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We have measured the size of the localized electron emission sites on multiwalled carbon nanotubes
(MWNTs) with caps closed by a fullerenelike structure. MWNTSs were individually mounted on tungsten
support tips and imaged with a field emission microscope (FEM). The magnification of the FEM was
calibrated using electron ray tracing and verified by comparing transmission electron microscope images.
The FEM image was also tested for effects of the lateral energy spread. We found ring-shaped emission
areas with three flattened sides, of a radius of 1.7 = 0.3 nm, and separated by 5 = 1 nm.
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Electron emission occurs from the apex of a carbon
nanotube when placed in an electric field of sufficient
strength in vacuum. The resulting electron beam exhibits
a specific spatial distribution of electrons [1], reflected in
its emission pattern. Several different classes of patterns
were found for nanotubes with closed caps and open caps
[1-4]. Some groups found a more or less uniform pattern
including a few broad spots [3,5]. For certain batches of
nanotubes researchers have found a pattern containing
typically six ring-shaped emission sites, and lines were
observed between these sites. These lines are attributed
to interference of electron waves emitted from the spatially
separated emission sites [6—8]. The current hypothesis is
that the rings in the emission pattern originate from the
carbon pentagon rings in the cap [1,4,8-13], with a radius
of 1.2 A [14]. A local electron source of such small size
may lead to an extraordinary brightness even to the limit of
degeneracy [9,15]. The emission patterns of carbon nano-
tubes were studied [1,4,8—13] with a field emission micro-
scope (FEM) [16]. But, because the magnification was not
known in those experiments it was not possible to verify if
the FEM images actually reflected spots of sizes of 1.2 A.
Here, we measure the size of the emission spots with a
FEM with a calibrated magnification.

In a FEM, the carbon nanotube mounted on a metal
support tip is placed in front of a phosphor screen, and
an electric potential U is applied between the tip and the
screen, leading to field emission. A magnified image of the
emission surface is obtained at the screen on account of
the geometric field enhancement at the tip. An important
question is thus whether the resolution of the FEM is
sufficient to resolve the atomic structure of the cap. The
resolution of a FEM § is given by [16,17]
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with electron mass m,, elementary charge e, reduced
Planck constant #, image compression factor k, emitter
radius of curvature R, electric field strength F, and work
function ¢. For typical values of a multiwalled carbon
nanotube (MWNT) electron emitter, U = 500 V, k=
2.5,and R = 5 nm, Eq. (1) gives the FEM resolution 6 =
1.1 nm. Thus, the theoretical resolution is not sufficient to
resolve an atomic structure.

Figure 1(a) shows a transmission electron microscope
(TEM, FEI Tecnai 300 kV) image of the apex of a MWNT
with a closed cap of a fullerenelike structure, as produced
by the arc-discharge method [18]. The shape of the cap has
characteristic flat sides and sharp edges, which are believed
to be defined by the locations of the pentagonal carbon
rings [19], with each pentagon inducing a local curvature
of the otherwise planar structure of hexagonal carbon
rings. Figure 1(b) shows a schematic representation of
the electron emission sites mapped on the surface of the
cap. The main goal of this Letter is to measure the radius of

FIG. 1. Multiwalled carbon nanotube (MWNT) with a cap
closed by a fullerenelike structure. (a) Transmission electron
microscope (TEM) image of a closed MWNT from the sample
used in this study. (b) Simplified model of a hemispherically
capped carbon nanotube, with local emission sites (gray).
Indicated are the size of the emission site r, distance between
adjacent emission sites s, and the carbon nanotube radius R.
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an emission area (r). We will also determine the distance
between the emission sites (s) and the radius of the total
emission area including all spots (R), which should match
the radius of the nanotube.

MWNTs with closed caps with a fullerenelike structure,
and grown by an arc-discharge method (Rosseter) [18,20],
were individually mounted on tungsten needles using a
nanomanipulator (Omicron) inside a scanning electron
microscope (Philips) [21,22]. The adhesion of a nanotube
to a tungsten tip was strengthened with the aid of the glue
from carbon tape. The nanotube was detached from the
bulk sample by careful pulling without breaking it, such
that its closed cap remained intact [23]. In Figs. 2(a), 2(b),
2(d), and 2(e) two mounted nanotubes are depicted, re-
ferred to as MWNT 1 and MWNT 2, respectively, in the
following text. MWNT 1 shows a kink, and it is supported
by an additional shorter nanotube from which it protruded;
see Fig. 2(a). An image of the closed cap of MWNT 1 is
shown in Fig. 2(b). Presumably due to thermal vibrations
of the nanotube [24], the image of the cap is somewhat
blurred, and its atomic structure cannot be revealed.
MWNT 2, see Figs. 2(d) and 2(e), also exhibited a closed
cap. The radii, 4.5 £ 0.5 and 5.5 £ 0.5 nm for MWNT 1
and 2, respectively, were measured as FWHM of a line
profile through the image of the nanotube perpendicular to
its length direction.

FIG. 2. Microscopy of MWNTs individually mounted on tung-
sten support tips and used as field emission electron source. (a),
(b) TEM images of MWNT 1. (c) Field emission microscope
(FEM) image obtained using MWNT 1 placed in front of a
phosphor screen and microchannel plate at a distance of 24 mm.
An extraction potential of U = 406 V was applied between the
emitter and the screen, resulting in an emission current of / =
292 nA. The tip was heated to ~500 °C. The size of the scale bar
equaled 10.5 mm on the original phosphor screen, and represents
5 nm in the FEM image using the calibrated magnification of
2100000. (d),(e) TEM images of MWNT 2. (f) FEM image of
MWNT 2 obtained at U = 420 V, and / = 102 nA.

For FEM imaging each nanotube was placed in
an ultrahigh vacuum chamber with a base pressure of
1 X 107!'° Torr in front of an imaging device consisting
of a microchannel plate and a phosphor screen
(Hamamatsu). To clean the nanotube emitter from ad-
sorbed species, it was heated in vacuum for 10 min at a
temperature of about 700 °C prior to the experiments. A
stable MWNT electron source showed maximal fluctua-
tions of the current of 0.1% [25]. Figure 2(c) shows a FEM
image of MWNT 1, with four spots oriented in a half-circle
and one spot in their middle. At the top edge of the
phosphor screen a sixth spot is faintly visible. The presence
of the sixth spot was verified by tilting the MWNT. Thus,
the total number of spots equaled the number of pentagon
dislocations needed to create a closed cap [26]. Between
the two adjacent spots lines can be distinguished that are
attributed to interference [6-8].

To relate the emission patterns in Fig. 2(c) to the atomic
and electronic structure at the cap of the nanotube we
calibrated the magnification of the FEM. This was done
by using the equation for the magnification of a field
emission microscope M = z/kR [16], with z the tip-screen
distance, k the image compression factor, and R the radius
of curvature of the emitter. For our carbon nanotube
R =4.5nm as determined from the TEM image, and
z = 24 mm, but the image compression factor was un-
known. Numerical calculations were performed to calcu-
late the magnification of the FEM via ray tracing using
Munro’s electron beam software.

In order to check the validity of this method the magni-
fication was first determined for a tungsten tip (without
MWNT) with a hemispherically shaped apex with a
radius of curvature of 100 nm on a tapered shank; see
Figs. 3(a) and 3(b). From three different points near the
emitter’s apex, ray traces were simulated and the landing
positions on the screen were obtained and used to calculate
the magnification. The magnification was found by com-
paring the distances between the rays at the screen Sgcen
and at the emitter apex s,: M = Sqereen/Sip = 1.4 X 10°.
The value k = 1.5 is known from literature for a tungsten
tip [16], yielding a theoretical value M., = 1.6 X 10°,
which corresponds to the value obtained from ray tracing
within 15%.

The carbon nanotube field emission tip was modeled as a
cylinder with a hemispherically shaped apex on a conically
shaped support tip, see Figs. 3(c) and 3(d), and it followed
that M = 2.1 X 10°. Using M = z/kR, k = 2.5. Based on
our TEM image of MWNT 1 we chose to simulate a
hemispherical cap model. However, the cap of a carbon
nanotube may exhibit sharp edges at the locations of the
pentagons of carbon atoms in the cap with an angle of
curvature 112.9° [27]. We calculated that the magnification
for this geometry was maximal M = 3.4 X 10°, see
Figs. 3(e) and 3(f), but this extreme case occurred only
at the locations of the sharp edges. Note that M will likely
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FIG. 3. Geometry used for numerical calculations of the field
factor and the magnification (M). Axial symmetry was assumed.
(a) Schematic view of a tip in front of an anode (screen). The
distance between the starting point of an electron trajectory and
the apex of the cap, measured along the surface of the cap, is
defined as s;;,. The distance from the symmetry axis to the point
where the ray hits the screen is defined as ry..,. Three points are
shown, where the electron ray tracing starts: either with zero
transverse velocity (dashed black line) or with nonzero trans-
verse velocity vVineverse (S0lid black lines). The dimensions are
not to scale. (b) The MWNT modeled as a cylinder on a support
tip. Dotted black lines show equipotential lines and the solid
black lines depict three electron trajectories. (c) Ray traces from
a MWNT modeled with a hemispherical cap. All traces start with
zero transverse energy at 0.5 nm from the apex to simulate the
tunneling barrier. (d) Plot of the calculated values of ryeen
(black, left axis) and M (gray, right axis) as a function of sy,
using the model shown in (c). (e) Ray traces from a MWNT with
a pointed cap. (f) ryreen and M as a function of sy, using the
model shown in (e).

not be this large in reality due to field penetration, which
reduces the extremity of the electric field at the edge.
With the calibrated magnification in Fig. 2(c) we can
now determine the values of R, r, and s. To compare the
total size of the emission pattern with the diameter of the
carbon nanotube we have to realize that the cap is a
hemispherical surface that is mapped onto a flat screen.
The diameter as measured on the screen d,c., corresponds
to a distance measured along the surface of the cap with
radius Regnv, dsereen = M TREpgy- At the longest side of the
emission pattern d.een/M equals 12.8 nm, which trans-
lates to a radius of the nanotube of Rggy = 4.1 = 0.6 nm.
This corresponds to the value determined from the TEM

image within the error margin. The fact that the value Rpgy;
and the value of R determined from the TEM image of
Fig. 2(b) are equal verifies the correct magnification cali-
bration of the field emission microscope.

Values of r were obtained from line profiles through the
center of each spot from which FWHM diameter values
were calculated (r = dpwiny/2) with respect to the mini-
mum (background) intensity in the emission pattern. The
individual spots were not exactly round and line profiles
were taken over their short sides. Since an individual
emission site reflected only a small solid angle of the total
cap, a correction in mapping from a curved surface on a flat
screen was neglected here. The average value of r of all
five spots was 1.7 = 0.3 nm. The average value of s (the
distance between emission sites were corrected for curva-
ture) amounted to 5.3 £ 1.0 nm. The values for MWNT 2
were M = 1.6 X 10® (error 15%), r = 1.6 = 0.4 nm,
s=45*+09nm, and R = 6.1 = 0.9 nm.

The distribution of the transverse energy of the trans-
mitted electrons limits the resolution of the FEM. We have
deconvolved the FEM image with the point spread function
as obtained from the transverse energy distribution to
increase the spatial resolution of FEM. The field emission
energy distribution of the emitted electron beam was de-
termined by measuring energy spectra of the nanotube
emitters using a hemispherical energy analyzer (VSW
Atomtech Ltd.). Figure 4(a) shows the energy spectrum
of MWNT 1, obtained at / = 130 nA and U =470 V.
The FEM images and shape of the energy spectrum suggest
that the electron emission occurred via field emission. As
verification, the current / was measured as a function of U.
The plot of In(I/U?) versus 1/U was linear, and the field
factor 8 = F/U = (1.7 = 0.1) X 10’ m~!, indicating that
field emission occurred [16] for the MWNT [28]. The
current density as a function of energy can be written
as [29]

exp(E/d)

J(E) = 1 + exp(E/kgT)’
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FIG. 4. Deconvolution of the FEM image of MWNT 1.
(a) Energy spread measurement of MWNT 1 obtained at
470 V and 130 nA. Dotted gray curve was the theoretical curve
of field emission fitted to the data. (b) Deconvolved FEM image
obtained using Fig. 2(c). The scale bar represents 5 nm.
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where d is the tunneling parameter, k; the Boltzmann
constant, and T the temperature. Equation (2) was fitted
to the data, resulting in d = 0.34 eV and T = 601 K.

The average transverse energy of the emitted electrons is
equal to the tunneling parameter d [16,30]. The probability
distribution for the transverse energy was obtained by
integrating the product of the electron supply function
and the transmission coefficient [16] over the normal
energy range (— 0o, 0) yielding the transverse energy dis-
tribution D(Elransverse) [30]:

D(Etransverse) -~

where d is the average value of the transverse energy:

e_E!ransverse/d, (3)

1
<Etransverse> = 2 <P)2c + Pg) =d. (4)
m

For U = 470 V we simulated the electron trajectories for
different transverse energies using Munro’s electron beam
software. The position deviation Ax from the trace of an
electron with zero transverse energy was found to be
proportional to the square root of the transverse energy,
Ax = &~/Eygansverse> With the proportionality constant @ =
3.63 X 1073 m//eV. Substituting this result into Eq. (3)
we found that electrons with different transverse energies
emitted from a single point on the carbon nanotube cap
yield an intensity distribution of electrons on the screen
given by

D(Etransverse) -~ e(Ax/a)z/d_ )

The Gaussian distribution of Eq. (5) was used as the point
spread function to deconvolve the FEM image (using
MATLAB). Figure 4(b) shows a much sharper image than
Fig. 2(c). The individual emission sites show a dark center.
The interference fringes between individual emission sites
are more pronounced. Note that the superimposed honey-
comb lattice is an artifact of the microchannel plate. The
average radius of the emission sites as determined from the
FWHMs of the emission patterns in Fig. 4(b) amounts to
r = 1.8 = 0.4 nm, equal to the value determined from the
original image within the error margin. Thus, even with the
corrected FEM images, the radii of the emission sites are
more than a factor of 10 larger than the size of an individual
pentagon of carbon atoms.

In conclusion, the emission surface of individual closed
MWNT field emission sources was studied with FEM. The
calibration of the magnification was verified using the radii
of the MWNTs from TEM images. The emission origi-
nated from localized sites with » = 1.7 = 0.3 nm, sepa-
rated by s = 5.3 = 1.0 nm on MWNT 1. For MWNT 2 we
found » = 1.6 = 0.4 nmand s = 4.5 = 0.9 nm. The origin
of the emission pattern can be understood as follows. The
electron emission from a capped nanotube is known to
occur from localized states present at the cap of a nano-
tube. Electron emission from several localized sites leads

to interference of the electron beams, as can be observed as
fringes in the emission pattern [7], and these fringes
flatten the sides of the spots where they are adjacent [31].
The emission spots show a dark region in their center. From
our measurements it does not seem likely that the spots
with dark center arise from emission sites of the size of
single pentagons in the carbon lattice at the cap. If the
emission would have occurred from single pentagons
namely, the emission sites would have measured r =
0.12 nm. Such small sites would have appeared as small
spots in the emission pattern on account of the limited
resolution of the FEM, and not as spots with a dark center.
The magnification of the FEM may have been enhanced at
the sharp edges of a MWNT, but not by more than a factor
of 1.6. A localized emission site is an interruption of the
delocalized 7 system of the graphene lattice at the position
of one of the bends in the structure needed to form the cap.
The site extends over multiple carbon rings [32,33]. It is
possible that local field penetration occurs, once electron
emission starts, because the electron supply might be
limited at interruptions of the electronic structure [34].
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