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Field-enhancement properties of nanotubes in a field emission setup
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The polarization phenomenon, involved in the mechanisms of emission from carbon nanotubes, is investi-
gated by means of a self-consistent resolution of Poisson’s equation. We show that the field enhancement,
responsible for the emission, varies in a logarithmic way with the nanotube length. This leads, for most of the
nanotubes investigated, to a rapid saturation of the amplification of the field which does not allow for the
recovery of experimental values for microscopic lengths. However, this saturation is less importamt,@)ith (
nanotubes and values of the amplification factor around 2000 can be obtained with small diameter nanotubes
of this kind. The case of nanotube films is also investigated, and the dependence of the amplification factor
with the nanotube density is pointed out. Finally, the screening effect of the outer shells on the inner ones is
investigated in the case of multiwall nanotubes.

DOI: 10.1103/PhysRevB.65.075418 PACS nuni®er85.35.Kt, 33.15.Kr, 85.45.Fd, 41.20.Cv

[. INTRODUCTION calized states are still to be determined. For example, Han
et al?° have shown that the enhancement of the field is due
Field emission from carbon nanotubes, seems very to the occupation of localized states at the end of the nano-
promising for technological application such as flat paneltubes and, on the other hand, Adesisal?! have shown that
displays. The requirements for such devices are a lovwthe electronic emission are mediated by localized states
turn-on field, a high brightness, a good dynamics, and a lowvhich do not seem to cause the enhancement of the field.
cost. The materials considered so far for these devices range In order to elucidate the implication of the field-
from Spindt-type tip&to diamondlike films;™'%or more re-  enhancement phenomenon in the field emission process, we
cently, ultrathin semiconducting film&TSC's.**"**Apart  have studied, by means of a self-consistent resolution of
from UTSC's which have not been extensively tested yet folpoisson’s equation, the evolution of the field-enhancement
this application, most of the materials pose important technifactor for various single wallSWNT’s), double wall, and
cal_pro_blems, such as the uniformity of the em@ssive surfac%ime wall nanotubes. These calculations have been per-
which is, at present, one of the most challenging problemssy,med by means of an atomic anisotropic dipolar approxi-
For example, no solution has been found yet to extend b&q4ti0n to model the induced deformation of the electronic
yond about 5%, the emissive surf_ace O].( diamondiike fllms'cloud. It has allowed us to deduce the induced field at the
Actually, carbon nanotube films, with their low turn-on mac- end of the nanotubes for lengths up to 30 nm. Moreover, they

roscopic ﬁe'd.?‘”d their u_niform surfacéthanks to well €ON"  have allowed us to extrapolate a diameter variation law of
trolled deposition techniquisrepresent serious candidates

for flat panel displays. Several prototypes have even aIreao%Pe f_|eld-_enh_ancemem fgctor and to conclude on the respec-
been proposetf 18 ve implications of the inner and outer shells of multiwall

The turn-on field, under which no significant current is nanotgbeséMV\_/NT’s) on the field—enhan.cement factor. In the
observed, is of the order of 3 Y (Ref. 19 for multiwall following se_ctlon, we WI||. recall the baS|s_of the method used
nanotubes. One mechanism suspected to lead to this lovR sqlve Pmssorfs equation. Then, we will present the results
field-emission property is the very high enhancement of th@btained for various SWNT's and MWNT's.
field at the tip of the nanotubes, which would allow to obtain
a high enough microscopic field at the emission sites with a

rather low applied macroscopic field. This hypothesis has [l. RESOLUTION METHOD
been partly verified withab initio calculations for short
nanotubes €10 nm)?° However, the validity of these re-  The aim of this method is to describe the effects induced

sults for nanotubes longer than 10 nm is questionable. Moreby the surface and the applied field on the atoms of the
over, they do not provide any explanation for the very largenanotube. In first approximation, the deformation of the elec-
differences observed experimentally between apparentlyronic cloud of a carbon atom can be modeled by using an
similar nanotubes. Furthermore, experimental and theoreticanisotropic dipolar polarizability. However, to take into ac-
evidences have pointed out that localized states at the end obunt the global response of the nanotube, it is necessary to
the tubes are involved in the emission process. In this coneompute the dipolar distribution self-consistently by resolu-
text, the emission mechanism is still unclear and the respedion of Poisson’s equation. Inside the volume of a neutral
tive implications of the field-enhancement factor and of lo-nanotube, Poisson’s equation then reads
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) p(F) 1. . of the applied field in a field-emission setup.
AV(r)y=———=—V-P In this paper, we have tried to answer some relevant ques-
€ <o tions about field emission from carbon nanotubes. Actually,
_ QF'[)?(F)E(F)] experimental evidences have shown that the emission from
N carbon nanotube films occurs only from very few nanotubes

at

]

e oo o and that most of the surface does not emit. In order to in-
15(’_rJ)E(r)}' (1) crease the current density, one possibility is to increase the
nanotube density. However, this solution tends to decrease
whereP is the dipolar momentum per unit volumg(f) the  the field-enhancement phenomerf8mnother more practi-
local dielectric susceptibilityE(7) the electric field, andy; ~ cal possibility is to increase the number of emitting nano-
the anisotropic polarizability tensor of théh carbon atoms.  tubes. For this purpose, one must first answer why most of
V(F) is then solution of the nanotubes do not emit. One common hypothesis to ex-
N plain this nonuniform emission is that only the longer nano-
R B T tubes, for which the enhancement of the field is the most
V(r)—VO(r)+j dr'Go(r,r )Vr"jgl aio(r'=r)E(r"),  important, emit. However, the validity of this hypothesis de-
2) pends mainly on the evolution of thgfactor with the length
of the nanotubes.
Another question linked with these kind of emitters is the

!

¥

R

where Gy(F,") is the generalized Green’s function of the
Laplamfan satisfying the limit c.ondltlons. of the problem. Itis realism of the very large valugsip to 10 000 of the field-
proportional to the electrostatic potential at the paintue enhancement factoror B facton measured by some
to the presence of a test charge at the poinits expression authors>™® However, these values are extracted from I-V
is: Go(F',1") = — /4| F—r"| + A/dm|r—"*||, whereA rep-  characteristics with a Fowler-Nordheim model, which is nor-
resents the reflection coefficient of the surféequal to 1 for  mally only valid for plane metallic electrodes. Furthermore,
a perfect meta) andi’* the symmetric of" with respectto  the 8 values quoted also depend on the value of the work
the surface. function used. Conversely, in the present study, ghiactor
Integrating this equation by parts, and usirkg(r) is calculated directly by the ratio of the maximum value of
— —VV(F), this can be restated in Lippmann-Schwinger'sthe local field, on the tube axis near its end, by the applied

form: field. Thus it allows us to verify to which extent the values
obtained experimentally with the work function of amor-
o Nae o phous carbon are realistic.
E(r)=Eq(r)+ 21 So(r,ry)-@;-E(r)), 3 The last relevant question we have tried to answer here is
i=

the influence of the nanotube density in nanotube films on
where §0(F,F’):€F€F'GO(F, F') represents the electrostatic the_ fleld-enhar_lcement factor. Actually, a 5|mple model using
field propagator associated with the reference system, i.e., {iform metallic tube¥ clearly shows that an increased den-
half metallic space bounded by the planre0 andN; the s!ty of r.‘af“’t“be.s lowers, S0 that therg IS an optimum den_—
number of atoms. By substituting ti&,; vectorsr; for f in sity. This is ‘?0”“””?3" expgrlmental_ly in the same paper with
the self-consistent E¢3) one simply gets a linear system of a study of films with varying densities. Ho_w_ever, these re-
3% N,, unknowns, namely the components of tig vectors sults have to be checked with a more realistic model.

E(r;), which can be solved by standard dense matrix solvers.
The potential can then be computed anywhere by making use

g A. Single wall nanotubes
of Eq. (2), once integrated by parts.

The first point investigated here is the evolution of e
factor with the length of various SWNT's. Actually, Han
et al?° point out that this evolution is linear, at least up to 10

In all the presented results, the system considered corredm, leading to values as large as the biggest ones observed
sponds to a nanotube physisorbed on a perfect metallic suexperimentally, when extrapolated to lengths of the order of
face (with A=1, as defined in the previous sectiomt a 1 wm. However, Fig. 1 shows that, for our test nanotubes,
distance of 2.6 &2 In this system, the induced effects of the this linear relation does not hold any more for nanotubes
counter electrode are not considered. This approximation i®nger than 5-15 nm. On each subfigure, the evolution with
done in order to focus on the influence of the intrinsic prop-length of theg factor for a f1,n) and a €,0) nanotube with
erties of the nanotubes. close diameters are compared. From left to right, we com-

The present method, in contrastdb initio ones, allows pare a(6,0) with a (3,3, a (9,00 with a (5,5, and a(12,0
to investigate nanotubes with more than 4000 atoms. It comwith a (7,7). First, one can notice that a saturation of ke
responds, for nanotubes of diameter of the order of 1 nm, téactor with the length of the nanotubes seems to occur for all
lengths up to 35 nm. The accuracy of this method has alreadihe nanotubes, but it is clearly faster fam,§) nanotubes.
been tested in the case of g(Qullerene physisorbed on a One other remark concerns the evolution with the diameter.
surface” Thus It has been possible to study, by a systematiaVe can clearly notice that th@ factor decreases when the
investigation, the main factors influencing the enhancemerdiameter of the tube increases. This observation is coherent

IIl. NUMERICAL RESULTS
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ment of the applied field with some of the C-C bonds in the
(_‘,3:9)"“’”“' (n,0) nanotube which is never the case far,1if) ones. For
’ (6.0) | example, th€6,0) nanotube with a diameter of 0.47 nm has
T a B factor of 100, for a length of 30 nm, whereas %3
P nanotube with a diameter of 0.41 nm hag dactor of only
o em T (33) capped ) 34 despite its smaller diameter. In order to check the validity
P . of this conclusion when the nanotubes are capped, we have
B P 1 also considered the case when tBe3) and the(6,0) nano-
r e T ] tubes are capped with a hexagon. As expected, the caps in-
e (3.3 ] crease the enhancement of the field by approximately a fac-
A ] tor 2. However, the general trend of each nanotube is not
U affected and the saturation, observed with (B&), remains.
L (nm) 20 This trend can be fitted with a logarithmiclike series of gen-
—— eral expression: B(L)=L X[ag+ayIn(L)+a,In?(L)+---].

_ 160y However, it cannot be used to extrapolate our curves for
-7 ] longer lengths due to large uncertainties. Thus, in order to
-7 nevertheless have some comparison points with experimental
. data, we have used a linear approximation using only the last
d points of our curves to extrapolate the value of fhéactor
a | . 1 for a length of 1 um. We obtain for the ope(6,0) nanotube
e .5) a value of the order of 1900, and of the order of 3100 for the
- .7 - closed one. We note that these values are of the same order
’ of magnitude than the best experimental ones, for which the
L, ] structure of the emitting nanotube is not known.

y On Fig. 2 is represented the evolution of fhdactor with
— ' o 30 the diameter for 1§,0) nanotubes, first for 30-nm-long nano-
tubes, second for the same nanotubes but after linear extrapo-
-7 lation to a length of 1 um (which corresponds to a length
=7 020 ] commonly observed experimentaliywe have tried to ex-
e ] tract a general trend and the best fit is obtained with a series
i e 1 of rational functions of general expression3(D)
i i’ N =3>(a,/D"). The main point which can be drawn form this
w | . a7 ] curve is thatg values around 2000 can be reached for nano-
s : tubes with diameters of the order of 0.5 nm. These large
4 ; values of theg factor are, however, lower than those re-
L) ] ported experimentally for SWNT. Moreover, tl@,0) nano-
ol / ] tube, which is the smallest nanotube which can be observed
[ ] isolated, leads to g8 factor only of the order of 600 which is
— et not comparable with experimental values. For example, the
© 0 m 2 30 turn-on field (leading to a current density of 1@A/cm?)
. i reported by Bonarcet al. in Ref. 19 for a SWNT film is
FIG. 1. Evolution of the field-enhancement factdenotedp) 2.7 Vium. Using a simple Fowler-Nordheim modakuch
with the length of the nanotubes. In the three figures, we hav‘?ield would lead, with theg factor of the(9,0) nanotube, to a
represented together the curves corresponding te,m)(and a .o density,of only %105 ,uA/cmzi Actually némo_
(n,0) nanotube with close diameters. The indices of each tubes arteubes with smaller diameters are only observed ;:IS the inner
denoted in the vicinity of the corresponding curve. For the top

; 7,28 ; )
figure, the nanotubes referred to as “capped” correspond to nanogh(.aII of multiwall r.‘a”m“beg’ or after Very speCIa.I pfepa
tion that has still not been applied to field emission. To

tubes ended with a closed structure. One can notice the saturation E)Ef - ; - .
the 8 factor with the length. Justify these differences with experimental values one could

argue that the work function used to extract the amplification
with the results obtainable with a uniform metallic cylintfer factor with a Fowler-Nordheim model is an overestimation
for which the enhancement of the field is proportional to theof the real work function for carbon nanotubes. However,
inverse power of the diameter of the cylinder. However, weone more realistic explanation is probably the omission, in
can notice that the saturation phenomenon occurs for shorteur simulations, of the effect of the counter electrode for
nanotube lengths when the diameter is increased. which a significant role has been pointed out recefitly.

The third remark concerns the significantly different be- In order to point out the implications of the chirality of
havior of (n,n) nanotube and r(,0) nanotubes. Actually, the nanotubes on th@ factor, we have compared three
(n,0) nanotubes seem to be the best field amplifier and th&WNT's with close diameters but different chiral angles. In
saturation phenomenon occurs for lengths greater than fd¥ig. 3 is plotted theg factor for a(10,0, (9,2), and (8,3
(n,n) nanotubes. This difference could originate in the align-nanotube with respective diameters of 0.78, 0.79, and 0.77
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ol FIG. 3. Evolution of the field-enhancement factdenotedg)
oL 4 . o
Q1 with the length of the nanotubes. In this figure, we have represented
r the curves corresponding to(8,3), a (9,2, and a(10,0 nanotube
ot (solid, dashed, and dash-dotted lines, respectivaliich have
oL . . . .
oo i close diameters and different chiral angles. It can be seen that the
w [ . ] chiral angle only affects the smoothness of the curve but not its
ol . general trend.
o L -
=3
I ' ] mesh parameter of 1 nm, th@ factor is only lowered by
=3 AR 1 approximately a factor 2 which is a rather low screening
o L . e L effect compared with the one observed by Nilssb@l. This
®) 0.6 08 | (nm) 1 1.2 result shows that the nanotube density, even if it has a low-

ering effect, does not modify drastically tigefactor and the

FIG. 2. Evolution of the field-enhancement factdenotedg) ~ difference pointed out between () and (,0) nanotubes is
with the diameter ofi§,0) nanotubes. The top figure corresponds to More significant.
the results of our calculation for 30-nm-long,0) nanotubes. The In Fig. 5 is represented a contour plot of the polarization
bottom figure corresponds to an extrapolation for a length ofpotential for a rope of 136,0) nanotubes in a close-packed
1 um. Large values of th@ factor are obtained only for diameters arrangement, corresponding to the system used to compute
smaller than 0.5 nm. the B factor with second neighbor interactions represented in
Fig. 4. The screening effect of the external nanotubes over
he central one is clearly noticeable in this figure. This effect

hiral le of 0. . 15.3° ively. 20
nm and chiral angle of 0.0, 9.8, and 15.3°, respectively. O eads to the decrease of tjsefactor observed in Fig. 4 when

this figure, the main noticeable variation with the chiral
angle is the increasing instability of thfactor which occur
when the chiral angle increases. However, as will be devel-
oped in the next section, this oscillatory behavior tends to o
disappear for multiwall nanotubes. One explanation of this ™
instability of the 8 factor may be the large period of chiral
nanotubes. Actually, for the range of nanotube lengths con-
sidered here, we do not have a finite number of period con-
versely to achiral nanotubes for which the length increment®
can only be done by a half period. However, it is not possible

to conclude here that the chirality plays a significant role on &
the variation ofg3 factor.

So as to check the influence of the nanotube density or
the B factor, we have considered(6,0) nanotube film in a ©
closed pack arrangement and measured the evolution of th r/ | , | , | , |
field with the mesh parametédenoteda). In Fig. 4 is rep- 2
resented the evolution of thé factor when the interaction
with the first and second neighbors are taken into account. g, 4. Evolution of the field-enhancement factdenoted;)
Whena is large(greater than 10 njn g tends to the value \ith the mesh parameter of(&,0) nanotube film in a close-packed
observed with an isolated nanotuk@pproximately 33 for  arrangement. The length of the tubes is 7 nm. For the solid line, we
the given nanotube lengthConversely, the more the mesh have only considered the interaction with the first nearest neighbors.
parameter decreases, the more ghiactor decrease@n ac-  For the dashed line, the second nearest neighbors are also
cordance with the result obtain in Ref.)24Hdowever, for  considered.

el
N

o
(@]

4 a (nm)

075418-4



FIELD-ENHANCEMENT PROPERTIES OF NANOTUBE. . . PHYSICAL REVIEW B 65 075418

T T - (3,31j(
(3.3)0(15.2)
, - YA
ol T e
i v
- A =
./'/"’./....,.=- e
FIG. 5. Contour map of the polarization potential in the plane = _ /”:,’ 7]
X-Z for a system constituted by 1@,0) nanotubes in a close- /oo
packed arrangement. The spacing between two isopotentials is 450 |/
meV. In this figure one can see the central nanotube surrounded by é — 1'0 —_ 1'5
two of its first neighbors. As expected, the enhancement of the field (2) L (nm)
is larger close to the brim of the rope. T T T T T T T G
gr (9,0)9(19,1)
the nanotube density is increased. However, the most [ =]
interesting point is the large difference observed between - _//'V.,-/" 1
the potential map in the vicinity of the external nanotubes 3 L /,-"’ (.000(15.7) 1
and this of the central one. Actually, the isopotentials - /‘/" (15,7)1
are closer near the external nanotubes. This behavior is®™ [ i PP
also observed with MWNT'$® with diameters of the ol LT T (8,
order of several nanometers, when they are described a: © [ s S ]
uniform metallic conductors. It is observed in Ref. 26 that I A ]
the field tends to be larger in the vicinity of the brim of the L T ]
nanotube. In such a situation, the electronic emission is com- 2 _‘,’-:“” 7
ing mainly from the external nanotubes and not from the —_—
central one. This situation is encountered experimentally (®) 5 Lm0 e
with patterned nanotube films obtained by a printing method , e — o
for which the emission occurs mainly from the brim of the ' | (3,3) 1
blocks, leading to a large opening of the emitted beam. To L ]
avoid such a situation it is clear that a low nanotube density g | 4
is preferable. [ (3:3)0(15.2)0(24.4)]
It is important to point out that in all the presented results, [ e - (15.2)]
there is no noticeable influence of the band strucilamed °r =T e
therefore of the electronic conduction properties nano- @ [ -7 PR (24,4)]
tubes. This is not surprising considering that these results are o t PP IR 1
obtained with a local dipolar model. Moreover, the occur- ~ | //::-—-"'_,',.A. s ]
rence of the polarization phenomenon described here leads tc | TSR 1
the field enhancement, but does not imply any charge dis- [ /47" ]
placement. However, the conduction properties of the nano- ¥“* — . . 1 . . . . | ]

tube depends on the band structure of the nanotubes and tht () 5 (nm) 10
an additional contribution on the electron emission properties £ . Evolution of the field-enhancement factdenotedg)

can be expected. with the length of the nanotubes. In the top figure, we have repre-

sented the plots corresponding to two double wall nanotubes con-
stituted by a(3,3) inner shell with a(15,2 or (13,5 outer shell. In
the central figure, we have represented the plots corresponding to
Nowadays, one of the most widely used techniques tawo double wall nanotubes constituted of®0) inner shell with a
produce nanotube films is chemical vapor depositioxD). (19,9 or (15,7 outer shell. In the bottom figure, we have repre-
However, the production of SWNT's by a similar technia‘he sented a triple wall nanotube constituted af3a3) inner shell with
has been done only quite recently and most of the experia (15,2 middle shell and 24,4 outer shell. In each figure we have
mental observations done with nanotube films produced by added the plot corresponding to the different shell alone for com-
CVD technique involve MWNT's. Moreovel3 factors re- parison. The outer shells act as Faraday cages over the inner shells,
ported for MWNT’s (Ref. 31) with diameters of a few na- but the enhancement of the field is still mainly due to the inner
nometers are smaller than for SWNT’s but, of the order ofShells:
1000. This seems contradictory with our results for SWNT’s.enhancement property of MWNT's is due to the presence of
Actually, we argue thas factors of the order of 1000 may be small diameter inner shells. In such a case, the lower ampli-
obtained only with ,0) nanotubes with diameter smaller fication factor observed with MWNT's might originate from
than 0.5 nm. Thus one could wonder whether the field-a screening of the applied field by the outer shells. To answer

B. Multiwall nanotubes
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these questions, we have checked the evolution of2he IV. CONCLUSION
factor with length for various MWNT's.

In Fig. 6 are represented the evolution, with length, of the We show that for qarbon hanotubes, the f|elq-
3 factor for four double wall nanotubeéeft and central enhancement property, which corresponds to a polarization

figureg and one triple wall nanotubgight figure. In all the phenomenon, can be modeled by means of a dipolar approxi-

cases, the shells have been chosen accordingly to the interp_ation, however, giving results independent of the band
' gy structure(and therefore of the electronic conduction proper-

shell spacingaooz measured in Ref. 32. The double wall ties) of the nanotube.

nanotubes are constituted by(®0) and a(3,3) inner shell In the case of opened nanotubes, large differences are
for the left and central figures, respectively, with two differ- 5pserved betweem(n) and (n,0) nanotubes. We show that
ent outer shells each. On the_se two figures, the'two reSpPegniy (n,0) nanotubes with small diameters<0.5 nm) can

tive outer shells have approximately the same diamlééer o4 to high values of the amplification factor. However, we
the (3,3 the outer shells have a diameter of 1.26 nm and for,5ye not obtained values as large as those observed experi-
the (9,0 the outer shells have a diameter of 1.53]nfthe  antally and this would tend to prove that factors other than
major difference between the two respective outer shells i§g|arization are involved in the mechanism of emission.
their chiral angle. However, due to their rather large diam-thege results are not much affected when capped nanotubes
eter, there is no significant difference between tifgifac-  51e considered. Actually, caps improve the field amplification

to.rs. When we compare the curves for the isolated nanotubggqior (approximately by a factor )2but the polarization
with the ones for double wall nanotubes, the clear effect of,,ochanism and the saturation phenomenon remain un-

the outer shells over the inner one is a lowering of the tOtal:hanged.

field enhancement. ) ) ] _ _ We show, in the case of nanotube films, that an increase in
This effect is also noticeable in the right side of Fig. 6 the nanotube density decreases only slightly gractor. In

which corresponds to the evolution of tigefactor WI'['h the  the case of a rope of nanotubes, we clearly show that the
length of a triple wall nanotube constituted by(®3) inner  fig|q amplification is larger on the external tubes than on the
shell, a(15,2 middle shell, and #24,4) outer shell. It can be  central one. This effect is observed experimentally and leads
noticed that thes factor of this triple wall is higher than the 1 an emission by the brim of the blocks.

one for the middle shell. Thus, even with three shells,Ahe  Finally, we argue that the field amplification properties of
factor is mainly set by the inner shell. However, fiéactor  \MWNT are due to inner shells with small diameters. We base

for this triple wall nanotube is smaller than the one for theghis conclusion on the evolution of the factor with the
same nanotube without the outer shek., the(3,3@(15,2  giameter observed with SWNT's.

used for the left figure Thus the addition of a third shell

tends to decrease thg factor as is expected, knowing that

carbon nanotubes are good Faraday céﬁé&tuqlly, for a ACKNOWLEDGMENTS
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