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Electric-Driven Rotation of Silicon Nanowires and Silicon

Nanowire Motors

Xiaobin Xu, Chao Liu, Kwanoh Kim, and D. L. Fan*

In this work, the first highly controllable assembly and rotation of silicon
nanowires and nanomotors in suspension are reported. Si and Si composite
nanowires are fabricated with precisely controlled dimensions via colloidal
assisted catalytic etching. The nanowires can be rotated with deterministic
speed and chirality. The rotation speed and orientation not only depend on
the applied AC electric frequency, but also on the electronic type, geometry,
surface coating, as well as the electric conductance of suspension mediums.
Theoretical analysis is used to understand the rotation of Si nanowires, and
also the electric resistivity of Si nanowires is determined from their mechan-
ical rotation. The Si nanowires are precisely assembled into nanomotors that

controllable rotation of mnanostructures
made of silicon—such as Si nanowires—
and their applications in rotary micro/
nanomotors.

Previously, two approaches were
adopted to actuate Si-based micromotors:
(1) by using complex photolithography
and micromachining, electrostatically
driven capacitive microcombs can engage
to gears of micromotors via precisely posi-
tioned microbeams, and readily convert
the linear motions of combs into clock-

can be rotated with controlled speeds and orientations at prescribed loca-
tions. This work provides a new paradigm for designing and actuating various
Si-based nanoelectromechanical system (NEMS) devices, which are relevant

to man-made nanomotors, nanorobots, and nanoengines.

1. Introduction

The miniaturized dimension, high speed, ultra-precision
and sensitivity of micro/nano electromechanical systems
(MEMS/NEMS) devices have revolutionized various research
areas including sensors,!l' communication? and biomedical
devices.P!

Rotary micromotors that can convert rotary motion into
linear motion are particularly important for further advancing
MEMS technologies.! Currently, silicon is the most widely
used material for fabrication of micromotors, not only because
of its abundance in nature, high crystalline quality,”) mature
micro-fabrication technologies inherited from microelectronics,
and compatibility with microelectronic components,®! but also
because of its enhanced mechanical properties in strength,
ductility and resistance to fatiguel’! on the nanoscale. Because
of these unique properties, it is of great interest to investigate
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wise (CW)/counterclockwise (CCW) rota-
tion of micromotors;® (2) by sequentially
applying high electric voltages (hundreds
of volts) on evenly spaced stators posi-
tioned adjacent to the microrotors, micro-
motors can be rotated in air.*l

However, to our knowledge, no work
has been reported on the rotation of Si
nanowires for applications in NEMS. Moreover, the afore-
mentioned actuation methods either require complex motion
conversion devices, such as microcombs,® or high voltages,!“l
which make the system incompatible with aqueous environ-
ments for applications in microfluidics.

Recently, it has been shown in a scheme termed as electric
tweezers that DC and AC electric fields applied to patterned
electrodes can compel suspended quasi 1D entities—including
metallic nanowires and carbon nanotubes—to execute precise
translational and rotational motion.! In this work, we utilized
the electric tweezers to rotate Si nanowires, investigated the
fundamental physics, and assembled Si nanowires into rotary
nanomotors. Si and Si composite nanowires were fabricated
by colloidal-assisted-catalytic etching. By applying AC electric
fields, all types of Si nanowires, including n-type, p-type, and
core-shell nanowires, can be readily rotated. The speed and
chirality are not only determined by the magnitude, orienta-
tion, and frequency of the electric field, but also by the elec-
tronic type, geometry, surface coating of the Si nanowires, as
well as the conductivity of suspension mediums. Theoretical
calculations were carried out to understand the observed rota-
tion behaviors and also to determine the electric resistivity of
nanowires from their rotation. Finally Si nanowires were inte-
grated into nanomotors. By depositing nickel segments on the
tips of Si nanowires, Si nanowires can be readily assembled and
rotated on pre-patterned nanomagnets at designated positions
with tunable speeds and chiralities. This research provides a
new viable route for design and actuation of Si based rotary
NEMS devices that are relevant to man-made nanomotors,
nanorobots, and nanoengines.

wileyonlinelibrary.com

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201303505

(-
™}
o
g
=
wd
=
[

4844  wileyonlinelibrary.com

M

www.afm-journal.de

www.MaterlalsVIews.com

Ag catalyzed Si etching

Scheme 1. Fabrication of silicon nanowires.

2. Results and Discussion

The silicon nanowires were fabricated by Ag assisted hydro-
fluoride etching.l'! Different from previous work, Ag catalysts
were strategically patterned on the entire Si wafer with mono-
dispersed nanoholes by using colloidal lithography.'" Si under-
neath the Ag film can be readily etched while the areas not
in contact with Ag remain intact. As a result, large arrays of
silicon nanowires with controlled diameters and lengths can be
readily formed on the wafer. The distribution of the diameters
of the silicon nanowires (200 nm + 10 nm) is much narrower
compared with previous reports,['”) owing to monodispersity of
polystyrene (PS) nanospheres [£5.5%, mean diameter 200 nm,
Scheme 1, Figure 1c and its inset]. The detailed fabrication
procedure consists of four steps as illustrated in Scheme 1 and
Figure 1: first, a monolayer of monodispersed PS nanospheres
(Alfa Aesar, diameter 200 nm) was electrostatically coated on
a Si (100) substrate without further treatment (Figure la).
Then a thin silver film (~50 nm) was deposited via electron-
beam evaporation at a base pressure of 5 x 107° Torr. Next,
the PS nanospheres were dissolved by toluene, exposing an
array of nanoholes with controlled diameters on the Ag films
(Figure 1b). Finally, the Ag patterned Si wafer was immersed in
a mixture of HF (4.65 M, Acros organics) and H,0, (0.25 M, J.T.
Baker) for 30 min (Figure 1c). The etchant selectively removes
Si underneath Ag and forms arrays of Si nanowires. The
catalytic mechanism was attributed to Ag-assisted chemical
reaction.'% In this manner, arrays of Si nanowires in the areas

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PS dissolving

without Ag coverage can be formed with precisely controlled
dimensions. Next, we removed the residual Ag in nitric acid
solution (50%), the nanowires were cleaned, mechanically
scraped, and re-dispersed in de-ionized (D.I.) water. Templated
on these nanowires, various composite structures, such as
SiO,/Si, Au/Si core-shell nanowires can be readily synthesized
as shown in Figure le, g and Scheme 2. The detailed fabrica-
tion processes are described in the Supporting Information
(ST).

Following the nanowire synthesis, droplets of 2~10 pl Si or
Si composite nanowire suspensions were placed on top of a
quadruple electrode and settled for 20 s before four 90° phase-
shifted AC electric voltages were applied (see Figure 2). This
electric voltage configuration provides a uniform rotating elec-
tric field in either orientation with a controlled magnitude and
frequency from 5 kHz to 1 MHz. For the convenience, the
rotation chirality of the E-field was defined along the phase
shift direction in Figure 2. An optical microscope equipped
with a CCD camera was employed to record the rotation of
nanowires.

Both bare and core-shell silicon nanowires can be readily
rotated from 5 kHz to 1 MHz as shown in the overlapped snap
shots taken every 1/15 s (Figure 2 and videos S2). The rotation
angle linearly increases with time at a fixed voltage (Figure 3a
insert), where the viscous torque instantly balances the electric
torque T,. At a fixed AC frequency, the rotation speed is propor-
tional to V2 (Figure 3a), consistent with other types of nanowires,
such as Au, Pt, ZnO, and multiwall carbon nanotubes.%%

Adv. Funct. Mater. 2014, 24, 4843-4850
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Figure 1. Scanning electron microscopy (SEM) images of (a) 200 nm-diameter PS nanospheres dispersed on a silicon wafer. (b) Ag film on a silicon
wafer with 200 nm diameter holes after removal of PS nanospheres. (c) Cross-section and top view SEM images of Si nanowires fabricated by the
colloidal-assisted catalytic etching method in Scheme 1. Si nanowires have uniform diameters of 200 nm. Close views of (d) a single silicon nanowire,
(e) a core-shell Si/SiO, nanowire and its energy-dispersive X-ray spectroscopy (EDS) mapping (inset), (f) a single silica nanotube and (g,h) side and

cross-sectional view of Au coated (70 nm) Si nanowires.

All Si and core-shell Si/SiO, nanowires switched their rota-
tion orientations at distinct AC frequencies. The characteristics
of frequency dependent rotation are determined by the surface
coating, geometries of Si nanowires, as well as the electric con-
ductance of the suspension medium. The relative electric polar-
ization of the Si nanowires and suspension medium, repre-
sented by the imaginary part of Clausius-Mossotti factor Im(K),
is the key factor to understand these phenomena.

When a longitudinal nanoentity, such as a nanowire, in a
liquid of permittivity €, rotates in an electric field E, the electric
torque is given as:!1%

T =1 px El= 25 rle, Im(K)E" )

where p is the induced dipole moment of a nanowire of
radius r and length I. &, is the permittivity of the suspension
medium. The F? dependence counts for the V2 dependence of
Si nanowire rotation in Figure 3a.

The Im(K) can be calculated as®13

£,0,, —€,0,

Im(K) =
w[(gm+Lgp—L£m)2+§(0'm+LO'p—LO'm)Z:| @)

where o is the AC frequency, 0, ¢, and o, &, are conduc-

tivity and permittivity of the particle and medium, respectively,
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and L is the depolarization factor along the long direction of
nanowires. For nanowires approximated as a prolate sphe-
roid, L can be written in an integral form (after Laplace

transform):[14]

= ds
L=—[ ——
2 Io (s+1*)Rs’ ©)

where R, = (s+r2)2 (s+1*) and s is the elliptical coordinate.

Equations (2) and (3) show the complex dependence of Im(K)
on various factors including the electric properties of both the
Si nanowires and suspension medium, the geometry of nanow-
ires, as well as AC frequency (w), However, the viscous torque
(Ty,) received by the rotating nanowires, ') balances the electric
torque (T;), i.e. T, + T, = 0. We can readily determine Im(K)
from rotation speed of nanowires:

£, 1r°E?

Q=-C
nl*

Im(K), (4)

Where 1 is the viscosity, and C is a constant. Therefore,
Im(K) is a deterministic factor that can be used to understand
and predict rotation behaviors of Si nanowires. From Equa-
tions (2) and (4), it is clear that the signs of Im(K) and thus
(€,0m —€40,) solely determine the rotation orientation of
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Scheme 2. Diagrams of (a) Si nanowires; (b) silica coated Si nanowires; (c) silica nanotubes; (d) Au nanowires; (e) Au coated Si nanowires.

nanowires, as the denominator of Im(K) is always positive. Note
that the charge relaxation time of materials is given byr=¢/o.
If the charge relaxation time of the nanoparticle is shorter than
that of the medium (cp>em), then (¢,0,, —¢,0,) <0, we found
the rotation of the nanowires follows the defined E fields. If the
charge relaxation time of the nanoparticle is longer than that
of the medium (7, <7,), then (¢,0,, —€,0,)>0 and the rota-
tion of the nanowires is counterwise. When T, =Tp the nano-
wires do not rotate. We call the corresponding AC frequency as
the cross-over frequency. The majority of the aforementioned
various Si and core-shell composite Si nanowires exhibit cross-
over frequencies by rotating in the same orientation with the E
field before switching their rotation orientation when the fre-
quency is increased from 5 kHz to 1 MHz. The exact cross-over
frequencies, however, are distinct as listed in Table 1. Detailed
investigation is necessary to understand these phenomena.
When rotating Si nanowires (fabricated from n-type Si
wafers, 2250-3750 ohm cm), we found that the crossover fre-
quencies, as well as the curves of rotation speed versus fre-
quency, monotonically shift to lower frequencies with incre-
ments of nanowire lengths from 7.3 to 14.4 pm (Figure 3b).

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This phenomenon can be quantitatively understood from @y,
the AC frequency at which nanowires reach the highest rotation
speeds (Figure 3b). ®,=(0.+Lo,—-Lo,)/(e.+Le,—Le,)
can be calculated from the first derivative of Im(K) with

respect to @ in Equation (2), where L can be approximated as

! 1Y
Lz(ln;—l)/(;) 81 Considering I/r >> 1, we obtained

O<L<<1l and L ~1/I. Therefore, ®,=[C,+(0,—0u)/l]/Em
which exactly agrees with our experimental observation that w,
shifts to lower frequencies with increment of nanowire length
and is linearly proportional to 1/I as shown in Figure 3c. From
the slope of @, vs L [Figure S1 (a) in supporting information],
which approximately equals to (6, —-0,)/ €., we readily deter-
mined the resistivity of the Si nanowires as 4166 ohm cm (cal-
culation in the supporting information). This result is at the
high end of the resistivity of the Si substrates (22503750 ohm
cm) from which the nanowires were made. The higher value
found in nanowires can be attributed to a few factors: (1) the
larger specific surface area and thus higher electron scattering
due to the one-dimensional structure of the nanowires; (2) the
thin native SiO, layer on the surface of nanowires, and (3) the

Adv. Funct. Mater. 2014, 24, 4843-4850
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Figure 2. (a) Four 90° phase-shifted AC voltages applied to a quadruple
electrode for rotation of silicon nanowires. (b) Sequential and overlapped
snap shot images of a rotating Si nanowire (2250-3750 ohm cm, 14.4 pm
in length) taken every 1/15 s at 15V, 1 MHz. (Scale bar is 10 pm).

possible carrier depletion effect.l'”l Therefore, by mechanically
rotating nanoentities in an electric field, we readily determined
their electric resistivity, which well agrees with that of the mate-
rials they are made from. This result supports the feasibility of
our modeling and calculation.

The rotation behaviors of Si nanowires also depend on the
electric conductivities of the suspension medium. We sequen-
tially rotated a single Si nanowire (fabricated from n-type Si
substrates, 540-840 ohmecm) in D.I. water (2.02 pS/cm),
0.05 mM NaCl solution (7.41 pS/cm) and 0.125 mM NaCl
solution (22.10 pS/cm) (video S3). As shown in Figure 4a, the
cross-over frequencies of nanowire rotation monotonically
decreased from 290 kHz to 200 kHz with increments of the
electric conductivity of the suspension medium from 2.02 to
22.10 pS/cm. This result can be understood by analyzing the
charge relaxation times of both the nanowires (7,) and suspen-
sion medium (7,,). As mentioned earlier, at the cross-over fre-
quency, the charge relaxation time of nanoparticles equals to
that of the suspension medium (7, = 7,,) and nanowires do not
rotate. The cross-over frequency is 290 kHz for Si nanowires
in D.I. water. However, when the conductivity of the suspen-
sion medium (0,,) is increased from 2.02 pS/cm (D.I. water) to
7.41 pS/cm and 22.10 pS/cm (0.05 mM and 0.125 mM NaCl solu-
tion, respectively), the charge relaxation time of the medium (,,)
was substantially reduced, as t,=¢,/0,, while that
of the Si nanowire (7,) remain unchanged. As a result,
T, > T, and Im(K)>0 as given by Equation (2). According to the
aforediscussed frequency dependent study, the nanowire should
rotate counter to the E field in Figure 2. The expected results
exactly agree with our experimental finding that (1) nanowires

Adv. Funct. Mater. 2014, 24, 4843-4850
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in high-conductance mediums rotate counter to the E field
at the crossover frequency of nanowires in low-conductance
mediums (vertical grey line in Figure 4a) and (2) that the cross-
over frequencies of the Si nanowire monotonically shift lower
with increment of the suspension conductivity (Figure 4a).

It is known that silicon nanowires have a native oxide layer
of a few nanometers which may affect the electric properties of
Si nanowires. To understand how surface coating can change
rotation characteristics of Si nanowires. We controllably synthe-
sized Si/SiO, core-shell nanowires and Au coated Si nanowires
(Figure 1 and Scheme 2). Indeed surface coating has a signifi-
cant impact on rotation of Si nanowires. As shown in Figure 4b,
the coating of insulating layers such as SiO, reduced the overall
rotation speed of Si nanowires and lowered the cross-over fre-
quency from 400 kHz to 80 kHz. (Video S4) The Au coating sig-
nificantly increased the rotation speeds by 1.3-6.8 times from
5 to 50 kHz. The change of rotation characteristics is a result
of the change of the overall electronic properties of Si nanow-
ires, which depends on complex factors including the electronic
properties and dimensions of cores and shells, as well as their
electric interactions, i.e. electron depletion/accumulation at the
interface. This is shown by the effective complex permittivity
(¢.') modeled for a simple core-sell composite nanosphere:[3

e 3+2(8c—ssj 3_(&—85] s
e =& 0 £ +2¢, ¢ £ +2¢, ®)

where € and & are the permittivity of the core and shell,
respectively, and a is the ratio between the outer (R;) and inner
radius (R,).

To Dbetter understand the surface-coating effect that
we observed, we prepared and rotated SiO, nanotubes
(300 nm in inner-diameter, 600 nm in outer-diameter and 7 pm
in length) and Au nanowires (300 nm in diameter, 7 pm in
length) in D.I. water (The fabrication process was described
in S1). It was found that the SiO, nanotubes always rotate
counter to the orientation of Au nanowires, and Au nanow-
ires rotate at much higher speeds (curve with open circles in
Figure 4b). The countering rotation orientations of the insu-
lating SiO, nanotubes and conducting Au nanowires can be
attributed to their respectively lower/higher electric conduct-
ance (op) and thus longer/shorter charge relaxation time (ty)
compared to D.I. water. When SiO, and Au are coated on
the surface of Si nanowires, the electric conductance of the
composite nanowires can be much decreased/increased com-
pared to pure Si nanowires, which results in lower/higher
electric polarization of the nanowires relative to suspension
medium. Therefore the rotation speed of Si/SiO, and Si/Au
nanowires can be considerably decreased/increased compare
to Si nanowires from 5 to 100 kHz as shown in Figure 4b.
By the same token, the effective charge relaxation time (1)
of Si/SiO, and Au/SiO, core-shell nanowires can be much
increased/decreased compare to Si nanowires, which lowers/
increases the respective cross-over frequencies. This analysis
is evidenced by the observation that the cross-over frequency
of SiO,/Si nanowires (100 kHz) is much lower than that of
Si (400 kHz), and Au/Si core-shell nanowires even do not
reverse rotation orientations in the frequency range that we
examined (Figure 4D).
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Figure 3. (a) Rotation speed of a Si nanowire (6 pm in length) linearly increases with V2. Insert: Rotation angle is linearly proportional to time at dif-
ferent voltages. (b) Rotation speeds of Si nanowires (2250-3750 ohmecm) of different lengths at 15 V. (c) Frequency (®,) at which a Si nanowire has
the highest rotation speed shows linear dependence with 1//, where [ is the nanowire length.

Table 1. Cross-over frequencies of electric-field-driven rotation of Si nanowires.

Materials Dimension Suspension Cross-over frequency
Medium [kHz]
Surface coating effect on Si nanowire rotation
Si NW (n-type) d=200,L=73 D.I. water 430
SiO, nanotubes dinner = 300, doyer = 600, L=7 D.l. water N/A
Si/Si0, NW d; = 200, ds;0p = 500, L=7 D.I. water 100
Au NW d=300,L=7 D.I. water N/A
Au/Si NW ds; =200, ta, =70, L=7 D.I. water 200
Length-dependent Si nanowire rotation
Si NW (n-type) d=200,L=73 D.I. water 430
Si NW d=200,L=10.2 D.l. water 170
Si NW d=200,L=14.4 D.l. water 80
Si nanowire rotation in suspension of different conductivities
Si NW (n-type) d=200,L=6 D.I. water 290
Si NW (n-type) d=200,L=6 NaCl 0.05 mM 270
Si NW (n-type) d=200,L=6 NaCl 0.125 mM 200
Si NW (p-type) d=200,L=6 D.I. water 30

d: diameter (nm), t: thickness (nm), L:length (um)
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Figure 4. (a) Rotation speed versus AC frequency of a single Si nanowire
in various suspension mediums, including D.l. water (2.02 pS/cm),
0.05 mM NacCl solution (7.41 pS/cm), and 0.125 mM NaCl solution
(22.10 pS/cm). (b) Rotation speeds of Si, silica nanotubes, core-shell Si/
SiO,, Au, and Si/Au nanowires versus AC frequency. The nanowires are
7 pm in length.

For practical applications, it is important to integrate Si
nanowires into actual NEMS devices, i.e. assembling Si nano-
wires into nanomotors at designated locations. Recently, we
successfully assembled Au-Ni-Au three segment nanowires
(where Ni is magnetic) onto pre-patterned nanomagnetsusing
electric tweezers!'“*413L__our recent invention—and studied
their electric-driven rotations.'®! These Au-Ni-Au nanowires
were made by electroplating into nanoporous templates. How-
ever, it is extremely difficult to electrodeposit Si nanowires
and integrate magnetic segments for nanomotor assembling.
To resolve this issue, we slightly altered the fabrication pro-
cess of Si nanowires by evaporating a thin layer of magnetic
material (Ni, 250 nm) on the tips of the Si nanowires before
mechanically scraping them off from the substrate. Next,
trilayer magnetic disks [Cr (6 nm)/Ni (80 nm)/Au (100 nm), 1
pm in diameter] were fabricated at the center of the quadruple
electrodes by electron-beam lithography. Then, the electric-
tweezers transported the Ni-tipped Si nanowires in both the X

Adv. Funct. Mater. 2014, 24, 4843-4850
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Figure 5. (a) Schematic diagram of a Si nanowire nanomotor. The mag-
netic disk consists of a trilayer Au/Ni/Cr thin film stack, which anchors
the rotation of a Si nanowire tipped with a Ni segment. (b) The rotation
speed and chirality of the nanomotor can be precisely controlled by AC
electric fields (50 kHz 10-13 V). (c)-(f) the Si nanomotors can stably
rotate at prescribed locations both clockwise and (g)-(j) counter-clock-
wise. The inset scale bar is 10 pm. The snapshots were taken every 0.4 s.

and Y directions and assembled them onto the magnetic disks.
The assembling is due to the magnetic attraction between the
Ni segments on the tips of Si nanowires and Ni layers in the
magnetic disks. As a result, Si nanowire nanomotors can be
readily made (Figure 5a). They rotate stably at prescribed loca-
tions with completely controlled speeds and chiralities (Figure
5b-j) (50 kHz). A real-time video can be found in the supporting
information S5. The Si nanowire motors can be rotated with a
speed of at least 132 rpm at 50 kHz and 20 V.
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3. Conclusion

We studied controllable rotation of silicon nanowires in sus-
pension by electric fields. Si and Si composite nanowires were
fabricated with precisely-controlled dimensions using colloidal
assisted catalytic etching. All Si nanowires can be rotated by
electric fields. The rotation speeds and chirality are not only
determined by the electric field frequency and voltage, but
also by the geometry, surface coating as well as the conduc-
tivity of the suspension medium. Theoretical analysis supports
our results and provides insightful understanding of Si and Si
composite nanowire rotation. Electric resistivity of nanowires
was determined from their mechanical rotation. By coating a
nickel segment on the tips of Si nanowires, we assembled and
rotated Si nanowire nanomotors at designated positions with
controllable speeds and chiralities. This research provides
fundamental understanding and innovative approaches for
designing and actuation of various Si-nanowire based NEMS
devices, which can be a big forward leap for man-made
nanomotors, nanorobots, and nanoengines.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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