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Optimizing the synthesis of carbon nanotubes (CNTs) for applications like Field Emission (FE) sources requires a
fundamental understanding of the growth kinetics of individual CNTs. In this article, we explore how applying electric
fields during CNT synthesis influences the as-grown nanotubes and their FE performance. We observe growth and
undertake FE measurements in real time using an environmental transmission electron microscope. This is achieved
through a polarizable capacitor gap within a microchip sample heater specifically designed for this purpose. Individual
nanotubes are easily resolved and are predominantly single-wall CNTs. At low-applied fields, the growing nanotubes
can span the gap and link with the opposite electrode, albeit with some loss due to mechanical failure. With a high-
applied field and positive bias for FE, we continue to observe the oriented growth of nanotubes. However, this growth
is constrained within the gap due to the possibility of FE occurring during the growth process, which can result in
either saturation or damage. At any given time, we have the flexibility to halt the growth process and conduct in sifu
FE experiments. This approach enables us to comprehensively track the complete development of the CNTs and gain
insights into the various mechanisms responsible for limiting the performance of CNT cathodes. Interestingly, we

report an original self oscillation induced destruction mechanism that has not been reported before.

I. INTRODUCTION

Owing to their unique properties, carbon nanotubes
(CNTs), although discovered three decades ago, are still
being actively investigated as electron field emission (FE)
sources for a number of applications! including space propul-
sion systems?, X-ray generation® and X-ray tomography®>,
high brightness electron guns for microscopy® and microwave
amplifiers’S.

To improve the performance of planar nanotube cathodes
various preparation techniques ranging from direct synthe-
sis to nanotube shaping have been tested (see for example’
andlo). Whatever the production method, the FE perfor-
mances of CNT cathodes are primarily tested through current-
voltage I(V) characterization where microscopic observation
of the individual nanotubes is not possible. This makes it dif-
ficult to understand precisely the measured variations and to
interpret the I(V)s.

ACorresponding authors
b)Corre:sponding authors; current adress : Université Cote d’Azur, CNRS,
CRHEA, 06 905 Sophia Antipolis cedex, France.

On the other hand, more fundamental studies have focused
on the direct observation of individual nanotubes during FE
in electron microscopes (SEM and TEM) or by Field Emis-
sion Microscopy (FEM) for a better understanding of the
various limiting mechanisms and in order to be able to op-
timize the CNTs performance. These works have for ex-
ample highlighted the phenomena of gradual destruction by
evaporation'!~1® or by mechanical tearing!* as well as the
determination of the maximum currents that can be obtained
per nanotube, typically between 200 nA and 2 uA' for sin-
gle wall nanotubes (SWNTs). However, these experiments
were performed on relatively few nanotubes and the samples
used are often very different from the classical planar cathode
structures.

An interesting approach would be to bring together these
different configurations to simultaneously observe a large
number of nanotubes in a planar geometry from the synthesis
stage, then the first I(V) measurements and finally the differ-
ent limiting and destructive mechanisms.

This article describes our recently achieved breakthrough
on the dynamical observation of Electric Field Directed Syn-
thesis (EFDS)!® and FE of carbon nanotubes using micro-
machined chip heaters in Environmental Transmission and
Scanning Electron Microscopes (ETEM and SEM). A key in-
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FIG. 1. Experimental setup used for in situ EFDS of SWNTs and FE experiments in an Environmental Transmission Electron Microscope. a)
SEM image of the active zone of the micro-machined chip heater with two close cantilevers. One cantilever is heated by the Joule effect and
a polarising voltage is applied between the two cantilevers. Growth is observed across the gap where the electric field is maximum. b) TEM
observation during a ’low voltage regime’ synthesis (see text). We observe nanotubes (visible as black lines) crossing the gap and attached to
the opposite electrode. ¢) and d) Observations during a high voltage regime’ synthesis (50 V). The two images correspond to 81 s and 156 s
after growth starts. Nanotubes appear here as bright lines. No nanotube crosses the gap due to ultimately FE related mechanisms that limit the
length of nanotubes. In d) black lines connected on the other side, named nanodarts, are observed, corresponding to torn-off carbon nanotubes
that have crashed onto the opposite electrode. The white dotted segment under the asterisk corresponds to a simultaneous destruction zone
discussed in the text. Note that the contrast in the images depends on the TEM settings used for imaging and the applied voltages.

novative aspect is that applied electric fields direct the system-
atic fabrication of extremely straight and preferentially single-
wall carbon nanotubes (SWNTs). Depending on the applied
electric field strength and polarity FE may occur during the
synthesis. Under appropriate conditions large FE currents are
obtainable that can ultimately limit the growth of the SWNTs
due to field-induced evaporation. An unexpected and notable
aspect of these experiments was the observation of numerous
nanotubes torn from the synthesis electrode and finally firmly
connected to the opposite electrode (so called "nanodarts’),
forming potentially interesting nano-objects for FE applica-
tions. Results obtained on the EFDS of SWNTs (orienta-
tion, growth rates, growth rate variation, etc.) have recently
been published'®. In this paper we focus more specifically on
the different FE related mechanisms during synthesis and FE
measurements realized post-synthesis. These direct observa-
tions provide unique insights into the evolution of nanotubes
during I(V) measurements and a better understanding of the
destruction mechanisms such as gradual destruction, mechan-
ical rupture and a novel self-oscillation induced destruction
mechanism observed during our experiments.

In the following the experimental system and the main as-
pects of growth in an electric field are first described with a
particular emphasis on the FE phenomena and the destruction
mechanisms. The formation and evolution of "nanodarts" is
also discussed. We then focus on FE measurements and I(V)s
performed after synthesis. These observations enable us to
track the nanotubes’ evolution during the measurements and
to witness various destruction mechanisms, including the one

driven by self-oscillations. Finally, current densities obtained
during our experiments are discussed.

Il. EXPERIMENTAL SETUP AND SYNTHESIS UNDER
ELECTRIC FIELD

A. Experimental setup

The CNT growth experiments under the influence of an in
situ electric field, along with FE experiments, are conducted
using specially designed microchips that can be mounted on
a Protochips Fusion sample holder. These chips enable si-
multaneous heating and polarization of the sample. A SEM
image of the active part of the micro-chip is presented in Fig.
1 a) where one can observe the two close free-standing can-
tilevers separated by a 2 pum gap with their electric connec-
tions. The in situ real time TEM observations were performed
using a modified environmental transmission electron micro-
scope (Titan ETEM 60-300ST) operated at 80 keV.

Samples are prepared according to the following procedure
(more details are presented in'©). The cantilevers are first cov-
ered by a 5 nm alumina layer and 0.7 nm Fe thin layer in a
high precision ultra-high vacuum molecular beam evaporator.
Both layers are deposited at room temperature directly on the
cantilevers. The role of the alumina during the growth pro-
cess is to allow the formation of nanometric Fe clusters by
Oswald ripening while preventing their fast migration. The
microchip is then transferred into the TEM column and one of
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FIG. 2. a) and b) Field emission current and applied voltage evolu-
tions during the synthesis corresponding to images Fig. 1 ¢) and d).
The voltage was first set to 50 V and then reduced to 30 V at the end.
At 50 V the global emission current increased to 3 uA before the
voltage drop. ¢) and d) Successive images during the growth show-
ing an example of formation of a nanodart. The arrow in ¢) indicates
the nanotube that has been torn-off and then forms the black nanodart
in the next frame. e) to n) Evolution of the length of a growing nan-
otube that is simultaneously field evaporated at the apex. Successive
length increases and reductions are observed that are the result of the
competition between growth and evaporation. In n) the nanotube is
finally destroyed.

the two cantilevers was selected to be heated by the Joule ef-
fect for a preliminary hydrogen pre-treatment of the catalyst.
An electrometer is connected to the counter electrode to con-
trol its bias and measure the FE current. For growth, acetylene
(C2H>) is used as carbon feedstock mixed with Hp. This gas
mixture is introduced into the chamber and once the pressure
is stabilized the cantilever temperature is slowly increased un-
til roughly 650-700 °C in the growth zone. As nanotubes be-
gin to grow the video recording (at 4 frames per second) is
started.

A non-trivial aspect concerns the nanotube contrast in the
videos. To make nanotubes visible during growth in this low
magnification observation mode, the image-forming lens is
intentionally defocused (underfocused or overfocused). The
contrast thus depends mainly on two parameters: the applied

polarisation and the defocusing. For a given polarization and
defocus, nanotubes either appear bright or dark. Altering ei-
ther the defocus or polarization flips the contrast, transform-
ing a bright nanotube into a dark one, and vice versa. The
nanotubes are single-walled, regardless of their contrast. The
difference in contrast for example between Fig. 1 b) and c)
corresponds to two different defocus settings (positive volt-
age applied to the counter electrode so FE is possible). It’s
worth noting that when the applied voltage is too low, the
nanotubes cannot be observed. After each synthesis HRTEM
observations are made. These observations clearly prove a
"base-growth" mechanism and confirm that nanotubes are es-
sentially SWNTs. Typical diameter distributions of the syn-
thesized SWNTs show a mean diameter of around 1 nm.'®

B. Low / High voltage regime

We conducted syntheses at various biases. The majority of
the syntheses were carried out using positive bias applied to
the counter-electrode (FE possible) with potential differences
between 4 V to 50 V. For comparison, some growths using
negative polarization were also performed, the electrostatic
forces being identical but without field emission. Very good
alignment is observed for all tested voltages. Depending on
the applied voltage, two regimes can be distinguished for the
synthesis depending on whether the nanotubes can reach the
opposite electrode or not. For the "low voltage regime" (ap-
proximately less than 20 V) some nanotubes disappear during
the growth (probably due to being mechanically torn out of
the electrode by the electrostatic force) but the majority reach
the counter electrode. A number of nanotubes are destroyed
during the contact, which seems to depend on the applied po-
tential difference, while the others adhere. As the synthesis
proceeds, more and more nanotubes are observed crossing the
gap and some stick together (by Van der Waals forces) form-
ing Y shapes and small bundles in the center of the gap. An
example of "low voltage" growth is shown in Fig. 1 b) where
several nanotubes connected to the two electrodes are visible.
It may seem surprising that the nanotubes are not systemati-
cally destroyed during the contact with the counter electrode
for voltages greater than 10 V. This is probably due to the very
high contact resistance that can exist between the nanotube
and the silicon based cantilever (the barrier layer is composed
of 5 nm of alumina). For classical FE where electrons are
emitted in vacuum, FE is possible only for voltage difference
higher than the work function, typically 4.5-5 eV. For higher
voltages it is possible that some nanotubes emit electrons dur-
ing the synthesis. However, in this case the electron emission
does not lead to the apparent destruction of the tubes.

At higher positive biases a significantly different growth
regime is observed ("high voltage regime"). A movie of the
first 3 minutes growth under high polarization (50 V) is pro-
vided in the Supplementary materials (SM-video1'”). In this
case the nanotubes appear as bright segments that grow per-
pendicular to the electrodes. Two images corresponding to
81 and 156 s of the synthesis are presented in Fig. 1 ¢) and
d). In the video many nanotubes growing simultaneously per-
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pendicular to the gap are distinguishable. However a large
number suddenly disappear and very few reach 2/3 of the gap.
The majority appear to barely reach the middle of the gap.
Similarly, although new nanotubes grow regularly, in Fig. 1
d), taken 1 minute later, an increase in nanotube density is
not observed, confirming their continual destruction. At high
voltage and negative bias (no field emission), we also observe
many nanotubes disappearing but a few of them can reach
the opposite electrode where they are destroyed upon contact.
This indicates that in positive polarization it is ultimately the
field emission mechanism that limits the growth of nanotubes
in the gap. The applied voltage as well as the emission current
were recorded during the synthesis and are presented in Fig. 2
a) and b). At the beginning of the growth, where the voltage is
50V, one observes a progressive current increase up to about
3 nA (note that during all the experiments the pressure was
of the order of 10~* mbar which is a poor vacuum for field
emission and explains the very noisy measured current). Note
that increased length at fixed voltage leads automatically to
linearly increasing apex electric field and thus exponentially
increased FE current. A last proof of the length limitation by
the FE process is that during the same synthesis the voltage
was reduced from 50 to 30 V and the nanotubes growing with
the lower applied voltage grew longer and nearly reached the
opposite electrode.

C. Destruction mechanisms during growth

During nanotube growth three types of destruction mecha-
nisms have been identified. In the first the totality of a nan-
otube disappears from the image due to mechanical ripping-
off at their bases by the electrostatic forces. This ripping-off
of whole CNTs is confirmed by an appreciable fraction of
these disappearances being immediately followed by the ap-
pearance of a black line on the opposite region of the counter
electrode. An illustration is presented in Fig. 2 ¢) and d)
which shows two consecutive frames of the same area. The
nanotube indicated by the black arrow in c) has disappeared
while in d) a black line has simultaneously appeared on the
opposite electrode. The most likely mechanism is that the
torn-off nanotube, which is charged, is accelerated by the field
and then sticks to the opposite electrode. If the tube binds
firmly to the electrode it will then become positively charged
and aligned by the field like the nanotubes on the heated elec-
trode. Due to the TEM settings used to enhance contrast the
nanotube appears black in the image. We term these objects
"nanodarts". In some cases, very rare in our observations, the
disappearance of a part of a tube is followed by the appear-
ance of a black line on the opposite electrode. This shows that
in some cases the nanotubes may break at a defect. In the de-
struction mechanism leading to the total disappearance of the
nanotubes it seems that the contact between the nanotube and
the sample (interface between barrier layer and catalyst or cat-
alyst/nanotube) is too weak to resist the electrostatic forces.

In a second type of destruction process during synthesis,
the length of some nanotubes successively increases and de-
creases, a phenomenon interpreted as field evaporation that

FIG. 3. a) to f) Evolution in time of different nanodarts.The two
longest nanodarts seem to show a dendritic growth. In fact, these
nanodarts electrostatically attract the debris torn-off from the growth
electrode and form new branches. These branches, more or less ro-
bust, repel each other electrostatically. Images d) and e) correspond
to two consecutive frames in the video. In e) a new long branch ap-
pear on the lower nanodart that correspond at the simultaneous dis-
appearance of a long nanotube on the opposite electrode (see black
arrow in d)) indicating that this tube has been attracted and connected
to the nanodart.

is thermally activated by field emission. (see Fig. 2 e) to
n)). This mechanism of gradual destruction has been clearly
demonstrated for SWNTs by Dean, et al.!! In this mechanism
the strong current emitted by the nanotube leads to a signifi-
cant temperature rise at the tip (more than 1600 K estimated
in'! and temperatures up to 2000 K have been measured by
electron spectroscopy'®). The high field combined with the
temperature can then lead to field evaporation that shortens
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the SWNT and therefore moderates the field emission cur-
rent and the heating. Elegant observations of this phenomenon
by TEM on individual nanotubes have been done by Wang et
al.'? Here this mechanism occurs during the synthesis and the
evolution of the length of the nanotube results from the com-
bined effect of the synthesis and the evaporation. Other exam-
ples of the evaporation mechanism during synthesis are pro-
vided in'®. It is remarkable that this field evaporation mecha-
nism, which requires high current, field and temperature at the
free end, is concomitant with the synthesis of the nanotube at
the opposing end. As these high currents are indicative of
strong electrostatic forces, these nanotubes also prove that ro-
bust mechanical connections between the support and the nan-
otubes are possible. Finally for all the cases clearly identified,
this competition between evaporation and growth led to the
complete disappearance of the nanotubes which seems to in-
dicate the fragile equilibrium of this particular state.

The two previous mechanisms involved individual nan-
otubes. A third mechanism observed from time to time cor-
responds to the simultaneous disappearance of several nan-
otubes or even of a small region of the sample. An example
can be seen in Fig. 1 d) where one can observe an absence
of nanotubes a little above the middle of the image (delimited
by the white dotted line and the asterisk). The origin of these
simultaneous destruction events is not yet completely clear.

D. Nanodarts

Now examine more closely the nanodarts which constitute
an intriguing and unexpected feature of growth with an ap-
plied electric field. They can be formed both during and after
growth when field emission experiments are performed.

The first point concerns the firm attachment of the nan-
odarts to the opposite electrode. As they are attached to the
positive electrode, electron emission is impossible, but they
are subject to electrostatic forces. This raises the question of
the bonding mechanism between the nanodart and the support.
A first hypothesis is that a certain length of the nanotube lies
on the substrate held by adhesion (Van der Waals interaction)
while the visible vertical length is aligned in the gap by the
electric field. This configuration is however unstable in the
case of a flat and uniform surface and cannot persist: either
adhesion dominates and the entire tube sticks to the substrate
or the electrostatic force dominates and causes the part in con-
tact with the substrate to detach.

To understand why the adhesion hypothesis is unstable it is
interesting to compare our configuration with Atomic Force
Microscopy (AFM) experiments carried out to determine the
adhesion energy of SWNTs on clean and flat surfaces'®1°. In
these experiments a SWNT is stuck at the apex of a AFM
cantilever and this cantilever is brought close to the surface
so that a part of the nanotube adheres to the surface. Adhe-
sion to the surface, for a 1D object as SWNT, is classically
characterized by an adhesion energy per unit length in J/m.
This adhesion energy per unit length has also the dimension
of a force and can be expressed in Newton and viewed as an
adhesion force. This is similar to “surface tension” for fluids

that can be seen equivalently as an energy per unit area (in
J/ m?) or as a force per unit length (in N /m). For example
adhesion energy of 1.24 & 0.11 nJ.m~! (nN) has been mea-
sured between SWNTs and clean silicon. At its other end the
nanotube is subjected to the pulling force of the cantilever,
which is proportional to the deflection of the lever. If the lever
pulling force is less than the adhesion force, the system spon-
taneously lowers its potential energy by sticking an additional
part of the nanotube to the substrate. This reduction in the
suspended length of the nanotube causes an additional deflec-
tion of the lever and an increase of the pulling force. This
process continues until the pulling force of the lever is exactly
equal to the adhesion force of the nanotube. This results in
an equilibrium position (which allows the adhesion energy to
be measured) that is stable. When subjected to a perturbation,
the system spontaneously returns to the equilibrium position.

At first sight this configuration is very similar with the elec-
trostatic force playing the role of the pulling force. When
the electrostatic force equals the adhesion force we have an
equilibrium position. However, this equilibrium is unstable.
Let’s assume a perturbation consisting of a length of the nan-
otube detaching from the surface. The increase in the verti-
cal part leads to an increase in the field amplification factor
and therefore in the electric field at the apex and ultimately
in the electrostatic force (for the AFM lever it would result
in a decrease of pulling force). As this electrostatic force has
become greater than the adhesion force, an additional part of
the tube detaches, further increasing the electrostatic force.
This results in the complete detachment of the nanotube. The
same reasoning can be applied if we start by considering the
bonding of a small additional part of the nanotube, which ulti-
mately leads to the bonding of the entire nanotube. As previ-
ously stated no stable configuration can be obtained with ad-
hesion and electrostatic forces for flat and uniform surfaces.

Finally, in the absence of electric field all the nanotubes
should lie entirely parallel to the surface due to adhesion.
However, when the voltage is temporarily reduced down to
zero (no electric field) before being raised again, the nanodarts
are still present. Therefore, the most likely hypothesis is that
strong chemical bonds are created between the nanotube and
the electrode during the impact. From an energetic point of
view, let us consider for example a tube with a net charge of
100 e that has been ripped off the opposite electrode without
any change of charge. Subjected to a potential difference of
50V, the kinetic energy of the nanotube during the impact is
5 keV. This energy is relatively low and cannot cause the to-
tal fragmentation or atomization of the nanotube (C=C bond
energy: 6.375 eV/bond). However, this energy is perhaps ca-
pable of strongly modifying the chemical arrangement at the
site of impact. Upon impact of the nanodart with the silicon
electrode, one can imagine the creation of very strong Si-C
bonds. A deeper understanding of this mechanism requires
further experimental studies coupled with numerical simula-
tions.

We observe the loss of significantly more nanotubes than
nanodarts being formed, which raises the question of what
happens to the remaining nanotubes. It is likely that the ma-
jority of the nanotubes stick to the electrode along their length.
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Another possibility is that a tube reaches the electrode but cre-
ates only a weak bond. In this case when it becomes posi-
tively charged the electrostatic forces dominate and it can be
ripped off the anode electrode again and accelerated in the
other direction to bombard the growth electrode where it can
destroy nearby nanotubes. Thus a possible explanation for
the simultaneous disappearance of several nanotubes on small
areas discussed previously is a back bombardment due to a
nanotube being ripped off the opposite electrode. This mech-
anism is too fast to be discerned in the films. The simplest
estimates give sub is inter electrode travel times for complete
CNTs. If this mechanism is correct, the mechanical strength
at the base is all the more important to obtain robust cathodes
because it limits simultaneously the ripping-off of the tubes
from their support and the back bombardment.

These nanodarts can also evolve considerably over time
and form dendrite structures. It is important to note that the
counter electrode is not heated and synthesis is impossible on
this side. Fig. 3 illustrates the evolution over time of several
close nanodarts. The two longest ones evolve by the addi-
tion and disappearance of branches. Images d) and ¢e), which
are two successive video frames, show the very rapid addition
of a long branch on the lower nanodart. This addition is si-
multaneous with the disappearance of a long nanotube on the
opposite electrode and it is likely that this long torn-off nan-
otube has stuck on the nanodart. It seems that these structures
are formed because the nanodarts modify the field structure
in the gap and attract the different charged pieces torn off on
the first electrode leading to an apparently dendritic growth.
Again, in this scenario, it is not clear how the bonds between
the different parts of the agglomerated tubes are formed. We
finally get *Frankenstein’-like structures formed by many dif-
ferent nanotube parts and the electrostatic repulsion between
the different branches causes the dendritic aspect.

The longest nanodarts can also interact via electrostatic at-
traction with the nanotubes growing from the opposite elec-
trode. In the case of a nanotube and a nanodart in close prox-
imity their mutual interactions can be intricate especially if
the nanotube is emitting electrons. This can result in complex
phenomena and we often observe in these cases vibrations or
oscillations that are difficult to interpret.

It is worth noting that the formation of these nanodarts and
their interaction with the growing nanotubes can be easily ob-
served because the gap is only two microns wide. One may
ask for example how these objects would evolve if the gap
were wider at constant macroscopic electric field in the gap
and, in a more general way, under which experimental con-
ditions these nanodarts are formed as a function of voltage,
kinetic energy, etc.

I1l. AFTER GROWTH OBSERVATIONS AND FE
CHARACTERIZATION

A. First I(V)s after growth

Coming back to the synthesis presented in SM-videol, the
growth was finally stopped by closing the acetylene supply to

prepare post-growth FE measurements. Note that the heating
and hydrogen had not been stopped.

For applications an important question that arises is : will
the alignment of the nanotubes, due to electrostatic forces, be
preserved if the voltage is reduced to 0 V as would be done, for
example, to remove the cathode from the growth equipment
and place it in a FE setup? To answer this question we set the
voltage to zero before performing the first I(V) measurement.

Images of the sample at the end of synthesis and at the be-
ginning of the first I(V), after reducing the voltage to zero, are
given in Fig. 4 a) and b). The images at low applied volt-
age lack contrast, making it impossible to observe changes in
nanotubes under such conditions. In Fig. 4 b) a noticeable
reduction of the aligned CNTs is observed. Image analysis
shows that nearly 60 % of the nanotubes are still present in
the observed area. Observations realized on several samples
show that on average 50% of the nanotubes remained aligned
after the first voltage drop. Some of the missing nanotubes
have evidently merged together, forming loops (see * in Fig.
4 b)), while others have likely adhered to the substrate, pos-
sibly in a way that inhibits their realignment via the electric
field.

A particular case is the nanotube labelled "1" in Fig. 4 b)
which curiously lengthened. In fact, the synthesis was stopped
by closing the acetylene gas valve while the sample was still
hot and the CNT continued to grow slightly because of the gas
supply remaining beyond the valve.

A first I(V) measurement of up to 50 V, compared to the
end of growth with 30 V applied (see Fig. 2), has been per-
formed simultaneously with video recording. The video cap-
tured during the I(V) with the embedded I-V curve is given
in SM-video2!”. Tt allows the variations observed in the field
emission current to be linked to the evolution of the nanotubes.
Figures 4 b) and c) present images at the beginning and the
end of the first I(V) and Fig. 5 a) and b) present the first I(V)
and the corresponding "Fowler-Nordheim" (FN) curves. The
solid black line corresponds to the increasing voltage part of
the I(V) and the dotted red line to the decreasing part. Evolu-
tion of the emission current during the voltage increase is very
irregular with plateaus and jumps. Interestingly the video al-
lows us to understand some of these features. In Fig. 5 a)
the first interesting point (labelled "1") is the plateau one can
observe between 24 and 33 V at nearly 200 nA. It clearly cor-
responds in the video to the gradual destruction of the longest
nanotube labelled "1" in Fig. 4 b). The rapid current increase
afterwards may be due to the loop opening that results in an-
other available nanotube for FE. In the video one observes
that this nanotube is finally also gradually evaporated. The
first abrupt drop of 500 nA (labelled "2" in Fig. 5 a)) is con-
comitant to a novel self-oscillation induced destruction of the
tube labelled "2" in Fig. 4 b) (even if this happened almost
in the same time as a partial breakage of the tube "1"). More
precisely the field emitting nanotube starts to self oscillate and
suddenly totally disappears (see discussion below). The sec-
ond important drop (~550 nA, labelled "3" in Fig. 5 a)) does
not correspond to a noticeable modification in the observed
area. It is probably due to another tube destruction in another
area of the cathode out of the field of view. Finally the de-
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FIG. 4. Nanotube evolution between different experimental stages. a) Image of the cathode at the end of the synthesis after stopping the
acetylene supply. b) Image of the cathode after a voltage reset and before the first I(V) measurement. We see that the number of aligned
nanotubes has decreased. Nanotubes denoted 1, 2 and * are discussed in the text. ¢) Image of the sample after the first I(V) at 50 V.

creasing part of the I(V) is very smooth and follows a quasi
metallic behaviour as can be seen by the straight line obtained
in the Fowler-Nordheim representation in Fig. 5 b) and logi-
cally no evolution is observable in the video. The field and FE
have removed the fragile CNTs.

The same procedure was repeated with the zero voltage set-
ting before an identical (V) measurement up to 50 V (see Fig.
5 ¢) and d)). The evolution is clearly smoother with only one
noticeable apparent saturation indicated by an arrow. Final
current at 50 V is slightly lower than in the first I(V) (1.9 uA
instead of 2.5 uA) probably due to a additional small modi-
fication revealed by the saturation effect. Recording a video
was not possible during this I(V) so we have no direct obser-
vation of the cause of this saturation. However, the emission
current follows very closely the decreasing part of the first
I(V). The FN curves of the second I(V) with the decreasing
part of the first I(V) (in circle blue points) are plotted in Fig. 5
d). The curves are nearly identical meaning that the emitting
nanotubes preserved after the first voltage drop are almost all
preserved after the second voltage drop.

Examining the progression of the nanodarts in figures 4
a), b), and c), it is evident that they have mostly remained
unchanged following the voltage drop and were not modi-
fied during the first I(V). To assess their FE performance, an
I(V) test was conducted under reversed polarization condi-
tions, reaching up to -50 V. I(V) curves obtained are shown
in Fig. 5 e) and f) and appear to be very similar to the first
I(V) in normal polarisation with an irregular increasing part
with several jumps and a smooth decreasing part following a
quasi metallic behavior. Interestingly the maximum current at
-50 V is 1.75 uA, slightly inferior but of the same order as
the emission of the nanotubes on the other electrode although
their density is clearly lower. This raises the question of the
interest of these nanodarts for FE cathodes. The sample in its
entirety can also be seen as an ambipolar FE cathode as can

be seen in 5 g) where we plotted the decreasing part of the
I(V)s in normal and reversed polarisation. This configuration
could be interesting for applications such as ambipolar gas
discharge tubes’®?! providing surge protection or for passive
neutralization between different charged elements.

It should be noted that the strong field emission currents
obtained under reverse polarization are clearly explained by
the existence of nanodarts. Without these observations, or in
another system, these emission currents would have seemed
surprising not to say incomprehensible. In fact, one of the
authors had previously measured notable emission currents in
reverse polarization on nano-objects but had no explanation.
The nanodarts or their equivalent likely explain those unex-
pected currents as well as the measurements presented here.

With this sample, we performed a lengthy synthesis (over
15 minutes) that was probably too long to produce an interest-
ing cathode for field emission. Comparing the images in Fig.
1 ¢) and Fig. 4 a) it is clear that it would have been more inter-
esting to stop the synthesis after about 2 minutes. In the first
case a higher density of fine nanotubes is observed. More-
over, as the synthesis progresses, a kind of foam composed
of large nanotubes and carbonaceous species develops on the
surface of the sample, which probably hinders the growth of
the following SWNTs. The presence of too many nanodarts
also complicates the studies by modifying the behavior of the
nanotubes on the opposite electrode. Consequently a shorter
synthesis has been performed and is presented in Fig. 6 a).
As expected no foam of large nanotubes is observed at the
base and only one nanodart is visible. The nanotube density
is however lower than in the first sample.

No I(V) curve has been performed with this sample but in-
stead the voltage was changed over time and the field emission
current was recorded simultaneously. The applied voltage and
current evolution are presented in Fig. 7. Figures 6 b) and ¢)
correspond to images of the sample after the first rise to 125
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FIG. 5. a) First I(V) measurement after stopping the synthesis. The
black solid line (respectively red dotted line) corresponds to the in-
creasing part of I(V) (respectively decreasing). The areas indicated
"1","2" and "3" correspond respectively to a first plateau at 200 nA
and to two important falls of the current. b) "Fowler-Nordheim" rep-
resentation of the first I(V). ¢) Second I(V) measurement under the
same conditions d) "Fowler-Nordheim" representation of the second
I(V). e) I(V) realized in reversed bias corresponding to the field emis-
sion of the nanodarts. f) "Fowler-Nordheim" representation of the
I(V) in reversed bias. g) Superposition of the I(V)s in normal and
reversed bias showing that the cathode behaves like an almost sym-
metrical ambipolar diode.

V (4 nuA) and after the application of the maximum voltage of
225 Volt (maximum current: 27.8 nA). In Fig. 7 b) these two
moments are indicated by arrows. Following the application
of 125 V (as shown in figure 6 b)), it is observed that all the
longest nanotubes have either undergone significant shorten-
ing or have completely vanished. Also note the appearance of
multiple nanodarts which clearly appeared during FE. These
nanodarts can therefore be formed during both synthesis and
field emission. These nanodarts seem also to protrude farther
into the gap than the as grown nanotubes. Dashed lines in Fig.
6 b) show the average extent of nanotubes and nanodarts re-
spectively. This can be interpreted as due to the nanodarts be-
ing subjected only to electrostatic forces, whereas the cathode

side nanotubes are subjected to the same forces but also to FE
currents and related evaporation or destruction mechanisms.

Even more striking is Fig. 6 ¢) which shows the sample
after 225 V (and 27 uA). All the remaining nanotubes pro-
trude less than 300 nm into the gap. These small sizes do
not prevent tube disappearance and self-oscillation induced
destruction. On the other hand, the density of small emitters
is greater than the density of long emitters at the beginning,
which undoubtedly explains the stronger field emission cur-
rents obtained. Finally, at these voltages, we can even observe
a disappearance of some nanodarts or at least the tearing off of
the denditric branches observed previously. At these voltages
the fields are extremely high and the fact that the nanodarts are
a little bit longer proves their extremely robust contact with
the support.

B. Destruction mechanisms during FE
1. Uprooting and field evaporation

Let’s now discuss in more details the different destruction
mechanisms observed during the FE experiments and that
limit the field emission performances of CNT cathodes. As
already discussed sudden destruction may be due to mechan-
ical ripping-out of the nanotubes. Once again, a clear proof
is given by Figs. 6 a) and b) with the formation of numerous
nanodarts and their multiple branches. The second mecha-
nism, also previously discussed, is the gradual destruction of
the CNTs due to FE induced thermal field evaporation pro-
cess. For example during the first I(V), presented in Fig. 5
a), two long nanotubes being gradually evaporated are ob-
served. This limiting mechanism could be interesting for the
field emission performances of CNT cathode since these grad-
ual destructions can preserve the CNT for FE. This limitation
effect could optimally equalize the initially broad field am-
plification factor distribution. This would lead to numerous
CNTs with close amplification factor and rapid variation of
the emission current. However we observed that this mecha-
nism is often followed by total or partial destruction. To pre-
serve a maximum number of these evaporating nanotubes, a
slow voltage ramp during the initial voltage could be an ap-
propriate treatment.

2. Self oscillation induced destruction mechanism

Finally the new destruction mechanism for field emitting
SWNTs observed in the experiments is FE induced mechani-
cal self-oscillations. In Fig. 4 b) and the corresponding film
SM-video2, the nanotube labelled "2" presents an example of
this destruction mechanism during FE. Another example is
provided in SM-video3'” from which the images a) to e) of
the figure 8 are extracted. In this video one first observes that
the nanotube goes in and out of self-oscillation, and then the
self-oscillations are sustained but not very stable with the am-
plitude varying rapidly in time. In the last part, the tube seems
to disappear during a few frames and finally only a small part
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FIG. 6. Evolution of another cathode at different stages of the experiment. a) Image of the cathode at the end of the synthesis. Here the
synthesis was shorter in order to avoid the formation of a foam at the base and the appearance of too many nanodarts. b) Image of the cathode
after application of 125 V. We observe a shortening of the tubes and the appearance of nanodarts. The dotted lines represent the average lengths
of nanotubes and nanodarts in the gap. c) Image of the sample after application of 215 V and an emission current of 27 tA. The nanotubes
have been strongly shortened again and some nanodarts have disappeared.
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FIG. 7. a) Current evolution and b) applied voltage evolution for the
sample presented in Fig. 6. The maximum current obtained corre-
sponds to 27.8 uA for a voltage of 225 V. The correspondence with
the images in Figs. 6 b) and c) is indicated by the two arrows.

of the nanotube remains, suggesting partial destruction. The
apparent disappearance of the nanotube before destruction is
due to very large oscillation amplitudes. Images Figs. 8 a)
to e) show the last 5 frames before destruction and one can
perceive in ¢) and d) the large oscillation envelope that is il-
lustrated by the red arrow in c). These large amplitudes lead
even to oscillations of nearby nanotubes.

Other characteristics of this self-oscillation destruction

mechanism are : i) Self-oscillations generally appear close
to the mechanical eigenmodes, with frequencies and oscilla-
tion shapes close to the natural frequencies and shapes. In
videos, the most frequently observed case corresponds to the
first mechanical eigenmode, but several self-oscillating tubes
are also observed in the second eigenmode as shown in Figs.
8 f) to h) with the vibration node clearly visible. ii) This de-
struction mechanism is not limited to long nanotubes. Self-
oscillation destructions have also been observed for short nan-
otubes. This phenomenon is then not simply related to the
presence of nanodarts on the counter electrode. iii) This de-
struction mechanism contributes significantly to the loss of
nanotubes of between 10 and 20 % of cases.

To our knowledge it is the first time that FE self-oscillations
are reported to contribute significantly to nanotube destruc-
tion. Self-oscillation of emitting carbon nanotubes have al-
ready been reported in a few cases. Saito ef al. observed in
TEM strong oscillations of a bundle of SWNTs, glued at the
apex on a tungsten tip by an electrophoresis technique, fol-
lowed by a shortening of the bundle??. Self-oscillations have
also been observed in totally different geometries for an in-
dividual MWNT?? or on SWNTs membranes®* but their ge-
ometry dependent self-oscillation mechanisms differ signifi-
cantly from our cathode configuration. The fact that a self-
oscillation mechanism is responsible for the notable destruc-
tion of SWNTs during FE is therefore highly original and
raises several questions: Why has this mechanism not been
clearly observed previously, what is the mechanism leading to
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FIG. 8. Observation of the self-oscillation induced destruction mechanism. a) to e) The five last images of a self-oscillating nanotube before
partial destruction. In c) and d) the nanotube is hardly visible due to very large oscillation amplitudes. The amplitude is illustrated by the red
arrow in ¢). f) to h) another example of self-oscillations. In this case, the nanotube self-oscillates near the second mechanical eigenmode. The

vibration node is almost the unique visible point of the nanotube.

these self-oscillations, and how can one possibly limit these
self-oscillations to improve the cathode’s performance?

Fundamental studies on individual SWNTs with good elec-
trical contact in FEM configuration, such as presented by
Dean et al.'!, did not report any observation of self oscilla-
tions although this phenomenon would have been easily de-
tected in the FEM patterns. However, self-oscillations have
previously been observed during FE for example on SiC
nanowires>2® or diamond nanoneedles?’. In these cases, it
has been demonstrated that the self-oscillations were related
to the electrical resistance of the nanowires. More precisely,
the electrical potential at the apex, and hence the electrostatic
forces, depends on the FE current which in turn depends on
the field amplification factor which itself depends on the apex
position. This creates a coupling between the mechanical de-
grees of freedom and the field emission current which can
cause the appearance of self-oscillations. Typically, for SiC
nanowires, self-oscillations were observed for currents in the
nA range and the estimated nanowire resistances were be-
tween 10° — 10'" Ohm. In the case of our SWNTs it seems
that self oscillations occur at higher currents. For example
in Fig. 5 a) the current jump labelled "2", corresponding to
a 500 nA drop, is related to the self-oscillation induced de-
struction of the nanotube labelled "2" in Fig. 4 b). As a con-
sequence we propose that these self-oscillations may origi-
nate from the high contact resistance that can appear between
CNT/catalyst/Alumina/Si heater. For a contact resistance of 1
MQ and an emission current of 500 nA this leads to a voltage
drop of 0.5 V that is perhaps sufficient to couple efficiently
the FE and mechanical degrees of freedom. Further investi-
gations are needed to confirm this hypothesis such as electron
spectroscopy that allows the voltage drop due to a resistive
effect to be measured!?.

Another question is why the self oscillations lead to the
total or partial destruction of the CNT. For SiC nanowires,
if some nanowires have been destroyed during self oscilla-
tions, the majority of the nanowires could self oscillate for

weeks without destruction. This destruction cannot be due to
a current runaway : in our diode configuration the oscillation
moves the apex away from the anode, reducing the amplifica-
tion factor. Oscillation then induce an AC current component
at twice the mechanical resonant frequency and a reduction
in the average emission current. Another possibility is that
the large oscillation amplitudes can lead to nanotube fatigue
and their eventual rupture. One can also imagine that the nan-
otube extremity sticks to a neighbouring one or to the support
due to very large amplitudes or kink formation along the tube.
These mechanisms, which require very large amplitudes, are
supported by experimental observations which show that such
amplitudes are obtainable. Indeed, at the beginning of the
self-oscillation the amplitude grows exponentially. These are
non-linear contributions which, if dissipative, can limit the
amplitude and lead to a limit cycle. From a temporal point
of view, if a self-oscillation were to start without non linear
limitation, we would probably observe nothing. As the video
frame rate is 4 Hz and the oscillation frequencies are in the
100 MHz range, from one frame to the next the tube would
have acquired so much energy that the amplitude would re-
sult in it touching the support where it would remain attached.
In video this would only correspond to a tube disappearing
between frames.

In order to limit this destructive mechanism, it is necessary
to know precisely what causes self-oscillation. If the cause is
indeed a contact resistance, it would be necessary to improve
the electrical contact between the tube and the support, for
example by finding a barrier layer that is less electrically in-
sulating than the alumina used in our study. Note also that the
poor vacuum and hence the unstable field emission currents
are probable destabilising parameters for self-oscillations.

To conclude this section on self-oscillations we can summa-
rize the main characteristics observed: i) self-oscillations have
been observed on many SWNTs. ii) their amplitude can be
very large, iii) these self-oscillations lead more or less rapidly
to nanotube destruction. It has to be confirmed whether this
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FIG. 9. Composite image of the gap during the synthesis presented
in Fig. 1 ¢) and d). It can be seen that the synthesis is not uniform
on the upper cantilever part probably due to a thermal gradient. The
emitting zone can be estimated to be 100 wm?.

destruction mechanism is common or not in nanotube field
emission cathodes and to confirm the origin of these self-
oscillations: contact resistance or another mechanism. It
could also be interesting to "stabilize" this self-oscillation
regime to obtain high-frequency AC current sources.

C. Current densities

Now considering the cathode as a whole, it is interesting to
estimate the current densities obtained. A composite image of
the synthesis zone for the sample presented in Fig. 1 ¢) and d)
during growth is presented in Fig. 9. It can be seen that the
synthesis is not uniform along the heated electrode. We can
estimate the length of the sample where nanotubes can partici-
pate to emission to be 25 um for a depth of 4 pm. This leads to
an effective emitting surface of nearly 100 um?. At the time
the picture has been taken the number of nanotubes longer
than 500 nm in the gap can be estimated to be a little greater
than 100. If the nanotubes were evenly distributed it would
give one nanotube in a square of side 1 um that would limit
the mutual screening of the emitters. Our samples therefore
lie in the gap between individual emitters and macroscopic
cathodes with tens of thousands of emitters. Although it is ex-
tremely hazardous to extrapolate current density from small
samples to larger cathodes we can however make some esti-
mations. Considering an emission current of 2 tA for the first
sample (see Fig. 2 a) and I(V) in Fig. 5 a)) and the maximum
current of 27 nA for the second presented sample (see Fig. 7)
and for an emission surface of 100 um? this leads to a current
density of 2 A/cm? and 27 A/cm? respectively that is rather
good for non-optimised FE cathodes. This shows the possi-
ble interest of electric field-directed synthesis of SWNT for
FE applications although experiments on larger surfaces will
need to be done to confirm these values.

IV. CONCLUSION

In summary, we have shown the interest and unique possi-
bilities of in situ observations under environmental TEM for
the electric field-directed growth of single-walled nanotubes,
and the evolution of nanotubes during field emission. Regard-
ing growth, the application of an electric field enables highly
effective alignment of the finest nanotubes, which holds great
promise for field emission applications. In our samples, a sig-
nificant part of the nanotubes are pulled out of the electrode
and some of them attach firmly in the opposite electrode form-
ing nanodarts which are also aligned by the electric field. For
high fields the growth of the nanotubes can even be limited
by the field emission and the thermally activated field evap-
oration phenomenon. The field emission measurements after
synthesis allow us to observe the evolution of the nanotubes
during the measurements as well as the destruction mecha-
nisms. These mechanisms can be associated with nanotube
tearing, gradual destruction via evaporation, and, in a more
unique observation, a self-oscillation phenomenon that pre-
cedes the destruction. We propose that this self-oscillation
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is related to the contact resistance between the nanotube and
the electrode. It has to be confirmed whether this destruc-
tion mechanism is common or not in nanotube field emission
cathodes and to confirm the origin of these self-oscillations.
Our observations show that an important step would be to im-
prove the mechanical contact between the nanotubes and the
electrode by, for example, using an optimized barrier layer
and catalyst, which would give better control of the density
of emitting nanotubes and improve the current densities ob-
tained which vary between 2 and 27 A/ cm?. More generally,
the developed methodology and experimental setup allows an
unprecedented access to the growth processes of highest qual-
ity CNTs, in situ post-growth modification and eventually to
the metrology of a wide spectrum of their physical properties.
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