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Theoretical comparison between field emission from single-wall and multi-wall carbon nanotubes
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We present three-dimensional simulations of field emission from single-wall and multi-wall carbon nano-
tubes. The structures considered are the metallic ideally open~5,5!, ~10,10!, ~15,15! and
~5,5!@~10,10!@~15,15! nanotubes. For the multi-wall structure, flat and convex terminations are considered.
The scattering calculations are achieved using a transfer-matrix methodology and band-structure effects result
from using pseudopotentials and repeating periodically a basic unit of the nanotubes. The electronic emission
from the single-wall nanotubes considered is found to decrease linearly with the radius of the tube. Multi-wall
nanotubes are better emitters than single walls, the current extracted from multi-wall structures being higher
than the total current obtained by considering their single-wall layers separately. The current emitted from a
multi-wall structure is still increased when the termination is convex~instead of flat!. The reduced polarizabil-
ity of multi-wall nanotubes~compared to single-wall structures! is an important aspect for explaining their
field-emission properties.
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I. INTRODUCTION

Carbon nanotubes show interesting field-emission pro
ties such as low extraction field, high current density, a
long operating time. In general, the current-voltage char
teristics of carbon nanotubes are found to follow a Fowl
Nordheim type tunneling law1–4 with an emitter work func-
tion around 5 eV depending on the type of nanotu
Electronic states localized near or at the apex of the nano
influence the current emission profile.5,6 These localized
states are relatively well documented for various kinds
tube termination7–10 and can be induced by the extractio
field.11 It is assumed in most calculations that the dangl
bonds are not saturated although it is recognized that in
bient conditions hydrogen may saturate them.12

In extension of previous simulations of field emissi
from carbon nanotubes,13–16 we now consider the depen
dence of the emission from single-wall nanotubes on
radius of the tube and compare these results with those
tained with multi-wall structures. The methodology used
this paper is the transfer-matrix technique developed in p
vious publications.17–19 The potential energy is calculate
using the pseudopotentials of Bacheletet al.20 In addition, in
order to reproduce band-structure effects, a basic unit of
nanotubes is repeated periodically in an intermediate reg
between the supporting metallic substrate and that contai
the fields~see Fig. 1!.

The main features of this model are described in Sec
Section III presents results of field emission from single-w
and multi-wall nanotubes, for a given local electric field
2.5 V/nm. The current emitted from single-wall structures
found to decrease linearly with the radius of the tube. Mu
wall nanotubes are better emitters than single-wall structu
the current extracted from multi-wall nanotubes being hig
than that obtained by considering their single-wall layers
dividually. Using multi-wall nanotubes with a convex term
nation ~instead of a flat one! further improves the emission
0163-1829/2002/65~15!/155420~6!/$20.00 65 1554
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II. THEORY

The geometry considered in this paper is depicted in F
1. The nanotube is located between a metallic substrate~re-
gion I, z<2N3a) and the field-free vacuum~region III, z
.D). The intermediate region consists of a field-free reg
2a3N<z<0, which containsN periodic repetitions of a
basic unit of the nanotube, and region II (0<z<D), which
contains the part of the nanotube subject to the extrac
field. This field results from an electric biasV, which is es-
tablished between the two limits of region II. The field-fre
intermediate region2N3a<z<0 is an artificial part of the
model, which is introduced for the purpose of reproduci
appropriate band-structure effects~intrinsic to the nanotube!
in the distribution of incident states and is not related to
experimental picture, where nonzero fields would remain
til the metallic support in region I. Due to the nanometr
dimensions of both the nanotube and the cathode-anode
tanceD used in our simulations, the applied electric fie
V/D ~2.5 V/nm! should be regarded as alocal field, i.e., as
already magnified by a micron-long nanotube body, in or
to account for experimental fields being typically of a fe
volts per micron.

The potential energy in region II is calculated by usi
techniques of Ref. 18, with a pseudopotential for the ion-c
potential.20 The electronic density associated with the fo
valence electrons of each carbon atom are represented b
sum of two Gaussian distributions~with parameters given in
Ref. 20!. These electronic densities are displaced from
nuclear positions according to the polarizationpj of the cor-
responding carbon atom. The dipolespj are calculated17 by
taking account of the extraction field, dipole-dipole intera
tions, and the anisotropic polarizability21 of the carbon at-
oms. The electronic exchange energy is evaluated by u
the local density approximation43 CXr1/3, wherer(r ) is the
local electronic density18 andCX523/4(e2/4pe0)(3/p)1/3.

To compute electron scattering from the metallic substr
~region I! to the vacuum~region III!, we used the transfer
©2002 The American Physical Society20-1
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matrix technique described in Refs. 17–19. In this formu
tion, the electrons involved in the transport remain localiz
inside a cylinder of radiusR in the regions preceding th
vacuum region III (R is chosen large enough so the resu
are independent of its particular value!. Making use of the
cylindrical symmetry in the problem, the wave function
expanded in terms of basis states in region I asCm, j

I ,6

5Am, j Jm(km, jr)exp(imf)exp@6iA(2m/\2)(E2Vmet)z# and
in the anode plane z5D as Cm, j

D,6

5Am, j Jm(km, jr)exp(imf)exp@6iA(2m/\2)Ez#, where the
Am, j are normalization coefficients,Jm Bessel functions,km, j
transverse wave vectors solutions ofJm(km, jR)50, E the
electron energy, andVmet is the potential energy in the sup
porting metal. The6 signs refer to the propagation directio
relative to thez axis, which is oriented from region I to
region III. The transfer-matrix methodology17 then provides
scattering solutions of the form

FIG. 1. Schematic depicting of the geometry of the nanotu
field emission process. Region I (z<2a.N) is a perfect metal. The
intermediate region2a.N<z<0 containsN periodic repetitions of
a basic unit of the~10,0! nanotube. Region II (0<z<D) contains
the part of the nanotube subject to the electric field. Region IIIz
.D) is the field-free vacuum. The arrows in the regions I and
symbolize scattering solutions, with a single incident state in reg
I and the corresponding reflected and transmitted states~whose co-
efficients are contained in the transfer matricest21 andt11 respec-
tively!.
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corresponding to single incident statesCm, j
I ,1 with a unit am-

plitude ~the t21 and t11 matrices are defined in Fig. 1!.
Total current densities result from the contribution of eve
solution associated with a propagative incident state in
supporting metal.

III. APPLICATION: FIELD EMISSION FROM SINGLE-
WALL AND MULTI-WALL NANOTUBES

We previously investigated field emission from singl
wall semiconducting ~10,0! and metallic ~5,5! carbon
nanotubes.13–16 For these structures, the total-energy dist
bution of field-emitted electrons exhibits the gap of t
~10,0! nanotube15,22 as well as peaks, which are related
both the van Hove singularities23 in the distribution of states
and stationary waves in the carbon nanotube structure.14,15

As expected, metallic nanotubes are found to be better e
ters than semiconducting ones. Due to field penetration be
more pronounced in open structures than in closed o
single-wall open structures are predictably better emitt
than closed ones. The current enhancement following hyd
gen saturation of the dangling bonds of the open~5,5! struc-
ture was presented in Ref. 13. Finally, we investigated
Ref. 16 the efficiency of a photostimulation to increase
emission. It turns out that photostimulation can increase,
orders of magnitude depending on the photon energy and
power-flux density of the radiation, the current emitted fro
the semiconducting~10,0! structure, thus providing an effi
cient way to control the rate of emission~by the radiation
instead of the electric field!. In this paper, we study the de
pendence of the emission on the tube radius~for single-wall
nanotubes! and compare these results with those obtain
with multi-wall structures.

Since our objective is to achieve high rates of emissi
only metallic nanotubes will be considered, i.e., the sing
wall ~5,5!, ~10,10!, and~15,15! nanotubes and the multi-wa
~5,5!@~10,10!@~15,15! combining these three first struc
tures~see Ref. 24 for energy considerations!. The nanotubes
are ideally open~i.e., without hydrogen saturation!. They all
have N516 periodic repetitions of their basic unit in th
field-free region between the metallic substratez
<2Na and the region 0<z<D where the fields are presen
For the purpose of reflecting the properties of infinite nan
tubes, the metal in region I is given an internal potent
energy 16 eV lower than the vacuum level and a Fermi le
adjusted to the middle of the metallic plateau in the ene
distribution of incident states~which is 5.25 eV below the
vacuum level!. The region 0<z<D containing the fields al-
ways includes seven basic units of the nanotubes, excep
the case where a convex termination is considered for
multi-wall structure~this case is described below!. The basic
units of the~5,5!, ~10,10!, and~15,15! nanotubes all have the
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same lengtha of 0.246 nm and radii, respectively, of 0.33
0.678, and 1.017 nm. The multi-wall~5,5!@~10,10!@~15,15!
nanotube~with flat termination! is the combination of these
three structures. See Fig. 1 for a schematic depiction.

The simulations all assume the same extraction fieldV/D
of 2.5 V/nm ~the biasV is 12 V and the cathode-anode di
tanceD is 4.8 nm!. This local field value results from th
geometric enhancement of the applied macroscopic field
the micron long emitter. Finally the temperatureT is taken to
be 298 K.

A. Field-emission from „5,5…, „10,10…, and „15,15… single-wall
nanotubes

Let us consider the single-wall~5,5!, ~10,10!, and~15,15!
nanotubes of equal length. They are metallic and have s
lar band structures. They have the same length. The radiu
the ~10,10! and ~15,15! structures is, respectively, two an
three times that of the~5,5! structure. Differences in the
field-emission properties are therefore essentially due to g
metrical factors and to the shape of the potential barrier
ing the emitter.

The potential-energy distribution associated with t
~15,15! structure is illustrated in Fig. 2@the distribution cor-
responding to the~5,5! structure appears, with less details,
Fig. 1#. The lines in the figure indicate equipotentials as
ciated with integer values (1,2, . . . ,11 eV). The total-
energy distributions of the electrons that are emitted from
~5,5!, ~10,10!, and~15,15! structures are illustrated in Fig. 3

The distributions are similar and exhibit peaks at the sa
position. As explained in Ref. 14, these peaks are relate
stationary waves in the structure~their number increases wit
the length of the nanotube!. The fact they appear at the sam
position is due to the fact the three structures have the s
length~and the same internal potential energy!. Experimental
observation of peaks in the total-energy distributions of c
bon nanotubes is reported in Refs. 3,6.

The currents extracted from the~5,5!, ~10,10!, and~15,15!
nanotubes are, respectively, 0.29831027, 0.20531027, and

FIG. 2. Potential-energy distribution~section in thexz plane!
corresponding to an open~15,15! nanotube, a cathode-anode di
tance of 4.8 nm and a bias of 12 V.
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0.12431027 A. Considering the radii are 1, 2, and 3 time
0.339 nm, we see that the current extracted from these
bon nanotubes decreases with the radius and that this
crease is essentially linear. This reduction of the current
consequence of the field amplification factorb decreasing
with the tube radius~due to a diminishing aspect ratio!, as
demonstrated by Adessiet al.25

B. Field emission from „5,5…@„10,10…@„15,15… multi-wall
nanotubes

The first multi-wall nanotube considered is th
~5,5!@~10,10!@~15,15!, structure consisting of the three pre
vious single-wall structures. It has the same length and
dius as the single-wall~15,15! nanotube and the terminatio
is flat.

The potential-energy distribution associated with th
structure is illustrated in Fig. 4. Although the length is t
same as in the previous case, the equipotential facing
multi-wall nanotube is at 7 eV, while it was at 8 eV for th
three previous single-wall structures. This observation me
that for the same length, the potential barrier facing a mu
wall nanotube is lower than that facing a single wall, so t
electronic emission is larger as explained below.

The reason for the potential barrier being lower com
partly from the dipole-dipole interactions between neighb
ing tubes, which reduces the response of the system to
external field. The polarization of the nanotube is theref
smaller and the field penetration higher. This explains w
the facing equipotential is smaller than in situations wh
the tendency of equipotentials to bypass the emitter is m
pronounced because of a higher polarization of the struct

The total-energy distribution corresponding to the fl
multi-walled nanotube is shown in Fig. 5. The distribution
dominated by peaks, which are sharper than for the sin
walled nanotubes shown in Fig. 3. We also note the app
ance of additional peaks in Fig. 5. A reason for both t
increased number and sharpness is the size effect, that is

FIG. 3. Total-energy distribution of electrons field emitted, r
spectively, from single-wall~5,5! ~solid!, ~10,10! ~dashed!, and
~15,15! ~dot-dashed! nanotubes, for an extraction field of 2.5 V/nm
0-3
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larger diameter of multi-walled nanotubes can accommod
additional propagating states which are channeled into a
rower discrete energy range due to the strong interaction
tween the walls of the composite nanotube. An analog
this phenomenon would be propagation of electromagn
waves in a coaxial waveguide. We noticed that the poten
wells on the carbon atoms are deeper for the multi-w
nanotube than for the single-wall structures~the energy dis-
tributions represented in Figs. 2, 4, and 6 are truncat!.
These deeper potentials are due to the displacement o
electronic charges of the carbon atoms being larger~because
of increased interactions between the atoms in the diffe
layers!, so that the screening of the nuclear charge is l
efficient. These deeper atomic potentials also contribute
sharper peaks.

The total current extracted from this multi-wall structu
is 0.86931026 A. This value is 14 times the sum of th

FIG. 4. Potential-energy distribution~section in thexz plane!
corresponding to an open~5,5!@~10,10!@~15,15! nanotube with
flat termination, a cathode-anode distance of 4.8 nm and a bia
12 V.

FIG. 5. Total-energy distribution of electrons field-emitted fro
a multi-wall ~5,5!@~10,10!@~15,15! nanotube with flat termination
for an extraction field of 2.5 V/nm.
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currents extracted from the~5,5!, ~10,10!, and~15,15! struc-
tures separately. The reason for that is, of course, that
facing potential barrier is lower.

The next multi-wall structure considered has a conv
termination. The central~5,5! structure has nine basic unit
in region II, the intermediate~10,10! eight units, and the
external ~15,15! seven units as in the previous case. T
corresponding potential-energy distribution is illustrated
Fig. 6. The equipotential facing the emitter is approximat
at 7 eV, but the extreme apex of the physical structure
tends slightly above that equipotential surface. Thus,
emission is expected to be enhanced~the situation is close to
breakdown, where electrons would travel ballistically ov
the potential barrier!.

The total-energy distribution of the electrons emitted fro
this structure is illustrated in Fig. 7. The distribution is dom
nated by a peak, which is related to the central, longest

of

FIG. 6. Potential-energy distribution~section in thexz plane!
corresponding to an open~5,5!@~10,10!@~15,15! nanotube with
convex termination, a cathode-anode distance of 4.8 nm and a
of 12 V.

FIG. 7. Total-energy distribution of electrons field-emitted fro
a multi-wall ~5,5!@~10,10!@~15,15! nanotube with convex termi-
nation, for an extraction field of 2.5 V/nm.
0-4
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THEORETICAL COMPARISON BETWEEN FIELD . . . PHYSICAL REVIEW B65 155420
of the nanotube. The current extracted in this case is 0.
31025 A. This value is 2.5 larger than for the flat structur
which is expected from our previous comments on the
tential energy.

We conclude that multi-wall nanotubes with a convex t
mination are better emitters than with a flat one. It has to
noted that closed single-wall nanotubes were observed5,13,14

to be less efficient emitters than open ones. Single-w
nanotubes have a stronger tendency to polarize in respon
the field. When these structures are closed, the screenin
the electric field is increased, the lowering of the poten
barrier less pronounced and therefore the current redu
The response of multi-wall structures to the external field
however, less pronounced, so their extension to achiev
convex termination essentially results in a deeper penetra
into the potential barrier, which here increases the emiss
This difference between single-wall and multi-wall nan
tubes in the response to the electric field explains these
posing effects on the emission. This comment, howev
needs to be tempered by the fact that open multi-wall na
tubes with convex termination are not closed multi-w
structures. Our observations are, however, supported by
measurements of Bonardet al.,2 according to whom closed
multi-wall nanotubes~so extended structures such as tho
discussed here! are better emitters than open ones.

Finally we compare these last results with those cor
sponding to a single-wall~5,5! nanotube having nine basi
units in region II, i.e., the internal tube of the conve
terminated~5,5!@~10,10!@~15,15!. The current obtained for
this elongated~5,5! nanotube is 0.35831026 A. This is 6
times less than the current extracted from the conv
terminated~5,5!@~10,10!@~15,15! @and even 2.4 less tha
the current extracted from the flat-terminate
~5,5!@~10,10!@~15,15!, which is shorter#. The significance
of this comparison is that the emission from the conve
terminated~5,5!@~10,10!@~15,15! multi-walled nanotube is
not only due to its inner, longer tube but there is a collect
effect due to three tubes contributing to the emission. T
collective effect reduces the response of the whole nano
to the external field and thus lowers the facing potential b
rier.

IV. CONCLUSION

In this paper, we have investigated field emission fro
ideal ~i.e., unrelaxed and unsaturated! single-wall and multi-
wall carbon nanotubes. Comparisons between single-
nanotubes of different radii and the corresponding multi-w
structures~with flat or convex termination! were considered.
s
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The technique used for these simulations takes accou
the three-dimensional aspects of the problem~i.e., the atomic
configuration and the potential barrier associated with fi
emission!. The local field was estimated to be a few V/n
based on a geometric enhancement of the experimentall
plied macroscopic field of a few V/micron.

The current extracted from single-wall nanotubes was
served to decrease with the radius of the structure. This
servation agrees with calculations of Adessiet al.,25 where
the field amplification factorb of nanotubes is also found t
decrease with the radius. For larger radii, the increase o
emitting area may have more influence on the emission
the decrease of theb factor, so in this case the current cou
increase with the radius. This regime, however, for numer
reasons, is out of reach of this technique so our conclus
only apply to diameters of a few nanometers.

Multi-wall nanotubes were observed to be better emit
than single-wall nanotubes. This conclusion is in agreem
with measurements of Bonardet al.2 The main reason foun
in this paper is the smaller polarization of the structu
which is responsible for the facing potential barrier be
lower. This lower global polarizability of multi-wall nano
tubes means that an essential aspect of any protrusio
these structures is a deeper penetration of the emitter ap
the potential barrier~resulting in an enhanced emission!. In-
deed multi-wall nanotubes were shown to be better emit
when the termination is convex~instead of flat! and it is
usually observed2 that closed multi-wall nanotubes are bet
emitters than open ones~despite the fact that the screening
the electric field should be more efficient for closed str
tures!. It is to be noted that the screening of the electric fi
is the dominating aspect when closing single-wall nanotu
as closed~5,5! single-wall nanotubes were demonstrated13,14

to emit less current than the corresponding open structu
This last observation implies that a compromise betw
higher penetration in the potential barrier and better scre
ing of the electric field probably exists for closed multi-w
nanotubes, explaining why they are not always observe
emit more current than open ones.
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