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Abstract

We report here observations in real time of the aligning effect of electric fields
during the synthesis of carbon nanotubes in an environmental transmission
electron microscope (ETEM). Growths took place using C2H2 as precursor
gas at ∼ 10−4 mbar, a temperature of ∼ 700 ◦C and within a micro-capacitor
incorporated in a specifically-designed heating micro-chip. Individual nan-
otubes are easily resolved as they appear as extremely straight lines growing
parallel to the electric field. These nanotubes are predominantly Single Wall
Carbon Nanotubes (SWNTs). Owing to the very good alignment of nan-

∗Corresponding authors
Email addresses: pascal.vincent@univ-lyon1.fr (Pascal Vincent),

federico.panciera@c2n.upsaclay.fr (Federico Panciera), if@crhea.cnrs.fr (Ileana
Florea)

Preprint submitted to Carbon June 20, 2023



otubes in the object plane of the microscope we can obtain unprecedented
excellent determination of the nanotubes’ growth rates and follow them dy-
namically. Constant growth rates are observed in most cases but other be-
haviours are observed such as growth rate acceleration. For low applied volt-
ages the growing nanotubes can cross the gap and connect to the opposite
electrode although some are destroyed by mechanical failure or during the
contact. For high applied fields and positive biasing allowing Field Emission
(FE), the growth is limited within the gap as FE can occur during growth
leading to new saturation or destruction processes. These different mech-
anisms are presented as well as the observed balance between electrostatic
and adhesion forces.

Keywords: Single Wall Carbon Nanotubes; Electric Field Directed Growth;
Environmental Transmission Microscope; Growth kinetics; Nanotubes
destruction mechanisms

1. Introduction

The carbon nanotube (CNT), and in particular the single wall nanotube
(SWNT), is still after almost thirty years of intense international research,
a robust motor for scientific inquiries into nano and quantum science. This
quintessentially one-dimensional nanoscience object possesses a variety of
electrical, optical, and mechanical properties that have given birth to a le-
gion of applications. The main hurdle for many of these applications is the
localization and organization of high quality and adapted CNTs into spe-
cific architectures while preserving their superior properties, often related
to their crystal quality and high aspect ratios. Thus one salient line of re-
search that leads to specific scientific questions and applications is the search
for strategies that align, select, localize and perfect SWNTs [1, 2, 3]. Ap-
plications include flexible and high-temperature electronics, optoelectronics,
and thermoelectrics [4], nanofluidics [5], ultimate nanoscale transistors [6, 7],
nanomechanics [8], scanning probe tips [9], quantum mechanical systems [10]
and field emission (FE) sources [11].

To overcome the main hurdle through better control of growth, one would
obviously firstly wish to observe the time-resolved growth of individual CNTs
at the atomic scale and secondly to dispose of useful tools for controlling such
growth, even dynamically if possible. For such a control, different external
forces such as electric field [12], gas flow [13], interactions with atomic steps
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[14] and defined crystal lattices [15] have been exerted during CVD growth
to guide the growth directions of SWNTs.

The first demonstration of growth under electric field is by Zhang et
al. [12]. They clearly showed the synthesis of single-walled nanotubes well
aligned by the electric field. The same synthesis without electric field pro-
duced on the contrary nanotubes with random orientations. The syntheses
were mostly carried out on substrates where the electrodes and the catalyst
were deposited by lithography or other localization techniques. In this con-
figuration, observations can only be made after growth and no estimation
of growth kinetics is given. A recent remarkable result is the demonstra-
tion that electric field during growth can even be used to modify the type
of nanotube (semi conducting or metallic)[16]. More precisely, they show
that by reversing the direction of an electric field during the synthesis they
manage to initiate a re-nucleation process of the catalyst so as to produce
almost only semiconducting nanotubes. This revives the interest of electric-
field-directed-synthesis (EFDS) by opening additional perspectives such as
the selectivity of the type of nanotubes.

Of direct interest for our work is that growth under electric field has also
been performed in field emission configurations. The link between FE and
growth under field is natural since during growth the electric field at the
end of the tube generally increases and can induce FE. If the emitted (and
then accelerated) electrons strike a phosphorescent screen, one can directly
observe the emission pattern of the emitters which is a greatly magnified FE
microscopy (FEM) observation of the CNT ends. The nanotubes are grown
directly on heated electrodes, covered with catalysts, which also generate the
electric field. Bonard et al. grew multi wall carbon nanotubes (MWNTs)
under FE conditions [17] on metallic wires and was able to determine the ap-
pearance of the first emitters, by measuring the FE current or FEM patterns,
and their evolution during further growth. This allowed them to roughly es-
timate the growth rates of these CNTs. Another experiment of growth of
SWNTs (or few wall nanotubes) on sharp W tips during FE allowed also
direct observation of the nucleation events and as well that the nanotubes
actually rotate either regularly or irregularly during growth [18]. These FE
experiments allow to follow dynamically only approximately the CNT lengths
and diameters and not many of their morphological features such as num-
ber of walls, bending, kinking, defaults, dimension changes, etc. This makes
it very difficult to understand and quantify at the appropriate atomic level
the orientation mechanism during synthesis. This highlights the interest of
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observing direct growth in conventional electron microscopies.
In their first paper Zhang et al. [12] model their nanotubes as simple

dielectric dipoles polarized by the external electric field. Theoretically this
would result in relatively weak electrostatic forces and in their model the
alignment due to the electric field competes with the thermal agitation. This
first model has been taken up by most of the subsequent work and is used
in review articles [19, 1, 2] to explain the alignment of nanotubes. In the
articles on growth coupled to FE [17, 18, 20], the nanotubes are on the
contrary considered as metallic where free electrons are obliged to collect
at high field surface areas to reject field penetration. The resulting surface
electric fields and electrostatic forces from these net charges are much more
intense than in the dipolar model. Real time observation of the growth is
then needed to clarify the alignment mechanism of the nanotubes.

This article describes our recently achieved breakthrough in the dynami-
cal observation of EFDS of individual CNTs on micro-machined chip heaters
in Environmental Transmission and Scanning Electron Microscopes (ETEM
and SEM). This configuration allows the recording of a side-on view of the
entire growths of several dozens of nanotubes simultaneously, permitting an
unprecedented access to growth kinetics and their variabilities. This can
be simultaneously accompanied by measurement of the FE currents emitted
from the apexes of the growing CNTs. The configuration gives a unique ac-
cess to the complex evolutions taking place during the growth under field:
growth kinetics and their evolution for individual CNTs, mechanical tearing
or FE induced destruction, competition between adhesion forces and electro-
static forces, etc.

First is presented the experimental system, the nature of the produced
nanotubes and the video analysis technique used to follow the evolution of
the growth rates. The second part focuses on the effect of the electric field
(electrostatic force, FE) and the differences observed between low and high
field regimes. In the third part the experimental observations of growth
kinetics are discussed including their variabilities and time evolutions. The
destruction mechanisms at high field strength are presented in a fourth part
with in particular an original mechanism of field evaporation induced by the
FE current. In the next section various other aspects such as nanotube loops
or the growth of larger nanotubes are discussed. Finally some notable points
raised by these observations and the consequences that can be drawn from
this work will be discussed in more detail.
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Figure 1: Electric Field Directed SWNT Synthesis in electron microscopes. a) Optical
image of the micro-machined chip heater and b) SEM image of the active zone of the chip
with the two cantilevers. Voltage is applied between the two cantilevers and one is heated
by Joule heating. c) and d) ETEM observations of the CNT growth through the gap. In
this polarity growing nanotubes appear as white straight lines parallel to the electric field.
Images correspond to observations after 80 s and 157 s of growth at +50 V (see video SI-
video1). The dark lines on the right in d) are nanotubes torn from the growth side that are
driven by electric forces to the opposite side. e) Illustration of the obtained kymograph that
allows to follow the growth kinetics of nanotubes. f) Example of a kymograph showing
a growth at constant growth rate. g) Kymograph showing three successive nanotube
growths. h) and i) post-growth HRTEM observation of grown nanotubes showing clean
SWNTs with no apparent defects. The nanotube diameters are respectively 1 and 2,2 nm.
More detailed characterization is given in S.I.3.
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2. Experimental procedure and nanotube characterization.

The in situ growths under electric field are realized on in-house designed
chips consisting of a pair of silicon cantilever heaters. The heaters are 4
µm thick and are separated by a 2 µm gap (d = 2 µm, see Fig. 1 a) and
b)) [21, 22]. The cantilevers are first covered by a 5 nm alumina layer and
0.7 nm Fe thin layer in a high precision ultra-high vacuum molecular beam
evaporator (MBE) system allowing the reproducible deposition of layers as
thin as 0.1 nm. Both layers are deposited at room temperature directly on
the heating cantilevers. The role of the alumina during the growth process
is to allow the formation of nanometric Fe clusters by Oswald ripening while
preventing their fast migration. Together this leads to base growth mode
of small diameter nanotubes [23, 24] (all our observations of EFDS confirm
exclusive base growth, see S.I.3 Fig. 3.3). The chip heater is then trans-
ferred into the TEM column and one of the two cantilevers is selected to
be heated by the Joule effect for a preliminary Hydrogen pre-treatment and
consecutive CNT growth (more details on sample preparation are given in
Supporting Information part 2 (S.I.2)). A Keithley 6517 electro-meter ap-
plies the polarization voltage, Vapp, to the unheated cantilevers, inducing the
inter-electrode electric field (E0 ≈ Vapp/d), and measures FE currents. For
growth, acetylene (C2H2) is used as the carbon feedstock and it is mixed
with a fraction of H2 to etch amorphous carbon deposition. Gas mixture is
first introduced into the TEM chamber and once the pressure stabilizes the
cantilever temperature is slowly increased until roughly 650-700 ◦C in the
growth zone (see S.I.2). In the present work, we explore the dependence of
gas pressure on CNT growth rather than the temperature.

With this protocol, growth of straight CNTs is observed in the gap as
shown in Fig. 1 c) (80 s) and d) (157 s) for which the applied voltage was
Vapp = +50 V on the unheated cantilever. The video corresponding to the
157 first seconds of synthesis is available in SI-video1. Growing nanotubes
can be observed individually as bright straight lines that lengthen almost
perpendicular to the gap and therefore follow the electric field lines. Note that
the lateral resolution is poor during EFDS and the nanotubes are examined
post growth in true HRTEM mode (no applied field) to determine their real
diameters. Image contrast as a function of applied voltage and TEM setting
is discussed in S.I.2. Note also that the growths are observed with very low
magnification and thus low dose which explains why no influences of the
beam on growths are detected. Although presently the nucleation process
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is not imaged and there is a rather poor lateral resolution, many interesting
observations can be made in this video which will be discussed below.

As growth is strongly oriented in the microscope’s object plane, the nan-
otubes’ growth rate, R, can be measured by the evolution of the images. This
can be done by performing a kymograph visualisation as used very generally
in biology. Starting from the frame stack of a video as represented in Fig. 1
e) a segment of interest is chosen (oriented along a growing nanotube) and
all the frames are sliced along the same segment. Stacking these scan lines
as a function of time results in a kymograph that characterizes the evolu-
tion of the nanotube’s length. If the growth rate is constant as in Fig. 1
f) a straight edge is observed. Keeping this image orientation, 1/slope (or
1/angle’s tangent) is proportional to the growth rate. If the growth stops
a vertical edge is observed and faster growths tend toward more horizontal
edges. The kymograph in Fig. 1 f) corresponds to the growth of a 515 nm
long CNT during 23 seconds giving a growth rate R=22 nm/s. Note that if
R is not constant the edge is not straight as we will see later. As the apex of
the nanotube is particularly bright it allows to observe different nanotubes
growing at the same time. Fig. 1 g) shows a kymograph where we can dis-
tinguish three successive nanotubes growing at different R’s (respectively 30,
46 and 19 nm/s). The more conventional representation, length versus time,
is easily obtained by a simple 90◦ anti clockwise rotation as illustrated in
Fig. 3 j). As the nanotubes are not perfectly aligned with the object plane
(for example due to the electrostatic repulsion between them) speeds can be
slightly underestimated. However, considering a maximum inclination of ±
15 degrees this leads to a relative uncertainty below 5%. HRTEM observa-
tion of the grown nanotubes is performed after synthesis and confirm that
nanotubes are essentially clean SWNTs with very few defects. Figs. 1 h)
and i) present two individual SWNTs with diameters of 1 nm and 2.2 nm
respectively. The diameters obtained by HRTEM are mostly between 0.6
and 2 nm with a mean around 1 nm. The SWNT nature was also observed
by a preliminary Raman Spectroscopy study that shows clearly the presence
of the expected radial breathing modes in the spectrum. More details on
nanotube characterization are given in S.I.3.

3. Electric field regimes and nanotube growth kinetics.

The main original parameter of this work is the inter-electrode electric
field, characterized by its intensity and direction. This ”capacitor” field
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is principally due to the bias potential applied to the cold cantilever with
an additional Joule heating voltage drop of ∼ 4V present on the heated
cantilever.

The nanotubes grow directly on the heated electrode of the capacitor and
thus are electrically connected, possibly through a high contact resistance,
with that electrode. The electric field and surface charge density on all
surface elements in the gap are then obtained by solving the Laplace equation.
The electric fields at the apexes of the nanotubes growing in the gap are
amplified by the tip effect. The apex electric field is generally written E0A =
βE0 where β is the amplification factor. For a single nanotube of radius r
and length L growing between two infinite planes, β ∼ L/r. Thus during
growth high E0A and associated electrostatic forces appear that strengthen
enormously as the growth proceeds. These fields (and forces) are critical to
this work.

Although large electric fields are readily generated at modest applied volt-
ages on these nanometric objects, surprisingly few elemental charges are ac-
quired due to the nanometric dimensions, typically 1-20 for nanotube lengths
in the 100 nm range [20]. This means that the transfer of a few electrons is
sufficient for the nanotubes to efficiently screen the internal electric field and
generate high surface and external electric fields.

This model differs strongly from the model initially presented by Zhang
et al. [12] which is generally repeated in the literature. As stated above, in
their model the nanotube is described as a polarizable object immersed in an
external field. This implies that during growth the nanotubes are perfectly
isolated from the electrodes that generate the electric field and that no charge
is transferred (by the surface, the gas, ...) since a few extra electrons are
sufficient to screen the field. They then use the induced dipole moment of
the nanotube to estimate the forces and torques applied to the nanotube.

There is an essential difference between the ”isolated” (Zhang et al.) and
”connected” (this article) configurations that must be clearly understood: the
fields and forces for the former are obviously much weaker than for the later.
A detailed comparison of these two configurations is given in S.I.5. As an
example, for an aligned nanotube in a macroscopic field one obtains a tensile
force of 0.97 pN in the isolated configuration compared to a tensile force of 5.5
nN in the connected configuration. As the isolated case leads to weak aligning
electrostatic forces, thermomechanical vibrations have to be considered that
can alter the nanotube alignment. In the case of connected nanotubes, the
forces being thousands of times higher, these thermal vibrations are very
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small and negligible. The video given in SI-video1 clearly shows as expected
that thermal vibrations are negligible and very good orientation is observed
even for small nanotubes. In the following the connected model is thus
considered to describe our observations.

It would be of the highest utility if one could distinguish during EFDS
whether a nanotube is metallic, M, or semi-conductor, SC, or even better
that the electric field favours the synthesis of one of these two types. How-
ever SC-SWNTs are mostly small gap semiconductors and since growth is
realized at ∼ 700◦C they are highly conducting and thus electrically equiv-
alent, presenting thus the same image contrast and electrical forces. This
may explain why no clear signature differentiating CNT types during EFDS
has yet been observed, though we do not exclude this possibility in future
studies.

Large amplification factors, β, into the hundreds are obtained for the
connected nanotubes during growth which has several consequences. The
high apex fields can induce FE currents when they reach the 5 V/nm range
and even be sufficient to modify or destroy the nanotubes. At even larger
fields, field evaporation mechanisms may even appear which result in the
gradual evaporation of the object. Extreme electrostatic pressure, P, develops
associated with the electric field E (P = 1/2ϵ0E

2), independent of polarity.
Such forces cause bending towards the opposite electrode, an increase in
mechanical resonance frequencies [25] and even tear nanotubes from their
substrates. Nanotube mechanical response to these electrostatic forces also
depends intrinsically on L and r. For example, the area moment of inertia,
related to bending, depends on the radius to the fourth power. This explains
why the effect of the electric field (alignment, stresses, etc.) will act much
more effectively on small diameter nanotubes.

Now that these basic aspects have been specified, the observed behaviours
during growth are discussed. It is useful to classify the growths as either ”low
bias” or ”high bias”. An example of ”low bias” synthesis can be seen in SI-
video2 and in Fig. 2 a) (Vapp = +15 V). The main characteristics of the ”low
bias” regime (up to ∼ 20V ) are: i) the electric field is already sufficient to
orient the growth of the SWNTs (and from the shortest lengths observable,
∼ 50 nm); ii) during the growth, some nanotubes disappear probably caused
by mechanical uprooting; iii) nanotubes can reach the other electrode. In
this last case, some nanotubes disappear at the moment of contact while
others achieve permanent contact. In this case, more and more nanotubes
connected at both ends are observed. The bridging nanotubes can stick to
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Figure 2: a) Growth observation in the ”low bias” regime. Nanotubes crossing the gap
are observed. Comparison can be made with the ”high bias” regime illustrated in Fig.1
c) and d) in which no nanotube are connecting the other electrode. The gap is 2 µm
wide. b) Evolution of the mean growth rate as a function of the C2H2 partial pressure.
c) Nanotube growth rate histogram for the experiment corresponding to SI-video1. d)
Nanotube growth rate histogram for the experiment corresponding to SI-video2.
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their neighbours forming web-like structures and ropes of nanotubes that
can be observed in the middle of the gap (see S.I.3 and 4). The proportion
of nanotubes destroyed during contact depends on the value of the applied
voltage. The fact that some tubes are not destroyed by applying ∼ 10-15
V (which is rather high for typical transport experiments) is perhaps due to
the high contact resistance between the tubes and the substrates or even to
their SC or M nature.

Note that in this ”low bias” regime some nanotubes can emit electrons
by FE during growth. However, the FE currents are then sufficiently weak
so that they do not systematically lead to the destruction of the nanotubes
before they reach the other electrode. Marchand et al. [18] for example fol-
lowed SWNT growth using the FE patterns. However, in those experiments,
the potential was gradually reduced during synthesis to maintain a constant
emission current and thus prevent possible destruction mechanisms.

At strong positive polarization, ”high bias regime”, both electrostatic
forces and FE currents become significant which we measured during several
runs (see below). On the SI-video1 (+50 V polarization) it is clearly visible
that many nanotubes are torn off during the growth but the most charac-
teristic fact is that we observe no nanotube which exceeds 70% of the gap
with the remaining majority reaching less than half the gap. We consider
that this limitation is due to FE and associated FE-induced destruction. The
precise mechanisms of destruction or degradation by FE are discussed below.
Two additional proofs of the FE origin of this limitation are i) during the
same synthesis, reducing the voltage to +30 V allows the next nanotubes
to grow longer and ii) for growth at strong negative polarization (the same
electrostatic forces apply but no FE) we actually observed many mechanical
destructions but some nanotubes manage to reach the other side where they
are finally destroyed during the contact.

An important parameter is the partial pressure, p, of acetylene used dur-
ing synthesis. We carried out a series of experiments by varying p, the other
parameters being constant and measured the average growth rate R of the
nanotubes. Fig. 2 b) presents the dependence of growth rate on p. A roughly
linear dependency is observed, implying pressure limited growth, at least to
first order, with R varying from 30 nm/s to 160 nm/s for a p range of 10−4 to
7 10−4 mbar. Consider 100 nm/s obtained for p = 4.10−4 mbar. The number
of molecules impinging on a surface can be written as 2.63 1022 (p/

√
M T )

cm−2.s−1, with p in mbar, M is the molar mass in grams and T the temper-
ature in Kelvin. At this pressure, assuming T = 300 K (only the cantilever
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is heated), the atomic flux is ∼ 1200 C2H2 molecules nm−2.s−1. This corre-
sponds to 2400 C atoms nm−2.s−1, assuming a sticking coefficient of 100 %.
For a 1 nm diameter CNT ( 125 C atoms/nm), a growth rate of 100 nm/s
can be explained with a catalyst surface of 5 nm2. This is reasonably close
to the measured R. Note that the transition between pressure-limited and
diffusion-limited growth has been estimated by Bonard et al. [17] to be ∼
10−2 – 10−3 mbar.

Consider in more detail how R varies for one synthesis for different CNTs.
Fig. 2 c) presents the growth rate distribution measured on more than 50
nanotubes for the synthesis corresponding to SI-video1 (acetylene p ∼ 10−4

mbar). The distribution ranges from 6.5 nm/s to 56 nm/s (ratio ∼ 9x)
with a mean of 27.3 nm/s and a standard deviation of 11.4 nm/s. Fig.
2 d) presents the distribution for the synthesis corresponding to SI-video2
(acetylene p ∼ 2 10−4 mbar) with R ranging from 29.5 to 83 nm/s (ratio ∼
3x, three times narrower than above), a mean of 53.4 nm/s and a standard
deviation of 15 nm/s. These relatively large distributions are characteristic
of our growth experiments. Interestingly, Otsuka et al. [26] and Pimonov et
al. [27] for atmospheric pressure growth also observed very wide distributions
with growth rates that can vary by up to a factor 30 between SWNTs. The
source of the large range in R for fixed conditions may be the variability in
active catalyst surfaces and in nanotube diameters. There is a clear interest
in extending this work to include more high resolution TEM studies where
the diameters and rates can be correlated. Comparison of these growth rates
with other synthesis technics or conditions can be made using the review
articles [2, 3, 19] that gather a lot of experimental results.

Now examine in more detail more kymographs of individual SWNTs.
Firstly R is quite constant for a large majority of CNT growths as illustrated
in Fig. 1 e) and f). The transitions between constant growth and end of
growth is visible in the more or less pronounced rounded part between the
two regimes. This transition is therefore rapid compared to the rest of the
growth.

The second type of frequently observed evolution (∼ 20 % of cases) cor-
responds to a gradual increase in R (see Figs. 3 a) and b)) leading to a more
or less pronounced convexity in the kymograph. This evolution corresponds
always to an increasing R (from 13 to 27 nm/s in Fig. 3 a) and from 11 to
20 nm/s for the longest nanotube in Fig. 3 b)). Generally one observes this
convexity from the beginning and during all the growth interval. In much
rarer cases, R accelerates later during the growth (see Figs. 3 c) and d)). In
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Figure 3: Different growth rate evolutions observed during synthesis. a), b) regular and
gradual growth rate increases during growth. c) and d) Nanotubes showing constant
growth rate followed by a rapid acceleration. e) and f) Abrupt growth rate variations,
growth being linear in time before and after the transition. The transition leads to a
growth rate decrease. g) and h) Other abrupt variations but leading to a growth rate
increase. i) Kymograph obtained during a ”low bias regime” synthesis showing the evolu-
tion of two nanotubes. CNT 1 that finally connects the opposite electrode shows different
abrupt growth rates variations. For CNT 2, after a constant growth rate it shows possible
shrinkage. j) 90◦ anti clockwise rotated kymograph of a continuously growing nanotube
that regularly breaks after the acetylene gas was stopped showing gradual growth rate
reduction. The different growth rates are given in the text. The horizontal scale bar cor-
responds to 200 nm for all images except where the value is given and the vertical scale
bar corresponds to 10 s in all cases.
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these cases, the beginning R seems rather constant, until the acceleration is
observed (initial and maximum growth rates are respectively 10 and 30 nm/s
for Fig. 3 c) and 7 and 22 nm/s in Fig. 3 d)).

Other rarer evolutions (a few percent) correspond to abrupt growth rate
variations with the growth constant before and after the transition (see Figs.
3 e) to i)). These variations can be decreasing growth rates (initial and final
R are 25 and 9 nm/s in Fig. 3 e) and 19 and 4 nm/s in Fig. 3 f)) or increasing
growth rates (initial and final R are 16 and 33 nm/s in Fig. 3 g) and 16 and
59 nm/s in Fig. 3 h)). A more complex case (in a low bias regime growth)
showing several transitions is presented in Fig. 3 i) CNT1.

To be complete, we did observe during ”low bias” synthesis a few cases
where after growth ended, the nanotube seems to shorten little by little
(tube CNT2 in Fig. 3 i)). As the quality of the images in these syntheses
is poorer and more complicated to interpret we cannot guarantee that these
observations are not an artefact of imaging. For higher fields with better
resolution no CNT shortening was observed.

Finally the evolution of a particularly interesting growth is presented
when the acetylene supply was stopped abruptly and the gas concentration
at the growth zone decreased gradually under continuous pumping (see Fig.
3 j)). A first remarkable point is that this tube breaks several times near
its base but continues its growth, thus allowing us to observe successively
different growth stages. The anti clockwise rotated kymograph is presented
in Fig. 3 j) showing that R decreases regularly as the acetylene disappears.
The average R calculated over the successive growth portions are 50, 37, 27,
13 and 10 nm/s respectively. The two abrupt jumps observed at 100-120s
seem to be more related to a contact with the neighboring CNT loop which
results in an apparent stop of the growth followed by a jump. The video
corresponding to the growth of this nanotube is provided in SI-video3. This
observation is interesting because it shows that for the same nanotube and at
the same temperature the growth rate is indeed a function of the acetylene
partial pressure confirming the curve obtained on Fig. 2 b) but on a single
nanotube. In general this shows how EFDS in TEM allows us, to a certain
measure, to play with the growth rate and length of an individual nanotube.

An interesting comparison can be made with the paper of Pimonov et
al. [27]. In their experiments they observed a majority of constant growth
rate synthesis that is also our case. Less frequently they observed growth
rate variations for nearly 30 % of their nanotubes and they measured that
the growth rate ratio between initial and final states was around 1.7 (or
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0.6 i.e. 1/1.7). These variations correspond in our case to Figs. 3 e) to
h). However in our observations this phenomenon is relatively rare and the
growth rate ratios are not close to 1.7 although more statistics should be
required. Interestingly, they observe that these growth rate variations do
not necessarily correspond to a nanotube chirality change and indicate that
the catalyst nanoparticle fluctuates between different configurations during
growth. The last type of evolution they observed is a succession of growth
and shrinkage, the tube being able to re-dissolve in the particle. In our case,
as previously discussed, some shrinkage may occur in the ”low bias” regime
but have not been observed in the ”high bias” regime.

Reference [27] did not report the growth acceleration phenomenon we
observed. This behaviour is too clear and too frequent during our growths
to be an artefact or exceptional event. As it is observed during electric field
directed growth it is tempting to propose that the acceleration is induced
by this electric field configuration. As stated above, the electric field at the
apex increases linearly and the mechanical stress quadratically with nanotube
length. At the catalyst level, the electric field is very weak because it is has
a low effective height and is rapidly screened by the rest of the nanotube.
However, the nanotube-catalyst interface remains subjected during synthesis
to increasing stress and torque which can become very significant. These high
mechanical stresses could modify the growth rate, for example by facilitating
the incorporation of the later carbon atoms (by increasing the capture area
for example). Though this mechanism is tempting, it should nevertheless be
observed that the majority of growths occur at constant rate. So, at best, this
growth acceleration would only be effective for certain types of chirality or
nanotube/catalyst configuration. Another possibility is that long nanotubes
that start to field emit may heat by the Joule effect, thus increasing R through
an Arrhenius effect at the catalyst. This is not compatible with most of
the accelerations observed because they begin near the start of the growth
while the tube does not emit any FE current. On the other hand, this
mechanism could explain the late accelerations observed in Figs. 3 c) and
d), the acceleration only appearing when the FE becomes significant.

4. Destruction mechanisms

Another striking and important aspect in the video SI-video1 (”high bias”
regime) is that a lot of growing nanotubes suddenly disappear. As previously
stated, high voltages induce strong electric fields at the apex of the nanotubes
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Figure 4: Destruction mechanism. a)-d) Consecutive frames of video during growth show-
ing the fracture of CNTs and the fixation of the torn off fragment on the opposite electrode.
a) and b) Images before and after the breakage of a nanotube. The entire nanotube has
disappeared. c) and d) Images before and after another fracture. In d) the intact part of
the torn off nanotube is still visible showing clearly a breakage along the CNT length.

that lead simultaneously to : i) high mechanical stress and ii) the possibility
to extract high FE current leading to FE-induced destruction mechanisms.
It is interesting to see if we can characterize and distinguish these two phe-
nomena.

Mechanical failure is an obvious mechanism to explore since high stress
can lead to the breakage of the nanotubes particularly at defects, the nanotube-
catalyst contact and the catalyst support contact. One form of mechanical
failure present for our EFDS is the disappearing nanotubes, immediately fol-
lowed by the apparition of black lines on the opposite electrode that we call
”nanodarts”. Torn-off fragments or whole nanotubes are charged and thus
accelerate towards the counter electrode as a dart. If the extremity can link
strongly to the counter electrode, the fragment can then align along the elec-
tric field resulting in a dark contrast line. As the process is rapid compared
to the video capture rate the disappearance of the tube on one side and its
appearance on the other side is observable from one frame to the following.
In most cases, the original nanotube totally disappears as seen in Figs. 4 a)
and b) (the base of the tube near the electrode is not clearly visible). How-
ever, in some rare cases, an intact part of the tube is still visible as shown in
Figs. 4 c) and d). This proves that fracture can occur along the CNT length.

The second mechanism occurs when nanotubes start to emit electrons by
FE as the electric field reaches a few V/nm at the apex. In this mechanism
the electric field is the most relevant parameter since it reflects the narrowing
of the potential barrier at the emitter surface and governs electronic or ionic
emission. Note that FE is polarization dependent but can appear here (SI-
video1) because of the positive polarisation of the counter electrode. As the
nanotube continues to grow, and hence the apex electric field, the FE current
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can increase greatly because the current increases exponentially with electric
field which to first order increases linearly with CNT length. Note that
during synthesis the pressure is ∼ 10−4 mbar which is a very poor vacuum
for FE that is highly sensitive to surface contamination. As a consequence,
FE currents are very unstable.

At high emission current several mechanisms arise that can lead to total
or partial destruction or evaporation of the tubes. These effects have been
studied in the FE community as they are limiting factors for the use of nan-
otubes as electron sources [28]. First, as mentioned above, at high current
the nanotube can heat due to resistive dissipation (intrinsic or contact re-
sistance). Even with good electrical and thermal contacts a nanotube heats
due to its intrinsic resistance along the length but for higher currents. Tem-
peratures up to 2000 K at the apex have been measured [29]. As the current
continues to increase this can lead to the destruction of the CNT at a defect.
Ultimately a thermally activated field evaporation process occurs and the
atoms at the apex evaporate leading to a length reduction of the nanotube
[28]. It is shown below that this mechanism is observed during synthesis.
The maximum FE current that a SWNT can sustain before evaporation is
in the range of 100 nA to few µA depending on several parameters such as
the nanotube length and the electric and thermal contacts.

Unlike conventional FE experiments where the nanotube length is given
and the emission voltage is varied, here the potential is constant and the
length increases during growth. If FE induced field evaporation occurs dur-
ing growth, there is a competition between elongation due to growth and
shortening due to evaporation. Kymographs presented in Figs. 5 a) to d)
show the evolution of the lengths of several CNTs with more or less rapid
length variations that we interpret as field evaporation during synthesis.

Nanotubes are initially terminated by carbon caps whose precise structure
depends on the nucleation step (see S.I.3). Carbon atoms of a defect free
cap are strongly bonded to their neighbours (high binding energies) so the
field evaporation requires very high fields/temperatures. Once the cap is
evaporated at the end of the nanotube it may maintain an open ring where the
C atoms have fewer neighbours (lower binding energies) and are more easily
evaporated. This would result in faster length reduction. If the extremity
closes and forms a new stable cap the nanotube can continue to grow for
a substantial interval before evaporation occurs again (see Figs. 5 a) and
g)). On the contrary, if the formed cap is not very stable or the tube does
not close, evaporation can occur more gradually during the synthesis (see
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Figure 5: FE induced destruction mechanism. a)-d) Different kymographs showing more
or less rugged length evolution that are interpreted as FE induced thermal evaporation of
carbon nanotube during growth. e) Evolution of the global FE current and polarity during
the synthesis (see text). The zone labeled ”a” corresponds to the FE of the nanotube
presented in f). Inset : zoom of the labeled zone ”a” where an instable current of nearly
500 nA is measured before nanotube destruction. g) kymograph corresponding to the
nanotube during it’s emission corresponding to the FE thermal field evaporation process.
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Figs. 5 b), c) and d)). Note that to assign the observed evolutions to the FE
induced evaporation mechanism it is necessary to ensure that the nanotube
in question emits a significant FE current.

Determination of which nanotubes are emitting is not directly possible
from the video as all the CNTs are polarized. However the global FE current
is measured in real time during the experiments and its evolution during the
synthesis is shown in Fig. 5 e). As the voltage is kept constant at +50 V
we see the global emission current increasing up to 3 µA. At this point the
voltage was reduced to +30 V leading to the quasi suppression of the emitted
current because the highest field potential emitter was no longer in the FE
range. After a delay the emission current restarted and continued to increase
because new growing CNTs with longer lengths can significantly emit.

Of note is the current increase labelled ”a” in Fig. 5 e) since it corresponds
to only one emitting nanotube that has been recorded and is shown in Fig.
5 f). A zoom of the current evolution is presented in the inset in Fig. 5
e) where we see a current increase up to nearly 500 nA then a more or less
constant current followed by the disappearance of the emission. The video
of the evolution of this nanotube is presented in SI-video4 that shows clearly
the FE induced gradual destruction of this nanotube during growth with its
length successively increasing and decreasing before the complete destruction
of the tube. The corresponding kymograph presented in Fig. 5 g) is similar
to previous ones that confirms the previous interpretations.

A remarkable point in these experiments is that we observe some nan-
otubes that are simultaneously growing from the base and are evaporating at
the apex. In these cases it means that growth is not perturbed or inhibited
by the extreme field and mechanical tension applied to the nanotube. How-
ever in our observations the concomitant growth and gradual evaporation
lead finally to the total destruction of the nanotubes.

5. Nanotubes loops. Adhesion

The effect of the electric field is not limited to properly aligning the
straightened nanotubes but through the forces it generates it also helps to
unravel the more complex structures which tend to form under the effects of
steric hindrance and adhesion.

This can be seen for example on the loops formed by thin nanotubes as
presented in Figs. 6 a) and c). In these images both extremities of nan-
otubes are hidden at the level of the substrate or stuck on another nanotube.
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In these configurations the electrostatic forces pull on the nanotube loops
stretching them towards the opposing anode and even may open them. The
loop form is the result of a competition between these electrostatic, adhesion
and bending forces. This links these observations to the important domain
of adhesion at the nanoscale. Potentially this may allow dynamic monitoring
of these phenomena, during or after synthesis. Here we present a few points
concerning the adhesion energies and the sliding.

Several articles present experimental measurements of adhesion energies
between SWNTs and various substrates using AFM [30, 31] and binding
energies between SWNTs [32] using TEM. Adhesion energy of 1.24 ± 0.11
nJ.m−1(nN) for example has been obtained between SWNT and clean sili-
con. Although there are still large discrepancies between different measure-
ments these adhesion energies are measured in the nN range for cleaned
surfaces. The opening of a nanotube loop by stretching it by an electrostatic
force is quite similar to AFM experiments. During the nanotube growth the
loops enlarge and go further into the gap resulting in increasing electrostatic
forces. The overall electrostatic force on the loop can then reach the force
needed to be pulled out. This corresponds to Figs. 6 b) and d) where we
can observe the detached extremity intact and aligned to the field. However
for the majority of loops the opening is followed by sudden destruction. In
fact if a too long loop opens, the field and forces at the new free extremity
increase so rapidly and importantly that it leads to rapid destruction.

The attachment and final configuration of nanotubes that cross the gap
in the low field regime are controlled by the minimisation of total energy:
electrostatic, adhesion and mechanical bending. Note that these CNTs of-
ten continue to grow after contact. The adhesion effects are better seen in
post growth TEM images of the bridging CNTs (see S.I.3). The attached
nanotubes are extremely straight but mostly tilted at small angles or joined
together in bundles of a few nanotube. The tilting and bundling is the result
of energy minimisation and in principal can be mathematically modelled.

Another interesting point is the significant number of small open loops
that also often close during growth. Fig. 6 e) shows an example with an open
loop (indicated by the black arrow) self-folding on itself leading to a closed
loop (Fig. 6 f)). These situations probably correspond to cases where the
contact of the free extremity of the tube is close to the catalyst particle mak-
ing it possible to maintain a small distance between the two loop ends which
are still stretched by the electric field towards the opposing electrode. During
growth, thermal agitation can bring the two sides of the loop into contact
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Figure 6: Evolution of nanotube loops during EFDS. a) and b) Consecutive images showing
the opening of a loop whose extremity was stuck at the base. c) and d) Consecutive images
showing the opening of a loop whose extremity was stuck to another nanotube. The
opening is followed by the sticking to another nanotube. e) to h) Closing and evolution
of a loop. e) the original open loop. f) closing of the loop with the formation of a small
terminal ring resulting mainly of the balance between binding and bending energies. g)
As the nanotube continues to grow the ring slightly enlarges due to increasing repulsive
electrostatic energy. h) As the loop is less screened by its neighbours the ring greatly
enlarges due to strong electrostatic repulsion between the two sides of the loop. i) Another
loop whose two sides are stuck to two other nanotubes. Only the upper part of the loop is
distinguishable forming nearly 90◦ angles with the two guiding nanotubes (see arrows). j)
As the loop grows we observe that the two sides move forward on the guiding nanotubes
indicating that electrostatic forces pull on the loop and that portions of the nanotubes are
sliding on the others. k) Finally the loop detaches from its supports probably to minimize
its energy.
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leading to the closing of the loop. Adhesion tends to close the loop further
but this is opposed by bending energy stored in the curved portion of the
nanotube. The final rounded shape, sometimes named racket-like structure
[33], corresponds to the energy minimization of the system. To be complete
the electrostatic energy must be included in the minimisation. In Fig. 6 f)
the loop is still short and probably efficiently screened by close nanotubes
so the diameter of the ”racket” would depend minimally on the field. From
the radius of the nanotube and the shape of the racket it is then possible to
estimate the binding energy per unit length, γ, of the CNT. Estimation of γ
has been made using experimental observations on 4 closed loops that give
values of the binding energy γ ∼ 0.3 nN (see S.I.7 for details). This can be
compared to the 0.36 nN obtained by Chen et al. [32] and theoretical values
they estimated between 0.32 and 0.39 nN. In this first estimation the main
uncertainties comes from the uncertainty in the diameter of the nanotubes
and, to a lesser extent, the uncertainty in the projection length of the loop.
However, since this is a TEM environment, these measurements can clearly
be improved and dedicated experiments with HRTEM observations would
provide much more accurate measurements of these binding energies.

As the growth continues (Fig. 6 g)) the final loop is constantly at the
extremity showing that the electric field pulls on the loop and the walls slide
over each other like pulling on a loop of yarn. The diameter of the final
loop has barely increased showing that the electrostatic energy is still minor.
The situation changes radically in Fig. 6 h) where the loop overtakes its
neighbours and a strong widening of the loop is observed. The shape is now
given by a balance between binding energy and electrostatic energy.

The sliding of nanotubes over each other induced by the electrostatic
forces is even more visible in Fig. 6 i) -k). We see a loop whose two edges
adhere to two neighboring nanotubes. Only the part connecting the two
sides is visible forming an almost perpendicular segment between the two
nanotubes (the points contact angles are indicated by arrows). During the
growth, we observe that this segment rises on the two sides of the neighboring
nanotubes, which implies that a part of the growing nanotube, drawn by the
electrostatic force, slides on the support nanotubes. Finally, we observe that
the loop is released from its two ends forming an independent open loop to
minimize its total energy.

All these effects, loop opening, electrostatic repulsion between tubes,
stretching of nanotubes, reduce the formation of tangled structures with thin
nanotubes. The contrast is striking with the matted structure composed of
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Figure 7: a)-g) Successive images of the same zone of the sample showing the formation of
a foam at the base of the heated cantilever. This matted structure is composed of MWNTs
and carbonaceous filaments that are not aligned by the electric field. Ultimately this foam
could be an obstacle for the oriented growth of new SWNTs.

thick MWNTs that slowly grows on the electrode and that is presented in
Fig. 7. HRTEM observations confirm that they are larger multi-walled nan-
otubes and carbonaceous filaments with many defects. As these nanotubes
are larger and more rigid, they are therefore less sensitive to electrostatic
forces. These nanotubes form a sort of slowly growing foam that can be seen
gradually thickening at the base of the synthesis electrode as can be clearly
seen on the different images of Fig. 7. If initially they do not interfere with
the aligned growth of fine nanotubes, when the foam becomes too thick it is
undoubtedly becoming an obstacle to the oriented growth of new nanotubes.

6. Discussion and Perspectives

The observations above clearly show how EFDS allows the growth of
SWNTs aligned in the direction of the field. For thin nanotubes the orienta-
tion is obtained already at low field strength due to the generated electrostatic
forces. Above two very different models (”connected” and ”isolated”) have
been proposed to explain EFDS. Previously in the article (and in S.I.5) we
have shown that these two configurations lead to different forces and torques
of several orders of magnitude. The observations and experimental results
presented here clearly show that only the ”connected” configuration can ex-
plain the obtained phenomena. The ”isolated” configuration with its dipolar
model so often presented does not fit our experiments or the existing liter-
ature and must be, at least, completely revisited with clearer experiments
where the electrical isolation of the nanotubes is clearly demonstrated. The
dipolar approach leads to affirmations in review articles such as: Second,
the electric field directed growth is not applicable to SWNTs with diameters
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smaller than 1.4 nm which always grow in wavy configurations in electric
fields regardless of their lengths.[2]. Our observations clearly prove that such
claims are completely erroneous.

Another interesting point to discuss here concerns the different phenom-
ena and nanoscale modifications at the interface or at the base of the nan-
otube during growth. By the base of the nanotube we obviously mean the
contact zone between the nanotube and the catalyst but this can include
more generally the catalytic particle and its possible evolutions as well as
the contact between the catalyst and the barrier layer.

A first point concerns the orientation of SWNTs by the electric field. Im-
ages of long nanotubes strongly curved by the application of electric field
are quite commonly used to demonstrate the extraordinary flexibility and
strength of these nano-objects (see for example S.I.6). In these cases the
upper part is almost perfectly aligned while a strong curvature is observed
closer to the base which ends at the rigid contact where very strong me-
chanical torques and tensions exist. We consider that the alignment of our
thin nanotubes can be more pronounced during the synthesis when the tem-
perature is high and the catalyst active. For a nanotube originally growing
in a different direction than the field direction the electrical forces result in
high forces and torques at the interface. Energetically speaking, the mini-
mal configuration corresponds to the nanotube aligned along its entire length
in the direction of the field. It seems very likely that energetically guided
modifications (rotation of the catalyst, atomic diffusion accompanied by dis-
placement of the common CNT-catalyst edge, ...) can lead to an alignment
of the tubes at the base of the nanotube. These scenarios can be compared
to the observations made in situ on the beginning of SWNT nucleation as for
example [34] (see S.I.6). In these very nice observations one can see for ex-
ample a rather free catalyst particle which rotates and seems to move slightly
on the support during the growth. Other images show particles firmly an-
chored on the support but whose surface planes change. These observations
seem to indicate that modifications at the base of the nanotubes can allow
an alignment in the field axis at the base itself.

A second aspect concerns the destruction of nanotubes. We observe an
important number of ripped off nanotubes leading to their complete dis-
appearance. As mentioned above, we also observe some partial breakage
of nanotubes but these cases are in the minority. At the same time other
nanotubes show a phenomenon of field evaporation which proves that some
nanotubes can withstand extremely strong pulling conditions without being
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destroyed or torn off. It would be interesting to know if these destructions
occur at the contact between the CNT and the catalytic particle or if the
particle itself is torn off during the destruction. Once again the observations
made by Chao et al. [34] are interesting because they show two very different
states of catalyst. As previously discussed, in the first case the catalyst seems
to be mobile on the support and one can easily suppose that for relatively
weak forces the catalyst can be ripped from the support, leading to the de-
struction of the nanotube. In the second case the catalyst seems to be firmly
anchored onto the support and even if atomic modifications can appear the
particle should be able to resist very strong mechanical stresses.

Discuss now how these results could have ramifications for fundamen-
tal reserach and applications. Complementary theoretical and experimental
studies of the beginning of the synthesis and the evolution of the nanotube
base during the synthesis could open new avenues in SWNT growth control.
In our synthesis, the growth rate being proportional to the partial pressure,
it is possible to lower the rate to observe the growth dynamics in more detail.
This could allow us to see the effect of alignment on the nanotubes at its base
and to understand the destruction or tearing mechanisms. We are currently
working on modified microchips to obtain transparent areas for the electron
beam. A post-growth HRTEM image is presented in S.I.3 showing observa-
tion of the substrate/catalyst/nanotube base. The image contains one large,
clean SWNT and a beginning of a short mulitwall nanotube, both with their
catalytic particles. Though certainly challenging this suggests that HRTEM
during EFDS is quite possible in our system. These experiments may lead
to the realization of original samples for various applications. It was shown
that the ’low bias regime’ allows to obtain oriented nanotubes connected to
the other electrode. For the optimization of the growth it is interesting to de-
termine the minimum voltage allowing a good orientation of the tubes while
minimizing the risks of destruction of some nanotubes during the contact.
In contrast the synthesis of singly connected, or suspended SWNTs, is inter-
esting for example for the realization of field emission electron cathodes or
advanced near field probes. In this case the growth in the ’high bias’ regime
seems promising. For example on Fig.1 c), corresponding to 80 s of synthesis,
we observe many oriented nanotubes which stop more or less in the middle
of the gap (about 1 micron), this length limitation being ultimately due to
the field emission mechanism. If these nanotubes were preserved while other
nanotubes were growing leading to a gradual increase of the nanotube den-
sity, this synthesis technique would immediately constitute the grail for the
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realization of a high brightness electron cathode.
Finally, these first in situ growth experiments allow us to envisage many

complementary experiments with other synthesis conditions coupled with
other characterization techniques. A first important point obviously concerns
a better characterization of the SWNTs produced to determine their metallic
or semiconductor character and potentially their chirality. These studies
can for example be performed by HRTEM, electron diffraction and Raman
spectroscopy to test if the growth under field is accompanied by a certain
selectivity for example in terms of nature or chirality.

7. Conclusion

These studies have allowed for the first time the in situ ETEM dynamic
observation of the growth of individual SWNTs under electric field. The elec-
tric field leads to extremely straight aligned nanotubes that in turn allows
unprecedent growth rate measurements and growth rate variation observa-
tions on tens of SWNTs simultaneously. Depending on the electric field
intensity and direction, different regimes are observed leading to SWNTs
crossing the gap or SWNTs length limited in the gap. Furthermore these
measurements allow to clarify the mechanisms involved in the orientation of
fine nanotubes and invalidate the widespread dipole model for growth under
field. The ETEM with heated microchip constitutes a versatile, ideal plat-
form to study systematically the synthesis and evolution of nanotubes while
offering opportunities for complementary electrical, thermal and mechanical
measurements.
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