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In this paper we theoretically and experimentally investigate the specificities of single-walled carbon nanotubes
(SWNTs) for field electron emission (FE) and field ion evaporation (FI). For FE the small radii of curvature of these
nanotubes lead to a significant widening of the tunnel barrier and thus for a given emission current the fields at the sur-
face of the SWNTs are significantly higher than commonly observed in standard large radius FE. For currents in the µA
range for example, fields ranging from 7-8 V/nm for large nanotubes to 17-18 V/nm for the thinnest are required. These
strong fields in turn have repercussions on FI and electrostatic forces. The electric fields and longitudinal electrostatic
forces during FE and FI as a function of nanotube radius are presented. The evolution of the nanotube during field
evaporation was also studied in an environmental transmission electron microscope as a function of field strength and
polarity. A strong dissymmetry between positive and negative polarity is observed. For negative polarity the nanotubes
can gradually shorten as the voltage is increased whereas in positive polarity, they are almost systematically torn off
before apex evaporation occurs. A model to explain this dissymmetry for our samples is presented. These results can
be used to optimize nanotube cathode geometries.

I. INTRODUCTION

In the experimental literature, estimates of electric fields at
the apex of single-walled carbon nanotubes (SWNTs) during
field electron emission (FE) vary widely. Dean et al.1 esti-
mate the maximum fields in their studies at about 4.5 V/nm
for currents of several hundred nA, similar to Saito et al.2 for
somewhat different currents. On the other hand, Edgecombe
et al., using the I(V) curve and the electron total energy distri-
bution, TED, estimate a field of 13.5 V/nm for a current of 105
nA3. Furthermore Pascale-Hamri et al.4 using Coulomb oscil-
lations during FE, estimate a field of 11 V/nm for a current of
10 pA for a triangular barrier. The gap is striking between 4.5
V/nm for near µA and 11 V/nm for 10 pA.

Theoretically, when the radius of curvature of an emitter
is sufficiently small, i.e. on the scale of the 1-2 nm range
of the tunneling barrier itself, the surface potential is signifi-
cantly curved and the electric field weakened as a function of
distance from the emitter5–8. As a consequence the tunneling
barrier is wider and emission currents are lower than those
predicted by the surface field and standard emission theory.
This is quantified below in part II. Higher surface fields than
the standard 3-7 V/nm are therefore needed to compensate the
lowered emission for the extreme low radii SWNTs. This has
not yet been well explored in the experimental literature for
the extreme low radii SWNTs which are an important class
of cold electron cathode. An improved determination of these
surface and near surface fields is crucial as they govern nu-

merous phenomena such as field electron emission, field ion
evaporation (FI), electrostatic forces and stresses.

Another aspect is the observation of FI from SWNTs and
multiwall nanotubes (MWNTs) during field emission. Note
that, in principle, FE depends on the whole barrier while FI
would depend more closely on the surface field. A thermally
assisted field evaporation process has been proposed1 where
temperatures are increased by FE current induced heating of
the nanotubes. The questions are, what are the fields associ-
ated with this evaporation and is invoking a temperature in-
crease necessary ?

The aim of this article is to clarify a number of points
concerning SWNTs, and carbon nanotubes more generally,
such as the fields required for field emission as a function
of nanotube radius, the evaporation mechanisms as a func-
tion of field strength and polarity, and the estimation of elec-
tric field induced forces and stresses to better understand nan-
otube destruction mechanisms. For this purpose simulations
using classical electrostatics and tunneling theory are first car-
ried out, followed by experimental comparisons of FI under
negative and positive polarity. These experiments were per-
formed in an Environmental Transmission Electron Micro-
scope (ETEM) using a recently published electric field di-
rected synthesis (EFDS) technique9,10. This makes it possi-
ble to grow in situ principally straight SWNTs under positive
or negative polarity and to follow the evolution of these nan-
otubes as the applied voltage is varied. There is a marked
dissymmetry between the two polarities, which we explore.
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In summary, the results of our simulations on the widen-
ing of the tunneling barrier are first presented. In the second
part, the experimental and theoretical results obtained on field
evaporation in positive and negative polarities are discussed;
then our experiments of in situ evaporation in ETEM are pre-
sented. The forces and stresses generated by high fields are
discussed in a third section. Finally, we discuss the conse-
quences of our observations and propose a scenario to explain
the significant dissymmetry observed in our case.

II. FIELD, POTENTIAL BARRIER AND EMISSION
CURRENT

Electrostatic simulations were performed with COMSOL
with the nanotube approximated as a metallic cylinder termi-
nated by a perfect hemisphere perpendicular to the electrodes
in an infinite capacitor with a gap of 2 µm. These parameters
have been chosen to be close to those of the samples we have
previously studied in ETEM, where the two electrodes with a
thickness of 4 µm are separated by a gap of 2 µm9,10. Ex-
perimentally, the complete environment (objective lens pole
pieces, the other parts of sample, screening of nearby nan-
otubes, etc.) tends to slightly reduce the field enhancement
factor. Furthermore, semiconductor SWNTs (sc-SWNTs) are
mostly small bandgap semiconductors, and since growth and
FE experiments were performed at ≈ 1000 K, they are consid-
ered electrically equivalent to metallic SWNTs (m-SWNTs).

Simulation by density functional theory (DFT) may seem
more relevant for these nanometric objects. However, despite
some very interesting recent advances11,12, these approaches
still have major limitations, for example with regard to the
handling of strong fields, the very limited size of the system
due to the very low number of atoms that can be modeled
and the connection with electronic emission. Moreover, recent
works13–16 have shown that the field distributions predicted by
classical electrostatic models align well with induced-charge
distributions calculated using DFT, thereby corroborating our
simulations. This said, we limited our simulations mostly to
radii larger than 0.5 nm.

Figure 1 presents the simulations for the surface potential
for a nanotube of radius r = 1 nm, length L = 1 µm (end of
the tube in the middle of the gap) and a voltage difference
of 20 V (electric field in the gap, FG = 10 V/µm). Figure
1a) shows the evolution of the electric field, F(z), along the
nanotube axis as a function of the distance from the apex of the
hemisphere. The surface field F(0) is 6.06 V/nm and decreases
rapidly with distance being only 1.64 V/nm at 1 nm, almost 4
times less than at the surface. The classical field enhancement
factor γ is defined by γ = F(0)/V = 303 106 m−1 and using
F(0) = β FG gives β = 606 close to the result obtained by
the analytical formula from Edgcombe and Valdrè17,18 for a
counter electrode at infinity (β = 1.2(2.15+L/r)0.9 = 602.6).
There is agreement for the F(0) predicted by COMSOL and
the formula, but unlike a larger tube, e.g. over 20 nm, where
the field would be almost constant over the several nanometres
of the tunnel barrier, here it decreases sharply even over the
first nanometer.

FIG. 1. a) Variation of the electric field close to the nanotube surface
simulated in COMSOL for a radius of 1 nm. At the surface of the
tube the field is 6.06 V/nm but is only 1.64 V/nm at 1 nm from the
apex and 0.6 V/nm at 3 nm where in b) the potential crosses the Fermi
level. b) Potential barrier at 0-3 nm from the surface of a nanotube of
radius 1 nm obtained from the potentials calculated using COMSOL
(work function 4.8 eV). c) Comparison of different barriers with the
same surface field of 6 V/nm according to the chosen configuration:
planar, ellipsoid (radius of curvature 5 nm) and nanotube of radius 1
nm.

Two field emission models were tested to investigate the
influence of the barrier shape on the effective emission areas
(total current divided by the current density at the apex) : one
“Fowler-Nordheim”, or "FN", model with a triangular barrier
(see complete equation in19) and one “Schottky-Nordheim”,
or "SN" model with an image potential (see20). From the
fields calculated on the surface, the emitted currents by the
different spherical zones of the hemisphere have been calcu-
lated and integrated to obtain the total emission current. In all
our calculations, the nanotube work function is set to 4.8 eV,
an average of the different values found in the literature21–24.
Thus, for the same field of 6.06 V/nm at the apex, a current
of 0.177 nA is obtained from the FN model19, while the SN
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Sample title 3

model20 yields a current of 34.3 nA. Interestingly, although
the barrier shapes and the two currents are very different, the
effective areas are almost identical for the two models, 2.20
and 2.12 nm2. In the following, the values of these effective
areas are used in our WKB approach.

Now consider the modifications of the potential barrier due
to the small radii of curvature5–8. For example, Kyritsakis et
al.6 have studied the effects of decreasing the local radius of
curvature on ellipsoids and developed the surface potential to
second order. They give the potential energy barrier seen by
an electron at the Fermi level as:

U(z) = φ − eFz− e2

16πε0

1
z(1+ z/2R)

+
eF
R

z2 (1)

where φ is the work function, −eFz is the classical linear
variation of the potential, e2

16πε0
1

z(1+z/2R) is the image potential

for a sphere of radius R and eF
R z2 is the non-linear variation of

the potential due to the small radius of curvature of the emitter
leading to the widening of the tunnel barrier and reduction in
the current. They give the range of validity of their model as
between 5 and 20 nm. For larger radii the difference with the
classical model becomes negligible, and for smaller radii, the
second-order expansion becomes insufficient. In our case, a
radius of 1 nm is expected to produce even more pronounced
effects. Atomic scale emitters such as graphene are assumed
outside the scope of these classical calculations25.

Figure 1b) presents the simulated evolution of the poten-
tial along the nanotube axis (blue dashed curve, 20 V applied)
where, as expected, a strong non-linearity is observed. The
image potential determined for a sphere of radius 1 nm is rep-
resented by the red dash-dotted curve and the resulting poten-
tial barrier corresponds to the black solid curve. The rapid
decay of the field thus accompanies a considerable broaden-
ing of the potential barrier. To compare this barrier widening,
Fig. 1c) presents 3 different configurations with the same F(0)
= 6 V/nm and φ = 4.8 eV. The first is the classical planar SN
model with constant field and planar image potential, where
the tunnel barrier width is 0.72 nm for electrons at the Fermi
level. The second model is from Kyritsakis et al.6, equation 1,
with a radius of 5 nm. We observe essentially a small broaden-
ing with a barrier width of 0.9 nm. The last model corresponds
to our simulations, Fig. 1b), where a significant broadening of
the barrier width up to 2.69 nm from the surface is observed.
Thus, the field at the surface and the enhancement factor are
no longer simply inversely proportional to the width of the
barrier as in the classically used planar models. A large part
of the results in this article are a consequence of this substan-
tial barrier broadening.

To numerically calculate the FE current taking into account
this enlarged barrier a 1D WKB approach is used combined
with a free electrons model in the nanotube. The effective
emission areas determined previously were used to obtain the
emission current. For F(0) = 6.06 V/nm the FE current is cal-
culated to be the extremely low value of 8.4 x 10−9 nA. Note
that since the potential varies non-linearly, so does the width
of the barrier as a function of the applied voltage, leading to

FIG. 2. Calculated FE current using simulated potential barrier as a
function of the electric field at the apex for different nanotube radii:
10, 5, 2, 1 and 0.5 nm and for a length of 1µm. The solid curves
and crosses correspond to 300 K and 1000 K respectively. For larger
tubes we obtain the classical fields required for FE (between 3 and
7 V/nm). As the radius decreases (and the tunnel barrier widens),
the electric field at the surface required increases sharply. For the
thinnest tube simulated, the field can reach more than 17 V/nm for
an emission current of 1 µA. For comparison the curve extrapolated
using planar models for 0.5 nm is plotted as the dashed black curve
(see text).

a FE current that varies even more rapidly than in the conven-
tional FN tunneling.

Fig. 2 depicts the calculated FE currents as a function of
the electric field at the nanotube apex for different nanotube
radii. The tube length is held constant at 1 µm with the differ-
ent radii corresponding to r = 0.5, 1, 2, 5 and 10 nm. The solid
curves correspond to a temperature of 300 K while the crosses
correspond to 1000 K, which is the temperature used dur-
ing growth and FE/FI experiments. Obviously, for the largest
radii, this would correspond to small multiwall nanotubes. In
all cases, the procedure is identical. Firstly the fields at the
surface of the emitter are determined. Then the evolution of
the effective area as a function of the voltage is calculated
using the FN and SN models. Next a WKB calculation is per-
formed across the simulated potential barrier. Finally the field
emission current is determined. The main feature is that the
curves displace to higher fields as the radii are reduced for this
experimentally accessible current range.

For the 1 nm radius tube, F(0) is 7.3 V/nm for 1 pA and
12.3 V/nm for 1 µA. For radii greater than 5 nm, the fields are
more typical of conventional FE (respectively, 3.2 and 6.03
V/nm for r = 10 nm). The discrepancy between the curves
becomes pronounced at 2 nm and reaches a notable level at
1 and 0.5 nm. For a 0.5 nm radius, currents of 1 pA and 1
µA are obtained for fields of respectively 11.3 V/nm and the
extremely high 17.7 V/nm. It is evident that such fields are
implausible within the framework of conventional models, as
they would correspond to very transparent barriers and un-
manageably high emission currents. For the extreme small
radii under consideration, the widened tunnel barrier strongly
reduces the emission current to acceptable values.

It is interesting to compare these curves with classical pla-
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nar models for which I(E) = J(E)∗S where the current den-
sity, J(E), is a universal curve and S is the emissive surface.
Assuming that this emission surface is proportional to the nan-
otube section (S ∝ r2), this means that for the same field, the
emitted current by the tube with a radius of 0.5 nm would
be 400 times less than that emitted by the tube with a radius
of 10 nm. In other words, if the curve for 10 nm is taken
as a reference, the I(E) curve for 0.5 nm would correspond
to the curve for 10 nm shifted downwards by 2.6 decades.
This curve is represented by the dashed black curve in Fig.
2. The very large difference between this curve and the red
curve corresponding to 0.5 nm is directly and uniquely due to
the widening of the potential barrier.

Additional simulations, not presented here, have been per-
formed with shorter nanotubes, 100 nm, to evaluate eventual
shielding by the substrate. These curves superimpose on the
curves obtained for a length of 1 µm, showing that the length
effect is negligible.

A few comments can be made following these first results:
- The very low values of field proposed during the emission

of SWNTs, such as the value of 4.5 V/nm, are unrealistic. For
these small radii of curvature, the fields at the surface must be
much larger to compensate for the widening of the potential
barrier. For example, we have seen that for a nanotube with
a radius of 1 nm, there is no emission for a field of 6 V/nm,
which is a significant field in classical models. For smaller
radii, the necessary fields increase even further.

- Our estimates in Fig. 2 are in good agreement with those
of Edgcombe et al.3,26 mentioned above: 13.5 V/nm for 105
nA and a radius of 0.93 nm.

- The simulation package on the GETELEC website27 was
tested, which is a fully open source tool that analyses I(V)
data and includes corrections for small radius of curvature
emitters28. Using our simulated data for a radius of 1 nm,
GETELEC found a radius of 1.13 nm, an amplification factor
of γ = 2.50 x 108 m−1, close to our 3.03 x 108 m−1, and an
effective area of 7.38 nm2. These values are in rather good
agreement with our parameters, especially given the uncer-
tainties in conventional field emission models.

- The widening of the tunnel barrier also induces other phe-
nomena such as curved Fowler-Nordheim plots or narrower
TEDs. More details on these aspects can be found in previous
theoretical works on small radii5–8.

These simulations can also be used to evaluate the differ-
ences between nanotubes during growth at a constant applied
voltage across the gap. To facilitate comparison with exper-
iments, it is useful to plot the data as a function of voltage
rather than electric field. Figure 3 shows the current-voltage
characteristics for nanotubes of different radii (length 1 µm in
a 2 µm gap). It is again interesting to compare these curves
with conventional planar models. Taking the curve for 5 nm as
a reference, and considering Edgcombe and Valdré’s formula
for β and that S ∝ r2, we would obtain for a 0.5 nm tube the
dashed black curve in Fig. 3. The more than doubling in volt-
age is the consequence of the wider potential barrier. As the
radius is reduced, the necessary applied voltages are still re-
duced due to the increased β , but not as expected from planar
theory.

FIG. 3. Simulated current-voltage characteristics for 1 µm long car-
bon nanotubes with variable radii of 0.5, 1, 2 and 5 nm in a 2 µm
gap. Dotted horizontal line corresponds to 1 µA emission current.
The vertical dotted lines indicate applied voltages of 30 and 50 V(see
text).

These simulations can now be directly applied to our ETEM
growth studies. A notable experimental finding was that for a
2 µm gap and a 50 V applied voltage, most nanotubes failed
to grow beyond half the gap. (see SM-video1 in Ref.9). Dur-
ing the same synthesis the voltage was reduced to 30 V and
the nanotubes that subsequently grew were then able to go
well beyond this mid-gap, with some approaching the oppo-
site electrode. To compare our simulations with experiment,
let us assume that the tubes are destroyed for a current of 1
µA represented in the figure in Fig. 3 by the horizontal blue
dotted line. It can be seen in Fig. 3 that for a voltage of 50
V the thinnest nanotubes, 0.5 and 1 nm, should be destroyed
even before they reach the middle of the gap. Tubes around 2
nm should reach the middle of the gap and even continue to
grow a little before reaching the fixed limit. The largest tubes
(around 5 nm) should only start to emit once they reach the
middle of the gap and could continue to grow. If the voltage
is reduced to 30 V, we can see that the thinnest tubes (0.5 nm)
can now reach the middle but hardly exceed it. Tubes with a
1 nm radius located at the midpoint of the gap emit approxi-
mately 1 nA and can therefore continue to grow before being
destroyed. For nanotubes larger than 2 nm, no further destruc-
tion should be observed during growth. Although this model
is quite crude with an abrupt limiting current, this analysis
seems relatively close to the observations. It would be inter-
esting to confirm that the thinnest nanotubes are indeed those
that are destroyed for the shortest lengths during growth under
a high electric field.

A final point concerns the changes induced by varying the
width of the gap between the two cantilevers. For example,
syntheses carried out on samples with a gap of 6 microns are
presented below. The relevant parameters are then the width
of the gap, g, the applied voltage, V , and the nanotube length,
L. Considering β ∝ L/r, the evolution can be qualitatively
predicted since one has FG = V/g and F = βFG ∝ L/rg ∗V .
For example, for the same applied voltage between cantilevers
a 1 micron long tube in a 2 micron gap will emit almost the
same current as a 3 micron nanotube in a 6 micron gap. For a
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given voltage, the nanotubes (of the same radius) in the middle
of the gap emit almost the same current regardless of the width
of the gap.

III. FIELD EVAPORATION

The second theme to be discussed is field ion evaporation
and in particular what it tells us about the electric fields at
small radius nanotube apexes. Note that the pertinent fields
are now proposed to be closer to the surface fields F(0).
As mentioned previously, carbon nanotubes have the almost
unique characteristic of exhibiting an evaporation mechanism
in negative polarity (during field emission) and in positive po-
larity. For FI, we consider the standard model in which the
field reduces the activation barrier and evaporation is ther-
mally activated so that the ion yield can be written phe-
nomenologically in the Arrhenius parameterization29,30:

k = ν exp[−Q(F)/kbT ] (2)

where ν (ν ≈ 1013 s−129,31) is the “attempt” frequency
to overcome the activation barrier, Q(F), which is usually
weakly dependent on temperature. It is experimentally ob-
served that Q(F) is given by a monotonic decreasing function
of F and

Q(F) = Q′
0(1−

F
Fe

) (3)

where Fe is the evaporation field that corresponds to the
field for which the energy barrier vanishes and Q′

0 is related to
the bonding energy without an electric field. The total evap-
oration rate is obtained by summing the different sites likely
to be evaporated multiplied by their own evaporation rate. We
will consider the number of sites to be relatively small in the
case of a nanotube (a few sites at most) and therefore the evap-
oration rate given by the equation 2 represents the evaporation
of the whole nanotube extremity. This model, originally de-
veloped for metals, has been widely generalized for the study
of semiconductors and insulators31. Of course, ambiguities
remain for carbon due to its covalent structure, and even more
so for nanotubes with their shell-like geometry. For example,
do the atoms leave individually or in the form of small clus-
ters? With what charge ? etc. In the following, however, we
will use this model as a starting framework, despite its even-
tual limitations.

The first point therefore concerns the information available
in the literature on the various parameters involved in this
mechanism. In the following, the most relevant experimen-
tal and theoretical work on FI will be critically discussed. A
second point concerns the multiplicity of nanotubes and ap-
paratus used in these different studies. Comparing the same
nanotubes in the same experiment would give a better un-
derstanding of evaporation in both polarisations. This is the
objective of the experiments carried out in situ in an ETEM
presented below.

A. Experimental and theoretical results on nanotube field
evaporation

The experimental work carried out on carbon nanotubes in
positive polarity (no FE) started with field ion microscopy
(FIM) realized on MWNTs32–36 and SWNTS37–39. The sam-
ples under investigation were in the form of bundles or ag-
gregates of nanotubes. The majority of observations, when
specified, were carried out at low temperatures using helium
as imaging gas and for which the field required for Best Im-
age Voltage (BIV) is generally estimated at 45 V/nm. Dur-
ing observations of varying duration with He, the image pat-
tern could also change. For example, Saito et al. observed
the opening of closed MWNTs during FIM with Helium32.
It therefore seems that evaporation can occur for these fields
and at low temperatures, but at a very low rate. In the same
article, once the tube was opened, the tube shortened signifi-
cantly, which can be interpreted as the fact that the open tube
evaporates more easily than the cap of the closed tube.

Few studies have focused specifically on the FI39–42 of car-
bon nanotubes. These studies are indeed particularly delicate
because there is so little material at the apex and its removal
leads to rapid evolution of the extremity and therefore a de-
crease in the amplification factor. For example, for a (10,10)
SWNT with r = 0.678 nm, 100 nm in length corresponds to
16,400 carbon atoms. In the paper by Hata et al.40 they field
evaporated MWNTs and SWNTs and they calibrated their
field from the field amplification factor extracted from pre-
vious I(V)’s which may be debatable43. In both cases they ob-
served mainly the evaporation of singly charged carbon clus-
ters C+

5 and C+
20 with the intensity of C+

20 being prominent.
They estimate that evaporation begins for fields of around 10
V/nm and, in a graph (ref.40, Fig. 4), they report the evolution
of the C+

20 peak intensity as a function of the field strength be-
tween 10 and 40 V/nm. We are quite skeptical about these val-
ues although they are frequently used in the literature. Firstly,
the value of 10 V/nm is extremely low and is in contradiction
with the FIM observations with He carried out by the same
team. Secondly, from the very beginning of evaporation, an
increase of a factor of 4 in the applied field (between 10 and
40 V/nm) is substantial and should probably raise F above
Fe. It is therefore much more likely that the tubes had short-
ened significantly during the experiment and that the increase
in voltage had only compensated for the drop in the amplifi-
cation factor or resulted in only a more limited increase in the
field at the end of the tubes. Finally, although their experi-
ments are instructive in terms of emitted species, the estimate
of their field appears to be highly inaccurate.

Liu and Tsong41 studied field evaporation of graphite tips
using a pulsed-laser time-of-flight atom probe. They also ob-
served that the tip was stable during low temperature He FIM
and can withstand fields of about 45 V/nm. By focusing the
laser on the tip apex they estimate a temperature rise of over
1000 K and that under a field of about 20-30 V/nm carbon
atoms are field evaporated mostly as C2+ and C+.

From a theoretical perspective, Nakaoka et al.44 made ab
initio studies of FI of thin SWNTs ((5,0), r = 0.196 nm and
(7,0), r = 0.274 nm). They evaluated the energy barriers, Q(F),
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for some fields and geometries, including open and closed
nanotubes. They show that the activation energy barrier from
the top of open nanotubes is lower than that of closed nan-
otubes, which is explained by the different number of C-C
bonds. For the emission of a C+ ion from an open nanotube,
they obtain for example for a field strength of 30 V/nm a bar-
rier height of 4.1 eV. We estimate that their values are quite
high but they consider themselves that their values are over-
estimated due to their simulation procedure. These results are
discussed in the Discussion section of this article.

Now let us examine the experimental works in negative
polarity. Actually, a lot of works reported field evaporation
or destruction of carbon nanotubes during FE1,2,4,45–50. For
SWNTs the emission current for which the evaporation oc-
curs is measured to be roughly between 200 nA and 2 µA and
it can be much higher for MWNTs. For the fields at which
field evaporation occurs, we have already seen that the esti-
mates are in an extremely wide range. For SWNTs, the simu-
lations presented above are clearly in agreement with the high-
est estimates of these fields. Finally, in experiments where the
temperature increase could be estimated or measured during
FI all observed temperature increases were between roughly
1600 K (i.e. SWNT1) and more than 2000 K (i.e. MWNT47).
Of course, the fact that nanotubes are stable at these tempera-
tures (low surface diffusion compared to metals for example)
explains the rather unique nature of the observation of FI dur-
ing field emission.

Theoretical studies on field evaporation in negative polarity
are quite rare and often irrelevant. Note however an article
from Wu et al.51 that studied field evaporation from a clean
graphite plane surface. Interestingly they observe a small dif-
ference between positive and negative ions. For example to
obtain the same barrier height they calculated necessary fields
of 61.6 and 60.5 V/nm for C+ and C− respectively and they
obtain the same behavior for cluster emission. Even if the dif-
ference is quite small this shows that a dissymmetry can exist
between the two polarizations.

In summary, the results on FI from nanotubes in the litera-
ture are relatively rare and the proposed field values are debat-
able. However, some aspects seem to be established. In posi-
tive polarity and at low temperature, nanotubes can withstand
fields of typically 45 V/nm and evaporation can start to occur
above these fields. Moreover closed tubes are more difficult to
evaporate than open tubes. For field evaporation in negative
polarity, the experiments suggest an evaporation mechanism
concomitant with significant heating of the nanotube induced
by the field emission current, but there is no consensus on the
fields at which this evaporation occurs.

B. Field evaporation experiments in ETEM

Syntheses of SWNTs in ETEM were performed in the gaps
between two silicon cantilevers9,10. A catalyst is first de-
posited on the cantilevers. Once the sample is inserted into
the ETEM, one of the two cantilevers is heated by the Joule
effect and the second cantilever is biased with a voltage source
to generate the electric field in the gap. For CNT synthesis,

acetylene is introduced at a pressure of a few 10−4 mbar and
the nanotubes are observed to grow across the gap as a result
of the orientation of the electric field and force. More details
on the growth procedure are provided in previous works9,10.
HRTEM observations and Raman measurements were regu-
larly carried out after growth to verify that the nanotubes were
predominantly SWNTs and to obtain an estimate of the radii.
The chirality of the nanotubes is not yet readily available and
experiments are underway and will be published elsewhere.
Note that Raman analysis gives an average radius of the pro-
duced nanotubes of around 0.7 nm.

In previous experiments, almost all of which were carried
out at negative polarity, three destruction mechanisms were
observed. In the most common one, nanotubes are pulled off
the substrate. Note that a significant fraction of these torn off
nanotubes (termed nanodarts) form strong connections to the
opposite electrode and become realigned by the electric field.
A second mechanism is the gradual evaporation of the nan-
otubes, and a third, more original mechanism begins with the
self-oscillation of the nanotube, followed more or less rapidly
by the disappearance of the tube. In these new experiments the
syntheses have been conducted under either positive or nega-
tive polarities and the applied voltage could be varied dur-
ing or after synthesis. During growth and subsequent experi-
ments, the temperature of the heated cantilever is around 1000
K, which thus corresponds to the temperature of the tubes on
the synthesis electrode. In the video, the contrasts obtained
for the nanotubes can be bright or dark depending on both
the polarization of the cantilevers and the ETEM settings. In
the images and videos presented below the settings chosen
were such that the nanotubes appear bright in positive polar-
ity (no FE) and dark in negative polarity (possible FE). Note
that this choice is the opposite of what was used in previous
articles9,10.

In a first experiment, we carried out two syntheses under the
two different polarities following the same procedure. The
syntheses were started at high voltage, which was gradually
reduced and then increased again in order to observe the field
evaporation mechanism. These experiments were realized us-
ing 6 µm gap samples. For the synthesis under negative po-
larity (see SM-video1 of the supplementary material), we ob-
serve the growth of numerous nanotubes that become longer
and longer as the voltage is gradually reduced. As already ob-
served in previous experiments, many nanotubes are pulled
off the substrate by electrostatic forces with the nanotubes
disappearing completely. In the video, the synthesis stops
at one point due to an interruption in the acetylene supply,
but this does not affect the experiment. The voltage decrease
is clearly visible in the videos through the reduced contrast
of the images of the nanotubes. When the voltage is gradu-
ally increased again, we still see tubes being torn off, but also
many nanotubes whose length is gradually decreasing. Figure
4 shows several images taken from the video clearly showing
the tubes gradually shortening through apex carbon evapora-
tion.

The second synthesis performed in positive polarity corre-
sponds to SM-video2 of the supplementary material. As the
voltage decreases, the tubes grow longer and longer and some
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FIG. 4. Images taken from SM-video1 of the supplementary mate-
rial during the negative polarity experiments. a) to g) Evolution of
the nanotubes over time as the voltage is increased. The different
nanotubes that gradually evaporate can be clearly seen, as well as
some nanotubes that are torn off.

even touch the counter-electrode at the lowest voltage. On the
other hand when the voltage is increased, we only see tubes
torn from the substrate. There were no nanotubes gradually
reducing in length as was the case with negative polarity. We
can also see that at the end of the experiment the tubes in neg-
ative polarity are much shorter than those in positive polarity.
Assuming the same radius distribution for both polarities, the
comparison of lengths indicates that for the same field one can

FIG. 5. Example of positive polarity field evaporation. a) Image be-
fore evaporation. b) A reduction in the length of the longest nanotube
is observed. c) After a further increase in voltage, a simultaneous re-
duction in the two longest nanotubes is observed. The base of these
nanotubes is complex. For example, the upper tube presents a char-
acteristic Y-shape (see the black arrow in a)), indicating that at least
one or more other nanotubes are attached to its base.

have evaporation in negative polarity but not in positive one.
This observation was confirmed in all our experiments. How-
ever, in some very rare cases, evaporation in positive polarity
has been clearly observed. An example is presented in Fig. 5
(and see SM-video3 of the supplementary material). Figure 5
a) shows the nanotubes before evaporation. Figure 5 b) shows
the longest tube slightly reduced in length and, after a further
increase in voltage, Figure 5 c) shows the two nanotubes fur-
ther reduced in length. However, the structure of these tubes
is more complex. A Y-shape (indicated by a black arrow in
Fig. 5 a)) can be seen at the base of one nanotube, indicating
that the tube is connected to at least one other nanotube. The
structure at the base of the longest tube is also complex.

Finally, a last example of the dissymmetry between the
two polarities is illustrated in Fig. 6 (and see SM-video4 of
the supplementary material). A nanotube in positive polarity
(bright) is directly opposite a nanodart, i.e. a nanotube con-
nected to the other electrode10 (which therefore appears dark)
and which can enter into field emission. In this case, the tem-
perature of the left electrode is 1000 K, while the unheated
right electrode is about 300 K. Initially, the two tube frag-
ments are almost in contact. As the voltage is increased, the
negative-polarity nanotube gradually evaporates, even though
it is shorter and connected to the low temperature electrode.
The video even shows the tube oscillating a little on its own,
confirming that it is in a field emission regime.
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FIG. 6. a) A nanotube in positive polarity, which appears bright and
is connected to the growth electrode (1000 K) is directly opposite a
nanodart, i.e. a nanotube which appears dark and is connected to the
opposite electrode (300 K) and then in negative polarity (FE possi-
ble). Initially, the two tube fragments are almost in contact. b) to e)
As the voltage is increased, it can clearly be seen that the nanotube in
positive polarity is gradually evaporated while the opposite nanotube
retains its length.

All these results clearly confirm the dissymmetry between
the two polarities. Looking at Eq. 2 the two possible explana-
tions are activation energy barriers, Q(F), that are significantly
different for the two polarities or a temperature increase in-
duced by field emission that facilitates evaporation. The first
explanation seems unlikely, although small differences can be
expected. The most likely explanation, given the already pub-
lished heating observations, is thermal heating, which seems
necessary even for thin SWNTs where large fields are present.

The question remains as to why we observe so little evapo-
ration in positive polarity when fields as large as desired could
be obtained for fairly long nanotubes and high applied volt-
ages. This brings us to the question of the electrostatic forces
and the mechanical pulling that are associated with these high
fields.

Field 10 V/nm tensile Force (nN) stress1 (MPa) stress2 (MPa)
r = 0.5 nm 0.307 391 288
r = 1 nm 1.23 391 575
r = 2 nm 4.91 390 1148
r = 5 nm 30.56 389 1023

r = 10 nm 121.5 387 1221

TABLE I. Simulated forces and stresses on carbon nanotubes with
radii of 0.5, 1, 2, 5 and 10 nm for a given electric field at the apex of
10 V/nm. The thin nanotubes are assumed to be SWNTs and for r =
5 nm and r = 10 nm a three wall nanotube and a five wall nanotube
are considered respectively where r is the mean radius.

IV. ELECTROSTATIC FORCES AND STRESSES

This section focuses on the electrostatic forces acting on
the nanotubes. This is done using the previous simulations
which give the field at each point of the hemispherical cap.
The electrostatic pressure is then given by ε0

2 F2 and the total
longitudinal tensile force is obtained by summing the longi-
tudinal components of the electrostatic forces over the whole
hemisphere. For our previous nanotube (r = 1 nm, L = 1µm
and a bias of 20 V), a field of 6.06 V/nm at the apex was ob-
tained and the total calculated pulling force is 0.45 nN.

Tensile stress can then be obtained by dividing the force
by the surface. A recurring problem with SWNTs is how to
calculate the cross-sectional area of the tube. Two approxi-
mations are commonly used. The first simply considers the
internal area, πr2, and the second considers that the thickness
of the nanotube wall is t, with generally t = 0.34 nm, giving an
effective surface area of π((r+ t/2)2 − (r− t/2)2). For r = 1
nm it gives respectively surfaces of 3.14 nm2 and 2.14 nm2 re-
sulting in slightly different tensile stresses values of 143 MPa
and 210 MPa respectively. Note however that the first option
scales as r2 whereas the second scales as r. We next use stress1
and stress2 depending if the inner surface or the annulus area
is considered. An obvious feature of nanotubes is that their
diameter is constant. This means that the stress is transmitted
entirely along the nanotube, at the nanotube/catalyst and pos-
sibly at catalyst/substrate interfaces. Stress2 could then corre-
spond to the nanotube/catalyst interface stress if only the ex-
ternal annulus of the nanotube is in contact with the catalyst,
and stress1 could be the catalyst/substrate stress if the contact
area between the two is of the order of the nanotube radius.

The forces and stresses can be calculated equivalently for
nanotubes of different radii. In table I they are given for nan-
otubes with radii between 0.5 and 10 nm and for the same field
strength of 10 V/nm. For the 5 nm and 10 nm nanotubes, we
considered respectively a three-wall and a five-wall nanotube,
with the radii corresponding to the averaged radius. Since
the variation of the mean field is smooth as a function of the
radius, we obtain forces that are almost proportional to the
surface area of the tube and stress1 is then almost constant
whereas stress2 increases as r. For 5 and 10 nm radii, stress2
is limited by the increasing number of walls.

However, the constant field forces do not capture the evolu-
tion of these forces as a function of current during field emis-
sion. Again, the surface field is no longer the dominant pa-
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Current 1 µA tensile Force (nN) stress1 (MPa) stress2 (MPa)
r = 0.5 nm 0.958 1220 897

F = 17.66 V/nm
r = 1 nm 1.82 579 852

F = 12.17 V/nm
r = 2 nm 4.09 325 957

F = 9.13 V/nm
r = 5 nm 14.8 188 495

F = 6.95 V/nm
r = 10 nm 43 136 431

F = 5.95 V/nm

TABLE II. Simulated forces and stresses on carbon nanotubes with
radii of 0.5, 1, 2, 5 and 10 nm for a given emission current of 1 µA.
The field required to obtain this current is also indicated. The thin
nanotubes are assumed to be SWNTs and for r = 5 nm and r = 10
nm a three wall nanotube and a five wall nanotube are considered
respectively where r is the mean radius.

rameter determining the emission current due to the widening
of the tunnel barrier. For example, for the same 10 V/nm apex
field, the 10 nm tube should emit a current well in excess of 1
µA, whereas a 0.5 nm tube would emit a current of less than 1
pA. To correct for these variations, Table II shows the forces
and stresses for the same emission current of 1 µA. It appears
that for small radii, the forces evolve approximately propor-
tional to the radius, reducing stress1 but keeping stress2 ap-
proximately constant. Thus, for the same current, the thinnest
nanotubes are subjected to the greatest stress, as a result of
the widening of the tunnel barrier. For larger radii, the fields
evolve more and more slowly and we tend to find, as before, a
force that varies almost as r2.

For conventional positive field evaporation and FIM still
higher fields are required. Table III presents the fields and
stresses for a r = 1 nm tube and fields of 10, 30, 45 and
50 V/nm and high stresses of more than 10 GPa can be ob-
tained. For the nanotube itself such stress is still low. Taking
a Young’s modulus of 1 TPa, which is a classical value found
in the literature, a field of 50 V/nm corresponds to a stress
of around 10 GPa or a tensile strain of 1 %. This value is
well below the maximum values reported in the literature52–56.
For individual SWNTs or bundles and fine MWNTs, tensile
strengths above 80 GPa have been measured52 and elonga-
tions above 10 % have been obtained53. Theoretical calcu-
lations give even higher values with fracture stresses above
100 GPa55 and fracture strains above 30 %56. In other words,
for good quality nanotubes, the maximum forces and stresses
during field emission or evaporation remain well below the
maximum values predicted or measured and this explains why
so few partial fractures of nanotubes are observed during our
synthesis or field emission experiments9,10.

In our case, to explain the large number of pulled-out nan-
otubes, it is clear that the fragile zone is located either at the
nanotube/catalyst interface or at the catalyst/substrate inter-
face. Note that all the samples discussed in the previous sec-
tion and analyzed by FIM or evaporation were agglomerates
of nanotubes or bundles. In this case, it is likely that the force
exerted on the protruding tube or tubes can be spread over
an increasing surface area, reducing the stress. This is not

SWNT r = 1 nm tensile Force (nN) stress1 (MPa) stress2 (MPa)
10 V/nm 1.23 391 575
30 V/nm 11.0 3517 5172
45 V/nm 24.87 7914 11640
50 V/nm 30.7 9770 14370

TABLE III. Simulated forces and stresses on carbon nanotube with
radius 1 nm for a high electric field of 10, 30, 45 and 50 V/nm.

the case for an individual nanotube. Dedicated simulations
and observations at the different interfaces should enable us
to clarify this point.

V. DISCUSSION

The first aspect to be discussed in more detail concerns
the high fields at the nanotube tips during field emission.
It seems necessary to rapidly obtain clear experimental evi-
dence on nanotubes whose radius is well determined. Indirect
techniques3,4 have been used, but a more direct experimental
technique that proves the existence of these high fields would
be a plus for the study of these small objects. A relatively
simple technique to implement could be the FEM / FIM com-
parison. The parameter of interest here is the ratio between
the voltage required for FIM imaging at the Best Image Volt-
age and the voltage required to obtain a given field emission
current (or pattern). For a conventional tungsten tip and he-
lium imaging, a ratio of 9-10 is often quoted. Of course this
depends on the reference chosen for the current but if we use
for example a field strength of 5 V/nm to obtain an interme-
diate current and a value of 45 V/nm for the helium BIV, this
corresponds to a ratio of 9. For a SWNT with a radius of 1
nm and a current of about 100 nA, a field strength of about
11 V/nm is required according to our simulations. It is only a
ratio of 4 compared to the BIV field of 45 V/nm. Such a low
value would clearly indicate the presence of a large field at the
end of the nanotube. Argon, which has BIV of 18.5 V/nm can
also be used. Note, however, that the theory of ion imaging
(required field, ionisation distance, etc.) is based on a planar
model. For SWNTs, the rapid variation of the electric field
could also modify these quantities. However, as these ion-
isation mechanisms take place at Angstrom distances to the
surface, it is likely that the changes will be less significant
than for field emission. Another aspect to consider is that sc-
SWNTs and m-SWNTs have been assumed to be good met-
als, which is reasonable given the syntheses and experiments
conducted at 1000 K. However, very different behaviour is
expected at ambient or low temperatures.

A second point is the very strong dissymmetry observed ex-
perimentally between evaporation in positive and negative po-
larity. As already discussed the most probable explanation is a
heating effect induced by the field emission which strongly fa-
vors evaporation even for thin nanotubes for which large fields
are present at the surface. This, of course, brings us to the
question of the heating mechanism and all the related issues,
such as determining the current at which the temperature rise
becomes significant. Quite a few articles treat the modeling
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of these thermal effects on carbon nanotubes with varying de-
grees of sophistication57–70. Note however that if field emis-
sion is included in the simulations to obtain I(V,T) evolutions,
we have just seen that conventional field emission models are
no longer valid and a proper calculation of the actual barrier
transmission is required for a more realistic estimation of the
current. Finally, to predict current saturation or destruction, a
good description of the field evaporation mechanisms and an
estimate of the mechanical fractures are required.

A third point concerns electrostatic forces and stresses. Be-
cause of the individual growth of our nanotubes, the stress is
transferred along the complete tube and at the interface with
the catalyst / substrate. This results in many nanotubes being
ruptured and in almost all cases we see the complete disap-
pearance of the nanotube, clearly demonstrating that the rup-
ture occurs at the level of the catalyst/substrate. It is clear from
the videos that this rupture is the main destruction mechanism
for our nanotubes. In positive polarity, the cases where evapo-
ration can be observed generally correspond to nanotubes ad-
hering to other nanotubes or forming characteristic Y struc-
tures as in Fig. 5. In this case, it is likely that these contacts
distribute the stress so that evaporation can be observed.

These aspects are important from an application point of
view to improve cathodes in terms of current or current den-
sity. For example, the EFDS technique we used allows the
growth of many individual and oriented SWNTs, which can
be interesting for increasing the emitter density. One potential
disadvantage might be that for our current growth and catalyst
protocol, these nanotubes directly connected to the substrate
appear more fragile, both mechanically and perhaps also ther-
mally. The growth of entangled nanotube mats by CVD or the
realization of cathodes from entangled SWNTs from nanotube
papers71 logically will have much lower emitter densities, but
these emitters (the protruding nanotubes) are surely mechan-
ically more robust and allow better heat dissipation. Improv-
ing SWNT cathodes therefore requires either improving the
mechanical anchoring of individual nanotubes or finding the
best compromise between different ways of increasing emitter
density while maintaining good mechanical and thermal re-
sistance. Cathode optimisation will also pass by post growth
treatments for which these observations of field induced de-
struction on individual nanotubes will be of considerable aide.

Finally, to summarize our observations, we present a sce-
nario based on a simple model that nevertheless captures the
qualitative evolution of the observed phenomena. Starting
from Eqs. 2 and 3 let us assume that all nanotubes (open or
closed, SWNT or MWNT, positive or negative polarity) have
a unique activation energy barrier, Q(F). Assuming that equa-
tion 3 is valid over the whole field range (which is probably
not the case) and as this function is linear, only two points are
necessary to determine Q(F) completely. Let us take a first
point corresponding to an evaporation rate of k = 0.01 s−1 for
a field of 45 V/nm at 100 K, which roughly corresponds to
the fact that at low temperature He FIM nanotubes can open,
giving a barrier height of 0.3 eV. Next, let us consider Liu and
Tsong’s estimate and take k = 100 s−1 for a field of 32 V/nm
at 1000 K. This gives a barrier height of 2.19 eV. Q0 = 6.83
eV and Fe = 47 V/nm are then obtained. Again, this is a qual-

itative approach and these values are just first order estimates.
From these values we can then estimate the temperature (at a
given field strength) or the field strength required (at a given
temperature) to obtain a fixed evaporation rate.

During electron emission, fields ranging from 7-8 V/nm for
large nanotubes to 17-18 V/nm for the thinnest were required
for currents in the µA range. Assuming no temperature rise
due to the emission current, nanotubes attached to the growth
electrode are at 1000 K. In this case, no evaporation is possi-
ble. Even for thin tubes, for 1000 K and a field F = 18 V/nm
we get k < 10−8s−1 i.e. no evaporation in pratice.

An evaporation rate close to 1 s−1 for 18 V/nm requires
temperatures of around 1650 K at the apex of the nanotube,
which clearly shows the need for additional heating. How-
ever, for these temperatures, field evaporation of the largest
nanotubes is still impossible. For a field strength of 8 V/nm,
an evaporation rate of 1 s−1 is obtained for a temperature of
2200 K. This would indicate that the thinnest tubes would
evaporate at lower temperatures than the larger nanotubes, but
would still require Joule heating during field emission. The
range of temperatures obtained is consistent with the values
measured or estimated in the experiments.

In positive polarity, and therefore without any heating
mechanism, the temperature of the nanotubes is 1000 K. The
field strength required at this temperature to obtain an evapo-
ration rate of 1 s−1 must then be greater than 29 V/nm. If the
interfaces cannot withstand forces and stresses greater than
those corresponding to, say, 25 V/nm, the nanotubes would
be torn off before evaporation could be observed.

A question is what would change if the electrode tempera-
ture were at room temperature instead of 1000 K. For nega-
tive field evaporation, a higher current is expected to induce
a higher temperature rise. However, it is likely that the field
and temperature values will change relatively little. In fact, if
the field emission current is such that it causes a temperature
rise of 600 K, it does not take much more current to reach
1300 K57, so that the field increase is relatively small. If the
field changes very little, the temperature required for evapora-
tion will also change very little and the values should remain
more or less the same (considering that nanotubes continue to
behave as good metals. At 300 K a very different behaviour
is expected for sc-SWNTs). However, for positive polarity
field evaporation the effect should be much greater. At 300 K
the field strength required for evaporation is 41.7 V/nm. This
higher field corresponds to higher stresses and better mechan-
ical contact is required to achieve this value.

In a previous section we saw that Nakaoka et al.44 had cal-
culated an activation energy barrier of 4.1 eV for the depar-
ture of an C+ ion from an open (7,0) nanotube at a field of
30 V/nm. We considered previously this value to be slightly
too high compared to experiments. In fact, for 1600 K, evap-
oration should start for fields greater than 30 V/nm that are
incompatible with field emission (transparent barrier). How-
ever, their approach to theoretically simulate the energy bar-
rier as a function of the field is extremely interesting. By
correcting the overestimation they attribute to the fact that
their tube is charged in their simulation when the ion leaves,
they could provide Q(F) evolution functions for any nanotube,
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open or closed. These curves are important for efficiently sim-
ulating field evaporation during field emission.

Although relatively crude, this approach successfully repro-
duces the main features of our observations on nanotube evap-
oration under both positive and negative polarity. We hope
that new experimental or theoretical results could rapidly re-
fine this model.

VI. CONCLUSION

To conclude, simulations and experimental results on the
specificities of SWNTs at high fields and during field evap-
oration were presented. Due to the nanometric radii of cur-
vature, very intense electric fields are required for field emis-
sion, e.g. up to 17 V/nm for a radius of 0.5 nm and a current
of 1 µA. Experimental observations on the same nanotubes
show a strong dissymmetry between the evaporation in posi-
tive and negative polarity that prove that a heating mechanism
induced by the field emission current is necessary even for the
thinnest nanotube. These high fields are obviously accompa-
nied by high mechanical stresses that lead to numerous rup-
ture at the catalyst/substrate level. Finally, a first attempt is
made to gather the experimental data and integrate them into
the field evaporation domain (and equations). Although there
is clearly room for improvement, this allows us to obtain a
scenario that is consistent with the experimental observations.
Although many of the points addressed here have already been
studied in the literature, the results were sometimes contradic-
tory or anomalous, and in any case fragmented. In this article,
the objective was to bring together in a coherent and quanti-
fied way all the aspects related to SWNTs under strong field
conditions and evaporation, in order to obtain a better overall
view of the problem. This constitutes a necessary step to en-
able the field emission and field evaporation communities to
better identify the many points that still need to be clarified
for a better understanding of nanotubes.

VII. SUPPLEMENTARY MATERIAL

See supplementary material for presentation of four videos
to complement the article.
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