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ORIGINAL ARTICLE

Optical orientation and shifting of a single multiwalled
carbon nanotube

Hongbao Xin and Baojun Li

The orientation and shifting of individual carbon nanotubes are extremely important in the assembly of building blocks of nanodevices
and in the development of one-dimensional materials for interdisciplinary applications. Here, we report an optical method that is
capable of producing the controlled orientation and targeted shifting of single multiwalled carbon nanotubes (MWCNTSs) using an
optical-fiber nanotip. In a demonstration of this technique, a single MWCNT with an outer diameter of 50 nm and a length of 0.9 pm
was first trapped by the nanotip using a laser beam with a wavelength of 980 nm and was then oriented and shifted along the nanotip
axis as a result of the interaction of the MWCNT with the optical field output by the nanotip. Various optical powers were applied to
characterize the orientation and shifting performance. The orientation and shifting of MWCNTSs of various sizes were also demonstrated.
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INTRODUCTION

Carbon nanotubes (CNTs), including single-walled carbon nano-
tubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs),
are considered to be promising building blocks for various applica-
tions because of their exceptional optical and electronic pro-
perties."”> In particular, the integration of individual SWCNTs into
highly ordered arrays can exert considerable influence on the per-
formance of optoelectronic devices,”™ and the integration of
MWCNTs is also very important for a wide variety of applications,
such as field emitters® and chemical sensing.7 However, one of the
most significant challenges for the integration of individual CNTs is
the arrangement of CNTs with controlled orientation and place-
ment.*'° Various methods have been applied for the arrangement
and manipulation of both individual SWCNTs and MWCNTs on
substrates. For example, atomic force microscopy probes'' and the
transfer-printing technique'” have been used for the arrangement
and manipulation of SWCNTs, and scanning electron microscopes
(SEMs) equipped with nano-manipulators'> and with inorganic
nanoparticles as indicators'* have been used for the arrangement
and manipulation of MWCNTs. These methods are applied for the
manipulation of CNTs on a substrate, where the CNTs are not in
random motion. In the case of CNTs suspended in liquid suspen-
sions, their arrangement and manipulation would seem to be much
more difficult because the CNTs are in random motion driven by
the strong influence of Brownian motion. To manipulate and
arrange CNTs in liquid suspensions, different methods have been
applied. For example, dielectrophoresis''® has been used to
manipulate and arrange SWCNTSs, optoelectronic tweezers'” have
been used to manipulate MWCNTs, and optical tweezers'®

have been used to manipulate both SWCNTs and MWCNTs. For
dielectrophoresis, microelectrodes that require elaborate fabrication
using electron-beam lithography are needed. For the use of optoe-
lectronic tweezers, both light and an electric bias are needed with
the assistance of dielectrophoresis, and the single CNTs cannot be
oriented and tend to shift with respect to the target locations. When
optical tweezers are used, bundles of both SWCNTs and MWCNTs
can be trapped'®** and massive SWCNTs can be aggregated,*"*
but it is not easy to manipulate a single CNT; it is extremely
difficult to optically trap a single nanoscale object, such as a single
CNT, and simultaneously orient it. This difficulty arises because as
the size of the trapped object decreases, the Brownian motion and
the rotational diffusion coefficient will dramatically increase.*®
Therefore, the controlled orientation and manipulation of a single
CNT are challenging, and an optical method capable of achieving
this objective is highly desirable. Recently, by using nanophotonic
tweezers, a near-field optical method based on a precisely designed
photonic crystal resonator that requires high accuracy in fabrication,
single MWCNTs with outer diameters of 110—170 nm and a length of
5 um have been trapped and oriented.*® To arrange individual CNTs
with controlled placement, after trapping and orientation, it is desir-
able to shift each trapped and oriented CNT to its target location while
keeping its orientation unchanged. This requirement further increases
the difficulties involved in the manipulation of a single CNT, particu-
larly for CNTs of smaller sizes. Here, we show that, by using an
optical-fiber nanotip, a single MWCNT of small size (e.g., an outer
diameter of 50 nm and a length of 0.9 pm) undergoing large
Brownian motion can be oriented and shifted under optical control
while its orientation remains unchanged. The method requires only
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simple nanotip fabrication and can be used for the controllable ori-
entation and shift of single MWCNTSs of various sizes.

MATERIALS AND METHODS

Fabrication of the optical-fiber nanotip

The nanotip was fabricated by applying a flame-heating technique to a
commercial single-mode optical fiber (connector type: FC/PC, core dia-
meter: 9 mm, cladding diameter: 125 mm; Corning Inc.). The buffer and
polymer jacket of the fiber were stripped off using a fiber stripper, and
the fiber was sheathed with a glass capillary (inner diameter: ~0.9 mm,
wall thickness: ~0.1 mm, length: ~120 mm) to protect the fiber from
breakage and warping. The fiber was first heated for approximately 1 min
until its melting point was reached. Then, an initial drawing speed of
0.5 mm s~ ' was applied to the heated fiber, and the diameter of the fiber
was decreased from 125 um to approximately 5 um over a 2-mm length
to form a gradual taper. This was followed by the application of a drawing
speed of approximately 5 mm s~ to form an abruptly tapered region.
The fiber was then broken to create a nanotip at its end by applying a
drawing speed of approximately 2 mm s~ after the formation of the
abruptly tapered region. The nanotip at the end was formed by the
surface tension of the melting fiber.

Preparation of the MWCNT suspension
Anaqueous dispersion of MWCNTSs (2.0 wt-%) was purchased from a
CNT supplier (XFNANO Inc., Nanjing, China). The purchased
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MWCNTs were suspended in non-ionic surfactant to ensure that
the MWCNTs were dispersed individually. The dispersion was diluted
with deionized water to the desired concentration (the volume ratio of
the dispersion to the added water was ~1:800). To ensure that the
MWCNTSs were thoroughly dispersed, before the experiments, the
MWCNT suspensions were shaken using an ultrasonic shaker for
approximately 3 min.

RESULTS AND DISCUSSION

Figure la presents a schematic illustration of the experimental setup.
An optical fiber (sheathed with a glass capillary) is fixed and manipu-
lated by a six-axis manipulator I (SAM I), the fiber nanotip is
immersed in the aqueous suspension of MWCNTs, and a laser beam
at a wavelength of 980 nm is launched into the nanotip for MWCNT
manipulation. Because of their small size, individual MWCNTs are
not visible under an optical microscope. To directly observe the mani-
pulation of a single MWCNT, a blue laser beam at a wavelength of
473 nm is launched into another tapered optical fiber, the end of
which is also immersed in the suspension (Supplementary Fig. S1).
A microscope interfaced with a charged coupled device (CCD) camera
through a personal computer is used to acquire the experimental data,
including the manipulation dynamics of the MWCNTs. Figure 1b
schematically depicts the orientation and shifting of a single
MWCNT using the nanotip and the 980-nm-wavelength laser beam.
The MWCNT is first trapped by the end of the nanotip and is then
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Figure 1 Experimental schematic and characterization of the nanotip and MWCNTSs. (a) Schematic illustration of the experimental setup. The red and blue arrows
indicate the propagation directions of the laser beams with wavelengths of 980 and 473 nm, respectively. A suspension of MWCNTs is placed on a glass slide that is
mounted and manipulated on a translation stage. (b) Schematic of the optical orientation and shifting of a single MWCNT using a laser beam at a wavelength of 980 nm
launched into the nanotip. The inset schematically represents the structure of the MWCNT. (c) SEM image of the nanotip. The inset shows the details of the tapered
region of the nanotip. (d) SEM image of a typical MWCNT. CCD, charge-coupled device; PC, personal computer; TF, tapered optical fiber; MWCNT, multiwalled carbon

nanotube; SAM, six-axis manipulator; SEM, scanning electron microscope.
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oriented and shifted along the nanotip axis. Figure 1c presents an SEM
image of the nanotip used in the experiments. The nanotip arm was
characterized by a region in which the diameter decreased from 5.6 to
3.3 um over a length of 16.5 um, followed by an abruptly tapered
region in which the diameter decreased from 3.3 to 0.8 pm over a
length of 2.0 um, which finally ended in a nanotip with a diameter
that decreased from 800 to 200 nm over a length of 2.7 pm. Figure 1d
presents an SEM image of a typical single MWCNT with a length of
0.9 pm and an outer diameter of 50 nm.

The experiments were begun by launching the 473-nm-wavelength
blue laser beam, with an optical power of 35 pW, into the tapered
optical fiber. The optical force exerted on each MWCNT by this low
optical power was too weak to affect the large Brownian motion of the
MWCNT. Thus, the blue laser beam exerted no influence on the
positions of the MWCNTs. After irradiation with the blue laser beam,
the MWCNTSs were then observed by means of the scattering of the
blue light from the MWCNTs because of their large Rayleigh-scatter-
ing cross-section.”* The MWCNTs were found to be moving
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randomly in the suspension because of Brownian motion. Then, the
980-nm-wavelength laser beam was launched into the nanotip at vari-
ous optical powers (P) (measured at the output of the laser). The
MWCNT motion was dominated by the competition among the
optical forces, the Brownian motion, and viscous drag. The experi-
mental results indicated that for P<40 mW, no MWCNTs could be
trapped. For P>40 mW, a MWCNT undergoing Brownian motion
could be trapped by the tip because of the optical gradient force
exerted by the tip; the MWCNT could then be oriented along the fiber
axis by the exerted optical torque. During the process of orientation,
the MWCNT was driven and shifted along the nanotip axis by the
exerted optical scattering force. Figure 2a presents a bright-field
optical microscope image of the nanotip immersed in the MWCNT
suspension, showing the location of the nanotip. Figure 2b schemati-
cally depicts the orientation angle (0) and shift distance (D) of the
MWCNT along the nanotip axis. To illustrate the manipulation
dynamics, as an example, Figure 2c shows the orientation and shifting
of a single MWCNT along the nanotip axis at P=53 mW. At t=0

Figure 2 Optical orientation and shifting of a single MWCNT. (a) Bright-field optical microscope image of the nanotip. (b) Schematic diagram of the orientation and
shifting of the MWCNT. The yellow dashed line represents the nanotip axis. (c) Dark-field optical microscope images showing the orientation and shift of a single
MWCNT along the nanotip axis for a laser beam with an optical power of 53 mW launched into the nanotip. The red and yellow arrows indicate the input 980-nm laser
beam and the orientation of the MWCNT, respectively. MWCNT, multiwalled carbon nanotube.
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(Figure 2cl), the MWCNT is trapped near the nanotip, with 0=31°

and D=0.4 um. At t=0.14 s (Figure 2¢2), the MWCNT is oriented to
0=23"and shifted to D=1.3 pm. From ¢=0.28 to 0.69 s (Figure 2c3—
2¢9), 0 is between —5° and 5°. In this range, the MWCNT can be
regarded as being oriented along the nanotip axis with a deviation
of =5 which is caused by the Brownian motion during the shift. At
t=0.69 s (Figure 2¢9), the MWCNT is shifted to D=5.8 pm. After
t=0.69 s, the orientation of the MWCNT gradually deviates from

the nanotip axis with orientation angles of 0=—16°% —19°and —22°

and corresponding shift distances of D=6.1, 6.9, and 7.2 pum, as
shown in Figure 2c10, 2c11 and 2c12. This deviation is ascribed to
the decrease in optical intensity along the nanotip axis, which causes
the optical force to be gradually dominated by the Brownian motion.
At t=1.04 s (Figure 2c12), the motion of the MWCNT is totally domi-
nated by the Brownian motion, and thus, the MWCNT is completely
shifted by a distance of 7.2 pm along the nanotip axis.

To illustrate the shifting of the MWCNT, Figure 3a presents the
two-dimensional trajectory of the centroid of the MWCNT. Three
different trajectory regions can be identified, as indicated by the labels
I, I and III. In region I, the MWCNT is outside of the optical-trapping
region, and thus, the MWCNT undergoes random Brownian motion.
Once the MWCNT enters the optical-trapping region (region II), the
trajectory changes to a straight route driven by the optical shift mani-
pulation. In region III, because of the decrease in the optical intensity
along the nanotip axis, the MWCNT motion has again become totally
dominated by the Brownian motion, and the MWCNT therefore
moves randomly. For direct comparison, as an example, Figure 3b
presents the trajectory of a free MWCNT that is not subjected to an
optical shift. To verify that the free MWCNT is exhibiting Brownian
motion, the mean squared displacement of the free MWCNT is plot-
ted in Figure 3c¢; this plot demonstrates that the behavior of the mean
squared displacement over time is highly linear, indicating that the
free MWCNT is exhibiting Brownian motion. From Figure 3, it is
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Figure 3 Trajectory of a single MWCNT. (a) In regions | and IlI, the MWCNT is
undergoing Brownian motion, whereas in region Il, the MWCNT is being shifted
by the nanotip. (b) Trajectory of a free MWCNT. (c) MSD of the free MWCNT.
MSD, mean squared displacement; MWCNT, multiwalled carbon nanotube.
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evident that the MWCNT is significantly influenced by the optical
shift, thus allowing it to be shifted to a target location.

To further analyze the optical orientation and shifting of
MWCNTs, a series of experiments were performed for different single
MWCNTs in which laser beams at different optical powers (P) were
launched into the nanotip. Figure 4a presents the orientation angles
(0) of six single MWCNTs during the orientation process at
P=53 mW. The laser was switched on at t=0. Once the optical power
was applied, MWCNTs I-VI, which were undergoing Brownian
motion with different orientation directions, were quickly oriented
to approximately 6==*5° (region I in Figure 4a) within 0.27+0.02 s.
Then, the MWCNTSs remained oriented at #=0 with a deviation of
+5°for a duration of 0.45+0.03 s (region II). Afterward, the orienta-
tions of the MWCNTSs gradually deviated from the nanotip axis
because the Brownian motion again began to dominate, and the
MWCNTSs became oriented in random directions (region III). For
P=53 mW, the distance (D,;.) required for the MWCNTSs to become
and remain oriented was 5.8+0.16 pm. D, ;. was observed to increase
with increasing optical power (Figure 4b). Figure 4c shows the shift
distance (D) of each single MWCNT as a function of time. The largest
D values were 6.8, 7.4 and 8.0 pm for P=48, 53 and 60 mW, respec-
tively, with corresponding shift times of 1.17, 1.10 and 1.03 s, respec-
tively. After the shift, D fluctuated because of Brownian motion. The
experimental results indicated that the total shift distance Dy
increased with increasing P, whereas the total shift time (T) decreased
with increasing P (Figure 4d). This behavior occurred because the
optical intensity (and thus the optical force) increased with increasing
P. Therefore, the MWCNT was shifted more rapidly and over a greater
distance for a larger P. The average shift velocity (v) during the shift
process was obtained using the equation v=Drq,/T and is presented
in Figure 4e. The fitted results indicate that v increased nearly linearly
with increasing P.

During the shift, the MWCNT motion is dominated by the com-
petition among the optical force, the Brownian motion, and viscous
drag. Because of the large aspect ratios and the variable shapes of the
end facets of the MWCNTs, an MWCNT can be modeled as an elon-
gated ellipsoid with a lateral hydrodynamic drag force Fy,.q given by'”

8nnlL )
2In(2L/d) +1

~
~

—
‘ F drag

M (1)

where n=8.9X10"* Pa-s is the viscosity of water at room temperature,
vis the average MWCNT shift velocity, and L=0.9 pm and d=50 nm
are the length and diameter of the MWCNT, respectively. Because the
Brownian motion of the MWCNT is random and in random direc-
tions, the average applied optical force (Fp) can then be approximated
to Farag. The calculated Fo is shown in Figure 4e. The fitted result
indicates that Fg increased nearly linearly with increasing P because
the optical force linearly increased with the increase in the optical
intensity.

To demonstrate the orientation and shifting capability of the fiber
nanotip for single MWCNTs of various sizes, experiments were con-
ducted using four types of MWCNTs (samples A, B, C and D). Table 1
presents the sizes of the MWCNT samples. The volume (V) of each
MWCNT sample was estimated as V=mnd"L/4, where d and L are the
diameter and length of the MWCNT, respectively. Figure 5al-5dI
presents typical SEM images of samples A-D, respectively, whereas
Figure 5allI-5dII presents typical dark-field optical microscope images
of the orientation and shifting of the samples for an optical power of
53 mW launched into the fiber nanotip. With shift times of t=0.52,
0.48,0.58 and 0.48 s, the MWCNT samples A—D were shifted through
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Figure 4 Optical orientation and shifting of single MWCNTs using different optical powers (P). (a) Orientation angles (0) as functions of time for different MWCNTSs. (b)
The distance (D) required for a single MWCNT to become and remain oriented by the laser as a function of the optical power P. (c¢) Shift distances (D) for various
optical powers as functions of time. (d) Total shift distance (Do) @and shift time (7) as functions of the applied optical power. (e) Measured average shift velocity (v) and
calculated average optical force as functions of the applied power. MWCNT, multiwalled carbon nanotube.

distances of D=5.2, 4.1, 5.0 and 4.8 pm, respectively, along the nanotip
axis. By analyzing the entire process of orientation and shifting, the aver-
age shift velocity (v) was calculated as a function of the MWCNT volume
(Figure 5e). Using Equation (1), the average optical force (Fp) over the
entire shift process was also calculated (Figure 5f). It is evident that F
increased with increasing MWCNT volume. This increase was not linear
and will be discussed below in relation to the optical-force analysis.

To more precisely control the orientation and shifting of a single
MWCNT, a dual-fiber-nanotip method (see Supplementary Fig. S2
for images of the nanotips) was used, as schematically illustrated in
Figure 6a. When a single MWCNT is trapped by nanotip I at an optical
power of P; (980-nm wavelength) and nanotip II at an optical power
of P, (980-nm wavelength), the location of the MWCNT can be con-
trolled by adjusting the distance between the two nanotips and/or the
optical powers of the laser beams launched into the nanotips. For
example, Figure 6b and 6¢ presents dark-field images of the orienta-
tion and shifting of single MWCNTs with P,=53 and 61 mW, respec-
tively, launched into nanotip I with P; remaining equal to 53 mW. The
distance between the two nanotips was 7.0 pm. Figure 6b illustrates

Table 1 Sizes of various multiwalled carbon nanotube samples used
to investigate optical orientation and shifting capabilities

Volume V(X 10°nm?)

Sample Length L (um) Diameter d (nm)  Aspect ratio

A 0.68+0.018 70x7.2 9.7 2.6156
B 0.72+0.022 60+4.8 12.0 2.0347
C 0.90+0.035 50+5.3 18.0 1.7663
D 1.0+0.030 65+4.6 154 3.3166

doi:10.1038/Isa.2014.86

that for P,=P,=53 mW, the MWCNT was oriented and located at a
distance (D;) of 3.4 um from nanotip I. When P, was increased to
61 mW, D; decreased to 2.3 pm (Figure 6¢). Figure 6d shows the
distance (D) between the MWCNT and nanotip I for various P, values;
the relation is highly linear. Therefore, the precise orientation and shift
control of a single MWCNT can be achieved by adjusting the distance
between the two nanotips and the optical powers of the laser beams
applied to them.

The optical trapping of the MWCNT by the nanotip and the ori-
entation process can be ascribed to the interaction between the elec-
tric-field components (E) of the trapping laser and the instantaneous
dipole moments (P). The dipolar polarizability determines the
strength of the interaction with the optical field.”® The induced dipole
moment per unit volume is P=¢yyE, where ¢, and y are the permit-
tivity of free space and the dielectric susceptibility, respectively. The
interaction energy for the MWCNT is then given by

U=—<(PE)/2=—g<E)*/2 )

The interaction results in a force that is determined by the gradient
of the laser intensity. A force in the same direction as the optical-
intensity gradient can trap an MWCNT in the region where the laser
intensity is higher, and thus, an MWCNT near the nanotip can be
trapped by the transverse optical gradient force perpendicular to the
fiber axis. However, for an MWCNT at the fiber axis, this gradient
force is smaller than the scattering force induced by the photon pres-
sure, and thus, the MWCNT is shifted along the fiber axis by the
optical scattering force, which is given by*®

Light: Science & Applications
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Figure 5 Optical orientation and shifting of various single MWCNTs. (a—d) Panels
I: SEM images of MWCNT samples A-D. Panels II: dark-field optical microscope
images of the orientation and shifting of MWCNT samples A-D. The yellow
dashed line, red arrows, and yellow arrows indicate the end of the nanotip, the
launched 980-nm laser beams (53 mW), and the orientations of the MWCNTSs,
respectively. (e) Measured average shift velocity (v) as a function of the CNT
volume (V). The letters A-D represent the four MWCNT samples. (f) Calculated
average optical force (Fp) as a function of the MWCNT volume (V). MWCNT,
multiwalled carbon nanotube; SEM, scanning electron microscope.

1,
Fscat = TW <S>Cscat (3)

where n,, is the refractive index of water, cis the speed of light, S is the
Poynting vector and Ci=k*|o|*/(47) is the scattering cross-section;
here, o is the polarizability of the MWCNT, which is given by o= V(e—
&)/ (ect2ey,), where Vis the MWCNT volume and ¢ and &, are the
dielectric constants of the MWCNT and water, respectively. Because of
the unique optical and electronic properties of MWCNTs, the dielec-
tric constant of an MWCNT depends on its size;?” thus, there is no
simple linear relation between o and the MWCNT volume V. From
Equation (3) and the expression for o, it is apparent that F,., increases
as the MWCNT volume V increases, but not in a linear manner.
Therefore, the experimental estimation of the average optical forces
exerted on MWCNTs with different volumes using Equation (1) is not
characterized by a simple, linearly increasing relation, as shown in
Figure 5f.
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Figure 6 Controlling the orientation and shift of a single MWCNT using a dual-
fiber-nanotip method. (a) Schematic depiction of the dual-fiber-nanotip method;
the two red arrows indicate the laser beams launched into nanotips I and I1. (b, ¢)
Dark-field optical microscope images of the orientation and shifting of a single
MWCNT using (b) P;=P,=53 mW and (c) P;=53 mW and P,=61 mW. The
yellow dashed lines indicate the locations of the two nanotip ends, whereas the
yellow arrows indicate the orientations of the single MWCNTSs. (d) Measured D, as
a function of P,. MWCNT, multiwalled carbon nanotube.

For an electromagnetic wave with a transverse electric mode, when
an MWCNT with an orientation angle of 0 with respect to the nanotip
axis is trapped on the nanotip axis, a torque is generated, whose mag-
nitude is given by*

To=1/2Re[P x E*| (4)

where * represents a complex conjugate and Re[] indicates the real
part of the expression inside the brackets. For an MWCNT with an
orientation of 0 with respect to the nanotip axis, considering the
effective polarizability of the MWCNT, the induced torque can be
expressed as follows:**

T =1/20¢|E|*sin 0 cos 0 (5)

where 0egr=Re[01ong— Oirans] is the effective polarizability; here, ajong
and 0,5 are the polarizabilities of the ellipsoid along the longitudinal
and transverse axes, respectively. Thus, the MWCNT is finally oriented
along the nanotip axis such that 0=0. For this orientation, the overall
polarizability, which depends on the overlap of the light intensity and
the MWCNT volume, is maximized in an optical ‘[rap.28 Asaresult, the
MWCNT is oriented along the optical axis of the nanotip. However,
because of the influence of Brownian motion, deviations will arise, as
observed in the experiments. The |E|* value output by the nanotip can
be obtained using a finite-element method. The simulation model is
depicted in Supplementary Fig. $3, and the simulated |E|* values are
presented in Supplementary Fig. S4. Simulation results also indicate
that the maximum value of |E|> output by the nanotip along the
fiber axis is 1.5 times the value output by a tapered optical fiber
without a nanotip. Thus, a fiber with a nanotip is more suitable for

doi:10.1038/Isa.2014.86



the orientation and shifting of MWCNTs. However, because of
the possible surface plasmon resonances and different chiralities of
MWCNTs in different chemical environments, the dielectric constants
and conductivities of MWCNTs are difficult to obtain.?® Thus, the
optical model for the MWCNT simulation, from which numerical
calculations of the optical forces and optical torque can be obtained,
is difficult to construct.

Recent studies have demonstrated the remarkable ability to orient
single nanoscale rod-shaped objects, such as gold nanorods, using
classical optical tweezers (COTs)*® and the ability to simultaneously
orient multiple rod-shaped bacteria using holographic optical twee-
zers (HOTs);* however, compared to the COTs and HOTs methods,
methods of trapping and manipulation using one or more optical-
fiber nanotips offer the following advantages: (i) an optical-fiber
nanotip can be used to trap and manipulate nanoscale particles with
only a single optical fiber used to deliver laser beams, whereas the
COTs and HOTs methods require the bulky structure of a high-
numerical-aperture focusing objective and optical system to deliver
the laser beams;*® and (ii) the low working distance of the high-
numerical-aperture focusing objective in such a COTs or HOTs setup
limits the depth at which particles can be manipulated and analyzed,
whereas, when a flexible fiber nanotip is used, particles can be easily
manipulated at various depths in the suspension because the fiber can
be inserted into the particle suspension in various directions and to
various depths.’®*! Therefore, the optical-fiber nanotip used in our
work may provide the ability to orient and manipulate various types of
nanoscale objects.

Additional experiments demonstrated that when polarized laser
beams are launched into the optical-fiber nanotip, the orientation
process for the MWCNTs is no different than in the case of orientation
using non-polarized laser beams. This polarization insensitivity may
be attributable to the fact that the bending of the fiber and the tapered
end of the fiber fabricated via the flame-heating method strongly
influence the polarization of the propagating laser beams. Thus, after
the beam has propagated along the fiber, the initial polarization of the
laser beam is not maintained in the beam that is output by the nanotip.
In comparison with the orientation of nanoscale rod-shaped objects
using COTs, in which different orientations of the objects can be
achieved using differently polarized laser beams, this is a disadvantage
of our method for the orientation of MWCNTs. Although we have
used tapered optical fiber to manipulate various objects,’®*>** the
objects that can be thus trapped and manipulated are limited to micro-
scale/submicroscale dielectric particles (the smallest are 0.7-pm SiO,
particles) and microscale/submicroscale biological cells (the smallest
are Escherichia coli cells, with a diameter of approximately 700 nm and
a length of approximately 2.0 um). These objects can be easily
observed using an optical microscope, and their Brownian motion is
not significant because of their large sizes. Therefore, the advancement
represented by this work is that a single MWCNT with a diameter as
small as 50 nm can now be trapped, precisely oriented, and shifted to a
designated position.

CONCLUSIONS

In conclusion, we demonstrated an optical method capable of the
controlled orientation and targeted shifting of single MWCNTs using
an optical-fiber nanotip. When an optical power of greater than
40 mW was launched into the nanotip, a single MWCNT with an
outer diameter of only 50 nm and a length of 0.9 pm was trapped
by the nanotip and then oriented and shifted along the fiber axis by
overcoming its considerable Brownian motion. The orientation angles
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and shift distances for various optical powers were characterized, and
the average optical force exerted on the MWCNT in the shifting
process was estimated. This orientation and shifting capability was
also demonstrated for MWCNTs of various sizes. The ability to orient
and shift a single MWCNT provides a new approach to the manip-
ulation of one-dimensional materials with controlled arrangements
and should facilitate the development of high-precision assemblies of
MWCNTs.
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