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We present a direct nanotube-microsphere tagging technique for the controlled three-dimensional
(3D) manipulation and transportation of vanadium oxide nanotubes (VO,-NTs) with optical
tweezers. The high scattering and absorptive nature of the VO,-NTs preclude the 3D optical

trapping of such nanostructures.

VO,-NTs are adhered to 3-aminopropyl-triethoxysilane

functionalized silica microspheres, which act as handles for indirectly manipulating and transporting
the nanotubes in three dimensions with optical tweezers. The optical tweezers can also operate as
optical scissors that can remove the dielectric handles and trim these nanotubes. This technique may
be extended to the optical manipulation of nanotubes of any material. © 2008 American Institute of

Physics. [DOI: 10.1063/1.3039407]

Metallic and semiconductor nanostructures, such as
nanotubes (NTs), nanowires and nanorods, have immense
potential for applications pertaining to nanophotonics and
nanoelectronics especially due to their electronic, mechani-
cal, and optical properties.] Three-dimensional (3D) posi-
tional control over a single semiconductor nanostructure
would be beneficial in the construction of photonics and
electronics microdevices. Over the past three decades, the
single beam optical tweezers” technique has been proven ver-
satile in many areas of physical and biological sciences.’
Typically nanometric objects of different types of materials,
i.e. metallic nanoparticles,4 semiconductor nanowires,5 -8 and
carbon NTs,’ may be held in an optical trap. Semiconductor
nanostructures exhibit a relatively high refractive index at
the near infrared wavelengths which is ideal for trapping (if
the high refractive index is too high, this can cause a
problem).5 Multiple optical tweezers systems, e.g., holo-
graphic optical tweezers® or time-shared optical tweezers,’
may also trap such structures in 3D. A simpler approach
would be to use an elongated potential8 (a line intensity pat-
tern) to optically manipulate a nanostructure in two dimen-
sions. Optoelectronic tweezers'® have also shown the ability
to manipulate a large number of single nanostructures simul-
taneously in two dimensions. Optical tweezers have shown
to be able to transport and deposit bundles of single or mul-
tiwalled carbon NTs’ onto a substrate.

In recent years, multiwalled vanadium oxide NTs'
(VO,~NTs, where x=2.4) have been synthesized by the for-
mation of lamellar structures of vanadium oxide to which
amine molecules have been intercalated. When these thin
layers of vanadium oxide are exposed to hydrothermal treat-
ment, the VO,-NTs are formed as shown in Fig. 1. The for-
mation process is described elsewhere.'? VO,-NTs (with and
without its amine molecules substituted with several

Y Authors to whom correspondence should be addressed. Electronic ad-
dresses: jlhp@xanum.uam.mx and wml6@st-andrews.ac.uk.

0003-6951/2008/93(24)/243107/3/$23.00

93, 2431071 © 2008 Am

cations’ ) can be used in a number of apphcatlons 1 e, as a
catalyst," electrodes for lithium (Li*) batteries,” optical
hmltlng, % and spin control via a transition from a semicon-
ductor to a ferromagnet In general, certain NTs (e.g., va-
nadium oxide or carbon) may be optically absorptive which
can limit and restrict their manipulation.

In this paper, we describe a simple but powerful micro-
sphere tagging technique to manipulate absorptive VO,-NTs.
A systematic tag and removal procedure using functionalized
microspheres held with a steerable optical tweezers system is
shown for the efficient trapping and transportation of these
NTs. The very same optical tweezers serves as a form of
optical scissors that performs precise trimming of these
VO,-NTs due their high optical absorption. The versatility of
this optical technique allows the selective tagging, manipu-
lation, and trimming of independent or bundles of VO,-NTs
onto a chosen substrate and minimizes physical damage due
to any absorption. Using two optical tweezers (one steerable
and the other fixed), we are able to stably manipulate a
bundle of VO,-NTs in three dimensions via tagged micro-
spheres. We remark that an analogous dielectric microsphere

Intensity (arb. units)

FIG. 1. X-ray diffraction pattern of the VO,-NTs (inset, the TEM image of
a single VO,-NT).
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FIG. 2. (Color online) Illustration of APTES coating onto silica micro-
spheres. Silica microspheres are cleaned to expose silanol groups and to
remove any contamination from the surface. They are then functionalized
with APTES; the union between the bead and the APTES is a covalent bond.
Once functionalized, the amine group (-NH,) of the APTES molecule in-
teracts with the vanadyl groups (V=0) at the tube’s surface forming a
hydrogen bond (not covalent).

tagging process is employed in the optical manipulation of
macromolecules” and in the active sorting of cells through an
optical potential energy lz:mdscape.18

The preparation of the VO,-NTs was carried out accord-
ing to a procedure described elsewhere.'>"? The structures of
the VO,-NTs are verified through the use of transmission
electron microscopy (TEM) imaging and x-ray diffraction. In
Fig. 1, we show the x-ray diffraction pattern of VO,-NTs and
the TEM image of a single VO,-NT (inset). From the x-ray
diffraction pattern, it is possible to see three reflections at
low angle (lattice structure indexed here as 001, 002, and
003). These reflections indicate the layered structure of the
walls within the VO,-NTs. In this case the position of the
first peak corresponds to an interlayer distance of 2.7 nm. At
higher angles, the peaks indexed as hkQO correspond to the
crystalline structure of the walls. The walls consist of layers
of V50,4 formed by two sheets of VOs square pyramids
pointing in opposite directions, which are joined by VO, in
the form of a tetrahedron. X-ray diffraction patterns were
taken with a Siemens D-500 diffractometer using the K« line
(A=1.54 A). Micrographs were taken with a Carl-Zeiss
EM-910 transmission electron microscope operated at 120
kV. Typically, the thickness of these VO -NTs ranges from
around20 to 30 nm; the tube diameter varies between 50 and
120 nm and their lengths between 0.5 and 4 um. The tube
diameter will vary (~0.5—-1 wm) with respect to the degree
of unfolding that it may exhibit over time."’

Next we describe the functionalization of silica micro-
spheres (2.7 wum in diameter, Bangs Laboratories) by using
3-aminopropyl-triethoxysilane (APTES).”’ These attach to
the VO,-NTs as they possess amine groups (-NH,), which
have affinity toward the VO,-NTs surface via van der Waals
interactions (see Fig. 2). The functionalized silica micro-
spheres were suspended in de-ionized water (1 ml), while the
VO,-NTs were suspended in an aqueous solution (1 ml) con-
taining a mixture of 70% ethanol and 30% de-ionized water.
Both samples were sonicated before they were mixed to-
gether in an enclosed chamber as described elsewhere.”!

The experiment used for the trapping studies is adopted
from the standard dual beam optical tweezers system that
was reported by Lee et al*' The system comprises of two
optical tweezers both operating at the wavelength of 1070
am, cne of which is steerable in both x and y using a dunal
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FIG. 3. (Color online) Illustration of tagging and untagging procedure of the
NT to a trapped coated silica microsphere. (a)-(c) show a single NT being
picked up by a trapped functionalized dielectric silica microsphere. (d)
shows a 3D illustration of the entire tagging illustration of the entire tagging
process. (e)—(h) show a large NT transported in both the lateral and the axial
planes by a trapped silica microsphere. (i)—(k) show the experiment results
of the controlled removal of the NTs from the dielectric microsphere. (1)
shows a 3D illustration of this removal process.

axis acousto-optical deflector while the second optical twee-
zers are set at a fixed position.

In what follows, we illustrate the experimental results
from the manipulation of VO,-NTs with the steerable optical
tweezers. First, we show how to controllably tag the micro-
sphere with the NTs (Fig. 3). Here a single optically trapped
APTES-coated silica sphere is carefully positioned approxi-
mately 5 wum above a single VO,-NT (length of ~5 um,
diameter of ~1 um). The slightly large diameter of this tube
indicates a minor unrolling of the tubular structure.'” The NT
is observed to be pulled toward the focused light beam. Upon
contact, the NT is seen to attach itself onto the microsphere
as seen in Figs. 3(a) and 3(b). Figure 3(c) shows that the
microsphere with the tagged NT is being optically steered
away as indicated by the orientation of the NT. Figure 3(d)
shows a graphical illustration of how the NT are attached to
the silica microsphere. Figures 3(e)-3(h) show that a NT
(length of ~5 wm, diameter of ~0.5 um) is being trans-
ported around the sample by the optically trapped silica mi-
crosphere at velocities of up to 20 um/s. Importantly, this
form of tagging process is completely reversible. In Figs.
3(1)-3(k), we show a single silica sphere with an attached NT
(length of approximately 5 wm and diameter of around
0.5 um) deposited onto the top cover slip. By carefully
scanning the optical tweezers (<10 mW) across the junction
where the NT is attached to the microsphere, the NT is de-
tached from the microsphere. Figure 3(1) shows a graphical
illustration of this removal process at the top cover slip.

In Fig. 4, we show a series of images that depict the
manipulation of the NTs in three dimensions. In Figs.
4(a)-4(d), we show the two functions in which the steerable
optical tweezers serve both as the trapping beam and the
optical scissors. A cluster of NTs tagged to a single silica
microsphere is positioned around 2 um above the bottom
cover slip [Fig. 4(a)]. By swiftly scanning the tweezing beam
across a small section of the cluster and back onto the mi-
crosphere, a small section of a NT (length: 2 um, width:
0.5 wm) is trimmed and removed from the large cluster [Fig.
4(b)]. As the tweezing beam is scanned back onto the micro-
sphere, the trimmed section of the NT is reattached onto the
optically trapped silica microsphere [Figs. 4(c) and 4(d)].

Figures 4(e)-4(h) show the manipulation of a single NT
(length: 5 wm, diameter: 0.5 wm) where one end of the NT
is anchored onte a cluster of silica microsphere at the bottom
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FIG. 4. (Color online) A series of images depicting the manipulation of the
NTs in three dimensions. (a)—(d) show selective trapping and trimming of a
single NT from a cluster of NTs and subsequent tagging to an optically
trapped single silica microsphere. (e)—(h) show the manipulation of a single
NT over the bottom cover slip. [(i)-(n)] Rotation and controlled levitation of
a bundle of NTs held with two optical tweezers via the two microspheres
tagged onto opposite ends of the bundle of NTs. (o) and (p) show the
two-dimensional patterning of the NTs into a T-shaped and a triangle,
respectively.

cover slip. An optically trapped microsphere (marked by a
red dot) is moved onto the free end of the NTs for attachment
[Fig. 4(f)]. Such an optical tweezing configuration allows a
3D angular tilt position of the NT over a substrate of interest.

In Figs. 4(i)-4(1), we now employ two optical tweezers
to demonstrate controlled rotation, at angular increments of
10°, of a bundle of NTs with two microspheres tagged onto
opposite ends of the bundle. The steerable optical tweezers
move the position of one of the microspheres (laterally trans-
lated at steps of ~1 wm), while the fixed optical tweezers
hold the other microsphere at a fixed position. This shows
the angular positioning of the bundle of NTs with this tech-
nique. By shifting the axial position of two trapped micro-
spheres away from the bottom of the cover slip by 5 um, the
bundle of NTs is stably lifted off the bottom cover slip as
seen in Figs. 4(m) and 4(n). Next, we transported and depos-
ited a bundle of NTs onto the top cover slip. By using the
trapping beam as optical scissors, we were able to trim small
piece of the tubes and thereafter position them into a desired
pattern (see also Plewa et al’). Tn Figs. 4(0) and 4(p), we
show the controlled two-dimensional patterning of the NTs
by single beam optical tweezers into T-shape and triangle,
respectively. The fine positioning of the NTs into its desired
shape is done by carefully steering a slightly defocused beam
at the perimeter of the NTs. In this way, the NTs are seen to
be gently pushed away (due to scattering) from the beam
without being ablated.

In conclusion, we have qualitatively demonstrated the
method of dielectric tagging of NTs for optical microman-
ipulation. Our experiments show that this approach is both
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feasible and controllable for absorptive NTs. The indirect
manipulation and positioning of NTs via tagging by an
optically trapped microsphere can be performed in all three
dimensions. This is an improvement from more direct optical
trapping9 as it potentially offers more controllability and ob-
viates any issues due to heating. This approach can be ex-
tended to the manipulation and transportation of nanostruc-
tures of other material compositions. Further employment of
specific surface chemistry upon microspheres may lead to an
active optical sorting of NTs through an optical potential
energy landscape:.18
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