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The construction of nanoporous membranes is of great technological importance for various applications,
including catalyst supports, filters for biomolecule purification, environmental remediation and seawater
desalination1–3. A major challenge is the scalable fabrication of membranes with the desirable
combination of good thermal stability, high selectivity and excellent recyclability. Here we present a
selfassembly method for constructing thermally stable, freestanding nanowire membranes that exhibit
controlled wetting behaviour ranging from superhydrophilic to superhydrophobic. These membranes can
selectively absorb oils up to 20 times the material’s weight in preference to water, through a combination
of superhydrophobicity and capillary action. Moreover, the nanowires that form the membrane structure
can be re-suspended in solutions and subsequently re-form the original paper-like morphology over many
cycles. Our results suggest an innovative material that should find practical applications in the removal of
organics, particularly in the field of oil spill cleanup.
Owing to the increasing level of attention focused on the preservation of the environment, there is a
growing need for membrane materials able to perform complex functions such as removing various forms
of organic contaminants or oil spills from water4. The existing toolbox for the fabrication of membranes
includes methods such as selective etching of solid or polymer templates, self-assembly of block copolymers, layer-bylayer assembly, electrospinning of nanofibres, dry-state spinning of nanotube yarns,
and replica moulding against porous templates5–10. Although widely implemented in research, these
methods have limitations for practical use because of the need to withstand harsh conditions, the need for
multistep procedures for implementation or limitations in substrate size. In addition, conventional
polymeric membranes are unsuitable for high-temperature applications and lack substantial selectivity.
New and recyclable membranes that overcome these fundamental limitations could significantly reduce
materials waste and operating costs. Here, we present a thermally stable membrane material, based
upon self-assembled, free-standing, paper-like structures of cryptomelane-type manganese oxide
nanowires. The nanowire membrane, composed of three-dimensional porous nanostructures, exhibits a
superhydrophilic character with a wetting time of 0.05 s. When coated with a thin layer of hydrophobic
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molecules, the membrane becomes superhydrophobic, as is made evident by its high water contact angle
(θ > 170°). These two extreme wetting characteristics are completely switchable upon coating with or
removal of the hydrophobic molecules at elevated temperatures. We demonstrate the efficient absorption
and high level of selectivity of this superwetting nanowire membrane for a broad range of organic solvents
and oil.

Figure 1 Characterization of the as-synthesized nanowire membrane. a, Optical image of the cryptomelane membrane. b,
SEM image of cross-sectional area of the membrane, showing a layered structure. c, Low-magnification SEM image showing
surface morphology of the membrane. d, SEM image of the interpenetrating nanowire networks. e, High-magnification SEM
image of a nanowire bundle. f, TEM image of a single cryptomelane nanowire. g, High-magnification TEM image of the nanowire
shown in f. Inset: the corresponding selected-area electron pattern. h, Wetting time values as a function of the number of water
droplets sequentially deposited at time intervals of 60 s and 120 s, respectively. Inset: video snapshots of the wetting of a water
droplet on the membrane.

Figure 2 Characterization of the silicone-coated nanowire membrane. a, Water contact angle measurements of the siliconecoated cryptomelane membrane. Note that θA and θR refer to advancing and receding angles, respectively. b, SEM image of the
silicone-coated nanowires. c, TEM image of as-modified nanowires. Inset: the corresponding SAED pattern. d, Highmagnification TEM image showing a conformal sheath on the surface of the nanowire. e, EDS spectrum taken from a selected
area marked in d.
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The design of suitable membranes for selective absorption of organics requires a material composed of
superhydrophobic or oleophilic fibres that form a net of open superwetting capillaries. When combined
with capillary action, for example in the case of non-woven poly(propylene) fibres, absorption efficiency is
significantly improved11. Surface energy, and consequently contact angle, is a materials property that
depends critically on surface morphology12,13. Surface roughness and the fraction of air trapped on a
surface, as well as material composition, determine the wetting property of the surface14–25. To this end
we synthesized a material composed of manganese oxide nanowires that assemble into free-standing
membranes according to a modified procedure available in the literature26.
In a typical experiment, nanowires were first synthesized at 250 °C in an autoclave in the presence of
stoichiometric mixtures of potassium sulphate (19.1 mmol), potassium persulphate and manganese
sulphate monohydrate in a ratio of 1:2:1 in 80 ml of deionized water. This hydrothermal treatment yielded
a wool-like suspension after dispersion in deionized water. The water was subsequently removed by
casting the suspension on a Teflon® substrate placed in an oven, leading to the formation of
selfassembled nanowire membranes. Free-standing nanowire membranes of arbitrary size exhibiting a
uniform surface morphology could be readily synthesized with this approach in almost quantitative yield.
A typical sample of the nanowire paper with a 27-cm edge length is shown in Fig. 1a. A scanning electron
microscopy (SEM) image (Fig. 1b) shows a crosssectional view of the nanowire membrane (~50 mm
thick) consisting of nanowires assembled over multiple length scales. A large portion of the nanowires
assemble in bundles over a length scale longer than several hundreds of micrometres, forming an open
porous network (Fig. 1c–e). Figure 1f shows a transmission electron microscopy (TEM) image of a single
nanowire with a uniform diameter (~19 nm). Selected-area electron diffraction (SAED) patterns (upper
right inset, Fig. 1g) of the nanowire can be indexed in accordance with the [100] zone axis of a
cryptomelane-M type (K2—xMn8O16) crystal (Joint Committee on Powder Diffraction Standards file no. 441386: a = 9.942 Å , b = 2.866 Å , c = 9.709 Å ). The high-magnification TEM image of the nanowire shown
in Fig. 1 g reveals lattice fringes of the {002} and {011} with a d-spacing of 0.48 nm and 0.27 nm,
respectively, typical for monoclinic K2—xMn8O16. Within this nanowire, the [001] crystallographic direction
is essentially parallel to the long axis direction of the nanowire.
In a typical experiment, nanowires were first synthesized at 250 °C in an autoclave in the presence of
stoichiometric mixtures of potassium sulphate (19.1 mmol), potassium persulphate and manganese
sulphate monohydrate in a ratio of 1:2:1 in 80 ml of deionized water. This hydrothermal treatment yielded
a wool-like suspension after dispersion in deionized water. The water was subsequently removed by
casting the suspension on a Teflon® substrate placed in an oven, leading to the formation of
selfassembled nanowire membranes. Free-standing nanowire membranes of arbitrary size exhibiting a
uniform surface morphology could be readily synthesized with this approach in almost quantitative yield.
A typical sample of the nanowire paper with a 27-cm edge length is shown in Fig. 1a. A scanning electron
microscopy (SEM) image (Fig. 1b) shows a crosssectional view of the nanowire membrane (~50 mm
thick) consisting of nanowires assembled over multiple length scales. A large portion of the nanowires
assemble in bundles over a length scale longer than several hundreds of micrometres, forming an open
porous network (Fig. 1c–e). Figure 1f shows a transmission electron microscopy (TEM) image of a single
nanowire with a uniform diameter (~19 nm). Selected-area electron diffraction (SAED) patterns (upper
right inset, Fig. 1g) of the nanowire can be indexed in accordance with the [100] zone axis of a
cryptomelane-M type (K2—xMn8O16) crystal (Joint Committee on Powder Diffraction Standards file no. 441386: a = 9.942 Å , b = 2.866 Å , c = 9.709 Å ). The high-magnification TEM image of the nanowire shown
in Fig. 1 g reveals lattice fringes of the {002} and {011} with a d-spacing of 0.48 nm and 0.27 nm,
respectively, typical for monoclinic K2—xMn8O16. Within this nanowire, the [001] crystallographic direction
is essentially parallel to the long axis direction of the nanowire.
The self-assembled cryptomelane nanowire membrane has a pore size distribution centred at 10 nm and
a surface area of 44 m2 g-1. To examine the wettability of the membrane, a video contact angle instrument
was used and operated in dynamic mode at a capture speed of 60 frames per second (inset, Fig. 1h).
The wetting time for a water droplet (~2 ml) added to the surface was found to be 0.05 s. Interestingly,
further additions of water droplets to the same location at time intervals of 60 s and 120 s show a
constant wetting time of 0.05 s until a saturation point is reached (Fig. 1h), indicating that water
penetrates in the bulk of the material.
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To obtain superhydrophobic
surfaces, we coated the
membrane using a vapour
deposition technique that
provides a coating over the
entire surface of the porous
material. The nanowire
membrane
was
placed
together
with
a
polydimethysiloxane
(PDMS) film in a covered
glass container and heated
at 234 °C for 30 min. Upon
heat treatment, we suspect
that
volatile
silicone
molecules in the form of
Figure 3 Surface wetting switchability of the nanowire membrane. a, Representation
short PDMS chains form a
of the reversible transition between superhydrophilic (top) and superhydrophobic (bottom)
conformal layer on the
states of the nanowire membrane. b, A series of contact angle and hysteresis
metal oxide substrate and
measurements taken after each transition cycle.
subsequently crosslink, to
result in the formation of a
silicone
coating.
As
anticipated, the modified
membrane
becomes
superhydrophobic, as is
made evident by its water
contact angle of 172 ± 1°
(Fig. 2a) with a negligible
hysteresis between the
advancing and receding
angle.
Notably,
the
superhydrophobicity of the
silicone-coated membrane
remains unaltered after
being immersed in water at
ambient temperature for
more than three months.
The
siliconecoated
nanowires maintain their
typical morphology (Fig.
2b),
remain
single
crystalline (Fig. 2c), and are
conformally coated with a
sheath (~3 nm thick, Fig.
2d). Compositional analysis
of the sheath by energydispersive
X-ray
spectroscopy (EDS) reveals
the presence of silicon (Fig.
2e). Etching of the inorganic
Figure 4 Oil uptake studies of the silicone-coated nanowire membrane. a, Absorption
nanowires leaves silicone
capacities of the membrane for a selection of organic solvents and oils in terms of its
‘nanotubes’ that are mostly
weight gain. b,c, A layer of gasoline can be removed by addition of the self-supporting
composed of silicon and
membrane to the gasoline followed by the removal of the paper. The gasoline was labeled
oxygen (see Supplementary
with Oil Blue 35 dye for clear presentation.
Information,
Fig.
S1).
Fourier transform infrared (FTIR) spectroscopy on a potassium bromide pellet coated with the silicone by
the same procedure as for the nanowires shows the presence of short chains of PDMS (see
Supplementary Information, Fig. S10). Importantly, this hydrophobic coating can be easily removed by
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heating the nanowire membrane to elevated temperatures (390 °C), resulting in switchable wetting
behaviour between its superhydrophilic and superhydrophobic states (Fig. 3a). Only subtle changes in
water contact angles and hysteresis were observed in each switching cycle (eight times for the study
shown in Fig. 3b), indicating a high degree of switchability in the wetting behaviour. The freestanding
silicone-coated nanowire membrane exhibits a considerable degree of mechanical robustness, as is
shown by its resistance to repeated ultrasonic treatment. Control experiments on manganese oxide
nanoparticle films exposed to the same silicone coating treatment produced a surface with a contact
angle of 141°, confirming that the coating itself is not the sole cause of the superhydrophobic behaviour
(see Supplementary Information, Fig. S2). Furthermore, by ion exchange of Kþ with NH4þ and heating
the membrane at 600 °C in a furnace for 2 h, we induced a transformation into bixbyite-type manganese
oxide with a further nanostructuring of the surface features while keeping the self-standing structure intact
(see Supplementary Information, Fig. S3). A conformal silicone coating of this structure could also be
obtained, as proven by high-resolution TEM imaging and by a water contact angle of 177°.

Figure 5 Solvent-separation studies. a, Schematic showing a typical procedure for separation of mixed solvents of very
similar hydrophobicity. A piece of superhydrophobic nanowire membrane was immersed in a mixture of toluene and benzene
for 3 min, the membrane was then removed from the solvent, cut into equally sized pieces, and subsequently placed into
separated vials containing deuterated solvents. b, Calculated molar ratios of the solvents absorbed on five pieces cut from the
nanowire membrane according to the scheme shown in a.

As expected, the membrane combined its superwetting behaviour (that is, superhydrophobicity) with good
capillary action, an overall property that we call selective superabsorbance. When brought into contact
with a layer of oil on a water surface, the membrane, with a calculated density of 0.286 g cm-3 (in contrast
to 4.36 g cm-3 in bulk cryptomelane mineral), quickly absorbed the oil while repelling the water (see
Supplementary Information, Movie M1). As shown in Fig. 4, the membrane (1.5 x 3 cm) showed uptake
capacities up to 20 times its weight for a collection of organic solvents and oil. Specifically, the membrane
absorbs on average 14 t m-3 of motor oil, making this membrane an ideal candidate as an oil absorbent.
As control experiments, using 1H NMR, we compared the solvent selectivity of the membrane (see
Supplementary Information, Fig. S11) with that of porous polypropylene and silicone-coated glass fabric
membranes with water contact angles of 142° and 128°, respectively (see Supplementary Information,
Fig. S4). The polypropylene and glass fabric membranes were found to absorb both water and toluene,
whereas only toluene was absorbed by the superhydrophobic nanowire membrane, confirming the
important role of the superwetting surfaces for selective absorption. More importantly, the membrane can
selectively absorb emulsified oil suspensions in water with a remarkable uptake capacity of ~9 t m-3 (see
Supplementary Information, Fig. S5). As confirmed by dynamic light scattering studies, the nanowire
membrane readily takes up toluene droplets of different sizes, but the glass fabric counterpart does not
show any notable selectivity of the toluene droplets over water (see Supplementary Information, Fig. S6).
Another major advantage of the nanowire membrane is its thermal stability for temperatures up to 380 °C.
The membrane can be regenerated after each use by ultrasonic washing and autoclaving (~130 °C for 20
min), making recycling schemes for both the membrane and the absorbed liquid possible.
An intriguing property of the superwetting membrane is the possibility of separating one solvent from a
mixture of solvents of very similar polarity. By eluting the solvents against the membrane by means of a
technique similar to thin layer chromatography, the subtle adhesion difference between the solvent and
26-5

Chapter 26. Nano-Materials and Electronic Devices
the membrane in these two systems can be amplified through capillary force and enormous surface areas
in the membrane. As a result, the elution method leads to an increased variation in the ratio of the
solvents absorbed as the solvent mixture rises from the bottom to the top of the material. As a proof-ofconcept experiment, a superhydrophobic membrane was placed into a 1:1 (v:v) mixture of toluene and
benzene (Fig. 5a). Despite very similar dielectric constant values for toluene (2.4) and benzene (2.3), we
were able to retrieve a solvent ratio of 12:1 (v:v) at 3 cm above the solvent level 3 min after the immersion
of the membrane (Fig. 5b). A more immediate application for these membrane materials will be in the
removal of hydrophobic contaminants from water (for example, sea water or industrial discharge). Given
the global scale of severe water pollution arising from oil spills and industrial organic pollutants, this study
may prove particularly useful in the design of recyclable absorbents with significant environmental impact.
MATERIALS
Potassium sulphate, potassium persulphate and manganese sulphate monohydrate were used as
received. A sample of motor oil was purchased from Citgo. For all experiments, deionized water (Milli-Q)
was used. Muscovite mica (V-1 grade) substrates were purchased from Structure Probe. Silicon oxide
wafers were cut into 0.5 x 0.5 cm2 slides and sonicated sequentially in dichloromethane, methanol and
deionized water for 10 min. The wafers were then immersed in a freshly mixed ammonia peroxide
solution (H2O:H2O2:NH3 .H2O(v:v:v)= 5:1:1) for 1 h at ~90 °C, after which they were rinsed with deionized
water followed by ethanol.
SYNTHESIS
The precursor to cryptomelane nanowire membranes was synthesized using a hydrothermal method. The
starting materials were composed of 19.1 mmol of potassium sulphate (K2SO4), potassium persulphate
(K2S2O8) and manganese sulphate monohydrate (MnSO4 .H2O) in a ratio of 1:2:1 in 80 ml of deionized
(DI) water. The mixture was transferred to a Teflon vessel held in a stainless steel vessel. The sealed
vessel was placed in an oven and heated at 250 °C for 4 days. The resulting solid was then resuspended
in 800 ml of deionized water and stirred vigorously overnight to yield a homogeneous suspension. The
suspension was filtered and washed a couple of times until all soluble impurities were removed from the
solid. The nanowire membrane was produced by dispersing the precursor, casting the suspension on a
Teflon substrate placed in an oven, and subsequently heating at 85 °C for 24 h.
The bixbyite nanowires were synthesized according to the following procedure. The cryptomelane-type
nanowires were first placed in a solution of NH4Cl, resulting in ion exchange of K+ within the crystalline
tunnel of the nanowires with NH +4 cations. Heating of the NH +4 -doped nanowires at 600 °C leads to the
oxidation NH +4 and subsequent conversion to N2 gas. The oxidation process was confirmed by a
temperature-programmed desorption method.
SILICONE COATING PROCEDURE
The silicone coatings of the substrates were achieved using a vapour deposition technique. In a typical
experiment, a PDMS stamp and the nanowire membrane were placed in a sealed glass container heated
at 234 °C for 30 min. The thermal degradation of PDMS through heterolytic cleavage of the Si–O bonds
leads to a mixture of volatile, low-molecular-weight products that form a conformal layer on the surface of
the substrates. The coated nanowire membrane exhibited a water contact angle of more than 170°
throughout both sides of the membrane, which is indicative of full surface coverage.
CHARACTERIZATION
The crystallographic phase of the bixbyite nanowires was determined by powder XRD (Rigaku RU300,
CuKα radiation). TEM images were recorded on a fieldemission JEM-3000F high-resolution transmission
electron microscope operated at 300 kV and equipped with an energy-dispersive X-ray spectrometer.
Surface morphology of the nanowire membrane was observed using a JEOL-5910 scanning electron
microscope. Sessile drop contact angle measurements were performed by adding water to the sample
surface with a motor-driven syringe. Unless otherwise noted, all contact angle measurements were
carried out under ambient laboratory conditions at temperature of ~20 °C. The advancing (θA) and
receding (θR) angles were obtained by extending and contracting the volume of the drop, respectively.
The surface area for the cryptomelane nanowire membrane was measured by a three-point BET method
(nitrogen gas as absorbate). Nitrogen desorption and adsorption studies using Quantachrome Corp
Autosorb-1 equipment were used to determine the pore size distribution.
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The separation of toluene from benzene was performed by using a 6 x 40 mm hydrophobic membrane
soaked into a 1:1 (v:v) mixture of toluene and benzene (molar ratio of toluene/benzene: 0.84) for 3 min.
The nanowire membrane was then removed from the solvent mixture and subsequently cut into six
pieces, as shown in Fig. 5. The first five pieces were immediately placed into five individual vials
containing deuterated chloroform. Molar ratios of the solvents absorbed on these five pieces were
determined by 1H NMR analysis (Bruker DPX 400). The integrated areas of 1H NMR resonance signals
at 2.36 p.p.m. for toluene (C6H5CH3) and 7.36 p.p.m. for benzene (C6H6) were used to calculate the molar
ratio.
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Abstract
A new tool for studying the process of carbon nanotube chemical vapor deposition (CVD) synthesis is
described. By rotating the substrate in-situ during the CVD process, the orientation of floating nanotubes
with respect to the substrate is changed by interaction with the gas stream. Nanotubes lying on the
surface of the substrate, however, will maintain their relative orientation. As a result different nanotube
alignment angles are observed. By defining a time window through multiple rotation steps it is possible to
study carbon nanotube behavior during CVD growth in a time-resolved manner. As an example, the
settling process (i.e., the sinking of the nanotube to the substrate) is investigated. The analysis of forces
acting on a floating nanotube shows that a vertical gas stream due to thermal buoyancy over the sample
can keep long nanotubes floating for extended times. A stochastic process, indicated by a constant
settling rate over time, forces the nanotube to make contact with the substrate and this process is
attributed to flow induced instability. Additional information on the floating and settling process are
revealed from our study. The settling velocity could be inferred from curved nanotubes. Imaging of a
horizontal projection of the nanotubes shows a clearance of several hundred micrometers between the
substrate and a floating nanotube.
Introduction
The potential success of carbon nanotubes for both science and practical applications is strongly
dependent on advances in their synthesis. Even though their superiority to conventional materials has
been demonstrated in numerous fields1, basic understanding of the nanotube growth process remains
challenging. One approach to investigate the behavior of carbon nanotubes during growth is in-situ
analysis: important results have been obtained using in-situ TEM2, SEM3, field emission4 and Raman
spectroscopy5. However, it has to be noted that these tools are not generally available, their operation
requires particular technical expertise, and they are suitable only for carefully chosen synthesis
parameters. The discrepancy between the working conditions of those systems and commonly used
CVD environments is a significant limitation.
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In the past few years the successful growth of long aligned carbon nanotubes was reported by several
groups, including our own.6-8 It has been hypothesized that during growth the nanotubes are either
partially or totally floating above the substrate, and these nanotubes can thus be aligned by the gas flow
after reaching a critical length6. However, several questions were raised and remain unanswered. The
exact mechanism that allows nanotubes to float and the reasons they eventually settle to the substrate
are still subject to investigation.
In this Letter, we describe a way to use in-situ sample rotation as a tool to statistically investigate the
behavior of about 10,000 long aligned nanotubes in a time resolved manner. Once a floating nanotube
settles, it experiences a strong enough van der Waals interaction with the substrate so that it will not be
affected by the gas flow anymore9. By changing the angle between the sample (to which the settled
nanotubes are attached) and the gas stream direction that aligns the floating nanotubes, it is possible to
distinguish between nanotubes settled before and after the sample rotation.
To demonstrate the usefulness of this analysis technique, and as a starting point for future applications,
we utilized the in-situ sample rotation to investigate the settling process. The settling is an important
aspect of growth since it not only determines the position and morphology of the nanotubes but also the
nanotube length, It is assumed that the interaction of the nanotube with the substrate causes growth
termination, either because the increased friction of nanotube segments inhibits further extrusion or
because of a change in catalyst chemistry7. By utilizing sample rotation in a time resolved analysis
approach, we obtain statistical data that allows us to address questions about nanotube floating and
settling behavior during the CVD process. In addition, by changing the growth process parameters we
are able to assess the effect of thermal buoyancy and other forces on the rate of nanotube settling. We
find that a stochastic process explains the settling behavior of nanotubes, but an optimization of the
process parameters can increase the time that nanotubes remain floating.
Carbon nanotubes were grown using an ambient pressure ethanol CVD system. An emulsion of 3 mg
FeCl3 in 3ml of Hexane and 1ml of H2O stabilized with sodium dodecylsulfate (SDS) was used as a
catalyst and was deposited in strips on Si substrates with 100nm thermally grown oxide. The sample was
put into a 1 inch diameter, 2 ft. long fused silica tube and heated within a clamshell furnace to 925°C.
The furnace was heated under a flow of 600 sccm Ar and 440 sccm H2 (as reported in ref [6]), and
nanotubes were grown by switching the Ar stream through an ethanol bubbler. After a 20min synthesis
period, the ethanol supply was terminated and cooling to room temperature was conducted under a flow
of 600 sccm Ar and 440 sccm H2. The sample was rotated using an actuator at the downstream end of
the reaction chamber with a fused silica tube reaching into the heating zone.
Sample characterization was conducted using a JEOL JSM-6060 scanning electron microscope (SEM).
Images with magnifications as low as 10x would still yield information about these long nanotubes
because of a charging effect of the substrate10. Afterwards, the numbers of nanotubes along different
directions were extracted for statistical analysis from SEM pictures.
Figure 1 is a schematic diagram of the sequence of steps in our experiment and the resulting orientation
of the nanotubes above or on the surface of the substrate. A complete experiment consists of 3 phases:
(1) Carbon nanotube synthesis, after which the carbon feed stock is turned off; (2) an intermediate step in
which all the nanotubes have terminated their growth, while various perturbations to the settling process
(such as cooling of the chamber or varying of the gas flow) are investigated; and (3) cooling to room
temperature under Ar flow.
The gas flow direction relative to the substrate orientation in phase (1) is referred to as 0°. At the
beginning of the intermediate phase (phase 2), the substrate is rotated to θ2 = ~30° and all the floating
nanotubes become aligned to this direction, and a number of them settle in this new direction. The third
direction θ3 = ~ -30° contains the rest of the floating nanotubes which settle during the cooling phase
(phase (3)).
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Figure 1 Sketch of nanotube position with respect to gas flow (arrow) and substrate during different phases of the experiment (a)
During growth, (b) During the intermediate phase, (c) During cooling, (d)-(f) corresponding projections on the substrate (dotted
line represents floating and solid line settled nanotubes).

Figure 2a is a representative SEM image of our results. It can be seen that there are nanotubes oriented
in all three directions, which indicates that nanotubes were still floating and able to align with the gas
stream even after their growth was terminated at the end of phase 1.
Figure 2b is a typical histogram of the number of nanotubes versus their alignment angle as extracted
from the SEM images. Usually three peaks can be observed, corresponding to the nanotubes that settled
during the three phases: growth, intermediate and cooling. From the peak area it is easy to calculate the
number of nanotubes aligned in a defined direction. The presence of the peak at 0° shows that there is
always a certain percentage of the nanotubes settling down during the growth phase. To evaluate
perturbations in the intermediate phase, we define the settled fraction n(t) as the ratio of nanotubes that
settled to the substrate during the intermediate phase compared to the total number of floating nanotubes
in the intermediate and cooling phases (i.e., we disregard the nanotubes that already settled during
growth phase).
In the first set of experiments, the temperature and gas flow were kept constant during the intermediate
phase (925°C and 200 sccm Ar) but the waiting time was varied for that phase. A first important finding is

-γt

that the settled fraction n(t) increases with time, following an exponential behavior as n(t)=(1-e ) (Fig.
3a). This indicates that the settling of nanotubes is a stochastic process, the probability of a settling event
is constant over time and the settling of an individual nanotube is independent of its neighbors. The
constant settling probability for each nanotube per time interval is termed the settling rate γ and defined
as

γ=

dn
1
⋅
.
dt 1 − n(t )

The settling does not appear to be triggered by a specific event or phase (such as growth, change of gas
mixture or cooling) but is only dependent on the duration of the intermediate phase. Therefore processes
that occur randomly during growth, such as thermal vibration or flow-induced flutter14 are likely to be the
cause of the settling---It is possible that an oscillatory motion perpendicular to the nanotube axis causes a
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segment of the nanotube to touch the substrate and subsequently forces the whole nanotube to make
contact with the substrate.

Figure 2 a) SEM picture of the resulting aligned nanotubes with
an indication of the gas flow direction for each of the
corresponding phases b) Histogram of the angular distribution of
the nanotubes with boxes to distinguish each of the phases from
left to right: cooling, growth, intermediate phase

Figure 3 (a) Diagram of the settled fraction n(t) over time for
growth at 200sccm Argon at 925°C at varying parameters for
the intermediate phase (normal, cooling, and static cases for
diamond, square, and circle markers respectively). (b) Settling
rate γ vs. flow rate and indication that the settling rate is
proportional to the flow rate.

Keeping a nanotube floating for longer periods of time in order to allow for long nanotube lengths and
higher growth yields requires an understanding of what keeps nanotubes afloat in a gas. To this end we
consider the forces acting on a floating nanotube. The three main forces which act on a floating nanotube
are gravity, drag from gas flow, and Hooke force arising from the rigidity of the nanotube. The
gravitational force per unit length is constant for a given nanotube. The high rigidity of nanotubes is
sufficient to oppose the gravitational force only at short length scales 11 to keep a nanotube from
contacting the surface (assuming a cantilevered end on the substrate).
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Figure 4 (a,b) Nanotubes exhibiting kinks, (c) curvature (d) bundling with inset illustrating the shape of the bundled nanotubes.
Origins of each arrangement are discussed in the text

There are two different drag forces acting on a nanotube: A pressure drag caused by a flow perpendicular
to the nanotube axis and a surface shear stress from a flow parallel to the axis. Since the nanotube’s
diameter is small compared to the mean free path of gas molecules, the difference in surface shear stress
across a nanotube is going to be negligible and will not be considered.
The pressure drag force, caused by flow perpendicular to the nanotube axis, has two components. First
is the obvious flow parallel to the axis of the furnace, which exerts a bending moment on an upward
growing tethered nanotube to align it parallel to the gas stream. This is the flow which is considered to be
the principal alignment mechanism. Second, and less obvious, is a postulated upward convection flow12
which arises from a slight difference in temperature between the substrate and the growth gases13. The
substrate heats the gas adjacent to it, and causes a density gradient which produces an upward flow
component that is sufficient to keep the nanotube suspended against the force of gravity and other forces.
We refer to this force as a thermal buoyancy force, to distinguish it from the drag force which aligns the
nanotubes.
In the following we will investigate the contribution of the different forces on the settling by varying their
magnitude.
The settling rate (γ) dependence on the flow rate of Ar is plotted in Fig. 3b. It can be seen that that the
settling rate increases with higher Ar flow rates. Higher flow rates will increase the drag force parallel to
the sample surface (while not significantly affecting the vertical drag force), as well as increase the
amplitude of the flow-induced flutter14. Both effects are expected to increase the settling rate: Larger drag
force would deflect the nanotube more and decrease the clearance between the floating nanotube and
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the substrate. In addition, the larger flutter amplitude could bring a part of the nanotube in contact with
the substrate.
One limit of our experiment is the static case where the gas flow was turned off during the intermediate
phase for varying durations. This eliminates the gas stream induced drag force on the nanotube and the
flow-induced flutter, only leaves the thermal buoyancy force and rigidity in the vertical direction as
supporting forces. The low settling rate for the static case indicates that the thermal buoyancy generated
lift and rigidity are indeed sufficient to support a long, floating nanotube against gravity.
Another important observation from our experiment is that the settling rate does not change if the
temperature during the intermediate phase is varied. Even after introducing a continuous cooling by
opening
the furnace during the intermediate phase, the settling rate is equal to the one obtained at constant
temperature. This independence of the acting forces on temperature is surprising for the thermal
buoyancy induced lift. To confirm this finding we conducted temperature measurements with a calibrated
K-type thermocouple probe, inserted into the flow through the exit of the tube. The temperature gradient
over the sample is indeed a constant over a wide range of furnace temperatures. By proving the
temperature independence of the thermal buoyancy lifting force and assuming the temperature
independence of drag force and rigidity, we conclude that thermal vibration can be excluded as the
determining stochastic process for settling. The amplitude of oscillation caused by thermal vibration has a
strong temperature dependence and would thus affect the settling rate.
To prove that an interaction between the nanotube and the fluid is the key parameter to keep nanotubes
afloat and would not support itself only by rigidity, a mild vacuum (~200mbar) was generated for 30
seconds. This perturbation increases the mean free path of the gas atoms and significantly changes the
fluid-nanotube interaction. Indeed the settled fraction was increased to nearly 100% by pumping out the
gas. The corresponding angle distribution exhibits only two peaks since all the nanotubes settled either
during growth or after pumping out the gas and no nanotube was aligned afterwards in θ3 direction. This is
an important finding since it enables us to reliably settle all floating nanotubes and terminate their growth
process at a given time by pumping. Furthermore, this makes time-resolved studies of other aspects of
nanotube growth possible in the future.
Apart from information on nanotube behavior based on statistical examination, our time-resolved analysis
also generated instructive results from observation of individual nanotubes. The growth mechanism,
amongst others, can be elucidated by our experiments. Depending on which section of the nanotube is
being lifted up, either “partial-“ or “total-“ floating mechanisms were proposed previously. The first
mechanism proposes the downstream end of the nanotubes being lifted up (“partial floating”) with the
other part of the nanotube in contact with the substrate15 7. The other mechanisms (either tip- or basegrowth) suggest that the whole nanotube is floating while its upstream end is tethered to the substrate. In
our observations, most of the nanotubes have their entire length aligned along only one direction. This
supports the “total-floating” mechanism, since the partial floating mechanism would allow for kinks as
segments are aligned in different directions. This observation agrees with findings of Huang et al.9
However, on a number of occasions we do observe nanotubes having sections aligned along different
directions that are joined by sharp kinks (Fig. 4a-b), which indicates that a part of the nanotube had
already settled during a previous phase while other segments became aligned along a new direction with
subsequent gas flow. In these cases, usually the upstream end of the nanotube settled during an earlier
phase than the downstream end, in agreement with observations by Geblinger et al.16. This behavior
challenges the picture of a vibrating nanotube that is floating parallel to the substrate, since the oscillation
amplitude perpendicular to the nanotube axis should be largest at the downstream end and contact to the
substrate should happen more often at the downstream end.
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In order to elucidate this, we carried out
experiments to determine the distance
between the floating nanotube and
substrate and moved a second silicon
substrate perpendicular to the first one
across the sample (Fig 5b). The nanotubes
grown on the first sample would then get in
contact with the moving substrate and the
shape of the nanotubes on this substrate
would reflect a projection of the suspended
nanotubes (Fig 5a). Despite large
perturbations of the floating nanotubes by
the moving sample we found evidence that
the clearance between the nanotube and
the growth substrate is between 100 and
500um. With these findings the vibration
amplitude of the downstream end would
have to be substantial to force it to bind onto
the substrate. A higher order mode of the
oscillation, however, could cause a larger
amplitude close to the anchoring point of the
nanotube which makes the upstream part
touch the substrate.

Figure 5 (a) SEM picture of carbon nanotubes in contact with a
substrate perpendicular to the growth substrate. (b) Sketch of the
experimental procedure

Some nanotubes exhibit a curvature rather
than a kink as they transition from one
direction to the other if the angular velocity
of the rotation is lowered (Fig. 4c). This is
indicating that the tube is in the process of
settling while the sample was rotated. From
the rotation speed we can estimate that the
velocity of the contact point “zipping”
towards the downstream end is on the order
of ~25um/s.

Occasionally nanotubes form bundles as shown in Fig 4d. The segments of the latter grown nanotube are
here seen to be bundling with another already settled nanotube. We attribute this observation to the
following mechanism: The motion of the interface between the floating nanotube and its settled segments
can be guided by an obstacle such as another nanotube. Subsequently a bundle is formed between the
two nanotubes with an orientation equivalent to the already settled nanotube. The force on the floating
segment acting in the direction of the gas stream can overcome the nanotube-nanotube interaction at a
later time and can once again separate the two tubes. This mechanism is also understood to be
responsible for nanotube alignment along crystallographic directions or step edges16.
The sample rotation tool not only allows us to characterize the nanotube growth and settling mechanism,
but also helps evaluate the potential for integration of flow aligned nanotubes into electronic applications.
The efficiency of alignment is demonstrated by a narrow angular deviation in Fig 2b (usually around 15
degrees from our experiments) which shows that, if further improved, gas flow alignment could rival the
efficiency of electric field-assisted alignment (7°) for long nanotubes17.
Lastly, it should also be noted that the settled fraction reaches 100% (meaning all nanotubes settled)
typically after a waiting period of more than 10 min (see Fig. 3a). Since our CVD synthesis time is 20
minutes, the majority of the floating nanotubes must have initiated growth within the second half of the
CVD process (phase (1)). This renders most calculations for the growth speed of nanotubes incorrect,
since it is assumed that the growth duration coincides with the time of the start of the CVD process. This
is also consistent with our finding that increasing the synthesis time above 10 minutes only affects the
density of long aligned nanotubes but not the average length. At present it is still not clear why some
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nanotubes initiate growth only after 1h of synthesis time and more detailed investigation of the catalyst
particle has to be carried out.
In conclusion, using the relatively simple and easily available process of in-situ sample rotation, we
contribute several new findings to the picture of growing nanotubes. Long nanotubes can be reliably
aligned with the gas flow and are completely floating over the substrate with the upstream end tethered
on the surface. Using tube alignment as a characterization parameter we investigated the process of
nanotube settling and found that it is determined by a stochastic process. The rate of settling is affected
by process parameters that are related to the different forces acting on a nanotube. The settling process
can be described by a “zipper”-like motion of the interface between the settled and floating segment of a
nanotube directed towards the downstream end with a speed of ~25um/s. The clearance between floating
nanotubes and the substrate is on the order of several hundred mircrometers.
These new
understandings, as well as the in-situ rotation tool will open up further opportunities in optimizing the CVD
synthesis process and the future integration of nanotubes in circuits.
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Strain and friction induced by van der Waals interaction in individual single-walled carbon
nanotubes
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Axial strain is introduced into individual single wall carbon nanotubes (SWNTs) suspended from a trenchcontaining Si/SiO2 substrate by employing the van der Waals interaction between the SWNT and the
substrate. Resonance Raman spectroscopy is used to characterize the strain, and up to 3% axial strain is
observed. It is also found that a significant friction between the SWNT and the substrate, on the order of
10pN/nm, governs the localization and propagation of the strain in the SWNTs sitting on the substrate.
This method can be applied to introducing strain into materials sitting on a substrate, such as a graphene
sheet.
Due to their remarkable electronic and optical properties, single wall carbon nanotubes (SWNTs) have
been under intensive investigation.1 Being a one dimensional system, it is predicted that strain can
dramatically modify the electronic and optical properties of SWNTs.2 Thus, strain is envisioned as a
method for tuning the electronic and optical properties of SWNTs for device applications.2,3 However,
most of the investigations have relied on manual manipulations to introduce strains in the SWNTs.4,5 In
this work, we report an alternative way of producing strain in many individual SWNTs simultaneously by
employing the van der Waals (VDW) interactions between the nanotube and the substrate. Resonance
Raman spectroscopy (RRS) is used to confirm and characterize the strain in the SWNTs. Our study
suggests a possible method for introducing strain into SWNT devices on a large scale.

Figure 1: A molecular wire making contact with
a substrate at an angle α . The wire in the
initial form ( ABC ) is pulled by a force T to the
final form ( A ′B′C ). The VDW binding energy EB
between the substrate and the wire can sustain
the tension in the wire.

We start the discussion by presenting a simple model for how strain is generated by the VDW interaction
in SWNTs bound to a substrate. Line ABC in Figure 1 shows a molecular wire contacting a substrate with
an angle α. Assume that the wire is inelastic so that we can exclude elastic energy for simplicity. If the
wire in the initial form ( ABC ) is pulled from one end (point A) to the final form ( A ′B′C ) while keeping the
contact angle α constant, the work done in this process must be equal to the change in the total binding
energy:
T (1 − cos α )dx = EB dx
(1)
′
where EB is the binding energy per unit length, dx is the length of BB , T is the tension of the wire. Thus:
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T = EB

1
1 cos
1 − cosα

(2)

At a small angle α, T has a much larger value than EB, thereby possibly introducing a large strain to the
molecular wire. For SWNTs on a H-passivated Si(100) surface, EB is about 2~3 eV/nm for SWNTs with
1~2 nm diameter.6 As long as the surface is not chemically active, EB on a different surface is expected to
be similar since the Hamaker constants for different materials are similar.7
To introduce strain in individual SWNTs, we used a silicon substrate with 300 nmdeep trenches with
different widths: 1.5 μm, 3 μm and 6 μm. The trenches were patterned on a 300 nm silicon oxide film by
dry etching. Well-separated ultra-long aligned SWNTs were grown across the trenches using an ethanol
chemical vapor deposition method at 900ºC.8 Figure 2(a) shows a scanning electron microscope (SEM)
image of the SWNTs grown on the substrate. Figure 2(b) is an atomic force microscope (AFM) image of a
single SWNT grown across the trenches (dark). From the AFM and SEM images, we found that the
SWNTs often touch the bottom of the 6 μm-wide trenches [Fig. 2(b)] at a certain angle like in Fig. 1,
therefore it is expected that strain will develop in these SWNTs.

Figure 2: (a) An SEM image of long aligned SWNTs
grown across trenches. The SWNT described in Fig.
3 is indicated by the arrow. (b) An AFM image of a
SWNT grown across 1.5 μm, 3 μm and 6 μm-wide
trenches. The SWNT falls down to the bottom of the
6 μm-wide trench.

RRS was employed to characterize the vibrational modes of the SWNTs along their lengths. A microRaman setup in a backscattering geometry with a 50× objective (NA=0.8) is used for collecting spectra
with laser excitation wavelengths of 514 nm, 621 nm, 633 nm and 647 nm. The laser spot size is about 1
μm2. Using an automated stage, Raman spectra are taken over the region near the trenches. Spectra are
taken at two different laser power levels (0.9 mw and ~3 mw) to ensure there is no heating effect. By
plotting the integrated peak intensity of a vibrational mode in a two-dimensional (2-D) map, we can
construct an image of the SWNT. Figure 3(b) shows such an image constructed from the G-band
between 1500 cm-1 and 1600 cm-1, where the color-bar shows the intensity scale. Figure 3(a) shows the
intensity map of the silicon peak at 520 cm-1 taken in the same region as Fig. 3(b), which identifies the
trench regions. In Fig. 3(c), we plot the Raman spectra of the Gband along the length of the SWNT and
the frequency of the most intense peak is marked by the red dashed line.9 A downshift in this frequency
as y increases can be clearly seen. We observed five semiconducting SWNTs (S-SWNTs) with total
frequency downshifts of 3~8 cm-1 and three other S-SWNTs with total frequency downshifts of 20 cm-1,
54cm-1, 80 cm-1, which are shown as blue squares, black triangles and red diamonds, respectively, in Fig.
4(b)10. The G-band frequency at positions far away from the trench region lies between 1590cm-1 and
1600 cm-1. This corresponds to the frequency of the A-symmetry mode of the G+-band (ωG+) in unstrained
semiconducting SWNTs.11 It has been reported that ωG+ downshifts linearly (28cm-1 per 1% axial strain)
with respect to the axial strain of up to 1.6% strain in semiconducting SWNTs.5
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Figure 3: (a) A 2-D integrated intensity map of the
silicon peak at 520 cm-1. The dark regions
correspond to the trench regions. (b) A 2-D
integrated intensity map of the G-band between 1500
cm-1 and 1600 cm-1 taken from a SWNT in the same
region as in (a). (c) The actual G-band spectra along
the length of the SWNT shown in (b). The peak
frequency of the most intense peak is observed to
shift linearly with respect to the position on the
substrate and remains constant across the trenches.

Using our previous model, the observed frequency shift can be explained in the following: The axial strain
is generated at the trench where the SWNT falls down to the bottom and it propagates along the SWNT
due to the substrate-SWNT friction until it relaxes to zero. With a classical elastic model, the propagation
of strain can be expressed as:
dε
d T
dT 1
∫
=
=
=
dy dy AxY dy AxY AxY

(3)

where ε is the axial strain and A is the cross sectional area of the SWNTs, which is 0.34 nm times the
circumference of the SWNTs12, Y is the Young’s modulus for SWNTs, which is 1TPa12, and ƒ is the friction
per unit length of SWNT. The linear frequency shift behavior indicates that ƒ is constant along the length
of each SWNT. We find that f is about 5pN/nm for SWNTs sitting on a SiO2 substrate, which is about an
order of magnitude higher per carbon atom than values reported for wall to wall interaction in DWNTs and
MWNTs.13,14

Figure 4: (Color online) (a) A schematic of a SWNT grown
across the 1.5 μm, 3 μm and 6 μm-wide trenches. The SWNT
falls down in the 6 μm trench in this example. (b) ωG+ with
respect to position y obtained from three SWNTs (shown as
black triangles, blue squares and red diamonds, respectively) in
the region shown in (a). The strain generated at y = 8 μm
propagates to the left until it completely relaxes at the points
indicated by green arrows due to the friction between the
SWNTs and the substrate.

To verify that the VDW interaction is sufficient to induce the observed strain, we have estimated the strain
using the previously reported EB. From the SEM and AFM images, we measure the angle α for different
SWNTs, which ranges from about 8.5° to 30°. We calculate the strain based on the tension using Eq. 2:

ε=

E
1
T
= B x
AxY AxY 1 − cosθ

(4)

The resulting strain ranges from a negligible value (less than 0.2%) to more than 3%, which is consistent
with values observed in our study. Note that although the VDW interaction is universal, supporting such a
large strain solely by the VDW interaction is possible only in structures with nanometer thickness. In a
general ribbon-like structure, EB is roughly proportional to the ribbon width (EB is the energy per unit
length), whereas the cross sectional area A is proportional to the ribbon width times the thickness of the
structure. Thus, the strain is inversely proportional to the thickness of the structure.
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The large variation of the strain observed in different individual SWNTs is mostly due to variation in the
contact angle α but not to variation in EB. This is most likely due to randomness in the amount of slack in
the SWNTs. Therefore, a better engineered trench profile and an improved process of the SWNTs falling
down in a trench in a more controlled way would significantly reduce this randomness, making the
method more useful for introducing a uniform strain on a large scale.
In conclusion, we have demonstrated a method to introduce strain into individual SWNTs using a VDW
interaction without manual manipulation. This method allows measurements of strain up to 3% and opens
further exploration of non-linear effects under large strain. It will allow the generation of strains in devices
on a large scale and in other interesting nanomaterials such as a graphene sheet.15,16
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4.

Phonon Softening in Individual Metallic Carbon Nanotubes
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Metallic single walled carbon nanotubes (SWNTs) are a promising material for the physics and
applications of 1D metals. Because of their rigid structure, carbon nanotubes exhibit weaker electronphonon (e-p) coupling than most 1D materials [1]. Metallic carbon nanotubes are therefore not
susceptible to phenomena that are driven by strong electron-lattice interactions typical of low dimensional
metals, such as a metal-insulator transition at ambient temperature. Nevertheless, recent experimental
and theoretical studies on SWNTs have reported significant electron-phonon interactions in electrical
transport [2, 3], electron tunneling [4], and op-tical transitions [5–7], indicating that e-p interactions do play
an important role in their physical properties. An investigation of the e-p coupling mechanisms in carbon
nanotubes is therefore fundamental to understanding 1D conduction in these materials.
Such an e-p coupling has been predicted to give rise to the striking difference between the G band
Raman feature of metallic (M) and semiconducting (S) SWNTs. The lower energy (G−) peak of MSWNTs (G−m) exhibits a broad asymmetric lineshape and has a lower frequency with respect to the
corresponding peak in S-SWNTs (G−s). While the G−s has been assigned to the TO phonon that is
downshifted in S-SWNTs because of the stretched bonds in the circumferential direction, several recent
works [8–12] have assigned G−m to the A symmetry LO mode, softened by a Kohn anomaly (KA) at the Γ
point in the phonon dispersion.
The KA occurs in the LO phonon branch because the LO phonon distorts the lattice such that a dynamic
bandgap is induced in the electronic band structure [9]. This lowers the energy of the valence electrons
near the Fermi point and thus lowers the energy required to distort the lattice. Clearly, this coupling
mechanism is sensitive to the position of the Fermi level. As the Fermi level ЄF is shifted away from the
Fermi point, the electronic energy saved by distorting the lattice becomes negligible. Moving the ЄF by
means of doping or a gate voltage therefore provides a way of tuning the strength of the electron-phonon
coupling.
A large body of work has been carried out on this topic, whereby the Fermi level of SWNTs was tuned by
alkali metal doping [13–15], polymer doping [16], and by electrochemical gating [17–22]. An increase in
the frequency and a decrease in the linewidth of the G−m peak for both n-type and p-type doping were
observed. However, these studies were carried out on large ensembles of nanotube bundles, making it
difficult to track individual peaks as a function of doping. In addition, previous chemical doping methods
and the stability of the electrolytes used have limited the range in which the nanotubes can be doped [13–
22]. As a result, a clear evolution of the G−m lineshape from metallic to semiconducting behavior has not
been reported until recently [23]. The authors in [23] used an efficient polymer electrolyte gate to dope
isolated M-SWNTs, and, in the limit of large positive gating showed that the G band of a M-SWNT
resembles the G band of a S-SWNT. Their results [23], however, indicated that all of the observed G
band peaks are softened when ЄF crosses the Fermi point, suggesting a picture beyond that of the
exclusive softening of the A-symmetry LO mode by a KA.
In this letter we observe the evolution of the G band spectrum of individual M-SWNTs as we tune the
Fermi level by means of a polymer electrolyte gate similar to the one used in [23]. Our study, however,
which was conducted on more than 20 nanotubes, indicates that there is a single G−m peak whose
frequency, linewidth and line-shape are very sensitive to the ЄF position. As the e-p coupling strength is
reduced, this peak gradually evolves into a peak resembling the G+s peak of a S-SWNT, both in terms of
frequency and lineshape. Our result is consistent with predictions that only the LO phonon of A symmetry
is softened by a KA at the Γ point.
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SWNTs were grown on a SiO2/Si substrate, with methane CVD at 900°C, using dispersed catalytic ferritin
nanoparticles. Subsequently, a 30nm Au ground electrode with a Cr adhesion layer was evaporated on
half of the substrate to keep the nanotubes at a constant potential with respect to the gate. The nanotube
density was kept high enough to create of network of tubes that are connected to the ground electrode,
but low enough to be able to observe spectra from individual tubes with a laser spot size of ~1um. Figure
1b is a representative AFM image of the samples used in this work. From AFM imaging, we know that
most of the nanotubes are isolated although small bundles of a 1-3 nanotubes are also present. In order
to get a high gating efficiency, we used a molten polymer electrolyte based on recent work on
electrochemically gated nanotube FETs [24, 25]. The electrolyte used was lithium perchlorate (LiClO4) in
polyethylene oxide (PEO), which is stable under applied voltages greater than 1V. The electrolyte was
prepared in air with 0.5g of LiClO4 and 1.5g of PEO (MW 3000) in a methanol solution, dropped on the
substrate, and baked at 90°C to drive out the solvent. A gold wire was used to apply a voltage to the
polymer gate. Raman spectra were taken at an excitation wavelength of 647nm (1.91eV) with a
spectrometer resolution of ~5 cm−1. A ~1um laser spot was scanned along the edge of the ground
electrode in search of M-SWNTs (based on the radial breathing mode frequency (ωRBM) or the G band
lineshape. Once the desired nanotube was located, a series of spectra were taken while sweeping the
gate voltage. Since the nanotubes are excited through the polymer electrolyte, there are contributions to
the signal from the Raman modes of the electolyte mixture. In the region of interest ~1400-1650cm−1,
there are peaks at 1450cm−1 and 1485cm−1 associated with the electrolyte, which overlap with the tail of
the broadened G band. We have checked that these peaks are independent of the applied gate voltage
VG and therefore they are easily distinguished from the G band signal. All of the nanotubes that we have
studied exhibit a weak or absent D band whose intensity and frequency are independent of VG. This is in
contrast to the nanotubes studied in [23] which show a significant D band, having largest intensity when
ЄF crosses the Fermi point.

FIG. 1: a) Schematic diagram of the experimental setup.
The excitation laser shines through the PEO/LiClO4
electrolytic double layer capacitor. B) AFM image indicating
that the nanotubes are spaced out and typically isolated

FIG. 2: a) and b) intensity map of the G band as a function of
gate voltage for two different nanotubes (left and right). c) and d)
G band spectrum and corresponding fitted peaks for these two
tube at three different voltages emphasizing the change in
lineshape when the Fermi energy is shifted. Arrows track the
fitted peak assigned to the A symmetry LO mode (shown in red).

Figure 2a is a representative plot of the G band spectrum of a M-SWNT as a function of gate potential
VG. The G−m peak shifts almost symmetrically about VGo=1.2V, at which point its frequency and
amplitude are the lowest, and its FWHM greatest. In our samples, VGo is typically ~0.5 − 1V . We believe
that this voltage corresponds to zero doping, since nanotubes are usually p-type from ambient oxygen
doping and can be further doped by the electrolyte solution due to perchlorate adsorption on the
nanotubes [26]. When the gate voltage is moved below or above VGo, the phonon frequency increases,
the line-width decreases and the peak becomes similar to the G band of S-SWNTs. The change in
lineshape from VGo to both positive and negative gate voltages is displayed in Fig. 2c. It is evident from
Fig. 2a and 2c that G−m shifts as a single peak. The G− Raman peak is composed of 3 modes of A, E1
and E2 symmetries, with the A symmetry mode typically making the largest contribution to the intensity
[27]. Therefore we believe that the single softened peak observed in our experiment is the A symmetry
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mode. This is consistent with the KA theory. The frequency of the higher energy peak near 1590cm−1 is
insensitive to the gate when _F is near the Fermi point, suggesting that this peak is not affected by a KA.

FIG. 3: a) Frequency, b) linewidth, and c) -1/q as a function of Fermi level for two nanotubes (tube i red dots, tube ii black
triangles.) ℵo is taken as 16cm−1 and 10cm−1 for tube i and ii, respectively. The solid lines in a) and b) are the calculated
frequency (T=0K) and linewidth (T=300K) from [12].

Our data on individual SWNTs allow us to carry out aquantitative comparison with theoretical models in
terms of frequency change and linewidth. A number of works have calculated the renormalized LO
phonon dispersion due to the Kohn anomaly, using DFT [9, 11, 12] and tight-binding methods [10, 28],
with [10, 12] specifically addressing the dependence of the phonon softening on the Fermi energy.
Recent works addressing the time dependence of the coupling mechanism have demonstrated that there
are significant corrections to the phonon renormalization with respect to calculations that treat the
problem in the static approximation [12, 29]. Here we compare our data to an analytical result taken
from[12] where a time-dependent dynamical matrix is used to determine the renormalized phonon
frequency and lifetime. Figure 3 shows the measured frequency vs _F for two different nanotubes laid
over the calculated phonon frequencies based on [12]. The only fitting parameter is the gate coupling
efficiency, taken as 0.33 and 0.37 for the two tubes, respectively. These values are slightly lower than the
gating efficiency of 0.6 previously reported for this type of gating setup [30]. In our calculation, we have
used a diameter of 1.2nm, since !RBM = 190−205cm−1 for the metallic nanotubes that we have seen in
resonance with the 1.91eV excitation energy. The two minima in Fig. 3a correspond to when _F is half the
phonon energy (±¯h!/2), at which point the rate of creating intraband electron-hole excitations is the
greatest. These peaks are expected to be smeared out by temperature effects as well as by the
broadening of energy levels due to disorder in the sample.
When _F is away from the band-crossing point, the experimental phonon frequency always shifts to
higher values on the −VG side with respect to the +VG side. This noticeable asymmetry in the frequency
data is not accounted for in the calculation. One possible explanation for this asymmetry is
electromechanical coupling which can also contribute to shifts in the phonon frequency, although not as
dramatically as the e-p coupling. For positive (negative) gating, electrons are added (removed) resulting
in expansion (contraction) of the C-C bond, hence softening (hardening) of the phonon [21, 31]. However,
we do not observe such large asymmetry in the G modes of S-SWNTs, which are also expected to be
affected by electromechanical coupling. At present, we do not have a complete understanding of what is
causing this asymmetry in our data.
Various decay pathways contribute to the phonon linewidth. The total linewidth is given by
Γ TOT = ΓEPC + Γ0 where ΓEPC is the gate dependent contribution from e-p coupling and Γ 0 is the
contribution from other factors, such as phonon-phonon interactions and thermal broadening. EPC arises
from the decay of the LO phonon into low energy electron/hole excitations near the Fermi surface, hence
reducing the phonon lifetime [32]. Once |_F | > ¯h!/2, there are no longer any allowable intraband
excitations available, and therefore there is a sudden decrease in the linewidth. Figure 3 shows EPC as a
function of VG for 2 different nanotubes (i and ii) overlaid with the theoretical EPC from[12]. is taken as
16cm−1 and 10cm−1 for tubes i and ii, respectively, which is slightly larger than the G band linewidth of
undoped isolated S-SWNTs (_10cm−1). However, most of the S-SWNTs that we have looked at under
this setup do have linewidths in the range of 10-20cm−1. The broadening could be caused by
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inhomogeneous doping of the SWNT[15]. Broadening of the G band peak has been reported for SSWNTs [18] under positive and negative gating.
All of the 20 M-SWNTs, that we have investigated, qualitatively exhibit the same behavior in response to
VG as the nanotube shown in Fig. 2a. In the majority of samples, !G− approaches 1600cm−1 and
between 1580-1590cm−1 in the limit of large negative and positive gate voltage, respectively. However, in
3 of the nanotubes studied, !G− on the positive gate side only approaches 1580cm−1. The spectrum from
one of these is shown in Fig. 2b. Since the RBM signals are not available for all of our nanotubes, it is not
clear whether or not this difference comes from a family or chiral angle dependence. It is also possible
that there is some other interaction, such as strain that is causing the downshift with respect to the other
tubes. It is noteworthy that all our M-SWNTs show a softened !G− in their Raman spectra. It has been
shown in [33] that armchair nanotubes do not have a Raman-active LO mode and therefore should not
have a softened G− component. Since we have selectively picked for our Raman study only SWNTs with
strong G band signals, it is likely that the sample distribution is biased toward nanotubes having
structures closer to zigzag SWNTs, in which a stronger G band intensity has been predicted [34],
therefore explaining the absence of an armchair SWNTs in our data.
Although both tubes in Fig. 3 exhibit a similar frequency and linewidth behavior, when VG is near the
Fermi point, tube ii exhibits a Fano lineshape while tube i is well fitted to a Lorentzian for all VG. This is
consistent with [33], where different values of the asymme-try parameter (1/q) are reported for different
nanotubes. The magnitude |1/q| for tube i, plotted as a function of _F in Fig 3c, decreases from 0.16 to
0.04 as the Fermi level is shifted away from the Fermi point, indicating that the degree of asymmetry
correlates with the strength of the e-p coupling. It appears that while the asymmetry is mediated by the
same e-p coupling mechanism that induces the KA, e-p coupling alone is not sufficient to create a Fano
resonance. The Fano lineshape is a result of interference between Raman scattering of the LO phonon
and electronic Raman scattering from the continuum[35]. The parameter q is defined by q = _Ve−pRp/Re
[35] where Ve−p is the electron-phonon matrix element and Rp and Re are the Raman tensors for
phonon and electron scattering, respectively. We expect the ratio Rp/Re to depend on the chiral index of
the nanotube. Furthermore, since the phonon and electron Raman scattering processes have different
resonance profiles, the ratio Rp/Re is also likely to depend on the excitation wave-length. We are
currently investigating the dependence of the G−m lineshape on the laser energy.
In summary, we have shown that the G band of individual M-SWNTs gradually evolves from a metallic to
a semiconducting lineshape as _F is tuned away from the band crossing point. We observe a single G−m
peak whose frequency and linewidth depend strongly on _F , and we have assigned this peak to the A
symmetry LO phonon. Analysis of the frequency and linewidth of this peak, indicates that our
measurement is in good agreement with predictions that the G− peak of M-SWNTs is softened as a result
of a dynamic Kohn Anomaly in the A symmetry LO phonon branch.
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