
m

PHYSICAL REVIEW B 68, 235401 ~2003!
Transfer-matrix simulations of field emission from bundles of open and closed
„5,5… carbon nanotubes
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We present simulations of field emission from bundles of metallic~5,5! carbon nanotubes, which are either
ideally open or closed. The scattering calculations are achieved using a transfer-matrix methodology for
consideration of three-dimensional aspects of both the emitting structure and the surface barrier. Band-structure
effects are reproduced by using pseudopotentials and enforcing the incident states to first travel through a
periodic repetition of the tubes’ basic cell before entering the region containing the fields. The bundles consist
of three and six identical structures, which are placed at the corners of equilateral triangles. In all cases, the
closed emitters are found to emit less current than the open ones and to be more sensitive to the electric field
in their response to neighboring tubes. Due to the enhanced screening of the electric field, the bundles’
emission rates are reduced compared to those of the isolated tubes. It turns out that the rates characterizing
bundle and isolated emitters are related by a simple formula, whose dependence on the electric field suggests
deviations from the Fowler-Nordheim equation at high fields. Finally, the position of peaks associated with
quasilocalized states on top of the closed emitters appears to be a strong indicator of the tubes’ environment.
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I. INTRODUCTION

Carbon nanotubes show interesting field-emission pro
ties such as low extraction field~macroscopic values of th
order of a few volts per micron! and high current densities
In general, their current-voltage characteristics are found
follow a Fowler-Nordheim-type tunneling law1–4 with an
emitter work function around 5 eV depending on the type
nanotube. Electronic states localized near or at the ape
the nanotube influence the current emission profile.5,6 These
localized states are relatively well documented for vario
kinds of tube termination7–10 and can be induced by the ex
traction field.11 It is assumed in most calculations that t
dangling bonds are not saturated, although it is recogn
that in ambient conditions hydrogen may saturate them.12

In field emission devices, carbon nanotubes are not
lated but entangled with many others or grown in arra
Their emission properties are modified because of the str
dependence of the local extraction field on the tub
environment.13,14 It was established by Nilssonet al.13 that
the optimal spacing between aligned nanotubes is appr
mately twice their length. In an extension of previo
publications,15–21 we consider here the conditions of clo
proximity that characterize bundles of nanotubes. It was
ready shown by Lovallet al.22 that the bundles’ emission i
dominated by the protruding tube. We will consider t
complementary situation where the nanotubes have all
same length and compare the emission properties of t
ideal bundles with those of their isolated components.

To achieve this objective, we solve the Schro¨dinger
equation23,24 with a three-dimensional potential represen
tive of both the emitters’ structure and the surface barr
The potential energy is calculated using the techniques
Ref. 25 with improvements described in this paper as wel
the Bacheletet al.26 pseudopotential for the representation
0163-1829/2003/68~23!/235401~10!/$20.00 68 2354
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carbon atoms. Band-structure effects are included in the
ergy distributions by enforcing the incident states to fi
travel through the periodic repetition of the emitters’ ba
cell before entering the region containing the fields.

The main features of our model are described in Sec
Section III then presents results of field emission from m
tallic ~5,5! nanotubes, which are either isolated or in bundl
ideally open or closed. The bundles are described by thre
six identical structures placed with a spacing of 0.32 nm
the corners of equilateral triangles. In all cases, the clo
emitters are found to emit less current than the open ones
to be more sensitive to the electric field in their response
neighboring tubes. Due to the enhanced screening of
electric field, the bundles’ emission rates are reduced c
pared to those of the isolated tubes. As established in Sec
these rates are related by a simple formula, whose de
dence on the electric field suggests deviations from
Fowler-Nordheim equation at high fields. Finally, the po
tion of peaks associated with quasilocalized states on to
the closed~5,5! nanotubes turns out to be a strong indica
of the tubes’ environment.

II. THEORY

The geometry considered in this paper is depicted in F
1. The nanotubes are located between a metallic subs
~region I,z<2N3a) and the field-free vacuum~region III,
z>D). The intermediate region consists of a field-free
gion (2a3N<z<0), which containsN periodic repetitions
of the nanotubes’ basic cell, and region II (0<z<D), which
contains the part of the nanotubes subject to the extrac
field F. The purpose of the2a3N<z<0 region is to repro-
duce appropriate band-structure effects in the distribution
incident states. This part of the model is not related to
experimental picture, where nonzero fields would remain
to the metallic substrate. For each simulation, we consid
©2003 The American Physical Society01-1
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MAYER et al. PHYSICAL REVIEW B 68, 235401 ~2003!
distanceD5V/F, whereV is the electric bias between re
gions I and III ~we consider a fixed value of 12 V!.

The potential energy in region II is calculated by usi
techniques described in previous publications.15 For each
carbon atom, we use the Bacheletet al. pseudopotential26 to
represent the ion-core potential while Gaussian distributi
are used for the remaining electronic densities. These
contributions are displaced rigidly from both sides of t
atomic position, according to the polarizationpj of the atom
for which they are representative. The atomic polarizatio
$pj% are calculated23 by taking account of the extraction field
direct dipole-dipole interactions, as well as indirect intera
tions with images. These image interactions indeed ins
the cancellation of the electric field in the regionz<0. In
order for the model to be consistent, thez50 plane has to
describe a mirror symmetry of the basic cell used to c
struct the nanotubes@in the case of (n,n) structures, this
plane has to contain~unpolarized! atoms#. We neglect any

FIG. 1. Schematic depicting of the model. Region Iz
<2aN) is a perfect metal. The intermediate region2aN<z<0
containsN periodic repetitions of the nanotubes’ basic cell~only
one cell is represented!. Region II (0<z<D) contains the part of
the nanotubes subject to the extraction field. Region III (z>D) is
the field-free vacuum. The arrows in regions I and III symbol
scattering solutions, with a single incident state in region I and
corresponding reflected and transmitted states~whose coefficients
are contained in the transfer matricesS21 andS11, respectively!.
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influence that the anode may have on the nanotube~through
additional image contributions to the potential energy!, as
these effects are negligible in experimental conditions. F
lowing Ref. 27, we use a polarizability tensoraj /(4pe0)
whose main components are 3.0, 0.865, and 0.865 Å3. Fi-
nally, the exchange contribution to the potential energy
calculated within the local-density approximation.25

The electronic scattering from the metallic substrate to
vacuum is calculated by the transfer-matrix technique
scribed in Refs. 23 and 24. In this formulation, the electro
are confined inside a cylinder of radiusR ~chosen large
enough so that the results are independent of its partic
value!. Making use of the cylindrical symmetry of the prob
lem, the wave function is expanded in terms of basis sta
Cm, j

I,65Am, j Jm(km, jr)exp(imf)exp@6iA(2m/\2)E2Vmet)z]
in region I and Cm, j

III, 65Am, j Jm(km, jr)exp(imf)
3exp@6iA(2m/\2)Ez#) in region III. In these expressions
the Am, j are normalization coefficients,Jm are Bessel func-
tions, km, j are transverse wave-vector solutions
Jm(km, jR)50, E is the electron energy, andVmet is the po-
tential energy in the supporting metal. The6 signs refer to
the propagation direction relative to thez axis, which is ori-
ented from region I to region III. The transfer-matr
methodology23 then provides scattering solutions of the for

Cm, j
1 5

z<2a3N

Cm, j
I,11 (

m8, j 8
S(m8, j 8),(m, j )

21 Cm8, j 8
I,2

5
z>D

(
m8, j 8

S(m8, j 8),(m, j )
11 Cm8, j 8

III, 1 , ~1!

corresponding to single incident statesCm, j
I,1 in the metallic

substrate~the S21 andS11 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. The procedure is not self-consistent, as
do not consider the corrections that these scattering solut
should induce on the potential energy.

III. APPLICATION: FIELD EMISSION FROM BUNDLES
OF OPEN AND CLOSED „5,5… CARBON NANOTUBES

We investigated in previous publications16–20the transport
and field-emission properties of metallic~5,5! carbon nano-
tubes. Our model reproduces the constant density of st
around the Fermi level as well as peaks associated with
Hove singularities in the distribution of incident states.17 For
the small tube lengths considered, we could observe osc
tions in the energy distribution of both incident and fiel
emitted states, which come from stationary waves in
structure.16,17,28 Closing the nanotube introduces a quasi
calized state on top of the emitter, which has observa
effects in the energy distribution of emitted electrons.16 It
also increases the screening of the electric field and red
the emission. Saturating the dangling bonds of open tu
with hydrogen reduces the width and height of the poten
barrier, which tends to increase the emission.16 Using a pho-

e
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TRANSFER-MATRIX SIMULATIONS OF FIELD . . . PHYSICAL REVIEW B68, 235401 ~2003!
FIG. 2. Representation of bundles of one, three, and six closed~5,5! carbon nanotubes.
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tonic stimulation, a further amplification of the current
achieved.19

In this paper, we investigate how the emission proper
of ideally open and closed~5,5! carbon nanotubes are a
fected by the close proximity of identical structures, in t
conditions characterizing bundles of nanotubes. The bun
we consider consist of three or six identical~5,5! structures
placed with a spacing of 0.32 nm at the corners of equilat
triangles~see Fig. 2!. Each nanotube consists ofN516 ba-
sics cells~320 atoms! in the region2Na<z<0 and 11 cells
~220 atoms! in the region 0<z<D. The length of these two
parts of the nanotube is 3.935 nm and 2.705 nm, respecti
~the radius is 0.339 nm!. Thirty additional atoms are used t
close the structure. For the metallic substratez<2Na to
reflect the properties of infinite nanotubes, it is given an
ternal potential energy and a Fermi level of216 and
25.25 eV, respectively~compared to the vacuum level!. The
simulations assumelocal extraction fields of 1, 1.5, and 2
V/nm. These values have to be considered as already m
nified by a micron-long body in order to account for th
difference with macroscopic values~of the order of a few
volts per micron!. Finally, a temperatureT of 298 K is as-
sumed.
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A. Field emission from isolated open and closed„5,5… nanotubes

The potential energy associated with isolated open
closed~5,5! nanotubes is illustrated in Fig. 3. The represe
tation corresponds to an applied electric field of 2 V/nm a
the equipotentials are labeled by integer values in eV. T
total-energy distribution characterizing the electrons emit
from these two structures, for applied electric fields of 1, 1
and 2 V/nm, are represented in Fig. 4. The difference w
previously published results20 comes from the longer tube
lengths, the lower fields, and the atoms being translated
that thez50 plane here corresponds to a reflection symm
try of the tubes’ basic cell.

The energy distributions characterizing the two emitt
are similar, except for the sharp peak at21.45 eV for the 2
V/nm field, which is associated with a quasilocalized state
top of the closed emitter~similar peaks are frequently en
countered with capped structures7,8,11!. As will appear later,
the position of this peak is highly sensitive to the tube
environment, while the other features of the energy distri
tions present fewer variations when bundles are conside
Considering shorter tubes makes this peak move to hig
energies, since one then reduces the field penetration in
FIG. 3. Potential-energy distribution~section in thexzplane! associated with single open~left! and closed~right! ~5,5! nanotubes, for an
applied electric field of 2 V/nm. The tubes’ basic cell that appears belowz50 is repeated 16 times.
1-3
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FIG. 4. Total-energy distribution~normalized! of electrons field-emitted from single open~left! and closed~right! ~5,5! nanotubes. The
extraction field associated with the three curves is 1~solid!, 1.5 ~dashed!, and 2~dot-dashed! V/nm. The maximal intensities are 0.61
310219, 0.221310210, and 0.34531027 A/eV ~left! and 0.302310220, 0.729310212, and 0.91131029 A/eV ~right!.
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structure~which is responsible for the peaks’ displaceme
towards lower energies!. In all cases, there is a significan
contribution around the Fermi level and the two structu
exhibit the same peaks around20.85, 20.55, and
20.25 eV~for the 2 V/nm field!. These peaks are related
stationary states in the cylindrical part of the open and clo
nanotubes. They are closer than observed previously20 be-
cause of the larger tube lengths, and less pronounced bec
of the electric fields being lower and filtering therefore t
energy distributions more strongly.

The currents extracted for the three values of the elec
field are 9.69310221, 5.51310212, and 1.2431028 A for
the open emitter and 4.65310222, 1.82310213, and 4.36
310210 A for the closed one. These values as well as th
calculated hereafter are reproduced in Table I. On aver
closing the~5,5! nanotube hence reduces its emission b
factor of 26. This reduced emission was predicted by ot
authors.5,11,29It is the result of several factors, including th
potential barrier, the reduced emission area of the clo
~5,5! nanotube, and the cap’s influence on the direction
supply function of the incident states when encountering
surface barrier.

To enable a more quantitative discussion of the poten
energy relevant to the open and closed nanotubes, we re
sented in Fig. 5 the values computed on the tubes’ cen
axis (x5y50) as well as along their cylindrical body (x
50.339 nm,y50). These potential-energy values are calc
lated using the model of Sec. II for describing the action
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the nanotubes’ nuclei and valence electrons on the em
electron when present on that particular axis~the emission
current of course depends on the whole three-dimensio
distribution!. The representation does not include se
consistent corrections associated with the emitted elec
~i.e., contributions due to thep electron densities!. Unlike
the second representation, that associated withx5y50 does
not go through any atom of the two structures. The carb
atoms indeed lie on the nanotubes’ cylindrical body or he
spherical cap, and the dip that appears atz53.098 nm is due
to the ion-core potential of atoms situated on the last p
tagonal ring of the closed nanotube~the x5y50 axis goes
through its middle!. In this first representation, the separati
between the internal and external regions of the nanotube
at z52.705 and 3.098 nm, respectively. We see that the
tential is essentially constant inside the nanotube~reflecting
the screening of the external field! and that it decreases ou
side. The transition in the potential atz50 is related to the
fact that a finite distance is required~on both sides of the
nanotube! to cancel the external field on its central axis. T
width of that transition is proportional to the tube’s radius.
the second representation, the atomic potentials are m
pronounced as carbon atoms are encountered here. Th
ditional potential well that appears with the closed nanotu
comes from atoms in the cap. The horizontal alignment
the ion-core potentials reflects the screening of the exte
field. Outside the nanotubes and beyond the range of
ion-core potentials~i.e., for z.3.25 nm), we see that th
TABLE I. Total current~in amperes! extracted from bundles of one, three, or six~5,5! nanotubes, for
either open or closed configurations and extraction fields of 1, 1.5, and 2 V/nm.

One tube Bundle of three Bundle of six

open closed open closed open closed

1 V/nm 9.69310221 4.65310222 7.55310222 2.24310223 1.36310222 4.34310224

1.5 V/nm 5.51310212 1.82310213 3.82310213 1.56310214 7.81310214 3.68310215

2 V/nm 1.2431028 4.36310210 1.5831029 8.01310211 4.48310210 2.99310211
1-4
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TRANSFER-MATRIX SIMULATIONS OF FIELD . . . PHYSICAL REVIEW B68, 235401 ~2003!
FIG. 5. Potential energy along thex5y50 ~left! andx50.339 nm,y50 ~right! lines of isolated open~solid! and closed~dashed! ~5,5!
nanotubes, for an applied electric field of 2 V/nm. Atoms are only met in the right part. The limit between the internal and external
the nanotubes in the left part is encountered atz52.705 and 3.098 nm, respectively. The dot-dashed line stands for the Fermi level.
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potential energy is higher for the closed nanotube than
the open one. This is a consequence of the higher length
screening capacity of the closed structure, which strains
equipotentials to surround the emitter more strongly than
were open. As appears in Fig. 3, the equipotentials are m
compressed on top of the closed structure~reflecting the en-
hancement of the field!, so that the distance over which th
electrons have to tunnel before being emitted is smaller t
for the open tube. As the emission from the closed nanot
is, however, reduced compared to the open one~while we
expect a higher emission probability from the last atoms
the propagation direction is towards the minimal barr
width!, our results suggest that a significant effect of the c
is to reduce the supply function of electrons encountering
apex ~through internal reflections! or to lead the electronic
flow to a direction unfavorable for emission.

The field-enhancement factorsg, as derived from the
slope of the Fowler-Nordheim30,31representation of our data
are 1.54 for the open tube and 1.56 for the closed one. Th
values are obtained by representing ln@J/F2# as a function of
1/F, whereJ5I /S is the current density associated with t
applied electric fieldF. ExpressingJ in A/m2, F in V/m, and
the work functionf in eV, the coefficientb of the linear fit
ln@J/F2#5a2b/F of our data is given by b56.83
3109f3/2/g, which enables one to derive the field
enhancement factorg (f is 5.25 eV andS5pR2 only af-
fectsa). As explained in Refs. 20, 32, and 33, the numb
found using that procedure are only indicators of the dep
dence of the current on the applied electric field and sho
not be interpreted literally. The actual field-enhancement f
tor, as derived from a direct calculation of the electric fie
is a quantity that depends strongly on the position. Choos
as a reference the point situated on the tubes’ axis at a
tance of 0.25 nm from the apex, we find a field-enhancem
factor of 2.60 for the open tube and 3.80 for the closed o
These values as well as those calculated hereafter are r
duced in Table II.

B. Field emission from bundles of three open and closed„5,5…
nanotubes

We now consider three identical~5,5! nanotubes, which
are either open or closed and placed with a spacing of 0
23540
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nm at the corners of an equilateral triangle~see Fig. 2!. We
represented in Fig. 6 a section of the potential energy, whic
crosses one of the nanotubes and avoids the two others
expected, this close proximity between the emitters enhan
the screening of the electric field. This is reflected by the f
that the facing equipotential is at 9 eV instead of 8 eV in t
previous case.

The total-energy distribution of the field-emitted electro
is represented in Fig. 7. Because of the reduced field pen
tion, the surface barrier is higher and wider. As a con
quence, the energy distributions are thinner and the pe
associated with stationary states still less pronounced. T
are, however, at the same position, which is consistent w
the fact that they are associated with the body of the tu
where the electric field is canceled. The sharp peak ass
ated with the quasilocalized state on top of the closed st
tures is displaced here to higher energies by 0.45 eV. T
large displacement towards positive values is due to the
duction of field penetration, which causes the emitter ape
be at a higher potential~as reflected by the facing equipote
tial being at 9 eV instead of 8!. It appears, therefore, that th
position of peaks associated with quasilocalized states on
of closed emitters is a strong indicator of their environme
~through the neighborhood’s effect on the local field!.

The currents extracted for the three values of the elec
field are 7.55310222, 3.82310213, and 1.5831029 A for
the open emitters and 2.24310223, 1.56310214, and 8.01
310211 A for the closed ones. Despite the fact that in
cases there are three emitters instead of one, on averag

TABLE II. Field-enhancement factor, as obtained from a dire
calculation of the electric field 0.25 nm above the emitter and
derived from the Fowler-Nordheim analysis of ourI -V data ~in
parentheses!. Note that the Fowler-Nordheim analysis provides
single value for a given structure.

One tube Bundle of three Bundle of six

innertubes outer tubes

open 2.60~1.53! 2.38 ~1.52! 2.13 ~1.49! 2.28 ~1.49!
closed 3.80~1.55! 3.54 ~1.49! 2.10 ~1.45! 3.54 ~1.45!
1-5
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FIG. 6. Potential-energy distribution~section in thexz plane! associated with bundles of three open~left! and closed~right! ~5,5!
nanotubes, for an applied electric field of 2 V/nm. The tubes’ basic cell that appears belowz50 is repeated 16 times.
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total emission is reduced by a factor of 12~see Table I!. This
means that each nanotube in the bundle emits 36 times
current than if it were isolated. The emission from a giv
~5,5! open tube is therefore more affected by the close pr
imity of other tubes than by the half C60 used to close it
~reduction of its emission by a factor of 36 rather than 2!.
However, three open nanotubes, taken together, emit m
current than a single closed tube~but less than a single ope
one!. It can be noted that the dispersion around this aver
value of 12 is larger for the closed nanotubes than for
open ones. Indeed, the reduction factors associated with
three values of the extraction field are 20.8, 11.7, and 5
respectively, for the closed structures, while they are 1
14.4, and 7.85 for the open ones. This dispersion is be
illustrated in Fig. 10. The fact that the dispersion is high
for the closed nanotubes is due to the fact that the elec
field has a stronger influence on the apex of closed struct
than on the upper border of the open ones~because of the
apex’s advanced position in the barrier!. When increasing the
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electric field, the potential barrier at the apex therefore te
faster to the barrier characterizing isolated structures~result-
ing in stronger variations in the reduction factors!.

From the Fowler-Nordheim representation of our data a
using the procedure described previously, one can de
field-enhancement factorsg of 1.52 and 1.49 for the open
and closed structures, respectively. The values found fro
direct calculation of the electric field 0.25 nm above t
emitters are 2.38 for the open tubes and 3.54 for the clo
ones. The field-enhancement factors obtained from a di
calculation of the electric field are hence more representa
of the tubes’ environment than the values derived from
Fowler-Nordheim analysis of our data~see Table II for a
comparison with previous values!.

C. Field emission from bundles of six open and closed„5,5…
nanotubes

We finally consider bundles of six open or closed~5,5!
nanotubes. As depicted in Fig. 2, they are placed at the
FIG. 7. Total-energy distribution~normalized! of electrons field-emitted from bundles of three open~left! and closed~right! ~5,5!
nanotubes. The extraction field associated with the three curves is 1~solid!, 1.5 ~dashed!, and 2~dot-dashed! V/nm. The maximal intensities
are 0.528310220, 0.155310211, and 0.52731028 A/eV ~left! and 0.123310221, 0.670310213, and 0.17031029 A/eV ~right!.
1-6



TRANSFER-MATRIX SIMULATIONS OF FIELD . . . PHYSICAL REVIEW B68, 235401 ~2003!
FIG. 8. Potential-energy distribution~section in thexzplane! associated with bundles of six open~left! and closed~right! ~5,5! nanotubes,
for an applied electric field of 2 V/nm. The tubes’ basic cell that appears belowz50 is repeated 16 times.
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ners of equilateral triangles with the same spacing of 0
nm. The threefold symmetry characterizing this particu
configuration is consistent with the observations of Lov
et al., whose current distributions exhibit this sam
symmetry.22 Thexzplane chosen for the representation of t
potential energy in Fig. 8 crosses two nanotubes and av
the four others. By inspection of this figure, it turns out th
the screening of the electric field is still more pronounc
than for the two previous configurations since the fac
equipotential is at 10 eV instead of 8 and 9 previously.

The total-energy distributions obtained for applied elec
fields of 1, 1.5, and 2 V/nm are represented in Fig. 9. T
distributions are thinner and the features associated with
tionary waves still less pronounced than previously. This
consequence of the higher surface barrier, which operat
stronger filtering of the escaping states. The most vis
change is the position of the peaks associated with
quasilocalized state, whose main contribution moves fr
23540
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21 to 20.8 eV for the 2 V/nm field value. This displace
ment towards positive values is again related to the elec
static interactions between the tubes, which enhance
screening of the electric field and therefore raise the poten
at their apex. Because the peaks are now sufficiently clos
the Fermi level where significant emission occurs, they a
appear at lower field values and the relation between
peaks’ position and the field appears more clearly~i.e., dis-
placement to lower energies as the field increases!.

The total currents extracted for the three values of
electric field are 1.36310222, 7.81310214, and 4.48
310210 A for the open structures and 4.34310224, 3.68
310215, and 2.99310211 A for the closed ones. The tota
emission is reduced by a mean factor of 3.9 compared to
situation where only three identical structures were cons
ered~see Table I!. On average, a given nanotube in a bund
of six therefore emits around eight times less current than
FIG. 9. Total-energy distribution~normalized! of electrons field-emitted from bundles of six open~left! and closed~right! ~5,5! nano-
tubes. The extraction field associated with the three curves is 1~solid!, 1.5 ~dashed!, and 2~dot-dashed! V/nm. The maximal intensities are
0.786310221, 0.351310212, and 0.16631028 A/eV ~left! and 0.240310222, 0.135310213, and 0.644310210 A/eV ~right!.
1-7
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FIG. 10. Representation of ln@Itot /(I isolatednb)# as a function ofAnb21, wherenb is the number of tubes in each bundle,I tot its total
emission, andI isolatedthe emission obtained with a single tube. The data correspond to open and closed~5,5! nanotubes subject to extractio
fields of 1, 1.5, and 2 V/nm. The solid line stands for the best linear fit of these data.
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same tube in a bundle of three, and around 633.9312
.280 times less current than an isolated tube.

The Fowler-Nordheim analysis of these data provid
field-enhancement factorsg of 1.49 and 1.45 for the ope
and closed structures, respectively. These values rem
comparable with those characterizing a single emitter~see
Table II!. From the direct calculation of the electric field 0.2
nm above the three internal nanotubes~i.e., those of the
middle of Fig. 2!, we find 2.13 for the open tubes and 2.1
for the closed ones. When considering the three other tu
~i.e., those at the corners in the right part of Fig. 2!, we find
2.28 for the open tubes and 3.54 for the closed ones.
reduction of the field-enhancement factor due to electrost
interactions between the tubes is therefore stronger than
suggested from the Fowler-Nordheim analysis, especially
the internal tubes. If more nanotubes were considered,
expect the internal part of the bundle and the correspond
field-enhancement factors to be more affected by th
interactions.13

IV. DISCUSSION

We calculated the total current emitted by bundles of op
and closed~5,5! nanotubes, using a scattering technique t
takes into account the details of the tubes’ atomic configu
tion and surface barrier. This latter was computed by con
ering the atomic polarizabilities and the electrostatic inter
tions between neighboring structures. The simulations w
achieved for either one, three, or six nanotubes, either o
or closed, and for three values of the extraction field. Des
the complexity of the field-emission process and the div
sity of the systems considered, it turns out that all our d
23540
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can be cast into the following simple formula:

I tot5I isolatednb3exp@2aAnb21#, ~2!

where I tot is the total current emitted by a bundle ofnb
nanotubes andI isolated is the current emitted by an isolate
tube. This is demonstrated in Fig. 10, where we represen
ln@Itot /(I isolatednb)# as a function ofAnb21 for each type of
nanotube and each value of the extraction field. Indeed,
can see that this representation of our data gives a pe
alignment for each series. The best linear fit of the aver
values is associated with the parametera52.5179. One can
check that Eq.~2! used with this value ofa reproduces the
conclusions obtained in the previous section for the va
tions in current as the number of emitters increases.

Equation~2! can be interpreted in the following way: th
first two factors describe the fact that the total emission
proportional to the number of emitters while the exponen
factor stands for the screening due to then21 neighbors of
each tube. The square root ofn21 has to be taken, since th
efficiency of the screening depends on the number of tu
in each direction (n being the number of tubes on a surface!.
Since the field-enhancement factor is larger at the bor
of the bundles, the electronic emission from the outer tu
is more important than that from the inner ones. We m
however, considerI isolatednb as an average value an
exp@2aAnb21# as a first-order correction. In the case ofnb
isolated nanotubes, Eq.~2! is exact provideda50 ~no
screening!. For bundles with more than six nanotubes, ad
tional corrections may be necessary and in particular
may have to consider the inner and outer tubes separa
~we expect actually the emission from the inner part to
1-8
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TRANSFER-MATRIX SIMULATIONS OF FIELD . . . PHYSICAL REVIEW B68, 235401 ~2003!
come negligible compared to that of the outer one!. In its
present form, however, Eq.~2! fits our data perfectly.

The results in Fig. 10 indicate that the slopea decreases
proportionally to the applied electric fieldF, the data points
associated with high fields being above those associated
lower ones. This tendency can be explained by the fact
at high fields the surface barrier is thinner and therefore
affected by the neighboring tubes than at low fields. The b
fit we could find for the dependence isa5a01a1F, whereF
is in V/nm and the two parametersa0 and a1 are 3.8 and
20.43 for the open tubes and 3.2 and20.90 for the closed
ones~note that the range of validity of this law is limited
sincea must remain positive!. The values ofa1 thus confirm
that the dispersion around the average currents is highe
closed tubes than for open ones.

Assuming that the Fowler-Nordheim theory accurat
describes the emission of a single tube,I isolatedthen depends
on F2exp@2b/F#. The presence of additional tubes introduc
a new factor in the expression of the total current, which
the form exp@2a1Anb21F#. Since this new dependence o
F cannot be incorporated in the original equation, these
sults suggest that the Fowler-Nordheim theory would ap
badly to bundles of nanotubes in conditions whereF2

.b/(a1Anb21). For bundles of six closed carbon nan
tubes, the critical field is around 3.5 V/nm. Other reser
tions on the applicability of the Fowler-Nordheim equati
to carbon nanotubes can be found in Refs. 33 and 34.

Besides total currents, the technique also provides the
tailed energy distribution of the emitted electrons. Their m
contribution is around the Fermi level and decreases as
ditional emitters are considered. The distributions also t
to be thinner and peaks associated with stationary wave
the body of the emitter less pronounced. These effects
due to the surface barrier, which becomes higher as the n
ber of emitters increases. The most interesting result co
from the peaks associated with quasilocalized states. T
position indeed reflects the bundles’ configuration, as we
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V. CONCLUSION

We presented simulations of field emission from bund
of open and closed~5,5! nanotubes, using a transfer-matr
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nanotubes are found to emit less current than the open
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