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Field emission properties of thd0,10 carbon nanotube are investigated with a first-principles approach.
Emission currents are obtained through integrations of the time-dependentii@gercequation. We find that
the emission current from the states localized at the tip end is more than ten times greater than direct contri-
butions from extended metalliece(and 7*) states. The spatial distribution of the electronic wave function as
it tunnels through the energy barrier is shown in time sequence. The simulated image on the screen shows a
pentagonal pattern in agreement with experiment.
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Carbon nanotubes have been regarded as a promising maensistency cycle, either a large barrier is applied tempo-
terial to be used as electron emitters in the field emissiomarily outside the tip or a localized basis set is employed.
display (FED).! The unusually high aspect ratio as well as With the computed eigenstates as initial electronic configu-
the mechanical and chemical stability of the nanotube areations, the temporal wave functions are determined by solv-
main advantages over the conventional metallic tips. The viing the time-dependent Scltimger equation. The transition
ability toward the practical device application is being exam-rate (the amount of charge flowing out of the tip per unit
ined, and the carbon-nanotube-based FED is expected to logne) is then evaluated, and the total current is obtained by
commercialized in the near futufe. summing up the product between the transition rate and the

To improve the performance of the nanotube field emitteloccupation number of individual states. This method has

by tuning the structural parameters such as the radius, efgben applied to the field emission of carbon chaared gra-
geometry, and packing density, it is essential to understanghitic riphons®

the emission mechanism of the nanotube. While the Fowler- |, this article, we use the above method to elucidate a
Nordheim (F-N) theory’ has been successful in describing getajled emission mechanism of the single-wall carbon nano-

the field emission of micrqn-sized ti|_os_, many experiments[ube_ As a model system, we take a (10,10) carbon nanotube
reflect that the F-N theory is not sufficient for a full under- with a symmetric cap at the end. Its diameter of 1.4 nm

standing of the field emission of nanotubes. Examples are . . , .
nonlinear IV characteristics in the F-N pltand the pho- corresponds to a typical size of single-wall nanotubes used in

toluminescence during field emission with a pronouncecfhe field-emission experlmgrf_isThe length of the nanotube_
peak at a certain frequencyn addition, the energy distribu- is chosen to be ‘_10 A contglnlhg 630 carbon atqms. The Size
tion of emitted electrons exhibits a sharp peak which shifts t& the supercell in the periodic boundary condition is 45 A
a lower energy side almost linearly as the applied field<4 Ax75 A, large enough to avoid the interaction be-
increased. All of these observations are incompatible with fween repeated systems. _
the picture that the emission current originates purely from First, we analyze the electronic structure of the nanotube
the usual metalli¢extendedi states, suggesting that localized under applied electric fieldsg,,,), employing the standard
state$ may contribute to the emission current significantly. ab initio pseudopotential methddwith the local density
On the theory side, one is faced with many difficulties approximation'? In expanding the wave function, we use the
when trying to make a quantitative prediction on the fieldlocalized orbitals of the minimasp® typel® This basis set
emission of nanotubes; since the applied voltage is usuallgccurately describes the structural and electronic properties
very high (a few hundred to a few thousand voland the of the carbon system with relatively small distortions with
local field at the tip of the nanotube is extremely large respect to the graphite, such as the nanotube or fulléfene.
(~1 VIA), the linear response evaluation of the emissionThe plane waves with the cutoff energy of 40 Ry are used in
current is not justified. Furthermore, the localized electroniaepresenting the potential. The uniform external electric field
states at the tip of the nanotube, which are not taken intgs simulated as a sawtooth-type potential to be compatible
account in the F-N-type simplified model, may profoundly with the periodic boundary condition. The magnitude of the
affect the emission. The usual scattering formafissinot ~ external field is chosen so that the local electric field at the
adequate for describing the field emission of the localizedip of the model nanotube is about the same as the value in
states since they are not current-carrying states. experimental situations. An empirical rule that the local elec-
Recently, we proposed ab initio method for computing tric field is essentially a function of the product between the
field emission currents of nanostructufesn short, this tube length and the external electric field turns out to be
method starts with performing first-principles calculations onuseful hereé? The atomic coordinates are relaxed at zero ex-
the nanotip under the electric field, thereby obtaining theternal field® In Fig. 1, the electronic distributions are plotted
self-consistent potential and the wave functions. To confin@long the nanotube forr, =*, and localized states close to
the electronic charge within the emission tip during the selfthe Fermi level, showing that the localized state decays fast
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gion of Fig. 2 in terms of energy minimization; the total
energy changA U, by adding a charge-4ef (4 is the num-
ber of localized states including the spin degeneracy and

7 ' ' ' ' | ' ' —e is the electron chargdor a givenE,p, can be approxi-
Y nanotube —— %+ vacuum — mated as
n
= | 1
c 5 localized — - 2 2
=] | | — (pcap—4ef) “ Pcap
_e' 4 | FO s 4 AU(f):_4efaEappl+ 2C y (1)
© | cap
~ 3r | 1 . . . . . .
— \ where «Epp, is the effective electric potential shift experi-
RN/ 2 1 T enced by the localized state with respect to the potential deep
= f‘, i inside the tube. This term reflects the fact that the potential
EETARTALY ; Ty Vi VR shift is proportional toE,,,. The second term is the Cou-
005 30 35 40 45 50 55 80 65 lomb energy contributed by the extra charge4ef) added

z(A) to the _original electronic ch.arg.e in the cemg_p). Ceap is the
capacitance of the cap which is related to its size and geom-

FIG. 1. The electronic distribution along the nanotube for ex-€try. Minimizing AU with respect tdf, we have
tended ¢ and #*) and localized states close to the Fermi level.
The squared wave functions are averaged pvand ¢. The model
on the top shows the nanotube region plotted. The shaded region is
where the local electric field is larger than 1.5 V/A wHeg,,is 0.7
VIA (see text showing thatf is linear in E,py. In the case of the5,5)

nanotube, we find that the increase &f again linear irE
away from the cap while the distribution of the extendedbut slower than in Fig. 2. This is consistent with E2). since
states is rather uniform over the tube body. the smaller size of the cap leads to a smalgg,.

As we increaseE,,, from zero, noticeable changes are ~ While f increases from 0 to 1, the Fermi level is more or
observed in the occupation number and the energy level déss pinned by these localized states. Oheceaches 1, the
the localized statesee Fig. 2. At low fields, doubly degen- energy level of the localized states shifts down much more
erate localized states exist above the Fermi level which deapidly by a further increase in the applied bias because the
not contribute to the current because they are unoccupiedcreening is now less complete. As will be shown below, the
WhenE,,, exceeds 0.2 V/A, the occupation numlger fill- localized states are the main source of the emission current,
ing factop f is linearly increased until it reaches 1. To explain and this region {=1) corresponds to the experimental situ-
the linear filling of the localized states, we examineation where the peaks in the energy spectrum shift signifi-
each component of the total energy as the localized state @antly as a linear function of the external fi8l€ontinuum
filled. It is found that the filling factor of the localized metallic states originating from the body of the nanotube do
states is determined mainly by the balance of two terms—theot undergo such a shift since its peak is fixed at the Fermi
external potential term and the electron-electron repulsiotevel. We note that the localized states in Fig. 2 are orthogo-
term induced by the accumulation of charge in the capnal to the continuum states at the same energy level due
This observation enables us to explain the intermediate rgo the symmetry incompatibility; under the operation

of the 27/5 rotation in theg-direction (see Fig. 1, the ei-

Ccap Pcap @)
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0 02 04 06 08 1 12 genvalug(i.e., the phase factpof the localized state ig'?/>"
1 T T T —F—0—0—0 0.6 while those for the extendest and #* states are 1.
o’ 1 o4 To obtain the emission current, we integrate time-
0.8 f ,’ ' dependent Schdinger equations with the split-operator
g K4 4 02 method!’ The basis set for expanding the wave function is
8 o6 F ¢ 1o & switched to plane waves to describe the tunneling process of
= - 8  — o electrons. The simulation time of 1.5 fs is appropriate to
= 04t o 102 2 evaluate the transition rate from the slope of the electron
< 4 104 leakage curve. If the simulation time were too long, the front
09 kb /p’ ' of the wave function of the emitted electron would reach the
’ 4-06 boundary of the supercell and be reflected, causing undesir-
0o L \ \ \ 0.8 able oscillations in the amplitude. Figure 3 shows the emis-
0 02 04 06 08 1 120 sion current ofw, 7*, and localized states. It is noticeable
Eapp (V/A) that the contribution from localized states dominates
(~95% of the total currentover the whole range O,

FIG. 2. Filling factorf (open circlesand energy level of local- Studied. The large currents of localized states were also ob-
ized statese,. with respect to the Fermi levefilled circles as a  served in the (5,5) nanotul§eThe pronounced contribution
function of the external fieldE,,,). The solid and dashed lines are of localized states can be understood from the electronic dis-
guides to the eye. tributions presented in Fig. 1. The localized states are ex-
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FIG. 4. (a) Snapshots of the charge distribution of emitted elec-
trons (doubly degenerate localized staté®m the capped (10,10)
nanotube. The amplitude of the wave function is magnified by 30
times in the vacuum region for the visual purpod®.The current
density of one of the localized states at the last instand¢e)ofhe
electronic density and the equipotential lines are also displdggd.
07 0.8 0.9 1 1.1 1.2 The simulated image on the screen.

Eappt (V/A)

1/Eappl(A/V)

FIG. 3. The emission current of each state as a function of théouching the high field region with much 'afg?r gmplitud.es
external electric field. The inset shows the F-N plot. The dashed linéh@n in the capped nanotube, thus greatly facilitating the field
and the arrow are drawn in the inset to emphasize the change of ti@mission. This, in combination with the ability to couple
slope for the localized state. with the s-like vacuum state, significantly enhances the emis-

sion current of ther state almost to the level of the localized
posed to the high field regiofshaded box in Fig. lwith states of the capped nanotube.
substantially larger amplitudes than extended states, imply- Figure 4a) illustrates an example of the temporal se-
ing that the average tunneling distance for the localized statguence of the electronic configuration under the external
is smaller than that for extended states. This leads to a largelectric field. It captures instantaneous configurations of the
variation of the current between localized and extendedioubly degenerate localized states flowing out of the tunnel-
states as the emission current depends on the tunneling digg barrier and exhibits a characteristic charge density distri-
tance exponentially. bution in space. In Fig. #), the current densitie6ndicated

The F-N plots in the inset of Fig. 3 show almost straightby arrows are shown for one of the localized statestat
lines as predicted by the F-N theory. The slope in the F-N=1.44 fs, drawn on a plane lying on the nanotube axis. The
plot for the localized state changes slightly at the point indi-equipotential lines show that the electron is driven along the
cated by an arrow. The abrupt change difffdE,,, near  gradient of the potential.
f=1 mentioned above leads to this change since the One can also simulate the microscopic image on the phos-
emission current is the product df and the transition phor screen of the FED by plotting the amplitudes of the
rate. This may partially account for the experimentalwave function on a plane in front of the nanotube. Figure
observation of the nonlinear F-N pldtédowever, it is noted  4(c) is such a simulated image on the screen contributed
that the actual change of the slope in experiment is severdtom doubly degenerate localized states. The image of a ring
times greater than what is found here and other causes sushrrounded by five spots is similar to the one observed in a
as the adsorption of ambient molecules should play a majarecent experiment of the field-emission microscopy of car-
role 8 bon nanotube¥ For the open (10,10) nanotubéot

It is also interesting in Fig. 3 that the current of the shown, we find that the extended states produce a single
m state is 2—3 times greater than that of the state. Due spot because of the large amplitude of théke vacuum
to a rotational symmetry of the (10,10)-capped nanotubetate.
around its axis, each state in the nanotube tunnels to vacuum For the localized electrons to be emitted to the anode side
states with the same symmetry component. The constapersistently, electrons must be supplied from the extended
phase of thew state around the circumference of the states forming the current loofeircuit). The coupling be-
nanotube enables the state to couple with the vacuum tween the extended states and the localized states estimated
state with zero angular momentum in the cylindrical coordi-from experimental broadening of the localized states is 0.1
nate of the nanotuben{,=0; see Fig. 1L However, eV, which corresponds to the transition rate of“1€° On
the phase of ther* state changes much more rapidly and thethe other hand, the emission rates of localized states across
corresponding vacuum state also has a larger angular mthe barrier are 18/s and 16%s, respectively, when the local
mentum componentnf,=10). This leads to a smaller tun- fields at the tip are-1 V/A and ~1.5 V/A. Since this pro-
neling integral between them and hence smaller emissiopess is much slower than the intratube transition rate of
currents. 10%s, the rate-limiting step of the whole process is the tun-

As an example of a different end geometry, we have alsmeling of the localized states into the vacuum. It also implies
studied the open (10,10) nanotube with hydrogen passivatiotihat the joule heating would occur at the edge of the nano-
at the end. In this case, there is no localized state within théube. The potential drop within the nanotube near the edge is
relevant energy range. However, the extended states are now0.1 V from the calculated self-consistent potential. When

241402-3



RAPID COMMUNICATIONS

SEUNGWU HAN AND JISOON IHM PHYSICAL REVIEW B66, 241402ZR) (2002

the local field at the tip is-1 V/A, the current of a single- ~ We thank Prof. R. Car for helpful discussions. This
wall nanotube is~ 10 nA (a typical value to produce enough work is supported by the CNNC of the Sungkyunkwan
brightness on the screen when an array of nanotube emittekéniversity. SH's work at Princeton University is supported
exists in the FED devigeand the joule heating per tube is by KOSEF. The computations were supported by the
~nW, which is small enough not to raise the temperatureGrand Challenge Program of the Supercomputing Center of
significantly. KISTI.
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