as
along cylinder with a radius r and a length L. We generate a rotating
AC E-feld by applying four AC voltages with 90° sequential phase
shift on the quadruple electrodes. The E-field can be given by E(t) =
EgRe[(x — i )e™'] for the counterclockwise rotation. The nanowire
is polarized with a total dipole moment (p), expressed asp = o, E, +
oyEy = p, + p,, where ox and ay are the complex polarizability
along the transverse and longitudinal axes of the nanowire, respec-
tively. The underbars denote the complex variables with phasor.
Since the angular frequency of the AC E-field is much higher than
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that of the rotation speed of the nanowire, in the frequency region
that we study, we can assume that the nanowire remains still while
the AC E-field oscillating one cycle and then the time-averaged elec-
trical torque can be readily written as

Te = %Re [l_’(t) x E*(t)} B _%Eglm[“x +a,2 (1)

Both the Maxwell-Wagner relaxation process and the effect of EDL
contribute to the complex electric polarizability of the nanowire in an
aqueous suspension. For a silicon nanowire suspended in deionized
(DI) water in an E-field, charges accumulate at the interface between
the two dielectrics due to the differences in electrical properties, includ-
ing the permittivity and electrical conductivity. As the polarization in-
volves several relaxation processes, the amount of charges accumulated at
the interface depends on the AC frequencies, thus resulting in a fre-
quency-dependent induced dipole moment, which is referred to as
the Maxwell-Wagner polarization or relaxation. Meanwhile, once
the interfacial polarization is established, the ions in suspension will
be attracted toward the particle surface to screen the surface charge,
which forms into an EDL. In general, we consider the polarization as a
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Fig. 4. Modeling of nanowire polarization and theoretical calculation of rotation speed versus AC frequency of silicon nanowires of L =5 pm and r = 250 nm.
(A) Model of a silicon nanowire as a cylinder with length L and radius r. (B) Schematic of the real and imaginary dipole moment components induced by the Maxwell-
Wagner relaxation and EDL effect. (C) Theoretical calculation of the rotation of nanowires of different electrical conductivities versus AC frequency. (D) Theory com-
pared to the experimental results. We obtain the two particular electrical conductivities from fitting at the dim and bright conditions.

two-step process, in which the external E-field first induces the inter-
facial polarization and charges the surface, followed by the formation
of EDL due to the surface charge attraction. Since the relaxation pro-
cesses of both the Maxwell-Wagner polarization and EDL take finite
time, there is a frequency-dependent phase lag between the Maxwell-
Woagner polarization and the external E-field, as well as a frequency-
dependent phase lag between the Maxwell-Wagner polarization and
EDL under an AC E-field. Due to the synergistic effect, we obtain the
rotation spectrum of Si nanowires, as shown in Fig. 4B.

We analytically carry out the modeling of the system. The Clausius-
Mossotti factor (K;) is the key term governing the Maxwell-Wagner po-
larizability along one of the principle axes (i) of a nanowire modeled as a
prolate ellipsoid. We calculate it as

€ — Em
K; = —_——
— 3(Li(8_p_8m)+8_m)

(2)

where €, and €,, are the complex dielectric constants of the nanowire
and the medium is defied as &; = gog,; — iZ (the subscript “j” is p or m,
referring to the particle or medium), respectively; and L; s the depolarization
factor along one of the major axes (a, = L/2, a, = a, = r) given by

(3)

a,a,a, (* ds
L — xUytz
' 2 '[0 (s+a?)B
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where B = /(s + a3)(s + a;) (s + a). Therefore, the overall in-plane

dipole moment due to the Maxwell-Wagner relaxation (pypw) can be
expressed as

Pumw = 4nazayaze,(KLE, + K,E,) (4)

We calculate both the real and imaginary parts of o, and o, However,
since the polarization of nanowire along the longitudinal y direction is much
greater than that in the transverse x direction, one may approximate by only
focusing on the dominating a,.

Next, we analyzed how the EDL contributes to the imaginary part of
the electric polarization in Eq. 1. We modeled the EDL by using an
equivalent resistor-capacitor (RC) circuit with a time constant of trc
to understand the electrokinetic phenomena observed in our experiments.
The EDL is formed because of the surface charge accumulation of the
Maxwell-Wagner polarization, instead of direct response to the external
E-field. While in a high-frequency AC field, the charging and
discharging of the EDL cannot completely follow the Maxwell-Wagner
polarization of the nanoparticle, which causes a phase lag. In a low-
frequency limit, the charges due to the Maxwell-Wagner polarization
on the nanowire can be fully screened by the EDL, resulting in pgp;, ~
—Parw» Where the total dipole moment essentially cancels out with a
negligible negative residue (0 < W <1) as the thickness of
EDL is much smaller compared to the size of the nanowire. In a high
AC frequency, given the RC model, the resulted magnitude of dipole
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1
Nz
we need to take phasor into consideration due to the ph;Lse lag be-
tween — pppr and pyw, and we calculate the tangent of the phase lag
(8) as tan 8 = — WTRc, the negative sign of which indicates a phase delay,
as shown in Fig. 4B. Therefore, we calculate the imaginary part of EDL-
induced dipole moment Im(pgpy) as

moment of EDL can be expressed as |pgp; | = [Pyl Here,

1

Im(pgp) = —[Re(Pyry )sind + Im(pypyy)c0sd] - (5)
O Tpe +1

The total electric dipole moment of the nanowire system (pyo) in-
cludes both the Maxwell-Wagner relaxation process (pyw) and the
EDL component (pgpr). The imaginary component of pyy, is given by

Im(po) = Im(pgpr) + Im(pypy) (6)

The values of different parameters used in the calculation are
listed in table S1, in which tr¢ is chosen to best fit the experimental data
of Fig. 2A. The electrical conductivity of Si is systematically swept from
1x10°Sm ' tol1Sm™.

The nanowire suspended in water with a maximum rotation
speed of less than 5 rps is within the low Reynolds number region
(Re < 1), and thus, the system is in viscous laminar flow limit, free
of turbulence with a constant drag coefficient of (32)

T 7121’]13

= — = 7
Y= T 3e— 114020 — 160716307 —620 1) )

where 6 = In % For a nanowire with 500-nm diameter and 5-pum
length, we calculate the drag coefficient as 8.3 x 107> N m s rad™".
Therefore, the rotation spectrum of Si nanowires versus AC frequencies
can be readily calculated theoretically by combining Egs. 1 and 4 to 7, as
shown in Fig. 4C.

It is known that, for semiconductors, photon excitation can generate
additional free charge carriers, resulting in additional electrical conduc-
tivity, the so-called photoconductivity. Previous studies show that Si
nanowires have strong photon response (33, 34), where the increase
of electrical conductivity can reach several orders of magnitude. When
we monotonically increase the electrical conductivity of Si from 1 x
102 Sm™ to 1 Sm™, the peaks of both the cofield and counterfield
rotations blue-shift, and the magnitudes of both increase substantially
(Fig. 4C). These spectrum characteristics obtained from the calculation
agree reasonably well with those obtained in our experiments, as shown
in Fig. 4D. It suggests that the enhanced electrical conductivity of Si
due to light illumination is the key factor that leads to the observed
reconfigurability of rotation of nanowires. The theoretical fitting of
the bright spectrum agrees well through the entire frequency range
for an electrical conductivity of 1.4 x 107" S m™'. Here, we noticed
that this conductivity is close to that of the wafer from which the nano-
wires are synthesized. However, as shown by previous works, because of
the surface depletion effects, the carrier density of Si nanowires is usually
much lower than that of the wafer, since surface states at the interface
between silicon and natural oxidization layer trap most carriers from
dopants (note S2) (35, 36). With numerical simulation and calculation
with consideration of light absorption and recombination rate, we fur-
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ther estimated the photoconductivity of Si nanowires (37-39), which is
on the same order of magnitude of that obtained from the fitting. It
suggests the good feasibility of the modeling. It also indicates that the
photon-generated carriers contribute majorly to the effective conductiv-
ity of silicon at our light illumination conditions (note S3).

The theoretical fitting to dim spectrum agrees in high frequencies
and deviates in low frequencies; for example, the counterfield rotation
is shown in fitting but not observed in these experiments (Fig. 4D). This
could be attributed to the simplified consideration of the charge distribution
in nanowires that induce EDL when light is weak (dim environment). In
reality, when light is dim, the carrier density is low, and the Maxwell-
Wagner polarization-induced net charges not only accumulate at the
surface but also distribute inside the silicon nanowire. Since the EDL
is only sensitive to the surface charge, ineffective in responding to
charges away from the surface, a weaker EDL compared to that used
in the theoretical analysis is expected, which could account for the
observed difference between the calculation and experiments at low
frequencies.

We observe similar reconfigurable behaviors in a wide range of
silicon nanowires made from n-doped wafers of 0.6 to 0.75 ohm-cm
to intrinsic Si wafers of more than 5000 ohm-cm (fig. S1). For the Si
nanowires made from Si wafers of 0.001 to 0.005 ohm-cm with a high
doping level of ~ 10" cm ™, the optical stimuli can no longer change the
rotation behaviors (fig. S1). It can be attributed to the ultrahigh dopant
concentration of 1 x 10" cm™ of the Si wafer, which corresponds to a
carrier concentration six orders of magnitude higher than that induced
by the laser excitation (1.8 x 10" cm™3), as shown in the calculation in
note S3. The results further agree with our understanding that the in-
crease of carrier density from photoexcitation leads to the responsive-
ness of the mechanical rotation of nanowires. Overall, the balance
between the generation of photoexcited carriers and recombination,
as well as the surface depletion effect, explains the observation of
the general similarity of rotation spectra of nanowires made from silicon
wafers with resistivity from 0.6 to more than 5000 ohm-cm, as well as
the vanishing of the optical response in highly doped silicon nano-
wires with a resistivity of 0.001 to 0.005 ohm-cm.

By using the above modeling, we can also understand the dependence
of electrorotation spectrum on lengths and diameters of nanowires
with laser exposure, as previously shown in Fig. 3 (B and C). Here, we
adopt the same diameters and lengths of nanowires in experiments
in the modeling. The electrical conductivity of nanowires under laser
exposure is set as 0.14 S m™" for all lengths, which is obtained from
the above fitting. Here, we can consider that the photoconductivity
of a nanowire is independent on the length of a nanowire when it is
much longer than the wavelength of the laser. In our experiments,
the shortest nanowire is 5 pm in length, around 10 times of the ex-
citation light wavelength. Only high-order optical coupling modes
exist along these nanowires, which has negligible influence on the
light absorption. For nanowires with a fixed diameter of 500 nm
and varied lengths from 5 to 15 um, we simulate the electrorotation
spectra, as shown in fig. S4C. The results show the monotonic red-
shift of the peak frequency of cofield rotation with the increase of the
length of a nanowire, accompanied with the attenuation of the mag-
nitudes of the peak speeds in both directions, which agrees well with
the dependence observed in the experiments in Fig. 3B.

The modeling of the diameter dependence is more complex, since
the absorption cross section of nanowires exposed to 532-nm laser
depends on the diameter in the range of 100 to 500 nm. It results in
varying photoconductivities among nanowires with different diameters,
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as shown in table S2. Note $4 includes detailed discussion. With the
consideration of the varying photoconductivity, we can obtain the
diameter-dependent simulation, as shown in fig. S4F. It shows a general
trend that the peak frequency of cofield rotation red-shifts, and the mag-
nitude of peak speed decreases with the reduction of the diameter of a
nanowire, which is similar to that observed experimentally in Fig. 3C.
Considering simulation and experimental results of both the length and
diameter dependence, we can find that the aspect ratio of a nanowire
plays the key role. Generally, the higher the aspect ratio, the lower the
peak frequency and the magnitude of peak speed.

In the above analysis, we carefully omitted the light-induced heating
effect around the Si nanowires, since the change of temperature under a
laser of 127 mW cm 2 is less than 10~* K over 100 s, as shown by the
numerical simulation by COMSOL (fig. S3). Thus, it is reasonable to
neglect both temperature and viscosity changes in the experiments.
Furthermore, it is interesting to note that, besides the feasible ap-
plication in DI water, the optoreconfigurable effect of nanowires
can be applied in low-concentration ionic solutions, for example, 1 to
10 parts per million of NaCl solutions, as shown in fig. S6. The optical

A B

Speed (rps) O Speed (rps) O Speed (rps)
1

m

200

100

Grayscale

561 ms 748 ms

stimulation can greatly increase the manipulation efficiency and re-
configure nanowires on demand when in these ionic mediums com-
pared to those without light. Note S5 includes the details.

Dynamic reconfigurable rotation of Si nanowires gated by
white light
Silicon has a broadband absorption in the visible light region. Although
all the aforementioned reconfigurable rotations of Si nanowires are
demonstrated by monochromatic lasers from 532 to 785 nm, it may
not be necessary to use lasers to induce the desired optoreconfigurable
rotation of Si nanowires. Here, we tested the application of white light
generated by a computer-controlled commercial projector to dynami-
cally reconfigure the rotation of Si nanowires.

We customized an inverted optical microscope by equipping it with
a commercial light projector (BenQ MW519) as the light source and a
6.5-mm fisheye lens (Opteka) placed above the microelectrodes for light
focusing, as shown in Fig. 5A. We place the microelectrodes in the focal
plane of the fisheye lens. We operate the commercial projector with a
digital light processing system with 1280 x 720 pixel in resolution. We

—e—0.5 MHz

_—e—0.05 MHz

n
—Grayscale
- =llluminance

2 lox10” 2
Q
o
-4
©
£
H1x107 g
it y . _5# i o7
Lo 1 I—’ 1 - 1 1 O
5 10 15 20
Time (s)
-

- ’

1122 ms 1309 ms 1496 ms

Fig. 5. Computer-programmable white light for reconfiguration of the silicon nanowire rotation. (A) Schematic of the white light projection system. (B to
E) Rotation speed of nanowires versus light illuminance at three different AC frequencies. (B) Acceleration in both cofield and (D) counterfield rotations, (C) reversal of
rotation. (E) llluminance as a function of pixel grayscale value set to the projector. (F) Snapshots of rotation reversal with increase of illuminance (green curve in ¢, 0.05

MHz, 20 Vpp). Scale bar, 5 um.
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can readily design and project any colors and patterns of light to the
nanowires with a resolution of 2 um x 2 pm per pixel. Here, we simply
project a uniform monochromic rectangle, covering the entire central
area of the microelectrodes and use a grayscale value from 0 to 255 to
adjust the illuminance, where 0 refers to a completely dark image and
255 refers to the maximum illuminance.

We increased the grayscale value of the projected image from 50 to
255 at a constant rate of 30 grayscale values/s, repeated, and recorded
the rotation behaviors of Si nanowires simultaneously. The illumi-
nance as a function of grayscale value is nonlinear and shown in
Fig. 5E. We apply three different rotating AC fields at 0.5, 0.05,
and 0.01 MHz. We observed all four types of reconfigurations of ro-
tation of Si nanowires, including acceleration, deceleration, and rever-
sal of chirality of cofield rotation, and acceleration of counterfield
rotation, as shown in Fig. 5 (B to D). We obtain the rotation speed
versus the grayscale value (illuminance) of the light pattern repeated
for three cycles at each AC frequency. At 0.5 MHz, the speed of the co-
field rotation gradually increases with the grayscale value (illuminance)
(Fig. 5B and movie S12). At 0.05 MHz, the nanowire begins with a co-
field rotation in dark (grayscale value, 50), decreases to zero in speed, and
then reverses the rotation direction when the grayscale value (illuminance)
further increases (Fig. 5, C and F, and movie S11). At 0.01 MHz, the na-
nowire begins with a counterfield rotation in dark (grayscale value, 50) and
increases in speed with the increase of grayscale value (illuminance) (Fig.
5D and movie S10). We instantly repeat all types of reconfigurable rota-
tions by cycling the projected light patterns. Thus, plain white light can be
used to dynamically reconfigure rotation of Si nanowires.

Distinguishing metal and semiconductor nanowires in

a mixture

Finally, we applied this innovative optoreconfiguration technique to
distinguish metallic and semiconductor nanowires in a noncontact
and nondestructive manner. Our experiments and analysis discussed

above show that the optical reconfigurable rotation of semiconductor
Si nanowires originates from the photoconductive effect in semicon-
ductors. While, for metallic nanoparticles, with much higher density
of electrons compared to that in semiconductors, the illumination
cannot change their electrical conductivity. With this understanding,
we demonstrated the application in distinguishing metallic and
semiconductor nanowires by a plain optical stimulation in a rotating
E-field. For a proof of concept, we mixed intrinsic silicon nanowires
with gold nanowires in the same suspension in the test. It is difficult
to distinguish the metallic and semiconductor nanowires with
bright-field optical microscopic imaging. However, when we subject
the nanowires to 5 kHz rotating AC fields and periodic illumination
of 532-nm laser at 32 mW cm 2, we find distinct behaviors for metallic
and semiconductor nanowires. The semiconductor Si nanowires show
periodic changes in rotation synchronized with the laser illuminance,
and metallic nanowires rotate at constant speeds with no response to
the laser, as shown in Fig. 6 (A and B) (movie S13). For silicon nano-
wires, various optical responses can be observed including acceleration,
deceleration, reversal rotation, and stopping, depending on the geome-
tries and electrical properties. Although the reconfigurations of the Si
nanowires can be different, and some are hard to distinguish from fluc-
tuations caused by Brownian motion, after taking Fourier analysis of the
plot of angle versus time, it is straightforward to identify silicon nano-
wires by the existence of a peak at the illumination frequency (*/¢ Hz in
Fig. 6D), while the spectrum for gold nanowire is flat through all fre-
quencies with no obvious peaks. In this way, we can readily determine
the semiconductor Si nanowires and metallic Au nanowires in the same
suspension with high accuracy. On the basis of this working principle
and with further technical development, identification of materials with
less distinction could be achieved. For instance, semiconductor nano-
materials with different band gaps and absorption spectra could be dis-
tinguished by observing and analyzing their rotation behaviors in
E-fields under light stimuli of a series of wavelengths.
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Fig. 6. Different responses in rotation of semiconductor and metallic nanowire under laser stimuli in E-fields. Angle versus time of (A) silicon and (B) gold
nanowires (NWs). (C) Laser of 532 nm (32 mW cm™2) is on and off periodically. (D) Fourier analysis of rotation angle increment per frame. All amplitudes are normalized.
The peaks at /6 Hz, same as that of the periodic laser stimuli, are only found in silicon nanowires. (E) Snapshots of a silicon nanowire: distinct rotating behavior when

laser is on or off. Scale bar, 5 um.
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DISCUSSION

Here, we discovered a new working mechanism that can readily re-
configure mechanical motions of semiconductor nanowires including
acceleration, deceleration, stopping, and reversal of rotation merely
by controlling the external light intensity in an E-field. This finding
can be considered as a mechanical analogy of field-effect transistors
gated by light. We understood the working mechanism with both
theoretical analysis and numerical simulations and successfully demon-
strated its application in distinguishing semiconductor from metal
nanowires in the same suspension. With this discovery, potentially,
various nanoentities, devices, and even biological cells could be
equipped with mechanical responsiveness and multifold reconfigur-
ability with functionalized semiconductor elements, changing their
motion paradigms from passive to dynamic. Individually controlled
micro/nanomachines amidst many could be achievable, which couple
and reconfigure their operations instantly. This research could open up
many opportunities for interdisciplinary fields, including reconfigurable
optical devices, nanoelectromechanical system, nanorobots, nanoma-
chines, communication, tunable molecule release, nanoparticle separa-
tion, and microfluidic automation.

MATERIALS AND METHODS

Fabrication of silicon nanowires

The silicon nanowires used in this work were fabricated via two similar
methods depending on the diameter. For nanowires with a diameter of
greater than 100 nm, nanosphere lithography masked MACE was used
(26). First, all silicon wafers of various doping density from intrinsic
(>5000 ohm-cm) to highly doped (0.001 to 0.005 ohm-cm) were rinsed
and sonicated in acetone, isopropanol (IPA), and DI water each for
5 min sequentially. After drying in nitrogen gas flow, the wafers were
immersed in poly(diallyldimethylammonium chloride) [2 weight %
(wt %)], poly(sodium 4-styrenesulfonate) (2 wt %), and aluminum
chlorohydrate (5 wt %) each for 30 s that the surface can be modified
with positive/negative/positive charge layers. Next, after immersing
the wafer into a polystyrene (PS) sphere suspension for 2 min, a mono-
dispersed layer of negatively charged PS nanospheres was formed on the
wafer. Subsequently, a reactive ion etching process was carried out to
slightly reduce the size of PS spheres and to remove the charged poly-
electrolyte layers. Then, a thin silver film of 50 nm in thickness was
deposited on the wafer by electron-beam evaporation. Next, we soni-
cated the wafer in toluene to remove the PS spheres, leaving arrays of
nanoholes on the silver film. The etching was conducted in the mixture
of 4.7 M HF and 0.3 M H,O,. Finally, silver was removed by nitric acid,
and nanowires were sonicated off the wafer in DI water. For nanowires
with a diameter of less than 100 nm, one step synthesis was adopted by
directly immersing the cleaned wafer into the mixture of 4.7 M HF and
0.02 M AgNOs; (28). After the etching, we treated the wafer with nitric
acid to remove the silver dendrite and then sonicated nanowires off the
wafer in DI water.

Fabrication of quadruple electrodes

A glass slide was cleaned by sonication for 3 min sequentially in acetone,
IPA, and DI water. Then, 5-nm Cr and 100-nm Au films were deposited
onto the glass substrate via electron-beam evaporation. We made a
quadruple microelectrode on the glass slide with a standard photo-
lithography process by using S1811 photoresist, designed photo-
masks, and commercially available Au/Cr etchant. The microelectrode
was obtained after the removal of the photoresist with acetone. The

Liang and Fan, Sci. Adv. 2018;4:eaau0981 14 September 2018

microelectrodes were connected to external electronics by silver paste—
attached wires.

Optical setup

We used an Olympus IX70 inverted microscope to carry out the
experiments. We customized a ring-shipped LED light source to pro-
vide the background illumination and to allow the laser to pass through
and equipped it on the microscope. A 532-nm sapphire laser made by
Coherent was used as the laser source. The LED illuminance was
measured by Dr. Meter LX1330B. Laser power was measured by a
Newport 1917-R power meter. We used a BenQ MW519 projector
for the dynamic light projection and an Opteka 6.5-mm fisheye lens
to focus the light pattern onto the quadruple microelectrodes.

Electrical circuit

Two Agilent 33250A function generators were used as the signal
sources. The signals were processed into four with sequential 90° phase
shift by a customized circuit board with LM6181IN Op Amps (Texas
Instruments).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaau0981/DC1

Table S1. Values of parameters of Si nanowire and medium used in the modeling.

Table S2. Optical and electrical properties of nanowires with different diameters obtained by
simulation and calculation.

Note S1. Instant light responsiveness.

Note S2. Surface depletion effects in silicon nanowires.

Note S3. Light absorption and photoconductivity.

Note S4. Modeling the dependence of rotation spectrum on diameters of nanowires.

Note S5. Compatibility of the light modulation of nanowire rotation in ionic solution.

Fig. S1. Rotation spectra of nanowires made from silicon wafers of various n-doping densities.
Fig. S2. Light absorption of silicon nanowires.

Fig. S3. Temperature profile around a Si nanowire in water after 100-s exposure to 532-nm
laser (127 mW cm™2).

Fig. S4. Experimental and modeling results of rotation spectra of nanowires with different
dimensions in an AC E-field.

Fig. S5. Experimental result of the bright and dim rotation spectra of nanowires with 500 nm in
diameter and 5 um in length, made from p-type silicon wafer (0.1 to 0.6 ohm-cm).

Fig. S6. Experimental and simulation results of the bright and dim rotation spectra of intrinsic
silicon nanowire (r = 500 nm; L = 5 um) in solutions with various ionic strengths.

Movie S1. The silicon nanowire is made from n-doped silicon wafer (560 to 840 ohm-cm) and
suspended in DI water.

Movie S2. Counterfield rotation acceleration under 2.5 kHz, 20 Vpp E-field, and 532-nm laser
(127 mW cm™).

Movie S3. Cofield to counterfield reversal under 50 kHz, 20 Vpp E-field, and 532-nm laser
(127 mW cm™).

Movie S4. Cofield acceleration under 0.5 MHz, 20 Vpp E-field, and 532-nm laser (127 mW cm™).
Movie S5. Laser-initiated rotation of a nanowire with sub-100-nm diameter under 0.5 MHz,
20 Vpp E-field, and 532-nm laser (127 mW cm’z).

Movie S6. Rotation reversal of multiple nanowires under 25 kHz, 20 Vpp E-field, 532-nm laser
(127 mW cm™), and 0.5x play speed.

Movie S7. Multiple nanowires change from rotation to still under 100 kHz, 20 Vpp E-field,
532-nm laser (127 mW cm™2), and 0.5x play speed.

Movie S8. Cofield rotation acceleration of multiple nanowires under 0.5 MHz, 20 Vpp E-field,
532-nm laser (127 mW cm™2), and 0.5x play speed.

Movie S9. Multiple nanowires change from still to rotation under 2 MHz, 20 Vpp E-field,
532-nm laser (127 mW cm™2), and 0.5x play speed.

Movie S10. Dynamic rotation control of counterfield rotation acceleration by white light digital
light processing under 10 kHz and 20 Vpp E-field.

Movie S11. Dynamic control of rotation reversal by white light digital light processing under
50 kHz and 20 Vpp E-field.

Movie S12. Dynamic control of cofield rotation acceleration by white light digital light
processing under 0.5 MHz and 20 Vpp E-field.

Movie S13. Rotation of silicon and gold nanowires in a mixture under 5 kHz and stimulated by
532-nm a periodic laser (32 mW cm™).
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