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Molecular images and dynamics of adsorbates on carbon nanotube (CNT) electron emitters revealed so far
by field emission microscopy (FEM) are reviewed after a brief account of the field emission phenomena
and the merit of CNTs as the field emitter. The species adsorbed on CNTs are inorganic and organic
common gaseous molecules (Hy, N, O,, CO, CO,, CH4) and aluminum (Al) clusters. In the case of N,
and CO, molecules, dumbbell-shaped images, reflecting their molecular shapes, have been observed. For
the case of Al deposition on CNTs, FEM images revealing atomic detail of an Al cluster with the cubo-
octahedron structure were observed. Discussion on the spatial resolution in FEM for CNTs suggests the
probable observation of some atomic structures with a resolution of the order of 0.3 nm.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Field emission of electrons from a single carbon nanotube (CNT)
and a film of CNTs was first reported, respectively, by Rinzler et
al. [1] and by de Heer et al. in 1995 [2]. Saito et al. reported a
field emission microscopy (FEM) study of CNTs in 1997 [3,4]. Since
then, cathode-ray tube (CRT)-type lighting elements with CNT field
emitters [5], CNT-based field emission display (FED) [6-11] and
back-light units [12] have been experimentally manufactured and
their high performance is demonstrated. Among various applica-
tions of CNTs proposed so far, field emission electron sources would
be the most promising industrially and are nearly within the reach
of practical use.

FEM images obtained from a capped multiwall carbon nanotube
(MWCNT) with clean surfaces exhibit fine structures originating
from carbon pentagons at its tip and interference fringe of emitted
electron waves [13]. Pentagonal rings with a small dark spot in their
center are imaged on a fluorescence screen, but the five carbon
atoms forming a pentagon, the nearest neighbor distance of which
is 0.144 nm, are not resolved.

The pentagonal ring patterns characteristic of capped MWCNTs
are observed when the surface of a CNT cap is clean. When a gas
molecule adsorbs onto a clean MWCNT cap, the molecule appears
as a bright spot in the FEM image and a sudden increase in emis-
sion current is observed [14]. FEM experiments give insight of the
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behavior of gas molecule adsorbed onto a clean pentagon and their
effect on the electron emission from CNT emitters.

In this article, molecular images and dynamics of adsorbates on
CNT electron emitters revealed so far by FEM are reviewed after
a brief account of the field emission phenomena and the merit of
CNTs as the field emitter. The species adsorbed on CNTs are inor-
ganic and organic common gaseous molecules (H;, Ny, 05, CO, CO5,
CH,4) and aluminum clusters. In the case of N, and CO, molecules,
dumbbell-shaped images, reflecting their molecular shapes, are
recently observed by FEM [15,16]. For metal species, on the other
hand, various unusual FEM images from metal tips and whiskers
were reported in the 1950s [17], and the controversy as to whether
FEM can reach atomic resolution or not reached its peak. However,
the advent of impressive atomic resolution images by helium field
ion microscopy (FIM) by Miiller and Badabur [18] in 1956 faded
out the controversy, and the question has remained pending ever
since. In 1956, Rose [19] proposed a resolution equation for FEM,
and suggested that atomic resolution in FEM is possible if the tip
radius is small enough. Finally, the possibility of atomic imaging of
protruding structures on CNT tips by FEM is discussed.

2. Field emission and Fowler-Nordheim model

When a high electric field on the order of 107 V/cm is applied to
a solid surface with a negative electrical potential, electrons inside
the solid are emitted into vacuum by the quantum mechanical tun-
neling effect. This phenomenon is called field emission of electrons.
Such an extremely high field can be obtained on a surface in close
proximity (several to tens of nanometer) to a counter electrode or
on a sharp tip of a very thin needle-like CNTs.
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The current density J [A/m2] of electrons emitted from a flat
unit surface by field emission, which is known as Fowler-Nordheim
equation [20,21], is expressed as

1.54 x 1076F2 < 6.8 x 109¢3/2>

J (1)

¢ F
where F is the electric field strength in V/m, ¢ the work function
of the surface in eV. This equation is correct only for an abrupt
potential drop at the metal surface. When the effect of an image
charge is taken into account, the two constants in Eq. (1) are
modified depending on F and ¢. It should also be noted that the
Fowler-Nordheim equation is derived under the following assump-
tions: electrons inside the surface are treated as free electron gas,
the temperature is 0K, and the tunneling is elastic and occurs from
a flat surface.

Various modifications of the Fowler-Nordheim model for semi-
conductors and protruding surfaces (non-flat surfaces) have been
developed [22,23]. Actually, field emission (FE) current is very sen-
sitive to not only geometrical structure of the emitter tip but also
the work function and adsorbates.

3. Advantages of carbon nanotubes as field emitters

CNTs have the properties favorable as field emitters: (1) needle-
like shape with a sharp tip, (2) high chemical stability, (3) high
mechanical strength, (4) low carbon atom mobility, and (5) high
electrical and thermal conductivity. The needle-like morphology
with an extremely small radius of curvature at the tip is the most
prominent advantage of CNTs as electron emitter. When an elec-
tric field is applied to a conductor with a sharp tip, it concentrates
at the sharp point. The field strength at the tip surface is inversely
proportional to the radius of curvature r of the tip [24]. The sur-
face of a CNT is inert and stable against residual gas molecules in
a vacuum vessel because of chemical stability of graphite material
which constitute CNTs. High mechanical strength (tensile strength
~100GPa [25]) of CNT emitters enables them to endure the high
stress caused by electrostatic forces (Maxwell tension). Together
with this robustness, low mobility of carbon atoms in CNTs make
them keep their original shape (slender and sharp tip) even under
high electric field. Finally, since CNTs, especially MWNTs formed
by arc discharge, have high electrical and thermal conductivity,
CNTs can transport and emit electrons of high current density (ca.
107 A/cm?) through their tubular walls into vacuum [26].

4. Field emission microscopy (FEM) of carbon nanotubes
4.1. FEM measurement

Field emission microscopy (FEM) enables us to image the spa-
tial distribution of the emitted electron current of a single emitter,
by using a phosphor screen as an anode. The emitter is usually
mounted on a heating loop (e.g., hairpin-shaped tungsten wire
with diameter of 0.15 mm) for cleaning the tip apex by desorbing
absorbed molecules. The emission of a metallic tip should be homo-
geneous (at least over the tip apex if the work function is constant),
while emission from localized states or from adsorbates produces
well-defined patterns. FEM provides us with important informa-
tion on the emission mechanism and surface phenomena on a CNT
[27,28].

For FEM study, it would be ideal to use a single, isolated CNT
fixed at the apex of a metal needle. Such emitters are tried to be
prepared by using micromanipulators in a scanning electron micro-
scope [29], but the emitters thus prepared are usually covered with
contaminants (hydrocarbon deposit) during the SEM observation.
Electrophoresis is an alternative method to attach a thin bundle
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Fig. 1. Schematic of a FEM apparatus.

of CNTs at the tip of a metal needle [30], though the control of
the number of CNTs in an attached bundle is difficult. The sim-
ple and easy method is to glue a bulk bundle of as-grown CNTs to
the tip of a heating loop by using a conductive paste [31]. The last
method keeps tips of CNTs clean, but the enormous number of CNTs
is protruding out at the end of the bundle.

A schematic of a FEM apparatus is shown in Fig. 1. The emitter
tip of CNTs is placed at about 30 mm distance from a phosphor
screen, on which field emission patterns can be observed. The base
pressure of the FEM vacuum chamber is 10~7 to 10~8 Pa [13,14,31].
The negative voltage of 0.6 kV to 1.6 kV was applied to the emitter
relative to the screen.

4.2. Multiwall carbon nanotubes with clean surfaces

Multiwall carbon nanotubes (MWCNTSs) produced by arc dis-
charge technique [32,33] are highly graphitized (i.e., composed of
well developed graphene layers) and thus have high structural per-
fection. The ends of arc-grown MWCNTs are capped by graphite
layers with polyhedral shapes as shown in Fig. 2. In order to give a
positive curvature to a hexagon sheet, pentagons (five-membered
carbon rings) have to be introduced to the sheet; six pentagons are
required to have a curvature of 27 steradian (i.e., a hemispherical
cap) [34]. The portion where a pentagon is located extrudes like
a vertex of a polyhedron, while the other flat regions are made of
hexagons.

Typical FEM images of MWCNT emitters with clean surfaces
are shown in Fig. 3. Clean CNT tips are acquired by heating at
about 1000 °C for a few minutes in ultrahigh vacuum chamber (e.g.,
108 Pa) by which adsorbates on CNT surfaces are desorbed [14]. Six
pentagonal rings arranged in fivefold (Fig. 3(a)) and sixfold symme-
try (Fig. 3(b)) can be observed. Each pentagonal region contained
a small dark spot at its center. It should also be noted that inter-
ference fringes are observed between the neighboring pentagons.
Structural models of CNT tips that would give the FEM patterns in
Fig. 3(a) and (b) are shown in Fig. 4(a) and (b), respectively.

Since the pentagons are locally extruding like vertices, the elec-
tric field around them would be stronger than that on other flat
regions. In addition, it is theoretically indicated that the pentagon
site has a higher density of states (DOS) near the Fermi level Eg than
the normal hexagon site [35]. Therefore, the electron tunneling
through the pentagons are expected to occur dominantly.

Such patterns consisting of arranged pentagons changes when
gas molecules adsorb on the CNT cap. An adsorbed molecule is usu-
ally imaged as a bright spot in the FEM picture, giving rise to an
abrupt increase in the emission current [14]. Similar stepwise fluc-
tuations of emission current are also frequently observed in other
FE electron sources [36,37]. The origin of the stepwise changes is
the adsorption and desorption of molecules on the surface of the
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Fig. 2. TEM picture of an MWNT produced by arc-discharge method.

emitter. Though most of adsorbed molecules in the FEM images
appear simple, bright spots (structure-less), but some molecules
exhibit characteristic shapes reflecting the molecular structure as
described in the next section.

Emission patterns from open-ended MWCNTs, which were
prepared by oxidation processes, showed bright “doughnut-like”
annular rings, reflecting the geometry of the CNT tip [4].

4.3. Single-wall carbon nanotubes

FEM of MWCNTSs with closed-caps show clear pentagon images,
but that of single-wall CNTs (SWCNTs), as shown in Fig. 5, do not
show pentagonal rings but dim (blurred) patterns which resem-
ble scanning tunneling microscope (STM) images of Cgg fullerenes
[38]. Experimental study using CNTs with different apex radii [39]
suggested that the difference in the FEM images originate from the

(a

(b)

Fig. 4. Structural models of CNT tips that would give the FEM patterns in (a) and
(b).

Fig. 5. FEM pattern of single-wall CNTs (SWCNTSs). After Dean and Chalamala [38].

difference in the radius of curvature of CNT tips; the “pentagon”
patterns are observed for CNTs with apex radii larger than ca. 2 nm
while the “dim” patterns for those with smaller apex radii.

According to the argument on the spatial resolution of FEM
[19,40], resolutions of 0.2 nm and 0.35nm are possible for emit-
ters with tip radius 1 nm and 4 nm, respectively. However, it is
not enough to resolve individual atoms on the CNT caps. Since the
pentagon-pentagon separation sp_p on a CNT cap is roughly the
same as the radius of tip curvature [39], the s,_, which differenti-
ates the patterns is approximately 2 nm.

Enhanced FE from adsorbates has been observed in the case of
SWCNTs as well. Dean et al. showed three distinct behavior states
in FE from SWCNTs at temperatures ranging from 300K to 1800 K
[41]. At room temperature, emission occurred through adsorbate
states, which they considered to be correlated to the presence of

Fig. 3. Typical FEM images of MWNT emitters with clean surfaces. Six pentagonal rings are arranged in fivefold (a) and sixfold symmetry (b).
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Fig. 6. A time-sequential series of FEM patterns from an MWCNT exposed to hydrogen gas at pressure of 1 x 10~8 Torr and the corresponding changes in the emission current
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Fig. 7. Two types of FEM pattern of a nitrogen molecule [15]. (a and b) “Cocoon”-shaped images with different orientations, and (c) bright circular spot.

water, since partial pressure of water is dominant in an unbaked
vacuum chamber. These states were removed above 900 K. After
adsorbate removal, the apparently clean CNT state showed a lower
emission current and substantially reduced emission noise. Upon
transition to the low current regime, the lobed patterns due to
adsorbed states disappeared, and dimmer FEM patterns with finer
structures, which were considered to originate from clean SWCNT
caps, were observed.

5. Field emission from adsorbates on an MWCNT
5.1. Molecules

5.1.1. Hydrogen

Fig. 6 shows a time-sequential series of FEM patterns from
an MWCNT exposed to hydrogen gas at pressure of 1.3 x 10-6 Pa
and the corresponding changes in the emission current [42]. The
pentagon pattern characteristic of a clean MWCNT cap just after
flashing (Fig. 6(a)) changed to FEM patterns in which one or two
small bright spots appeared on the pentagon pattern as shown
in Figs. 6(b) and (c), and the slight increase in the emission cur-
rent occurred concurrently with the appearance of a bright spot.
The number and the position of bright spots changed randomly,
indicating that adsorption and desorption of hydrogen molecules
occurred frequently on the CNT cap, preferentially on pentagon
sites where electric field concentrates. After the FE measurement
for 11 min with the emission current of 50-100 nA, the hydrogen
gas was evacuated and the CNT emitter was subjected to flashing.
By this cleaning process, the emission pattern recovered to the orig-
inal clean pattern, suggesting that hydrogen molecules are inert for
the surfaces of MWCNTSs under this FE condition.

5.1.2. Nitrogen

Fig. 7 shows two types of FEM image of an adsorbate in an atmo-
sphere of nitrogen gas of 8 x 10~7 Pa [15]. A bright spot, which
appears on a pentagon site, changes its brightness and shape. The
image is “cocoon”-shaped (Figs. 7(a) and (b)) when the current is

small, while the image is a bright circular spot (Fig. 7(c)) when the
emission current is large. A model explaining two different adsorp-
tion states of a single nitrogen molecule is shown in Fig. 8. If the
molecular axis of nitrogen is parallel to the substrate pentagon, as
illustrated in Fig. 8(a), the bright spot corresponding to the nitro-
gen will exhibit a cocoon shape reflecting a shape of the molecule
(interatomic distance of Ny: 0.1094 nm). When the molecular axis
is perpendicular to the substrate (Fig. 8(b)), on the other hand,
the emission pattern should be a circular bright spot. In the latter
configuration, the extended protrusion enhances the field con-
centration and thus brings about the enhanced emission current,
i.e., brighter spot. The effect of the electric field on the adsorbed
molecules is considered to become visible in this configuration;
the perpendicular configuration of the molecule is expected to gain
larger adsorption energy than the parallel configuration because

Fig. 8. A model explaining two different adsorption states of a single nitrogen
molecule. The molecular axis is (a) parallel to and (b) perpendicular to the substrate.
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Fig. 9. FEM images of an MWCNT exposed to oxygen gas [42].

the larger polarization force is induced in the perpendicular con-
figuration.

5.1.3. Oxygen

FEM images of an MWCNT exposed to oxygen gas are shown
in Fig. 9 [42]. The FEM image before the exposure to oxygen
(Fig. 9(a)) changed to those (Fig. 9(b)-(d)) after the introduction
of oxygen up to 1 x 108 Torr. Adsorption and desorption occurred
frequently at the pentagon sites, which is similar to the case of
hydrogen or nitrogen, but the pentagonal rings were not recov-
ered after the disappearance of bright spots. This suggests that
pentagons were damaged during electron emission in the oxy-
gen atmosphere. After the FE experiment for 10 min, the MWCNT
emitter was heated (1300K for 1 min) again in an ultrahigh vac-
uum in order to desorb oxygen molecules. Fig. 9(e) shows the FEM
pattern obtained after the heat treatment. All the pentagons are
damaged, and the original pattern shown in Fig. 9(a) is no longer
reproduced, exhibiting very high reactivity of oxygen against the
CNT surfaces.

5.1.4. Carbon monoxide

When carbon monoxide was introduced into the FEM chamber
up to the pressure of 1.3 x 10~ Pa, large bright spots corresponding
to adsorption of molecules appeared like oxygen adsorption. Even

though the emitter was tried to be cleaned by heating in an ultra-
high vacuum after the electron emission for 600s, the bright spot
on the top pentagon did not disappeared, and the clean pentagon’s
pattern was not recovered. This suggests that a carbon monoxide
molecule was strongly bonding to the pentagon, or it damaged to
the pentagon by the thermal desorption.

5.1.5. Carbon dioxide

FEM images of a single CO, adsorbed on an MWCNT also exhib-
ited a cocoon-shaped bright spot as in Fig. 10 [16]. Even though a
CO, moleculeis triatomic, it looks like diatomic similar to a nitrogen
admolecule shown in the previous section. The cause of exhibit-
ing the cocoon shape is probably the electric charge distribution
within a CO, molecule, in which electron cloud leans toward the
outer oxygen atoms from the centered carbon atom.

Though the CO, admolecule in Fig. 10 moved randomly and dis-
cretely on the substrate pentagon with time interval of order of
100 ms, the orientation of the long axis of the admolecule is found to
be divided statistically equally into five orientations, suggesting the
presence of five equivalent stable adsorption sites (orientations) for
a CO, on the pentagon. The angles between the molecular axes of
the adjacent orientations are in average 36° with a slight devia-
tion of only a few degrees, being in good agreement with the angle
expected for the symmetry of the pentagon. The length of diago-

Fig. 10. FEM images of (a) a clean MWCNT tip and (b) a single CO, adsorbed on it [16]. A CO, molecule exhibits a cocoon shape, whose orientation changes randomly among

the five discrete directions.
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CH4 molecule

6

Pentagon

Fig. 11. FEM images of (a) before and (b) after adsorption of a methane molecule on a pentagon at the MWCNT tip. A cross-shaped image, reminiscent of a CH4 molecule

looked along the twofold rotational symmetry axis, is observed in (b).

nal lines for the carbon pentagon with a side length of 0.142 nm,
i.e.,, C-C bond length of graphite, is 0.230 nm. This length is in good
agreement with the interatomic distance of both side oxygen atoms
in CO, molecule, i.e., 0.233 nm. Details of the adsorption sites and
the motion of a CO; on the carbon pentagon are discussed in Ref.
[16], in which the rotation angle of 72°, instead of 36°, is asserted
from an analysis of motion in the video file from frame to frame
(time interval of 1/305s), and the rotation of the molecules around
the centered carbon atom is suggested.

5.1.6. Methane

Investigation of the effect of electric field on methane adsorption
has revealed that methane adsorption occurs only when the emit-
ter was applied negative electric voltage (i.e., being biased to emit
electrons) whereas no methane adsorption was observed when
positive voltage is applied or no voltage applied in an atmosphere
of 1.0 x 10~7 Pa methane gas [43].

FEM images of adsorbed methane molecules are usually sim-
ple bright spots like inorganic molecules such as H,, O, and CO
mentioned above. Occasionally, however, a cross-shaped image is
observed as shown in Fig. 11. Since a CH4 molecule has the tetra-
hedral structure, it looks like a “cross” shape when its twofold
symmetry axis is normal to the substrate. The size of the cross image
is roughly measured to be 0.23 nm on the basis of the size of a pen-
tagon, which was observed under the admolecule. Compared with
the size of CH4 (0.21 nm, the distance between two hydrogen atoms

f'.
¢
(=
3
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of a methane molecule), the FEM gives a little larger image than the
real size. This is presumably due to an enhanced magnification of
a small protrusion on a round emitter surface [19]. From the shape
and the size of the image, we assume that the pattern corresponds
to a single molecule of methane.

5.1.7. Comparison with related theoretical studies

Theoretical studies, which can be compared with FEM images
presented in this article or explain them, are not available now,
while the variations of emission current due to adsorption of some
molecules have been discussed theoretically. According to Wad-
hawan et al. [44], adsorption of commonly electronegative gases,
for example, O, and NH3, can decrease the current, and inert gases
such as He and Ar barely affect the FE current and its stability. This
theoretical prediction contradicts the experimental observation at
least for the O, adsorption. Park et al. [45] ascribed the experi-
mentally observed emission increase by oxygen adsorption to the
local enhancement of electric field and a creation of new electronic
states.

Li and Wang [46] predicted that the adsorption of CO and CHy4
decrease the emission current because of the increase in work func-
tion. Sheng et al. [47], on the other hand, predicted that CO and CO,
decrease the current, but CH, increases it. Contradictions between
various theoretical studies themselves are found. Experimentally,
all kinds of molecules brought about emission enhancement upon
their adsorption on a CNT.

W

s T

Fig. 12. TEM images of Al-deposited MWCNTSs (a) before and (b) after field emission. Mean thickness of deposited Al is 2.5 nm. Arrows indicate Al clusters. Different MWCNTs

are shown in (a) and (b).
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Fig. 13. FEM images of (a) clean MWNT caps and (b) an Al cluster on an MWNT tip.

5.2. Aluminum clusters

Fig. 12(a) shows a transmission electron microscope (TEM) pic-
ture of Al with mean thickness of 2.5 nm deposited on MWNTSs
before the FE experiment. The deposited Al formed a discontin-
uous film consisting of isolated islands with diameter of a few nm.
After the FE experiment, diameter of Al clusters increased to about
10nm as revealed by Fig. 12(b).

During the study on the effect of Al deposition by FEM, intrigu-
ing FEM images suggestive of an Al cluster with atomic resolution
were observed [48]. Fig. 13(a) and (b) shows FEM images of an
MWCNT emitter before and after Al deposition, respectively. A
spotty pattern with a high symmetry (fourfold symmetry in this
case) appeared on the pentagon patterns characteristic of clean
caps of MWCNTs (two MWNTs are visible in this image) after the
Al deposition, as shown in Fig. 13(b). The contrast of the spotty pat-
tern is reminiscent of the structure of an atom cluster with a shape
of cubo-octahedron, which is a crystal form characteristic of face-
centered cubic metals [49]. A model of the structure consisting of
38 Al atoms is illustrated in Fig. 14. The fourfold symmetry of the Al
image suggests that the Al cluster is oriented with its [100] direc-
tion normal to the nanotube surface. Four bright spots observed in
the central part of the Al image correspond to four corners of the
top (1 00) surface. Four dark regions surrounding the central (1 00)
face correspond to (11 1) faces, which are outlined by bright edges
and corners.

The distance between neighboring atoms along the edge of the
(100)surface is 0.286 nm when the lattice constant of the cluster is
the same with that of bulk Al Using the size of the carbon pentagon
(approximately 0.25nm in diameter) as a measure of magnifica-
tion of FEM images, under an assumption that the pentagon image
originates from five carbon atoms comprising a pentagon, the dis-
tance between the bright spots at the corners of the (100) face is
estimated to be in a range from 0.28 nm to 0.31 nm, being in good

0.286 nm

Fig. 14. Cubo-octahedron of an Alsg cluster.

agreement with the nearest neighbor distance on the Al (100) sur-
face. In this case, the magnification enhancement due to a small
protrusion on a round tip seems not to be so large.

Metal clusters or nanoparticles often exhibit atomic structures
different from crystal structures in bulk, e.g., icosahedral or mul-
tiply twinned structures for elements which form fcc structures
in bulk. For Al, however, icosahedral structures have never been
observed ever for small particles by electron microscopy [49]. The-
oretical calculations also suggest that the structural transition from
the fcc to the icosahedron structures lies in a range of size between
13- and 55-atom clusters [50]. The present Al cluster falls in this
transition range in size. Thus, it is highly probable that the Al cluster
exhibits the same structure with the bulk.

The polyhedral Al cluster (Fig. 13(b)), exhibiting rotation and
migration, disappeared in several seconds from the field of view
after its appearance, and finally the original clean cap was recov-
ered. The migration and diffusion of Al clusters on MWCNTSs are
responsible for the increased diameter of Al clusters observed by
TEM after the FE experiment as shown in Fig. 12(b).

6. Resolution in FEM and possible observation of atomic
detail

In 1956, Rose [19] gave the equation of FEM resolution §, which
consists of the two principal components, namely, the momen-
tum uncertainty and the effect of the transverse velocities of the
electrons near the top of Fermi level in the emitter:

5= (27")1/2 (1 + mev02>]/2 (2)
mM hM

where M is magnification, t is the time-of-flight of an electron from
emission tip to screen, vg is the average transverse velocity, h is
Planck’s constant/27r, and m is the electron mass. When M/t is large
enough to assume 2mwg/hM « 1, the term containing vg become
negligible and the resolution is limited by the uncertainty princi-
ple. Under such a condition, say M/t ~ 2.5 x 10'°, he suggested that
small protrusions on the surface of the tip can provide resolution
of the order of 0.3 nm so that some of their atomic detail should be
observable. M is always reduced by a factor 8 from that expected
for a spherically symmetric geometry where the tip and screen are
assumed to be concentric spheres of radii R and z, i.e.,

M:& (3)
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Using the approximation 8~ 1.9, t ~ z(2 eV/m)’l/2 and vy ~ 2 x
10°m/s(=0.11eV), the following practical form of resolution
equation [19,40] is obtained:

1/2
2.22R) (4)

5:0.8(50(%)”(1 L 228

where § is in nm, R is the tip radius in nm, and V is the applied
potential in volts between the tip and screen.

From Eq. (4), we see that atomic resolution is attainable for
R/VV < 1. In the experiment using an MWCNT as an emitter, R
and V are about 5nm and the applied voltage of 1.5KkV, respec-
tively. These parameters give a resolution of the order of 0.3 nm,
indicating that some of atomic detail is observable in the present
experimental condition.

7. Conclusions

The phenomena of electron field emission from CNTs and their
applicability to vacuum electronic devices such as field emis-
sion displays and lamps have been intensively studied since the
first reports illustrating intriguing and excellent field emission
properties of CNTs [1,2]. CNTs possess unique structural and physic-
ochemical properties distinctive from traditional metal emitters
(e.g., tungsten and molybdenum); extremely small tip radius (1
to 10nm), well defined, stable surface structures (composed of
carbon hexagons and pentagons) made of strong C-C bonds, no
oxide formation and no surface diffusion of carbon atoms. This arti-
cle focuses on the fundamental properties of CNT field emitters,
and reviews recent FEM studies suggesting near-atomic resolu-
tion images of adsorbed molecules and metal clusters. The high
resolution is probably due to the small tip radius of these CNT emit-
ters as suggested by Rose’s estimation of resolution [19] though
it is rather old. The appearance of pentagons in FEM images, as a
measure of magnification of the images, is another merit of CNT
emitters. Adsorbed molecules shown in this review are small com-
mon molecules such as N, and CO,. When metal (W or Mo) needles
were employed as FEM emitter, such molecular images reflecting
their structures were never observed because of presumable reac-
tions between an admolecule and the metal surface. The chemical
inertness of CNT surfaces is responsible for the stable observation
of these small molecules.

In the 1950s, there was controversy as to whether objects of
atomic dimensions can be resolved by FEM. The most interest-
ing and yet controversial FEM patterns are quadruplet or doublet
patterns originating from organic dye molecules such as phthalo-
cyanine or flavanthrene reported first by Miiller [51]. The advent of
CNTs as field emitters will revive the discussion on FEM resolution
and open a new focus on the FEM technique for direct observation
of adatoms and admolecules. For developing the FEM technique,
a realistic theory applicable to CNT emitters is seriously required
since the simple F-N theory is inadequate for the more sophisti-
cated analysis of FEM observations.
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