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Evolution of the Field-Emission Properties of Individual
Multiwalled Carbon Nanotubes Submitted to Temperature
and Field Treatments

By Stephen T. Purcell,* Pascal Vincent, Monica Rodriguez, Catherine Journet, Stephane Vignoli, Dominique Guillot, and
Anthony Ayari

Field-emission (FE) electron and ion microscopies (FEM and FIM), I(V) characteristics, and FE energy spectroscopy (FEES)
measurements have been made on individual multiwalled carbon nanotubes (MWNTs) at various stages of their evolution
under various thermal and field treatments. Before the highest temperature treatments, the FE is produced by nanometer-
scale structures that have specific and known characteristics such as individual peaks in the total energy distributions (TEDs),
highly curved Fowler-Nordheim (FN) plots, and strong local heating due to the Nottingham effect. After cleaning at up to
1600 K, the TEDs approached the well-known form for FN tunneling from a free electron gas. As previously reported, they
revealed and quantified strong heating at high FE currents induced by Joule heating along the MWNT. The TEDs gave a
quantitative simultaneous measure of the temperature at the end of the MWNT, T (which reached up to 2000 K), and its
electrical resistance R, thus allowing the determination of R(74). R(Ta) decreased by ca. 70 % as T increased from 300 to
2000 K, indicating a nonmetallic behavior of the MWNT. Changes in the MWNT length due to the induced high tempera-
tures above 1600 K could be followed using the I(V) characteristics. The high temperatures were accompanied by light emis-
sion due to incandescence for which the optical spectra was found to follow the Planck distribution. With the simultaneous
measurements of 74 and R, the 1D heating problem could be reliably simulated to estimate the dependence of both electrical
and thermal conductivities on temperature. This heating results in an excellent current stability by continuous desorption,
and defines the maximum nanotube currents for high-current applications
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1. Introduction

The use of carbon nanotubes (CNTs) as field-emission
(FE) electron sources!" is the basis of many of the closest-
to-market applications for CNTs. The identified applica-
tions, for which many prototypes have been demonstrated,
include flat-panel displays,*”! lighting elements,®! high-
brightness electron microscopy sources,'"!") microcathodes
for parallel electron lithography and microscopy,[lz’m RF
amplifiers,[14] portable X-ray systems,“sl gas discharge
tubes,['®! and ionization vacuum gauges.l'’ In general, these
devices depend on the intrinsic CNT advantages of struc-
tural and chemical stability, high current carrying capacity,
high aspect ratio, and low-cost mass production to permit
extracting both stable and large FE currents.”®! To push
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these devices to their full potential, in-depth FE character-
ization studies must be carried out on the dependence of
emission current on voltage, temperature, energy, time, and
the CNT surface and bulk physical properties. Within this
topic we discuss here a rather extensive set of FE experi-
ments on MWNTs using most of the standard FE tech-
niques.

A considerable body of FE studies now exist in the lit-
erature, including several extensive articles!™?*! and re-
views,?'??! with measurements on many aspects of FE from
ensembles and individual CNTs of varying structural per-
fection, apex cleanliness, and degree of ex situ characteriza-
tion. The results showed a wide spectrum of behavior, par-
ticularly in the few years following the first FE experiments
of 1995. As examples, the I(V) characteristics may, more or
less, follow the FN law,[19’20’23] or tend either to bend up
or to saturate at high currents.”! FE microscopy (FEM)
may show complicated emission patterns,>*! or those that
come from well-specified closed CNTs whose apexes ap-
proach ideal structures.””) The total energy distributions
(TEDs) may show very narrow energy spreads!'**®! and
multiple peaks,[26’28] or be those that approach standard
theory.[29’30]
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The community may have been looking for something
new in FE specifically related to the novel crystalline or
electronic structure of CNTs; however, views are now con-
verging to the idea that the I(V) curves and TEDs from
properly cleaned MWNTs are governed to first order by
the FN theory. The very strong measured FE effects are
not specific to CNT electronic structure but to a variety of
secondary effects, particularly: 1) nanometer-scale adsorb-
ate-like structures on the emitter zones; 2) emitter evolu-
tion during /(V) measurements; 3) temperature increases
during (V) measurements; and 4) contact resistances.
These effects can be found in FE from many emitter sys-
tems. In addition to addressing these issues, our own group
has particularly concentrated on high current behavior.
FEM, FIM, and particularly FEESP'2) measurements of
the TEDs have been used to characterize individual
MWNTs. FEES leads more directly to an understanding of
the FE behavior. Studies have been carried out at various
stages of the thermal and field cleaning of MWNTSs. Nota-
bly, MWNTs cleaned at up to 1600 K**! have been studied
in order to: 1) measure the temperature at the apex emis-
sion zone, T, as a function of emission current [gg;
2) prove that the FE current can induce high stable temper-
atures reaching 2000 K by Joule heating; 3) measure the
electrical resistance of the individual MWNTs; 4) show that
the high temperatures are accompanied by light emission
from the MWNTs; 5) show that the high induced tempera-
tures can lead to excellent emission stability by cleaning
the surfaces of the nanotubes; and 6) show that even higher
currents leads to a gradual destruction of the nanotubes.
These studies were accompanied by simulations of the as-
sociated Joule heating and thermal transport problem that
confirmed the main interpretations of the experimental
data

In this article a much wider report of this work is given,
including systematic FE measurements as the emitter
evolves between the two regimes of before and after the
highest temperature cleaning. The first regime is when the
surface is rough and consists of disordered nanostructures
formed either by adsorbates or the carbon itself. It is useful
to give an account of these characteristics because: 1) it is
certainly the most often encountered in MWNTs used in
actual device applications where heating to 1600 K is not
possible; 2) it explains many of the artifact effects found
for FE measurements of MWNTs; and 3) it allows direct
contrasts to be made with measurements of the clean
state particularly for heat generation during FE. The sec-
ond regime is when the surface has been heated to temper-
atures reaching 1600 K to produce a “smoother-cleaner”
surface without nanometer-sized protrusions, and FE that
follows roughly the FN theory. In addition to being the “in-
trinsic MWNT emitter”, it will be shown how FE then
becomes a versatile tool for making simultaneous and
therefore correlated measurements of several CNT physi-
cal properties.
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2. Results

The general experimental procedure is detailed in Sec-
tion 5. This procedure generated an enormous amount of
data especially because the measurement cycles caused
tip changes themselves due to adsorption, and field- and
temperature-induced surface diffusion. Only the essential
points will be discussed.

2.1. Disordered Nanostructure Cap Regime

The first FEM patterns observed consist of a single spot
with first emission voltage at around 300 V for ca. 1 pA ob-
viously due to the emission from a field-induced adsorbate
nanostructure on a single MWNT. This is generally what
occurs for the first FE from any uncleaned tip. This emis-
sion was very unstable and often consisted of patterns (see
Fig. 1a) similar to those observed in the original Muller
experiments® on deposited molecules, and by Becker™!
for absorbed oxygen layers submitted to a field. This phe-
nomenon has been recently re-interpreted theoretically by

Fig. 1. a) FEM image of a pattern from a nanostructure formed by the ac-
tion of field on the MWNT adsorbate layer. b) FEM image from the MWNT
opened by field evaporation. The circular arrangement of spots corresponds
to nanostructures distributed around the end of the open MWNT.

Sekatskii and Letokhov.”” Such patterns have also been
regularly observed for FE from uncleaned or lightly heated
SWNTs and MWNTSs,["#2] and obviously are not specific
to the intrinsic properties of CNTs, especially in the light of
patterns with a clear correlation with expected MWNT
structure.”’! These objects give rise to strong effects in the
TEDs exactly as those measured from deposited mole-
cules® that are a guide for emission from any such nano-
structure. The resonant tunneling model™! has been often
invoked®!**! to explain most of the effects (see below).
After heating cycles that went up to 1300 K, the emission
became rather stable for currents in the nA range, and the
spot pattern widened but was still due to nanoprotrusions
that gave no signature specific to the MWNTs. Such nano-
protrusions exist even on Spindt cathodes.[*’! They can also
be readily formed starting with the Muller-type patterns if
currents above the 100 nA range are used to harden them,
when they then can become relatively stable. The TEDs
still show the same abnormal characteristics of FE from
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nanostructures mentioned above, though to a lesser degree.
This places serious doubts on interpreting measurements
on MWNTs that were not cleaned to even higher tempera-
tures as pertinent to intrinsic CNT emission.'*"! Also, the
nanostructures often re-form under a field for MWNTs that
are not regularly cleaned because adsorption layers even-
tually accumulate in any vacuum. This has been used to
form on-axis protrusions on W<111> tips with large extra
peaks in the TEDs.*!

Cycles of field desorption and evaporation were then
used to attempt to clean the MWNT, and to have a repre-
sentative pattern that could be correlated with an MWNT
structure. The broadened one-spot type patterns persisted
until field desorption voltages of 2.4 kV were used, or
roughly eight times the electron FE voltage for ca. 1 pA
current. The pattern then evolved suddenly to a ring of rel-
atively confined spots due to the apex region of a single
MWNT, opened by the field desorption (see Fig. 1b). Simi-
lar field desorption has been carried out by Saito et al.[*!
who opened the cap of a high-quality, small-diameter
MWNT revealing roughly circular patterns. At this point
we could be sure that the extended pattern was still due to
a single MWNT because, during various field cycles, the
whole FEM or FIM patterns would suddenly shift on the
screen as a single unit. Furthermore, a new technique was
developed for distinguishing individual MWNTs in a FE
pattern by exciting their natural mechanical resonances
with an AC field."!

Cycles of FEES, FEM, and (V) measurements were
carried out on the MWNT interspersed with more field
desorption. The first emitting MWNT was gradually short-
ened by field desorption resulting in a gradual increase in
the operating voltage by ca. 20 %, and eventually the ap-
pearance of a second nanotube to the side emitting
roughly ten times less current. Despite the fact that clean
carbon surfaces were exposed, the FEM still always gave
spotty patterns distributed around the circle and TEDs
are of the nanostructure type. Different FE measurements
of the principal MWNT that were similar to those at all
previous steps are shown here. They can be considered
characteristic of what will occur for most MWNTs used in
devices that have not been cleaned to even higher temper-
atures.

Figure 2a shows a series of FEES measurements as a
function of applied voltage, with the corresponding FN plot
in Figure 2c. The signatures of such TEDs are: 1) the spec-
tra are composed of one or several peaks; 2) the individual
peaks still more or less approach the asymmetric forms pre-
dicted by the standard theory; 3) the high energy sides still
widen with temperature as in the standard theory,*!! while
they vary little on the low energy sides as a function of
field; 4) the peaks shift roughly linearly with field (or volt-
age), see Figure 2b. The field shifting is a strong identifying
characteristic for this type of emission, and often results in
new peaks “arriving” at the Fermi level as the voltage shifts
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the whole spectra to lower energy. Figure 2c shows the cor-
responding FN plot for the TEDs of Figure 2a. It is highly
nonlinear with a kink as each new peak arrives at the Fermi
level.

FN plots can be quite straight over several decades when
the TED is composed of one field-shifted peak (see the
lower curve in Fig. 2c), so a FN plot over a limited range as
used by many groups is not a sufficient criterion to prove
that the emission does not come from a nanostructure or
other type of near-surface potential. In general, the re-
searchers measuring FE from MWNTs and depending only
on the I(V) curves should note that Dyke and Dolan!*!
measured FN behavior over 16 orders of magnitude to sup-
port the FN model for FE from a W tip. Relatively straight
FN plots obtained over several orders of magnitude just
reflect the obvious fact that, to first order, the triangular
barrier is being bent down more or less linearly with the
field.

One aspect that has a direct relationship to the heating
effects discussed in the next section is that the high energy
side can be fitted to give approximately the temperature as
a function of current,[44] though it is not clear how to fit this
experimental fact into the resonant tunneling model. Fig-
ure 2d shows the temperature as a function of emission cur-
rent when the TED was composed of the one peak for
which the straight FN plot was obtained in Figure 2c. The
heating occurs at very low current, and can be attributed to
Nottingham effects. Strong heating occurs for such low cur-
rents because each emitted electron adds a large energy to
the emitter due to the large field-induced energy shifts
(e.g., ca. 0.5 eV), and furthermore all this energy is depos-
ited in the emitting nanostructure. The temperature follows
a power law with exponent 0.43. Such a dependence is
usually found for the adsorbate nanoprotrusions formed
on metal tips,*! with exponents in the range 0.4-0.5. The
power law can probably be modeled for a point heat source
in contact with a heat reservoir.

In the presence of resonant tunneling, the local heating
and nanometer size of the emission zone means that atomic
re-arrangements are frequent, and strongly affect the total
current. Typical measurements for current stability are
shown in Figure 3 on a log plot. The current is very stable
in the 1 nA range, but by 100 nA it undergoes large abrupt
jumps at about a one minute intervals as the nanostructure
from which all the current is coming undergoes many
temperature-activated atomic-scale modifications. Dean et
al.l¥7! proposed that such local heating by the Nottingham
effect could explain the increase in the Izg(V) curves above
the FN line at high current. We argued previously®®! that
this may be part of the problem but that the main heating
effects are Joule heating along the nanotube length (see
Sec. 2.2). An additional argument is that to explain the cur-
rent increase by FN theory, the emission zone must reach
1600 K. The local heating in the presence of nanostructures
affects the current stability at much lower temperatures
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Fig. 2. a) Typical series of TEDs for the CNT after field desorption. b) Linear shifting with applied voltage of several of the peaks in (a). ¢) Corresponding FN
plots. The upper curve is for the TEDs in (a). A kink occurs as each peak arrives at the Fermi level. The lower curve is for when only one field-shifting peak oc-

curred in the TED. d) Temperature increase at the nanostructure found by fitting the TEDs when they consisted of only one peak (corresponding to the lower
curve in (c)).

. . 2.2. FE Studies after Heat Treatment to 1600 K

After the field evaporation cycles, the Ni tip
holding the MWNTs was heated to the even
higher temperature of 1600 K by electron
bombardment. This changed most of the emis-
sion properties, with regard to FEM, I(V),
rrL,ﬁ——-‘_‘r-L TEDs, and current stability. Some caution

should be exercised with describing this treat-

ment as a direct heating to 1600 K for two rea-

sons. Firstly, the electron bombardment is ac-

tually done by attracting electrons emitted

from another W loop by thermionic emission

10 4 to the Ni tip held at +2 kV. Thus it was actu-

, , , , , ally a combined field/heat treatment with the

0 5 10 15 20 25 30 value of the field roughly four times that which

Time (min) would be necessary for the emission of elec-

Fig. 3. FE current as a function of time for a MWNT emitting from a few nanostructures. The trons. Secondly, a temperature gradient may
current becomes unstable above 1 nA. . .

build up along the nanotube and thus the final

temperature may be other than 1600 K. The

&

)
|

Current stability (nA)

(and currents) and does not permit enough stability to al- MWNT could usually then be re-cleaned of the adsor-
low a measurement of an upswing in the FN plot at such bates and nanostructures that build up after exposure to
high currents. the vacuum with a quick flash heating to only 1000-
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1200 K, or by simply briefly emitting a current in the pA
range (see below).

After the very first such electron bombardment treat-
ment carried out for 10 min, the overall circle pattern (see
Fig. 4a) and the extraction voltage was maintained, but the
spots around the circle grew broader and started to present
interference bands that have been previously observed in

Fig. 4. a) FEM image of the MWNT after heating at 1600 K. b) FIM image
of the MWNT cleaned to 1600 K made with Ar at 80 K.

much more dramatic detail®” for high-quality, low-radius
MWNTs. The fringes are attributed to interference of elec-
trons coherently emitted from spatially separated zones on
the MWNT apex.*s! These are not visible in Figure 4a,
though they were often obvious on the video screen. These
interference effects can be qualitatively differentiated from
the previously mentioned Muller-type patterns. Here the
interference occurred near the overlapping edges of emis-
sions from adjacent emission zones and consisted of
straight lines as in twin-slit interference.*” In the case
of the molecular structures, the whole emission spot is a
diffraction pattern.

FIM patterns that confirm the open MWNT structure
were taken at this point at 80 K with argon, and are com-
posed of atomic sites distributed around the same circle as
the FEM (see Fig. 4b). Unfortunately the contrast in FIM
is so strong that only the very most protruding atoms were
observed, similar to a constant height scanning tunneling
microscope (STM) image. Also, using argon at 80 K does
not give a very good FIM resolution to determine whether
several atoms are represented by an individual spot. This
makes it difficult to see the overall atomic-scale structure
to confirm the improved crystallinity surrounding the pro-
truding atoms and perhaps formation of pentagons and
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hexagons. Note that the selectivity for electron emission
from protruding sites is much less than for ions because of
the different nature of the tunneling barrier, and thus the
TEDs are representative of larger surfaces.

Upon appearance of the interference bands, the resonant
tunneling effects in the TEDs (i.e., the field shifting and
existence of multiple peaks) disappeared, and the current
became more stable even at higher currents well up to the
microamp range. The TEDs were reproducible and ap-
proached the standard asymmetric peak from a metallic
tip. A consistent picture can now be drawn that links the
FEM patterns to the TEDs. The higher temperature heat-
ing permits crystallization at the MWNT apex that includes
cross linking between different tube ends of the MWNT,
smoothing of nanostructures, closing of dangling bonds,
and thus elimination of local resonant tunneling states. The
emitted electrons then come from the Fermi sea of the
MWNT that have an internal coherence length that permits
the formation of interference effects between different
emission zones, as in a Young’s slit experiment.**!

Three series of TEDs were measured through the probe
hole corresponding to the zones marked in Figure 4a. The
TEDs were reproducible and approached the standard
asymmetric peak expected from free electron theory. The
formula for the TED of FE from a free electron gas
(J(E))B'"*is the product of a field-dependent transmission
probability and the Fermi-Dirac distribution. Ignoring the
energy independent pre-factors, it is given by Equation 1.

exp (E_dEF)

1+ exp(52) W

J(E) x

where kg is the Boltzmann constant, 7 is the temperature,
Er is the Fermi energy, and d ~ Fy/ \/6 ~ 0.2 eV. F, is the
applied field ( ca. 3-7 V nm™) and ¢ the work function in
electronvolts. The TEDs are asymmetric peaks of width
0.3 eV at room temperature. The slope in the log plot is ap-
proximately 1/d on the low energy side, and ca. (1/d-1/kgT)
N-1/kgT at 300 K on the high energy side. The peak is posi-
tioned close to Er In general the experimental measure-
ments of TEDs from metallic emitters deviate to different
degrees from this formula,*"! but they do permit an excel-
lent measure of Er and the temperature at the emission
zone. We have found agreement within 20 K between opti-
cal pyrometry measurements and fits to Equation 1 in the
range 1000-1300 K, and better than 0.05 eV for Eg for
emission from W and Pt emitters in the same experimental
setup.

TEDs from the brightest FE zone (Series 1) at various
values of Ipg are shown in Figure 5a. First, the spectra at
low voltage and current are considered. In agreement with
previous work on clean MWNTs,* the form of the TEDs
at low current and voltage are found to follow Equation 1
to first order. That is, the TEDs are composed of a single
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Fig. 5. a) Series of TEDs for the MWNT after electron bombardment heating to 1600 K. b) Shifting of the TEDs with current and voltage showing that the dis-
placement is due to an IR drop and not a nanostructure. ¢) Temperature at the MWNT cap measured by fitting the TEDs for two runs. The solid line is a fit to the
Ta(Ire) curve using simulations of the heat equation (see Sec. 3). d) Total resistance of the MWNT as a function of apex temperature R(7») for the TEDs in (a).

asymmetric peak fixed at Er that widens principally on the
low energy side as the increasing electric field increases
the slope of the tunneling barrier. Looking more closely it
is seen that: 1) there is a hump in the spectra at about
0.5-1.2 eV below the Fermi level similar to TEDs observed
previously® on highly ordered MWNTSs; 2) the fitted Ef is
70 meV below that expected for the voltage applied to the
tip; 3) the temperatures found from the fitting are about
100 K higher than the true temperature of about 300 K;;
and 4) the full width at half maxima (FWHMs) are wider
than usual for metal emitters. These second-order effects
can be caused by the deviation of the electron density from
that of a free electron model which is common even for
clean metals.’"! (It has also been suggested that a larger
than expected high-energy side is due to field penetra-
tion.’”)) From a practical point of view this sets a limit on
the accuracy of the temperature measurement, particularly
at low temperature. Much better agreement was found for
W<111> FE tips in the same experimental configuration,
and hence it is not due to a poor resolution of the energy
analyzer. It is not obvious how to attribute the low energy
hump to some specific feature in the density of states for
carbon or nanotubes, even though it appears to be a com-
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mon feature for several authors working with different
types of MWNTs. Van Hove singularities should not be ex-
pected for such large MWNTSs and the well known cusp for
graphite layers is 2.7 eV below EF, too far to be invoked.

At higher voltage and Irg, the TEDs continued to widen
on the low energy side as expected, but they displayed two
new main characteristics. Firstly they shifted to lower ener-
gy due to a resistance drop along the MWNT, and secondly
they also widened on the high energy side due to significant
heating effects. The data was fitted to Equation 1 to extract
the dependence of the parameters Eg, T, and d on the
voltage and current.

In Figure 5b, the fits to the measured TEDs with Equa-
tion 1 for Ef against applied voltage and current are given,
showing that Ep displaces to lower energy approximately
linearly with Irg (note that the Irg axes in a previous
report[33] should be multiplied by ca. 2). It is essential to not
confuse this shift with the field-shifting of TEDs in the pres-
ence of the nanometric adsorbed structures shown above. In
that case the shift is roughly linear in voltage, while here the
shift is linear in /rg and exponential in voltage. The obvious
interpretation of this data is that the TED shifts because of
a resistive IR drop along the MWNT. The shift gives resis-
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tances in the megaohm range. As a direct consequence of
these results, it is proposed that heating rises occur because
of Joule heating along the MWNT. The existence of the
heating of MWNTs to very high temperatures during FE for
currents in the microamp range has also been proposed by
Dean et al.l*’l by interpreting the curving up of the FN plot
and the FE patterns. The difference here is that it is Joule
heating and not Nottingham effects that is proposed as the
heating mechanism, and that the simultaneous direct mea-
surement of temperature and resistance give the necessary
inputs for modelization of the heat diffusion problem.*!

In Figure Sc it is seen that T increased from 300 K (/rg
<1nA) to 2000 K (Irg=2.3 pA). The results for two
runs on different sites are shown. A correction by quadra-
ture was applied to the data for the offset at 300 K, but at
2000 K this correction accounts for only 20 K or 1 %. Errors
at higher temperatures also occur because of humps that ap-
pear in the spectra on the high energy side as the spectra
widen. From fitting various spectra variations are found of
about 10 % over the whole temperature range. Note that the
form of the Ta(Irg) curves and the current scales are very
different from those in Figure 2d (despite the fact that
they were measured on the same MWNT) where the heating
was attributed to local effects and were already appreciable
at1 nA.
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The combination of independent measures of tempera-
ture and resistance enables a plot (Fig. 5d) of R(TA) de-
fined as Eg/lrg. This is plotted for two runs on the same
MWNT. The resistance is in the megaohm range and
decreases as T, increases. This MWNT does not have
metallic conductivity behavior. The total drop in resistance
is ~70 % over the total temperature range. This measured
dependence was recently used in simulations of the FE
current induced breakdown of MWNTSs.”" Also shown is
the fit to this data using the heat equation allowing for a
variable electrical and thermal conductivity (see below).

There are at least three arguments that the measured re-
sistance is due to the nanotube and not the contact at the
Ni tip. Firstly, the CNTs were grown directly on bulk Ni
and, other than the carbon, there are no semiconductor or
oxides present so it is difficult to see how a contact resis-
tance of several megaohms could exist. Secondly, the mea-
sured cap temperatures at 2000 K cannot be created by
heating at the contact which would then have to be even
hotter (greater than the melting point of Ni). Thirdly, the
simulations are consistent with the measured apex temper-
atures and MWNT resistances.

In Figure 6a the parameter d and the FWHM are plotted
against applied voltage for the different spectra measured.
It can be seen in the figure that the fitted d and FWHM fol-
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Fig. 6. a) Parameter d of Eq. 1 and FWHM of the peak versus applied voltage. For the free electron model one would have d a applied voltage. b) The average
energy with respect to the local Fermi energy for TEDs from two different zones versus applied voltage. ¢) The Nottingham and resistive powers calculated with
Irp<E> and IrEF (see text). d) FN plot corresponding to Fig. 5a. The current rises above the FN line because of the current-induced high temperature.
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low similarly shaped curves, and are not linear in applied
voltage as expected by the simple theory. The values here
are larger than previously measured,”**! reaching 0.8 eV
because of the inclusion of measurements going to higher
field and temperature that widen the spectra further. The
FWHM is of technical importance because it is an impor-
tant parameter for point electron sources and in particular
chromatic aberration. The widening means there will be a
tradeoff in the use of CNTs at high current as high bright-
ness point sources. The nonlinearity of d will be discussed
below in relation to the work function.

Another way to analyze this data is to integrate the
TEDs to find the average energy <E> of the emitted elec-
trons with respect to the local Ef at the cap determined
from the TED fits. This is useful for estimating the Notting-
ham effect.* <E> versus applied voltage is plotted in Fig-
ure 6b for the TEDs of Figure 5a, and another series for
zone 2. A positive <E> means cooling and a negative <E>
means heating. The two zones have significant differences.
As the voltage increases, <E> first decreases as the field
widens the TEDs on the low energy side, and then it in-
creases as the nanotube heats causing the TEDs to widen
on the high energy side. This reduces Nottingham heating.
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In Figure 6c is shown the dissipated Nottingham power if
all electrons were emitted with these TEDs (Pn = Irg<E>)
and the resistive power Pg = Irs°R = Ipp Er. However, one
must carry out laborious measurements of the spectra
and local current over the whole cap to determine the
total Nottingham heat balance. As discussed below, these
curves overestimate Nottingham heating. However, it is
clear that the resistive heating is less than Nottingham
heating at low current but dominates in the high tempera-
ture range.

One of the consequences of the heating is that the cur-
rent rises above the FN line at high voltages.*’! A FN plot
is shown in Figure 6d. At lower voltages, it follows well the
linear FN equation of In(Z/V?) a —1/V. However, at the high-
er voltages, Igg first increases significantly above the FN
line at TA=1000 K. This is the direct consequence of the
well known increase of Iz o T° in FN theory.”! In Fig-
ure 7a the difference between the FN fit at low voltage and
the measured data is plotted against the measured 7. The
fit to the 7% law is rather good except for the last two
points. These points mark the temperature at which the
MWNT undergoes changes, in particular length reduction
by partial destruction (see below).
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Fig. 7. a) Difference between the measured current and the low current fit to the FN plot as a function of Ts. The difference follows closely the expected 7> law
for FN tunneling until the last two points where the very high temperatures degrade the MWNT. b) Current stability measured before and after a current-
induced heat flash of 10 s and a 3 h current stability run at 1 pA. c) Current stability measured for 40 h in UHV. Linear y-axis. d) Current versus time when the
several nanotubes are shortening due to high temperatures induced by the emission current. Each rise is due to an increase by 10 V in the extraction voltage.
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A second consequence of the heating is an increase in FE
current stability. In Figure 7b it is shown that the g in-
duced heating can be used to thermally remove adsorbates
allowed to accumulate by exposure to a poor vacuum. To
demonstrate this, the pumping was stopped for twenty mi-
nutes allowing the vacuum to degrade to about 10~ Torr.
This led to the extremely unstable current at the bottom of
Figure 7b. After a 10 s flash at 1 pA FE current, which ac-
cording to the TEDs raised the temperature to ~1000 K, the
current became as stable as before. Ixg is even more stable
at higher current because the hot nanotube prevents re-ad-
sorption as is well known for Schottky emitters. Figure 7b
and c shows an almost perfect stability obtained at 1 pA
over three hours and excellent stability over 40 h. The treat-
ment at 1 pA thus has an effect comparable with a flash sur-
face cleaning, but without any external heat source.

The destruction of the CNTs noted above has consider-
able importance for using nanotubes in applications be-
cause it fixes their current limits. While it is seen that the
self-heating made it possible to obtain a very good current
stability, it became unstable at even higher currents and
thus higher temperatures. Recently, several groups have
used electron microscopy to directly observe the destruc-
tion of nanotubes for very strong emission currents. In the
period before we had identified and quantified
Joule heating to high temperatures, Wei et al.’”!

Vapor
Deposition

cisely from a point at the end of the Ni base tip starting at
Irg ~ 1.2 pA (Ta ~ 1500 K). It increased in intensity as /g
was raised. Light emission from MWNTs during FE has
been previously observed.!'** Both incandescence!'! due to
resistive heating (but without experimental proof) and
fluorescence from apex resonant states have been pro-
posed.[54] Because of the association with high 74 and a
modelization based on the measured resistance and cur-
rent, the light emission here is clearly an incandescence ef-
fect. Note that no resonance-like tunneling states were de-
tectable in the TEDs after the high temperature cleaning.
Originally, only one point of light was seen for currents in
the pA range,* but as the emissions from the highest field
nanotubes were reduced by high temperature induced
shortening, even more nanotubes could be made to emit
light simultaneously. Figure 8b shows light emission from
several MWNTs on the Ni tip. Also shown is that the light
emission can be shifted between different MWNTSs by shift-
ing the voltage balance between the split extraction anodes
to promote emission from MWNTs on different sides on
the Ni tip.

Planck’s law was used to calculate that, at the observa-
tion distance of 20 cm, ca. 10° photons per second should
be seen, well within the sensitivity of the human eye. Re-

made observations in a scanning electron micro-

scope (SEM) on MWNTSs produced by CVD 2000} (a) E

during FE, and observed a reduction in length
of the nanotube for currents between 200 nA

and 1 pA. Also Wang et al.’¥ made observa- 31600-

tions of arc electric MWNTs inside a transmis- &

. . o 2>

sion electron microscope (TEM) permitting £ 4209

higher resolution. They observed destruction §

for even higher currents of about 200 pA (also E

much higher than ours). Their better resolution 5, 800
2

made it possible to see abrupt length reductions,
sharpening, splitting of the MWNT, and also
tearing of an external layer of graphite in certain
cases. Similar to Dean et al.l*’ we also observed

— Fitto Planck equation, T, = 1916 K

experimental

’ it

400}

Sy 1 1 1 1 1 1

the progressive destruction of the nanotubes by
the reductions in emission current at constant
voltage. Figure 7d shows the high current trend
versus time as the voltage is raised by 10 V steps
approximately every 30 s. At each voltage in-
crease the current first jumps up and then de-
cays in a noisy way. This is attributed to length
reduction as in the microscopy studies, and the
cause can now be identified as high-temperature
breaking or evaporation at the nanotube end.
The higher currents obtained by Wang et al. are
then because their arc electric nanotubes had
much lower electrical resistance. As reported
previously,[33] these high temperatures cause the
emission of light visible by eye in a darkened
room. The observed light emission came pre-
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Fig. 8. a) Optical spectra of a few MWNTSs heated by field emission at 10 pA. b) Changing
the balance between various hot MWNTs as the field strength is shifted from left to right.
Ire =10 pA.

www.cvd-journal.de 339




Clhemical

Full Paper

Vapor
Deposition

cent optical spectroscopy measurements of light emission
from a MWNT layer from which a small number of emit-
ters were active confirmed that the light has a black-body
spectrum.® The authors were able to estimate tempera-
ture in the range 1500-2000 K, depending on the emitted
current. Figure 8a shows an optical spectra measured from
a few CNTs in a different vacuum system on the same
MWNT covered Ni tip for 10 pA total current. The fit to
the Planck law gives a temperature in the range expected
from the TED fits at this current. Such a good agreement is
at first surprising for a multi-CNT emission but this occurs
since if other emitters are active at significantly lower tem-
peratures they emit much less light because of the T* radia-
tion law, and emitters cannot reach higher temperatures
because that causes nanotube shortening.

The light was also observed during the programmed de-
struction of a single nanotube to measure its maximum sup-
portable current. In this case the total current was raised in
steps of 10 s until it reached 110 pA during simultaneous
optical observation. Four to six bright MWNTs were visi-
ble. The brightest light emitter then started to increase in
intensity by itself on a time scale of a few seconds, until it
suddenly disappeared at the same time that the total cur-
rent dropped by 40 pA. This sudden breakdown differs
from the gradual shortening that we discussed above, and
shows that CNTs may behave differently depending on
which parameter set of current and time is used. The mea-
sure of 40 pA defines a current maximum for this one
MWNT. However, a current maximum must be defined
with some care because, as shown above, if the current
steps are too slow the nanotube reduces gradually in length
when it reaches a high temperature.

3. Discussion

3.1. Field Emission from Nanostructures on MWNT Caps

As stated above, FE from nanostructures can be qualita-
tively understood by referring to a simple energy diagram
for resonant tunneling often drawn in the literature. 356!
The emission is considered to occur through local bound
states that exist within the nanostructure,”" and which shift
because of field penetration.’’”! The weakness of this analy-
sis is that the chemical composition and structure of the
nanostructure is not known, and no electronic structure cal-
culations have been carried out to confirm the validity of
such a simple picture, as has been done for adsorbed atoms
on clean metal surfaces.*!! That said, within the simple pic-
ture one understands the resulting FN plots which can be
highly bowed and curve up as each new resonant state ar-
rives at the Fermi level by field shifting.[S(’] The supply func-
tion then switches from empty to filled states. The idea of
FE through resonant tunneling states on the CNTs has
already been suggested.[20’25’26] What is emphasized here is
that these effects continue to exist even when the MWNTs
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are heated to quite high temperatures, and after field evap-
oration has removed an appreciable length of the MWNT.
This leads us to propose that for these treatments the nano-
structures are themselves composed of disordered carbon
atoms. In the first case, the heat treatment is not sufficient
to allow the carbon atoms to restructure because of their
very high activation energies for atomic movement. In the
second case, the field desorption of covalent materials
is known to pull off whole clusters of atoms and leave a rel-
atively disordered surface.’ In both cases the covalent
nature of the carbon increases the tendency to form non-
conducting nanostructures and resonant tunneling states.
These structures can develop voltage drops of the order of
volts, even under the very ideal conditions of ultrahigh vac-
uum (UHV) and high temperature. The difficulty in remov-
ing them even under UHV conditions may be connected to
the great amount of attention the nanotube community has
paid to establishing low contact resistances to CNTs.[*”!

3.2. Estimations of p(7T) and «(T)

One of the most exciting possibilities of the TED mea-
surements of temperature and resistance is that it should
allow a simultaneous estimation of the temperature depen-
dence of both the resistivity, p(T), and the thermal conduc-
tivity, x(7), a unique advantage for FE. Our original simu-
lations were made with the spirit of showing that resistive
heating, radiation, and thermal conduction could explain
the main features of the measurements.** To do this the
temperature profiles along the nanotube were simulated
for different currents to fit the experimental T4 (/gg) and
R(T4) curves by iteratively varying the functions p(7) and
x(T). In the original fits, however, k=100 W K'm™ was
taken from the literature and fixed, whilst a linear depen-
dence for the resistance, R=Ro—o07, was used. The fits
could have been much better, especially for R(7T). In Fig-
ure 5c and d it is shown that much better fits to both data
sets can be obtained if better functions for p(7T) and «(7T)
are used. p(7T) is now an exponentially decreasing function,
and x(7) linearly increases with 7 (see Fig. 9a). The aver-
age values are both in the range of disordered graphite,*’!
which can be understood from the TEM images showing
many defects. x(7) is roughly ten times lower than that
used in the original simulations. The length and diameter
of the MWNT are rather approximate so the absolute val-
ues are crude. However the ratios and general temperature
dependence do not vary strongly with the nanotube dimen-
sions and thus these simulations provide a proof-of-concept
for the technique.

At first glance the function for x(7) appears not to have
a physical basis. For high-quality crystals x(7) peaks typi-
cally at ca. 1/20 of the Debye temperature 0, and falls
at higher temperature. However, this peak diminishes and
displaces to higher temperature when mean free paths are
reduced due to finite CNT length or defects.!”” For very
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Mathematically it was included as a boundary
condition at the free end. Corrections to the
calculated temperatures of less than 10 % at
2000 K were found (see Fig. 9b). This is appreci-
able but still of second order. However, at low
temperature and for small nanotubes the Not-
tingham effect could dominate over both resis-
tive and radiation effects. In contrast, Svennings-
son et al.l®*! have recently published calculations

o1
T

of the Nottingham effect over a wider tempera-
ture range based on the similar assumptions for
Py, except that <E> was theoretically calculated
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based on estimates of the ff factor from their FN
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on our measured values for R(7»). They found
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Nottingham cooling to be much more important,
being even more important than radiation cool-
ing for their chosen nanotube parameters. This
discrepancy may be due to the different nano-
tube dimensions because this can change the
predominance between different mechanisms.
] This highlights the need for more calculations
based on knowledge of all the parameters of the
CNT.

The problem with using Py =Irg<E> for the
whole current at the center of the tip is that it

-8~ Without Notthingham effect

-0~ With Notthingham effect <E > =0.1 eV

§ overestimates the heating, because away from
the center of the emission the field is lower,

0.6 0.8 1 1.2 1.4 1.6
Emission current (LA)

Fig. 9. a) p(T) and x(T) used for the simulations that fitted the plots of Ta(/rg) in Fig. 5c) and
R(T4) in Fig. 5d). b) Simulations of the heat problem with and without Nottingham heating

(see text).

short phonon mean-free paths the peak disappears com-
pletely, and x(7) should then resemble the classic curve for
specific heat. It is interesting to note that carbon is special
in that the specific heat does not sharply saturate at 6, but
continues to rise even up to 3000 K.*) More datasets with
a better knowledge of the length and radius are needed to
confirm and expand this result, and probably the inclusion
of other terms in the heat problem such as the Nottingham
effect.

3.3. Nottingham Effects

One cannot immediately neglect Nottingham effects in
the heat problem on the basis of the measurements in Fig-
ure 6¢ and d, which show it is appreciably less than resistive
heating over a wide current range. This is because it occurs
at the MWNT cap where it would have a maximum effect
on the temperature measured by the TEDs. Originally,
some preliminary simulations were carried out that in-
cluded the Nottingham effect, using the assumption that
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2 which narrows the TEDs on the low-energy side
and hence decreases heating (and hence lowers
<E> on the low-energy side). If <E> > 0, cooling
occurs. Complex calculations and measurements
of the current, field, temperature, and energy
distributions over the cap and along the near
shank, taking into account the parameters of the nanotube
(length, radius, resistance, cap geometry), must be carried
out to correctly quantify this effect. This is especially deli-
cate because, as is seen in Figure 6b and c, the Nottingham
effect can switch from cooling to heating over a small cur-
rent range.

3.4. Stability in the Presence of Induced Heating

The stable, high value of T, found raises an interesting
point for FE in general. This is the only example in FE lit-
erature that can be found of observations of FE-induced
stable heating of the emitter body to any temperature
above ambient, let alone to 2000 K. We propose that this is
because of two parameters of MWNTs that differ from
those of metal emitters, and which lead to /g runaway and
thus emitter breakdown. Firstly, the resistance of metals in-
creases roughly linearly with temperature, which means a
positive heating feedback once Irg-induced heating starts.
Secondly, a combination of high temperature and field

341

www.cvd-journal.de




Clhemical

Full Paper

Vapor
Deposition

usually induces the well-known mechanism of field-driven
sharpening of tips by surface diffusion, which in turn in-
creases the field and hence creates positive feedback for
Irg. This creates an extremely unstable situation, and metal
FE tips generally breakdown at high Irg without warning.
In contrast, the resistance of this MWNT was shown to be
decreased substantially with temperature, which gives a
negative feedback to heating, and secondly surface diffu-
sion is much slower for covalent carbon which inhibits the
field-driven sharpening.

3.5. Nanotube Destruction

Dean et al.*’l have proposed that length reduction is due
to thermally-assisted field evaporation instead of normal
evaporation. This would help to explain why the nanotubes
degrade at temperatures much lower than those needed for
normal evaporation of carbon, and why it occurs princi-
pally at the nanotube end where the field is the highest.
Simple evaporation may still be an important mechanism
because carbon atoms at a disordered cap or at defect sites
will have fewer nearest neighbors, and thus have lower sub-
limation energies than carbon on a graphite surface. The
images of Wang et al.’*! show that the destruction of the
nanotube can proceed by the abrupt changes in, and the
breaking off of, small sections. This can occur after weaken-
ing further down the shank at defect sites where the field is
too low to invoke field evaporation. Note also that local re-
sistive heating would be enhanced at such sites. In such a
case the force of the field may assist the degradation by
tearing off larger pieces of the nanotube, without being a
field evaporation at an atomic level. The nanotube shorten-
ing is gradual when compared to the breakdown of a metal
tip but it is not a removal atom by atom.

We argued that resistive heating and not local heating by
Nottingham effects is the important mechanism in the crea-
tion of current-induced, stable, high temperatures. How-
ever one can speculate that Nottingham effects may be im-
portant in a different context, that is during the destruction
process itself. During the destruction, the current is very
unstable (Fig. 7d) and does not undergo a gradual de-
crease, as with a slow evaporation process. Again, from the
images of Wang et al., this could simply be due to sudden
increases or decreases in the amplification factor, £, as the
nanotube splits or shortens. However, as shown above, field
evaporation causes the creation of nanostructures, resonant
tunneling, and local heating at low currents. If such nano-
structures are also formed during the destruction process
as a consequence of the MWNT breaking, then very strong
local heating effects would be created almost instanta-
neously, and thus appreciably increase the instability and
temperature of the cap region. A predominance of local
Nottingham effects in MWNT destruction, as opposed to a
field evaporation, can explain why no nanotube shortening
was seen when electron bombardment was used repeatedly
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at up to 1600 K, even though the voltage applied to attract
electrons to the tip creates a positive field on the MWNT
three to four times higher than that used during electron
emission. In a positive field there are no local emission
Nottingham effects. TED measurements during the de-
struction process would be useful in studying this idea.

3.6. Work Function

There are numerous published values for the work func-
tion, ¢, of different types of CNTs. Actually, ¢ is a local pa-
rameter and it is not clear that it can be well defined for
many CNT caps that have very rough structures on the
nanometer scale. In addition, there is the problem of patch
fields.|*” That said, several authors have combined the I(V)
curves and the TED data to give both ¢ and the amplifica-
tion factor, £.?*°! (Other authors simply estimated f from
an approximate knowledge of the emitter geometry, which
is somewhat hazardous). In principle, the slope of the FN
plot gives m=~0.5x ¢>*f and the TEDs give d=Fy /¢
However, there are serious problems with this method
even for clean metal emitters.®'*? The first is that the de-
viation from free electron behavior particularly affects the
value of d in Equation 1. This is very pronounced for car-
bon, as can be seen from the measured TEDs here which
have very large shoulders on the low energy sides. The plot
for d in Figure 6a shows that d is not even linear in F=pV.
Depending on which value of d is chosen, values of ¢ from
3.8 to 4.7 eV for lower voltages, and up to 6.8 eV at
high voltage, were found. There is obviously an even
greater problem when nanostructure TEDs are used to es-
timate d, as shown in the literature.” In principle, f can be
measured independently by the “best image voltage” in
FIM.'®! Such a measurement was carried out with Ar as
an imaging gas, and from the FN plot it was found that
¢ =6.1 eV. We proposed that this value is also false because
of the second problem, which is that the FN equation must
be corrected when the emitting radius is in the range of the
width of the tunneling barrier.* This effect gives a higher
slope to the FN plot and hence causes an overestimation
of ¢.

Two recent articles propose completely different meth-
ods for measuring ¢. Suzuki et al.ll used electron micros-
copy to excite photoemission, while Zhi et al.l%®l ysed an
elegant method to measure ¢ that exploited mechanical
vibrations to measure the contact potential difference be-
tween various carbon nanotubes and gold contacts. How-
ever, it seems logic that these methods measure the aver-
age ¢ over the whole nanotube and not at the emission
zone, which is what counts for field emission. Also, it is not
clear that surface adsorbates were fully removed, which is a
prerequisite for work function measurements. To summar-
ize, we argue that there is still no viable measure for the
CNT FE work function, and it is still best to use ¢ =4.9 eV
for graphite.
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3.7. Modeling the Radiation Losses

The radiation losses have been modeled?®***%! by a dif-
ferential surface area and the Stefan-Boltzmann law. This
is clearly wrong for nanotubes whose lateral dimensions
are shorter than the wavelength of the emitted light or the
photon mean free path. This means there is a need to con-
sider photon emission within the framework of Rayleigh
scattering theory[ﬁg] where for small particles the absorp-
tion is proportional to the volume. This may completely
change the balance between radiation, thermal conduction,
and Nottingham effects.

4. Conclusions

In this article we have tried to bring out the advances in
our understanding of field emission from nanotubes, and
point out where more work is needed. The nanostructures
that lead to resonant tunneling-like effects are very com-
mon and robust on MWNTs. As well as degrading current
stability in FE devices above the nA range, they are also
one of the principal impediments to using FEES to mea-
sure the intrinsic properties of nanotubes and nanowires.
The problem is that the high temperature and field treat-
ments often also remove the nanotubes or nanowires that
have been attached to base tips by gluing or van der Waals
forces (though they did not remove the MWNTs grown di-
rectly on massive Ni tips). It is important then to develop a
methodology permitting a consistent and benign cap-clean-
ing process.

For the cleaned emitters, in retrospection, what distin-
guishes CNTs is not dramatic effects in the I(V)s or TEDs
due to the their novel electronic structure, but their ability
to function over long times under a condition of current-in-
duced high temperature.®>*” It has been argued before
that the intrinsic decrease in the MWNT resistance with
temperature and low surface diffusion of carbon prevents
them from falling immediately into a current runaway and
explosive breakdown common to metal emitters.”*7? The
nanotube resistive heating is a tool to preferentially clean
the principal emitters in an ensemble without external
heating. This may be the reason that such excellent stability
has been achieved in CNT flat screens where the vacuum
conditions are far from UHV. The gradual length reduction
at higher currents provides a tool for more uniform emis-
sion from a multi-nanotube emitter at the price of higher
extraction voltage. This is useful in applications such as dis-
plays where uniformity is critical.

Modelization of the heat transport problem is essential
for exploiting the FEES data to extract simultaneous esti-
mates of the physical parameters of CNTs. It has permitted
estimates of p(7T) and x(7T) together for the first time. Mea-
surements on different types of CNTs with a better charac-
terization of their crystalline structure and dimensions are
now needed so that more quantitative calculations can be
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made. The theory can then be extended to better include
advanced models of the Nottingham effects and radiation
cooling.

In conclusion, the combination of p(7T) and x(T) esti-
mates, the optical emissions, and the in situ excitation of
mechanical resonances*’! now gives FE access to four fun-
damental characteristics of a single nanotube or nanowire.
These methods are currently being applied to SWNTs and
high-quality semiconducting nanowires.

5. Experimental

Oriented MWNTs were grown by CVD directly on large Ni tips that had
been previously electrochemically etched in an HCl solution. The Ni tip was
covered by MWNTs, but oriented growth was achieved at the Ni tip apex by
flowing the gas along the tip axis during the CVD. The CVD consisted of
the decomposition of acetylene mixed with 80 % N, at 870 K. By this meth-
od the MWNTSs were securely mechanically and electrically bound to the
substrate. SEM images showed that the apex MWNTs were quite straight,
with diameters in the range 20-50 nm and lengths of up to 40 um. The mul-
tiwalled character, diameter range, and high number of defects of the
MWNTs was confirmed using a TEM with samples fabricated by exactly
the same procedure.

The FE experiments were carried out in a UHV system with a base pres-
sure of ca. 7x 107" Torr. The Ni tip was held in a W spiral to allow in-situ
cleaning by standard Joule heating to ca. 1300 K. A circular cathode loop
placed in front of the tip was used to heat the tip at up to 1600 K by electron
bombardment. Field desorption was also used to try to clean the nanotubes.
FEM and FIM patterns were observed on a multichannel plate (mcp) placed
35 mm from the tip. Irg was measured by: 1) the total current leaving the
tip; 2) letting the emission strike a polarized metal plate connected to a pi-
coampere meter; and 3) integrating the TEDs. The TEDs were measured
with an hemispherical electron energy analyzer through a probe hole in the
same UHYV system. Mechanical displacements of the FE head allowed us to
change quickly in-situ between imaging with the mcp or probe hole mea-
surements with the energy analyzer. The combination of mechanical and
electrostatic deflection with the quadrapole extraction anode allowed a pre-
cise centering and alignment of different parts of the emission pattern to the
probe hole. The temperature of the Ni base tip versus the current in the
heating spiral or during the electron bombardment was determined by opti-
cal micropyrometry in the range 920-1600 K.

Though many MWNTSs are present on the Ni tip, the FE experiments are
specific to an individual one. This is firstly because /¢ is a strongly exponen-
tial function of field and hence only a few MWNTs that protrude furthest to
the anode or which have a sharper apex radius will emit. Secondly, the radial
projection geometry of FE means that even if several MWNTs emit they are
in general projected at different angles and can be distinguished with ease in
the FE pattern and at the probe hole which subtends an angle of only 4°. In
fact, for most of our studies there was only one MWNT emitting. After it was
shortened by field desorption, another one appeared at the resulting higher
voltages, which emitted at a different angle. It contributed between 10 and
25 % of the total current, depending on the voltage range. The separation of
currents emitted from the two different MWNTSs was estimated by letting
only specific parts of the pattern strike the measuring plate or the mcp.

The general experimental procedure was as follows: 1) tip treatment; 2)
FEM and perhaps FIM observations; 3) I(V) and I(f) measurements; 4)
FEES measurements after positioning the desired part of the FEM pattern
on the probe hole; and 5) new tip treatment and repetition of the measure-
ment cycle.
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