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We present simulations of field emission from bundles of metéhj6) 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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[. INTRODUCTION carbon atoms. Band-structure effects are included in the en-
ergy distributions by enforcing the incident states to first
Carbon nanotubes show interesting field-emission propettravel through the periodic repetition of the emitters’ basic
ties such as low extraction fielanacroscopic values of the cell before entering the region containing the fields.
order of a few volts per microrand high current densities. The main features of our model are described in Sec. Il.
In general, their current-voltage characteristics are found t&€ction Il then presents results of field emission from me-
follow a Fowler-Nordheim-type tunneling 1&@* with an f[allic (5,5 nanotubes, which are either isolated_ or in bundles,
emitter work function around 5 eV depending on the type ofideally open or closed. The bundles are described by three or
nanotube. Electronic states localized near or at the apex Gf* identical structures placed with a spacing of 0.32 nm at

the nanotube influence the current emission préfi@hese the corners of equilateral triangles. In all cases, the closed

localized states are relatively well documented for variousemltters are found to emit less current than the open ones and

kinds of tube terminatior’®and can be induced by the ex- to _be more sensitive to the electric field in their response to
. T : . neighboring tubes. Due to the enhanced screening of the
traction field:~ It is assumed in most calculations that the

q ling bond t saturated. alth hit i .__electric field, the bundles’ emission rates are reduced com-
angiing bonds aré not saturated, aithough 1t 1s recO(-Jn'Z('jaared to those of the isolated tubes. As established in Sec. IV,

that in ambient conditions hydrogen may saturate them.  oco rates are related by a simple formula, whose depen-
In field emission devices, carbon nanotubes are not iS0gence on the electric field suggests deviations from the
lated but entangled with many others or grown in arraysgqyjer-Nordheim equation at high fields. Finally, the posi-
Their emission properties are modified because of the strongyy of peaks associated with quasilocalized states on top of
dependence of the local extraction field on the tubesihe closed(5,5) nanotubes turns out to be a strong indicator
environment>!* It was established by Nilssoet al!® that  of the tubes’ environment.
the optimal spacing between aligned nanotubes is approxi-
mately twice their length. In an extension of previous Il THEORY
publicationst>~?! we consider here the conditions of close '
proximity that characterize bundles of nanotubes. It was al- The geometry considered in this paper is depicted in Fig.
ready shown by Lovalet al?? that the bundles’ emission is 1. The nanotubes are located between a metallic substrate
dominated by the protruding tube. We will consider the(region |, z<—NXa) and the field-free vacuurgregion Il
complementary situation where the nanotubes have all the=D). The intermediate region consists of a field-free re-
same length and compare the emission properties of thesgon (—axN=z=<0), which containN periodic repetitions
ideal bundles with those of their isolated components. of the nanotubes’ basic cell, and region lI£@<D), which
To achieve this objective, we solve the Satinger contains the part of the nanotubes subject to the extraction
equatiod>?* with a three-dimensional potential representa-field F. The purpose of the-ax N<z=0 region is to repro-
tive of both the emitters’ structure and the surface barrierduce appropriate band-structure effects in the distribution of
The potential energy is calculated using the techniques ahcident states. This part of the model is not related to an
Ref. 25 with improvements described in this paper as well agxperimental picture, where nonzero fields would remain up
the Bacheleet al?® pseudopotential for the representation of to the metallic substrate. For each simulation, we consider a
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g++ influence that the anode may have on the nanotttiveugh
additional image contributions to the potential energs
III these effects are negligible in experimental conditions. Fol-
lowing Ref. 27, we use a polarizability tenses/(4meg)
whose main components are 3.0, 0.865, and 0.865Fk
nally, the exchange contribution to the potential energy is
calculated within the local-density approximation.

The electronic scattering from the metallic substrate to the
vacuum is calculated by the transfer-matrix technique de-
scribed in Refs. 23 and 24. In this formulation, the electrons
are confined inside a cylinder of radil® (chosen large
enough so that the results are independent of its particular
valug. Making use of the cylindrical symmetry of the prob-
lem, the wave function is expanded in terms of basis states
V1= A Im(Km ) €XPIMA)EXH =i V(2M/AZ)E ~ Vine) 2]
in region | and Wit =An dn(Kmjp)expimae)
Xexf +i(2m/%%)Ez]) in region lIl. In these expressions,
the Ay, ; are normalization coefficients,, are Bessel func-
tions, k,; are transverse wave-vector solutions of
JIm(km,jR)=0, E is the electron energy, and. is the po-
tential energy in the supporting metal. The signs refer to
the propagation direction relative to tkexis, which is ori-
ented from region | to region lll. The transfer-matrix
methodolog$® then provides scattering solutions of the form

I:' R z<=—axXN
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FIG. 1. Schematic depicting of the model. Region # ( ot (m,j7),(m.j) = m"j @)

<-—aN) is a perfect metal. The intermediate regieraN=<z<0

containsN periodic repetitions of the nanotubes’ basic delhly ~ corresponding to single incident sta@%fj in the metallic

one cell is representgdRegion Il (0<z=<D) contains the part of substratgthe S™* andS"* matrices are defined in Fig).1

the nanotubes subject to the extraction field. Region2#D) is  Total current densities result from the contribution of every
the field-free vacuum. The arrows in regions | and Il symbolize solution associated with a propagative incident state in the
scattering solutions, with a single incident state in region | and th%upporting metal. The procedure is not self-consistent, as we

corresponding reflected and transmitted statelsose coefficients  do not consider the corrections that these scattering solutions
are contained in the transfer matric@s* andS*"*, respectively. should induce on the potential energy.

distanceD =V/F, whereV is the electric bias between re-
gions | and Ill(we consider a fixed value of 12)V

The potential energy in region Il is calculated by using
techniques described in previous publicatibhszor each We investigated in previous publicatidfis?°the transport
carbon atom, we use the Bachedttal. pseudopotentidf to  and field-emission properties of metalli§,5 carbon nano-
represent the ion-core potential while Gaussian distributiongubes. Our model reproduces the constant density of states
are used for the remaining electronic densities. These twaround the Fermi level as well as peaks associated with van
contributions are displaced rigidly from both sides of theHove singularities in the distribution of incident statésor
atomic position, according to the polarizatippof the atom  the small tube lengths considered, we could observe oscilla-
for which they are representative. The atomic polarizationsions in the energy distribution of both incident and field-
{p;} are calculate® by taking account of the extraction field, emitted states, which come from stationary waves in the
direct dipole-dipole interactions, as well as indirect interac-structure'®'’:? Closing the nanotube introduces a quasilo-
tions with images. These image interactions indeed insurealized state on top of the emitter, which has observable
the cancellation of the electric field in the regias0. In  effects in the energy distribution of emitted electrdhdt
order for the model to be consistent, the 0 plane has to also increases the screening of the electric field and reduces
describe a mirror symmetry of the basic cell used to conthe emission. Saturating the dangling bonds of open tubes
struct the nanotubegn the case of if,n) structures, this with hydrogen reduces the width and height of the potential
plane has to contaifunpolarized atomg. We neglect any barrier, which tends to increase the emissibblsing a pho-

Ill. APPLICATION: FIELD EMISSION FROM BUNDLES
OF OPEN AND CLOSED (5,5 CARBON NANOTUBES
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FIG. 2. Representation of bundles of one, three, and six cl@&gcarbon nanotubes.

tonic stimulation, a further amplification of the current is A. Field emission from isolated open and closeb,5) nanotubes
achieved-®
In this paper, we investigate how the emission propertie%I

of ideally open and closetb,5) carbon nanotubes are af- tation corresponds to an applied electric field of 2 V/nm and

fected by the close proximity of identical structures, in thethe equipotentials are labeled by inteqer values in eV. The
conditions characterizing bundles of nanotubes. The bundles quip y 9 '

we consider consist of three or six identi¢8l5) structures total-energy distribution characteri_zing the _ele_ctrons emitted
placed with a spacing of 0.32 nm at the corners of equilaterdf©™ these two structures, for applied electric fields of 1, 1.5,
triangles(see Fig. 2 Each nanotube consists Nf= 16 ba- and _2 V/nm, are represented in Fig. 4. The difference with
sics cells(320 atomsin the region-Na<z=0 and 11 cells Previously published resufts comes from the longer tube
(220 atomgin the region G<z<D. The length of these two lengths, the lower fields, and the atoms being t_ranslated o)
parts of the nanotube is 3.935 nm and 2.705 nm, respectiveipat thez=0 plane here corresponds to a reflection symme-
(the radius is 0.339 nmThirty additional atoms are used to try of the tubes’ basic cell.

close the structure. For the metallic substrate—Na to The energy distributions characterizing the two emitters
reflect the properties of infinite nanotubes, it is given an in-are similar, except for the sharp peak-at.45 eV for the 2
ternal potential energy and a Fermi level ef16 and V/nm field, which is associated with a quasilocalized state on
—5.25 eV, respectivelycompared to the vacuum leyelThe  top of the closed emittefsimilar peaks are frequently en-
simulations assuméocal extraction fields of 1, 1.5, and 2 countered with capped structuf&s?y. As will appear later,
V/nm. These values have to be considered as already matjie position of this peak is highly sensitive to the tubes’
nified by a micron-long body in order to account for the environment, while the other features of the energy distribu-
difference with macroscopic valuésf the order of a few tions present fewer variations when bundles are considered.
volts per micron. Finally, a temperaturd of 298 K is as- Considering shorter tubes makes this peak move to higher
sumed. energies, since one then reduces the field penetration in the

The potential energy associated with isolated open and
osed(5,5) nanotubes is illustrated in Fig. 3. The represen-

Potential-energy distribution ( eV ) Potential—energy distribution ( eV )

10

-10 -5

~16

—20

FIG. 3. Potential-energy distributidisection in thexz plang associated with single opéleft) and closedright) (5,5 nanotubes, for an
applied electric field of 2 V/Inm. The tubes’ basic cell that appears belo®@ is repeated 16 times.
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Total—energy distribution (normalized) Total—energy distribution (normalized)
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FIG. 4. Total-energy distributiotnormalized of electrons field-emitted from single opéeft) and closedright) (5,5 nanotubes. The

extraction field associated with the three curves igdlid), 1.5 (dashed, and 2 (dot-dashef V/nm. The maximal intensities are 0.617
X 10719 0.221x 10 %0 and 0.345% 107 AleV (left) and 0.30X 10" %%, 0.729x 10 *2, and 0.91k 10" ° AleV (right).

structure(which is responsible for the peaks’ displacementthe nanotubes’ nuclei and valence electrons on the emitted
towards lower energig¢sin all cases, there is a significant electron when present on that particular afttee emission
contribution around the Fermi level and the two structuresurrent of course depends on the whole three-dimensional
exhibit the same peaks around0.85, —0.55, and distribution. The representation does not include self-
—0.25 eV(for the 2 V/nm field. These peaks are related to consistent corrections associated with the emitted electron
stationary states in the cylindrical part of the open and closed.e., contributions due to the electron densitigs Unlike
nanotubes. They are closer than observed previBibly-  the second representation, that associated vty =0 does
cause of the larger tube lengths, and less pronounced becausat go through any atom of the two structures. The carbon
of the electric fields being lower and filtering therefore theatoms indeed lie on the nanotubes’ cylindrical body or hemi-

energy distributions more strongly. spherical cap, and the dip that appears=a8.098 nm is due

The currents extracted for the three values of the electrito the ion-core potential of atoms situated on the last pen-
field are 9.6% 10 2%, 5.51x10 2 and 1.24 10 8 A for

tagonal ring of the closed nanotulithe x=y=0 axis goes
the open emitter and 4.6510 %%, 1.82x10 3 and 4.36

through its middle In this first representation, the separation
x 10" 10 A for the closed one. These values as well as thoséetween the internal and external regions of the nanotubes is

calculated hereafter are reproduced in Table I. On averaget z=2.705 and 3.098 nm, respectively. We see that the po-
closing the(5,5 nanotube hence reduces its emission by aential is essentially constant inside the nanot(iedecting
factor of 26. This reduced emission was predicted by othethe screening of the external figldnd that it decreases out-
authors'1?°|t is the result of several factors, including the side. The transition in the potential z&0 is related to the
potential barrier, the reduced emission area of the closefhct that a finite distance is requirddn both sides of the
(5,5 nanotube, and the cap’s influence on the direction andianotubgto cancel the external field on its central axis. The
supply function of the incident states when encountering thevidth of that transition is proportional to the tube’s radius. In
surface barrier. the second representation, the atomic potentials are more
To enable a more quantitative discussion of the potentigbronounced as carbon atoms are encountered here. The ad-
energy relevant to the open and closed nanotubes, we repréitional potential well that appears with the closed nanotube
sented in Fig. 5 the values computed on the tubes’ centralomes from atoms in the cap. The horizontal alignment of
axis (x=y=0) as well as along their cylindrical body ( the ion-core potentials reflects the screening of the external
=0.339 nm,y=0). These potential-energy values are calcu-field. Outside the nanotubes and beyond the range of the
lated using the model of Sec. Il for describing the action ofion-core potentialgi.e., for z>3.25 nm), we see that the

TABLE |. Total current(in amperes extracted from bundles of one, three, or $%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/inm 9.69<10°2% 4.65x10°%% 7.55<10°%% 2.24x10°% 1.36x10°%2 4.34x10 %
1.5V/Inm 55107 1.82x10° % 3.82x10°8 156x10 " 7.81x10°* 3.68<10°1°
2 Vinm 1.24<10°8  4.36x10° % 158<10°° 8.01x10 * 4.48x10°° 2.99x10° 1
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FIG. 5. Potential energy along tkxe=y=0 (left) andx=0.339 nm,y=0 (right) lines of isolated opefsolid) and closeddashed (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 parts of
the nanotubes in the left part is encountered-aR.705 and 3.098 nm, respectively. The dot-dashed line stands for the Fermi level.

potential energy is higher for the closed nanotube than fonm at the corners of an equilateral triangéee Fig. 2. We

the open one. This is a consequence of the higher length andpresented in Figs a section of the potential energy, which
screening capacity of the closed structure, which strains therosses one of the nanotubes and avoids the two others. As
equipotentials to surround the emitter more strongly than if itexpected, this close proximity between the emitters enhances
were open. As appears in Fig. 3, the equipotentials are mofge screening of the electric field. This is reflected by the fact
compressed on top of the closed structredlecting the en-  that the facing equipotential is at 9 eV instead of 8 eV in the
hancement of the fiejdso that the distance over which the nyreyious case.

electrons have to tunnel before being emitted is smaller than e total-energy distribution of the field-emitted electrons

for :]he open tukzje. A(Sj the emisscijon fr(r)]m the Closi‘_jl nanotubg represented in Fig. 7. Because of the reduced field penetra-
is, however, reduced compared to the open Omkile we i, "o surface barrier is higher and wider. As a conse-

expect a higher emission probability from the last atoms if P .
the? propaggtion direction pis towar)éls the minimal barriera-cnce: the energy distributions are thinner and the peaks

width), our results suggest that a significant effect of the Cagssomated with stationary states still less pronounced. They

is to reduce the supply function of electrons encountering tha. <" however, at the same position, which is consistent with
> Supply : 9 e fact that they are associated with the body of the tubes
apex (through internal reflectionsor to lead the electronic

flow to a direction unfavorable for emission where the electric field is canceled. The sharp peak associ-
. J ated with the quasilocalized state on top of the closed struc-
The field-enhancement factorg, as derived from the

3031 . tures is displaced here to higher energies by 0.45 eV. This
Slon g;ftfhe Fhowler—Norgheﬁ’ﬁ d 1resp6r$senr':at|oln of dour da_T_?]’ large displacement towards positive values is due to the re-
ar? s for tbe_opznbtu €and L.c ?I;Zt € co?e one. f ®Huction of field penetration, which causes the emitter apex to
values are o_tamg y representlngJ_ ]as a “”C“OT‘ ol pheata higher potentidas reflected by the facing equipoten-
F, _whereJ—_I/_S is the Cu”e‘?t de_nsny azssoplated with thetial being at 9 eV instead of)8It appears, therefore, that the
applied electrlg f|eld.:. Expressing) n A/m , Fin V{m, an(_j position of peaks associated with quasilocalized states on top
the Wg”k functiong in eV, the coefficienb of the linear fit o ojoseq emitters is a strong indicator of their environment
In[J/F“]=a—b/F of our data is given by b=6.83

. . : (through the neighborhood’s effect on the local fjeld
x10°¢>%y, which enables one to derive the field- g cyrrents extracted for the three values of the electric
enhancement factoy (¢ is 5.25 eV andS=«R” only af- 414 are 7.55 10722 3.82¢10° 13 and 1.5 10 ° A for
fectsa). As explained in Refs. 20, 32, and 33, the numbers[he open emitters and 2.24.0-%, 1.56x 10" %4 and 8.01
found using that procedure are only indicators of the depens 10~ i '
dence of the current on the applied electric field and Shou'%ases
not be interpreted literally. The actual field-enhancement fac-
tor, as derived from a direct calculation of the electric field, 1ag| E || Field-enhancement factor, as obtained from a direct

is a quantity that depends strongly on the pOSitEOH-_ChOOSiOQammation of the electric field 0.25 nm above the emitter and as
as a reference the point situated on the tubes’ axis at a di§gived from the Fowler-Nordheim analysis of oLV data (in

tance of 0.25 nm from the apex, we find a field-enhancemeniarentheses Note that the Fowler-Nordheim analysis provides a
factor of 2.60 for the open tube and 3.80 for the closed onesingle value for a given structure.

These values as well as those calculated hereafter are repre
duced in Table II. One tube  Bundle of three Bundle of six

11 A for the closed ones. Despite the fact that in all
there are three emitters instead of one, on average the

B. Field emission from bundles of three open and close¢b,5) innertubes  outer tubes

nanotubes open  2.601.53  2.38(1.52  2.13(1.49 2.28(1.49
We now consider three identic#,5 nanotubes, which closed 3.801.55 3.54(1.49 2.10(1.45 3.54(1.45
are either open or closed and placed with a spacing of 0.32
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Potential—energy distribution ( eV )

Potential—energy distribution ( eV )
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FIG. 6. Potential-energy distributiofsection in thexz plane associated with bundles of three opg@eft) and closed(right) (5,5
nanotubes, for an applied electric field of 2 V/nm. The tubes’ basic cell that appears Leldvs repeated 16 times.

total emission is reduced by a factor of (s2e Table)l This  electric field, the potential barrier at the apex therefore tends
means that each nanotube in the bundle emits 36 times le$aster to the barrier characterizing isolated struct(result-
current than if it were isolated. The emission from a givening in stronger variations in the reduction factors

(5,5 open tube is therefore more affected by the close prox- From the Fowler-Nordheim representation of our data and
imity of other tubes than by the half¢gused to close it Using the procedure described previously, one can derive
(reduction of its emission by a factor of 36 rather than. 26 field-enhancement factorg of 1.52 and 1.49 for the open
However’ three open nanotubesi taken together, emit mo@d closed StI‘UCtureS, reSpeCtlvely. The values found from a
current than a Sing|e closed tUﬂEJt less than a Sing|e open direct calculation of the electric field 0.25 nm above the
one. It can be noted that the dispersion around this averag@Mitters are 2.38 for the open tubes and 3.54 for the closed
value of 12 is larger for the closed nanotubes than for thé@nes. The field-enhancement factors obtained from a direct
open ones. Indeed, the reduction factors associated with tH@lculation of the electric field are hence more representative
three values of the extraction field are 20.8, 11.7, and 5.44f the tubes’ environment than the values derived from the
respectively, for the closed structures, while they are 13.2Fowler-Nordheim analysis of our dataee Table Il for a
14.4, and 7.85 for the open ones. This dispersion is bettefomparison with previous values

illustrated in Fig. 10. The fact that the dispersion is higher
for the closed nanotubes is due to the fact that the electric
field has a stronger influence on the apex of closed structures
than on the upper border of the open oribecause of the We finally consider bundles of six open or closgg5)
apex’s advanced position in the barjidhen increasing the nanotubes. As depicted in Fig. 2, they are placed at the cor-

C. Field emission from bundles of six open and close¢b,5)
nanotubes

Total—energy distribution {(normalized) Total—energy distribution (normalized)
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FIG. 7. Total-energy distributioinormalized of electrons field-emitted from bundles of three opésft) and closed(right) (5,5
nanotubes. The extraction field associated with the three curves@id), 1.5 (dashed, and 2(dot-dashefV/nm. The maximal intensities
are 0.52&10°%°, 0.155< 10" %, and 0.52% 1078 AleV (left) and 0.12% 10" 2%, 0.670< 10 3 and 0.17&x 10 ° AleV (right).
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Potential—energy distribution ( eV ) Potential—energy distribution ( eV )
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FIG. 8. Potential-energy distributigsection in thexz plane associated with bundles of six opéaft) and closedright) (5,5 nanotubes,
for an applied electric field of 2 V/nm. The tubes’ basic cell that appears betols is repeated 16 times.

ners of equilateral triangles with the same spacing of 0.32-1 to —0.8 eV for the 2 V/nm field value. This displace-
nm. The threefold symmetry characterizing this particulanyent towards positive values is again related to the electro-

configuration is consistent with the observations of Lovallgiatic interactions between the tubes, which enhance the

etal, Whgse current  distributions - exhibit th'fs same screening of the electric field and therefore raise the potential
symmetry?? Thexzplane chosen for the representation of the

otential enerav in Fia. 8 crosses two nanotubes and avoi(ft their apex. Because the peaks are now sufficiently close to
P gy In Fg. © ¢ ot : e Fermi level where significant emission occurs, they also
the four others. By inspection of this figure, it turns out that

the screening of the electric field is still more pronounced‘appea,r at .Ic.)wer field vajues and the relation .betwe.en the
than for the two previous configurations since the facingpeaks position and the f'?ld appears more cledrty. dis-
equipotential is at 10 eV instead of 8 and 9 previously. ~ Placement to lower energies as the field increpses

The total-energy distributions obtained for applied electric  1he total currents extrac_:tzezd for the ”Jrlﬁe values of the
fields of 1, 1.5, and 2 V/nm are represented in Fig. 9. Thetlectric field are 1.3810°%, 7.81X10"™, and 4.48
distributions are thinner and the features associated with sta< 10”1 A for the open structures and 4.840°%, 3.68
tionary waves still less pronounced than previously. This is <10 *°, and 2.9% 10" ** A for the closed ones. The total
consequence of the higher surface barrier, which operateseinission is reduced by a mean factor of 3.9 compared to the
stronger filtering of the escaping states. The most visiblesituation where only three identical structures were consid-
change is the position of the peaks associated with thered(see Table). On average, a given nanotube in a bundle
quasilocalized state, whose main contribution moves fronof six therefore emits around eight times less current than the
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FIG. 9. Total-energy distributiofnormalized of electrons field-emitted from bundles of six op@eft) and closedright) (5,5 nano-
tubes. The extraction field associated with the three curvegsslit), 1.5 (dashegl and 2(dot-dashefV/nm. The maximal intensities are
0.786x 10 %, 0.351x 1072 and 0.166 10 & AleV (left) and 0.240 10"?% 0.135< 10" %3, and 0.64& 107 1° AleV (right).
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3 \ o

open (5,5) with 1 V/nm \
4 B open (5,5) with 1.5 V/nm

open (5,5) with 2 V/nm \ °
5 closed (5,5) with 1 V/nm
X closed (5,5) with 1.5 V/nm
® closed (5,5) with 2 V/nm \

=== |inear fit of the average ¥

In [ Itot / ( lisolated . nb ) ]
L 2

Sqrt [ nb-1]

FIG. 10. Representation of [,/ (lisoiated1D)] @s a function ofynb—1, wherenb is the number of tubes in each bundlg, its total
emission, andiq,.eqthe emission obtained with a single tube. The data correspond to open and(@&@dnotubes subject to extraction
fields of 1, 1.5, and 2 V/nm. The solid line stands for the best linear fit of these data.

same tube in a bundle of three, and around39x 12  can be cast into the following simple formula:
=280 times less current than an isolated tube.

The Fowler-Nordheim analysis of these data provides ltor=lisolae DX €XHd —aynb—1], 2
field-enhancement factorg of 1.49 and 1.45 for the open
and closed structures, respectively. These values remaimhere | is the total current emitted by a bundle nb
comparable with those characterizing a single emitsee  nanotubes andlis,4eq IS the current emitted by an isolated
Table Il). From the direct calculation of the electric field 0.25 tube. This is demonstrated in Fig. 10, where we represented
nm above the three internal nanotub@e., those of the In[l,/(lisome’)] @s a function ofynb—1 for each type of
middle of Fig. 2, we find 2.13 for the open tubes and 2.10 nanotube and each value of the extraction field. Indeed, one
for the closed ones. When considering the three other tubasan see that this representation of our data gives a perfect
(i.e., those at the corners in the right part of Fig.\®e find  alignment for each series. The best linear fit of the average
2.28 for the open tubes and 3.54 for the closed ones. Thealues is associated with the parameter2.5179. One can
reduction of the field-enhancement factor due to electrostaticheck that Eq(2) used with this value of reproduces the
interactions between the tubes is therefore stronger than thabnclusions obtained in the previous section for the varia-
suggested from the Fowler-Nordheim analysis, especially fotions in current as the number of emitters increases.
the internal tubes. If more nanotubes were considered, we Equation(2) can be interpreted in the following way: the
expect the internal part of the bundle and the correspondinfirst two factors describe the fact that the total emission is
field-enhancement factors to be more affected by thosgroportional to the number of emitters while the exponential
interactions-> factor stands for the screening due to thel neighbors of
each tube. The square rootmf 1 has to be taken, since the
efficiency of the screening depends on the number of tubes
in each directionif being the number of tubes on a surface

We calculated the total current emitted by bundles of operBince the field-enhancement factor is larger at the border
and closed5,5) nanotubes, using a scattering technique thaof the bundles, the electronic emission from the outer tubes
takes into account the details of the tubes’ atomic configurais more important than that from the inner ones. We may,
tion and surface barrier. This latter was computed by considhowever, considerlig 10 as an average value and
ering the atomic polarizabilities and the electrostatic interacexd —aynb—1] as a first-order correction. In the casenddf
tions between neighboring structures. The simulations wergsolated nanotubes, Eq2) is exact provideda=0 (no
achieved for either one, three, or six nanotubes, either opescreening For bundles with more than six nanotubes, addi-
or closed, and for three values of the extraction field. Despit¢ional corrections may be necessary and in particular one
the complexity of the field-emission process and the divermay have to consider the inner and outer tubes separately
sity of the systems considered, it turns out that all our datdwe expect actually the emission from the inner part to be-

IV. DISCUSSION
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come negligible compared to that of the outer Jorla its  served shifts of 0.45 and 0.65 eV relative to their initial
present form, however, E@R) fits our data perfectly. position when increasing the number of tubes from one to
The results in Fig. 10 indicate that the slop@ecreases three or six. These displacements seem proportional to the
proportionally to the applied electric field, the data points square root ofnb and suggest that they may be used as
associated with high fields being above those associated wiihdicator of the tubes’ environmeftteflecting the number of
lower ones. This tendency can be explained by the fact thatbes or their spacingprovided an appropriate calibration is
at high fields the surface barrier is thinner and therefore lesachieved.
affected by the neighboring tubes than at low fields. The best
fit we could find for the dependenceds-ay+a,F, whereF
is in V/nm and the two parameteeg anda; are 3.8 and
—0.43 for the open tubes and 3.2 ard.90 for the closed We presented simulations of field emission from bundles
ones(note that the range of validity of this law is limited, of open and close@5,5 nanotubes, using a transfer-matrix
sincea must remain positive The values of, thus confirm  methodology for consideration of three-dimensional aspects
that the dispersion around the average currents is higher f@f the structures and potential energy. In all cases, the closed
closed tubes than for open ones. nanotubes are found to emit less current than the open ones
Assuming that the Fowler-Nordheim theory accuratelyand to be more sensitive to the extraction field in their re-
describes the emission of a single tubg,..eqthen depends sponse to neighboring structures. Our results indicate that the
onF2ex —b/F]. The presence of additional tubes introducesbundles’ total emission can be related to that of the isolated
a new factor in the expression of the total current, which hasubes by a simple empirical relation. The formula, which
the form exp—a;Vnb—1F]. Since this new dependence on incorporates the number of tubes and the extraction field,
F cannot be incorporated in the original equation, these resuggests a deviation from the Fowler-Nordheim theory at
sults suggest that the Fowler-Nordheim theory would apphhigh fields. In addition to the total current, the method pro-
badly to bundles of nanotubes in conditions whdfé vides the energy distribution of the emitted electrons. In situ-
>b/(a;/nb—1). For bundles of six closed carbon nano- ations where quasilocalized states are manifested by peaks in
tubes, the critical field is around 3.5 V/nm. Other reservathese distributions, it turns out that their position can be used
tions on the applicability of the Fowler-Nordheim equation as an indicator of the tubes’ environment.
to carbon nanotubes can be found in Refs. 33 and 34.
Besides total currents, the technique also provides the de-
tailed energy distribution of the emitted electrons. Their main
contribution is around the Fermi level and decreases as ad- This work was supported by the National Fund for Scien-
ditional emitters are considered. The distributions also tendific Research(FNRS of Belgium and by NSF Grant No.
to be thinner and peaks associated with stationary waves iDMI-0078637 administrated by UHV Technologies, Inc.,
the body of the emitter less pronounced. These effects ardlt. Laurel, NJ. One of the authof#.M.) acknowledges the
due to the surface barrier, which becomes higher as the nunuse of the Namur Scientific Computing Facility and the Bel-
ber of emitters increases. The most interesting result comagan State Interuniversity Research Program on “Quantum
from the peaks associated with quasilocalized states. Thegiize effects in nanostructured materiald®Al/IUP P5/0).
position indeed reflects the bundles’ configuration, as we obThe authors are grateful to M. Devel for useful discussions.

V. CONCLUSION
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