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Real-time global Raman imaging and optical manipulation of suspended carbon nanotubes
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We demonstrate confocal, direct Raman imaging of carbon nanotubes based on the detection of the G-band
using an electron multiplying charge coupled detector. Individual carbon nanotubes and bundles of nanotubes
are observed in real-time over a large area using global illumination. We use the technique to show that
suspended nanotubes can be manipulated selectively with a focused laser beam and describe the relevant

physical mechanisms.
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I. INTRODUCTION

Refinement and innovation in imaging technologies have
been essential to the development of nanostructural science
and technology, particularly in the field of carbon nanotubes
(CNTs). Early transmission electron microscope (TEM) im-
ages of multiwalled carbon nanotubes' (MWNTSs) and single
walled carbon nanotubes (SWNTs),>? motivated a great deal
of research. In addition to TEM, atomic force microscopes
(AFMs) and scanning electron microscopes (SEMs) are now
routinely employed in carbon nanotube analysis. More re-
cently, confocal scanning Raman spectroscopy,*> near-field
scanning Raman spectroscopy,®’ and photoluminescence
imaging® have been used to study SWNTs. In this paper we
report real-time imaging of individual CNTs, including
SWNTs, based on the detection of the Raman active G band
using an electron multiplying charge coupled detector
(CCD) camera. The technique allows rapid imaging of indi-
vidual CNTs and bundles over a large area. This technique is
relatively easy to implement, economical, nondestructive,
noninvasive, and capable of real-time imaging. We further
use the technique to demonstrate that CNTs can be manipu-
lated selectively with a focused laser beam. This method of
manipulation presents opportunities for device manufacture
processes such as chirality selective wiring of nanotube cir-
cuits and the construction of nanotube networks.

II. EXPERIMENTAL METHOD

A schematic of the experimental setup is shown in Fig. 1.
Light from a HeNe laser (632.8 nm, 20 mW) passes through
a laser line band pass filter (BP) to produce a clean single
frequency beam. A lens (L1, 200 mm focal length) focuses
the collimated laser beam in front of the microscope objec-
tive [L2, 50X, 0.85 numerical aperture (NA)] in order to
obtain the defocused spot (20 wm diameter) necessary to
produce global illumination. Alternatively, this lens can be
removed resulting in a tightly focused spot (2.5 um diam-
eter) used to obtain local Raman spectra or to increase the
laser power density. The confocal configuration is obtained
by using a long wave-pass edge filter (EF1) as a beam split-
ter (641 nm edge), which reflects the laser beam and trans-
mits the Raman scattered light from the sample. A 50/50
beam splitter (BS) sends half of the scattered light to an
electron multiplying CCD camera for imaging and the other
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half to a grating spectrometer/CCD combination (SP) for
spectroscopy. For higher sensitivity, but at the expense of
simultaneity, the beam splitter can be removed for imaging,
or replaced by a mirror for spectroscopy. Raman spectra of
carbon nanotubes are acquired by a 41-1 m single grating spec-
trometer (600 lines/mm) and detected by a thermoelectri-
cally cooled CCD camera. A notch filter (NF) centered at
632.8 nm is added to reduce the Rayleigh scattered laser
intensity entering the spectrometer.

Imaging of CNTs is made possible with the use of a series
of filters. First, an edge pass filter (EF2) (641 nm edge, with
optical density 9 at 632.8 nm) cuts the remaining laser inten-
sity going through EF1. Second is a narrow bandpass filter
(GF) (710 nm center wavelength, 10 nm bandwidth) se-
lected to spectrally match the G-band emission for 633 nm
excitation. The image is focused by L3 (500 mm focal
length) on a thermoelectrically cooled, electron multiplying
CCD camera. Ideally the filters would be placed in front of
the focusing lens, but for the particular components used, the
scattered background was reduced with this inverted arrange-
ment.

This system has the capability to obtain global Raman
images of carbon nanotubes with low laser power densities
(20 mW on a 20 um spot size, 60 MW/m?) without the
need for raster scanning. Even at such power densities indi-
vidual CNTs can be observed in real-time with an integration
time of 0.5 s per frame. Images shown in this paper were
obtained with a 30 s integration time to improve the image
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FIG. 1. Schematic of the optical setup. Imaging is performed by
an electron multiplying camera (CCD) in the horizontal leg of the
optical setup. Spectroscopy is performed simultaneously in the ver-
tical leg. The various optical elements are described in the text.
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FIG. 2. Cross-section views of four types of substrates used in
this study: type (a) platinum trench substrate, type (b) silicon trench
substrate, type (c) silicon dioxide trench substrate, and type (d)
molybdenum finger substrate.

quality. Similar methods, sometimes called “Ramanography”
have been used in various applications in the past,'®!? but
their use in the nanotube material system, or individual nano-
tubes in particular, has not been reported, to our knowledge.

Nanotubes were grown by cold wall chemical vapor depo-
sition on patterned substrates with nanoparticle catalysts and
methane/hydrogen'>!* or ethanol vapor/argon/hydrogen
sources.' The catalyst consisted of electron beam deposited
films of nominally 1 nm aluminum and 1 nm iron, which
break up into nanoparticles upon heating in the reactor. A
variety of samples were fabricated for two main reasons.
First, the Raman imaging method is sensitive to the back-
ground scattered light, and so we wanted to establish that it
worked in many situations. Second, nanotube manipulation
is expected to depend on the geometry and the dielectric
environment. Suspended nanotubes were therefore investi-
gated on several different substrate types. All the samples
also had nonsuspended nanotubes. The different types of
samples had nanotubes suspended over platinum [type (a)],
silicon [type (b)], and silicon dioxide [types (c) and (d)], as
shown in Fig. 2. Samples were prepared using photolithog-
raphy and electron beam lithography, wet and dry etching,
electron-beam evaporation (Pt) and magnetron sputtering
(Mo). No further processing was done after the growth of the
nanotubes. The relevant dimensions for these samples are
given in Fig. 2. On the substrate of type (b) the catalyst was
deposited over the whole surface, while on all other sub-
strates the catalyst film was patterned into widely spaced,
2 pm wide strips running perpendicular to the trenches using
electron beam lithography.
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FIG. 3. Raman spectrum and image. (a) A typical Raman spec-
trum of an SWNT suspended over a trench etched in silicon dioxide
with platinum recessed at the base of the trench. A background
spectrum taken from a spot just off the nanotube was subtracted. (b)
The corresponding Raman image of the nanotube generated by de-
tecting the G band with global illumination. This nanotube forms a
Y junction bundle with all segments visible.

III. RESULTS AND DISCUSSION

A. Imaging

Figure 3 shows the Raman spectrum of a suspended CNT
on a substrate of type (a) along with its corresponding Ra-
man image. Although spectra can be detected with a defo-
cused spot (60 MW/m?), spectra obtained with a focused
spot (7 mW on a 2.5 um spotsize, 1.4 GW/m?) have a lower
background level, and a stronger signal. The spectrum shows
three features, a strong G-band peak at 1578 cm™!' and a
radial breathing mode (RBM) at 137 cm™! and a weaker and
broader G'-band peak around 2615 cm™!. The presence of a
RBM implies a SWNT of diameter around 1.8 nm,'¢~!3
which is classified as semiconducting both according to its
position (RBM frequency, laser frequency) on the Kataura
plot'® and the shape of the G-band peak.?’ The fact that the
G’ peak is observed with no visible D-band peak indicates
good crystallinity and low disorder of the SWNT.?! Raman
spectra of all the nanotubes tested in this study exhibited G
and G’ peaks, though not all showed a RBM. The Raman
image in Fig. 3(b) shows that the tube forms a Y junction and
thus forms a bundle of two or more tubes. Interestingly, all
legs of this Y junction are bright in the G-band image. It is
important to note that this type of Raman imaging is chirality
selective in that only the nanotubes which are resonant with
the laser are imaged. Different species of nanotubes can
therefore be imaged depending on the laser frequency used.

In general, the strength of Raman signals is greater for
suspended nanotubes than for nanotubes lying on
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FIG. 4. (a) Raman image of a CNT suspended over a trench.
The bright segment in the image corresponds to the suspended part
of the tube. (b) A SEM image of the same CNT showing the sus-
pended segment. The area imaged with the SEM is outlined by the
white box in (a).

substrates.”>?? The Raman image in Fig. 4(a) directly con-
firms this enhancement effect in a CNT on a substrate of type
(b) which has both a suspended segment and parts lying flat
on silicon dioxide. The suspended segment brightness is
1640+200 (arbitrary units) above the background compared
to 640+ 100 for the nonsuspended parts, which corresponds
to a 2.5 signal enhancement factor. This is a lower bound on
the enhancement factor, because surface roughness produced
by the presence of catalyst nanoparticles on the silicon diox-
ide inadvertently suspends some very short segments. Raman
signals from suspended portions of nanotubes grown on sub-
strates with patterned catalyst, in which the unsuspended
parts lie flat on clean silicon dioxide, such as the one previ-
ously shown in Fig. 3(b), showed up to a tenfold signal en-
hancement.

Figure 4(b) is a SEM image of the CNT shown by Raman
imaging in Fig. 4(a). The SEM image was taken in plan view
from the area outlined by the white box in Fig. 4(a). The
segment over the trench was also examined by SEM at vari-
ous tilt angles to confirm that it was truly suspended. It is
important to note that performing SEM observations on the
CNT samples makes them difficult to use for subsequent
Raman imaging. This is because a bright background devel-
ops on the sample surface in the region where the sample is
exposed to the electron beam. This background likely stems
from carbon deposition induced by the electron beam, and
varies in intensity with magnification and with choice of ob-
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servation voltage. Raman imaging thus shows, in a very di-
rect way, that SEM observation is invasive as it changes the
sample surface and therefore the nanotube environment.

Samples with high spectral background in the area of in-
terest are unsuitable for Raman imaging. The background is
particularly high in samples in which the catalyst is depos-
ited over the whole sample surface, in some cases due to a
high nanotube yield, in other cases, presumably due to gra-
phitic coating on nanoparticles which have failed to extrude
nanotubes. The samples best suited for this imaging method
are those which have localized catalyst areas and isolated
nanotubes.

B. Optical manipulation

Optically imaging CNTs is rapid and noninvasive and al-
lows for the study of nanotube motion and manipulation. In
fact, we observed that suspended CNTs are not static in the
optical field, but rather they can easily be manipulated at
moderate laser power. As we will now describe, we have
used the laser to “push” suspended nanotubes so that they
touch down on the surface and make contact locally and
controllably. The manipulation process can be observed in
real-time using the Raman imaging method.

In order to push the segment down onto the substrate
surface the defocusing lens (L1) is removed so that the laser
beam (20 mW on a 2.5 um spotsize, 4 GW/m?) is focused
directly on the CNT. Very few nanotubes could be manipu-
lated at 7 mW power, and no nanotubes were observed to
change at power densities lower than this, even after focus-
ing on the CNT for long periods of time. The dynamics of
manipulation can be observed in real-time on the CCD with
an integration time of 0.2 s per frame. Immediately after
20 mW excitation, a short, extremely bright, elongated seg-
ment is observed which, within a few seconds, disintegrates
into a circular spot of decreased brightness. The defocusing
lens is then reinserted to capture a postmanipulation Raman
image. The manipulation of the tubes was tested on different
types of substrates. On the sample of type (a), 11 suspended
segments were tested and all 11 were permanently pushed
down. On the sample of type (b), two suspended segments
were tested and both were permanently pushed down. On the
sample of type (c), 12 suspended segments were tested and
of those three were permanently pushed down onto the sub-
strate while the other nine remained unchanged. Finally, on
the sample of type (d), seven suspended segments were
tested and of those three were permanently pushed down
while the other four remained unchanged. Before drawing
conclusions from these numbers, it must be recognized that
each sample had a different density of nanotubes, and likely
also a different diameter distribution and degree of bundling.

Figure 5 shows example of Raman images of CNTs be-
fore and after optical manipulation. The leftmost panels
show suspended CNT segments before manipulation and the
rightmost panels show the effect of manipulation. Figures
5(a) and 5(b) show manipulation on a sample of type (d), for
a CNT suspended from molybdenum mesa to molybdenum
mesa. Figures 5(c) and 5(d) show the same effect on a plati-
num substrate [type (a)], for a CNT suspended from silicon
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FIG. 5. Optical manipulation of individual suspended CNTs. A
nanotube suspended over silicon dioxide from molybdenum mesas
(a) before and (b) after manipulation. A nanotube suspended over
recessed platinum fingers from silicon dioxide mesas (c) before and
(d) after manipulation. A nanotube suspended over silicon dioxide
from molybdenum mesas (e) before manipulation, (f) after a first
manipulation step, and (g) after a second manipulation step.

dioxide mesas over a recessed platinum finger. In some cases
the manipulation was done in two or more separate steps, as
shown in the lower panels (e), (f), and (g) of Fig. 5, for a
CNT on a sample of type (d). In the first step, the laser is
focused close to the right end of the suspended segment and
pushes down only a part of the suspended CNT. In the sec-
ond step the laser is focused on the remaining bright, sus-
pended segment and pushes the rest of the CNT down onto
the substrate surface.

To confirm that the manipulated CNTs touched down onto
the substrate surface, many manipulated nanotubes were ex-
amined by SEM immediately after manipulation. Figure 6(a)
shows one example of a formerly uniformly bright nanotube
after separately manipulating two suspended segments. To
increase the viewing area, two separate fields of view are
overlaid to form this image. In this example the type (b)
sample has a thick silicon dioxide layer (dark) which has
been etched into trenches with silicon at the base (light). The
CNT can be seen running diagonally and has been pushed
down into two adjoining trenches. Figure 6(b) shows SEM
images of the same area. The full figure was taken in plan
view, while the higher magnification insets were taken at a
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FIG. 6. Detailed images of a nanotube after manipulation. (a)
Two overlaid Raman images showing a nanotube that was initially
suspended and subsequently pushed down. The substrate is silicon
with 1 wm thick silicon dioxide (dark) which has been etched into
trenches with silicon at the base (light). (b) SEM images of the
same area. The large image was taken in plan view, while the higher
magnification insets were taken at a 30° tilt. The large area imaged
with the SEM is outlined by the white box in (a).

30° angle. The images confirm that the nanotube has been
pushed down by the focused laser beam onto the silicon, but
still has tilted suspended segments near the trench walls.
There is a one-to-one correspondence between the short sus-
pended segments near the edges of the trench, which are
visible in the SEM image, and the short bright segments in
the same location in the Raman image. This correspondence
again illustrates that a suspended nanotube is substantially
brighter in Raman than one on the surface.

C. Manipulation mechanism

Having shown several examples of optical manipulation,
we next discuss the relevant physical mechanisms. There are
several mechanisms through which the nanotube can make
contact with the substrate, and they may be classified into
those which arise directly from the photon field, and those
for which the substrate itself plays an important role. Laser
induced heating may cause thermal vibrations large enough
for the nanotube to contact the substrate.”* Purely optical
forces, either from photon momentum transfer, or from the
induced dipole gradient force may also be important. Finally,
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TABLE 1. Possible mechanisms of nanotube manipulation and their corresponding magnitude. S
=4 GW/m? is the optical power density, A’=107'® m? is the optical absorption area, E is the peak electric
field given by E=\S/eyc, p is the dipole moment such that p=akE, where « is the static polarizability in
Systeme International (SI) units, L'=2.5 um is the laser spot diameter, g is the charge, =200 nm is the
separation between charges, o is the thermal vibration amplitude, L=5 um is the length of the tube, d
=1.8 nm is the nanotube diameter, Y=1 T Pa is the Young’s modulus from Ref. 24, T is the temperature, and
k=3 X 10°> W/m K is the thermal conductivity from Ref. 43. The relationship between « and the extrapolated
polarizability per unit length @’ ~2 X 107 m? from Ref. 37 is a=4msya’L’.

Physical Mathematical
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electrostatic forces may act through the substrate either via
polarization or charging.

The magnitudes of forces required to manipulate nano-
tubes can be estimated. A nanotube suspended over a trench
may be modeled either as a suspended elastic string clamped
at both ends or as a stiff supported beam. It has been pro-
posed that the elastic string model is applicable to taut nano-
tubes whereas nanotubes suspended with a certain amount of
slack are more accurately modeled as stiff supported
beams.?”?® Slack here means that the nanotube has a sus-
pended length greater than the distance between anchoring
points. A taut nanotube will stretch appreciably when sub-
jected to forces on the order of 1 nN.>> A taut SWNT can
sustain strains up to 5% of its length with an average break-
ing strength of 30 GPa,?**! corresponding to a force of order
100 nN. However, it has been shown that a slack SWNT
requires much less force to bend.?> When a nanotube is slack
it bends without stretching and it can therefore be modeled
as a stiff cantilever clamped at one end. We calculated the
force needed to displace a nanotube cantilever, which bends
with a linear force constant. A 5 um long nanotube of
1.8 nm diameter requires a force of 1 fN to displace by
100 nm.%6

The various mechanisms and forces that act on a sus-
pended nanotube in an optical field are listed in Table 1. The
magnitude of each is estimated for an example case of a
single SWNT of 1.8 nm diameter, suspended over a length of

5 pm at a height of 2=100 nm above the substrate surface.
We took the laser power to be 20 mW focused to a 2.5 um
diameter spot. An estimated optical absorption cross section
of ~10% m?/molCarbon was used to calculate an effective
absorption area of 107'¢ m?.3?

First, thermally induced vibration due to laser heating
could cause a nanotube to make contact with the surface if
the amplitude of vibration is sufficiently large. Assuming that
all the absorbed photons are converted to heat, and that all
the heat loss is through the ends of the nanotube, we estimate
a temperature increase of 167 °C for a vibration amplitude
of 90 nm, which is 18 nm higher than at room temperature.*?
However, SEM observation of our nanotubes at room tem-
perature did not reveal any oscillations greater than ~10 nm.
Furthermore, other experiments indicate that nanotubes ex-
cited to these power densities actually do not heat up nearly
as much as the above estimate would suggest** and most
nanotubes do not exhibit any measurable vibration.’* We
therefore discount this as the mechanism in our case.

Optical fields can also manipulate small molecules such
as SWNTs either through absorption and scattering or
through the polarizability. The change in momentum of ab-
sorbed or scattered photons exerts a force which depends on
the optical absorption or scattering cross section and the
power density. In the example case, the momentum transfer
leads to a 1 fN force. In addition, an optical gradient force
arises from the polarizability of the nanotube. This force has
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been used to trap carbon nanotubes in solution.*>-¢ The elec-
tric field from the laser induces optical transition dipoles
along the nanotube axis which then interact with the gradient
of the electric field. The magnitude of the force can be cal-
culated using the reported static polarizability,>” and by ap-
proximating the field gradient as decreasing linearly from
that determined by the power density to zero over a distance
equivalent to the spot radius. Using this method the esti-
mated optical gradient force is 6 fN.

Separate from purely optical forces, electrostatic forces
acting on nanotubes can be important and have been used,
for example, to locate nanotubes between electrodes using
electrophoresis,®® to align nanotubes during growth,3® or to
change the resonance frequency of a suspended nanotube.”®
Close to the substrate, electrostatic interactions with the sub-
strate will overwhelm the purely photon field related forces.
For a conducting substrate, the polarized nanotube will inter-
act with an induced image dipole at a distance r, where r
=2h. For the example case, using static polarizability, this
force was calculated to be 4 fN, which is comparable to the
optical forces. For poorly conducting substrates the image
charge force would be significantly weaker.

In addition to polarization, localized charge monopoles
may be generated. For example, a donor or acceptor impurity
in the nanotube may be ionized with the mobile elementary
charge escaping from the nanotube to the substrate or to the
interface. Static point charges may also be photoinduced in
the oxide or interfaces.***! A single elementary charge and
its image charge in the substrate give rise to a 6 fN force,
which is as large as the optical force. Of course, more com-
plicated electrostatic interactions, such as dipole monopole
are possible. If charges are induced separately on the sub-
strate and the nanotube, even repulsive interactions are also
possible.

Based on the calculation of forces acting on a SWNT in
an optical field in the example case, both the optical and
electrostatic mechanisms give rise to forces on the order of
femto-Newtons. Comparing this value with the estimated of
magnitude force necessary to manipulate a nanotube it is
clear that the forces are large enough to push a slack SWNT,
but not strong enough to stretch or a break taut nanotube a
nanotube. The calculation results are supported by the ex-
perimental observation that only a fraction of the nanotubes
tested, presumably the ones with a sufficient amount of
slack, could be effectively manipulated.

Based on the scaling relationships in Table I, for large
separation between the suspended part of the nanotube and
the substrate optical forces are the strongest, while electro-
static forces dominate at small separation. Since the electro-
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static forces diverge as the distance between the charges or
dipoles decreases, it is conceivable that these forces could
stretch and even break the SWNT if the nanotube gets suffi-
ciently close to the substrate. SEM analysis of the manipu-
lated nanotubes revealed that some of the CNTs were indeed
broken, providing evidence for forces of this magnitude. It is
also important to note that throughout Table I we have used
the static polarizability to estimate the dipole moment. This a
poor approximation at optical frequencies, especially given
that Raman scattering from CNTs is a resonant process and
at resonance the polarizability of a nanotube should be
strongly enhanced.*? Therefore, we expect the gradient force
and the electrostatic dipole forces to increase considerably
since they scale with the square and the fourth power of
polarizability, respectively. The optical momentum force also
depends on the resonance conditions through the absorption/
scattering cross section. The effect of the power density and
resonant conditions on the monopole mechanism is unclear
as there is no complete picture of the process by which the
charge would be generated.

IV. CONCLUSIONS

In conclusion, we have demonstrated a method for global
Raman imaging of suspended CNTs which is capable of real-
time observation. This type of imaging can also be general-
ized to other Raman bands, such as the RBM, or to infrared
photoluminescence peaks. We have also shown that sus-
pended CNTs can be optically manipulated with a focused
laser beam, and explored the physical processes that may be
involved. The observation that suspended nanotubes are not
static in the optical field is very important as it shows that
optical measurement changes the state of the nanotube. The
capability to select and manipulate individual CNTs should
enable more controlled fabrication of networks of nanotubes
and other complex structures. Such methods are immediately
practical for “wiring up” of suspended nanotubes by forcing
them onto metallic electrical contacts.
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