PHYSICAL REVIEW B, VOLUME 65, 085405

Dynamical simulation of field emission in nanostructures
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An efficient computational scheme based on the first-principles pseudopotential method is proposed for the
electron emission from nanostructures under an applied electric field. The emission rate of the electron through
the potential barrier is calculated by integrating the time-dependent @agey equation for the states residing
initially inside the emitter. Our approach takes into account the three-dimensional feature of the nanostructure
as well as the realistic self-consistent potential. We have applied this method to the field emission of carbon
nanotubes. The calculated emission currents are in good agreement with experimental data and exhibit strong
dependence on the spatial distributions of the electronic wave functions.
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[. INTRODUCTION generically retaining the geometric sharpness down to a na-
nometer scale. For example, the diameter of the carbon nano-
A strong electric field applied on the metal surface pullstube is only a few nanometers while its length can be ex-
out electrons from the metal via quantum-mechanical tunneftended up to several micrometers.
ing, which is called field emission. An analysis on the inten- The current-voltagel¢V) characteristics of microtips are
sity of field-emitted electrons reveals valuable informationwell described by the Fowler-Nordhei(&-N) theory devel-
such as the electronic structure of emitters or the variation opped in 1928, This theory was formulated using the one-
the work function as surface conditions chadgen the dimensional potential model with the free-electron-like metal
practical side, the field emission can be used in the displa@f @ given work function. The curretitwas calculated with
device by controlling the extracted electrons to hit a desiredhe WKB approximation and its functional dependence on
point of the phosphor screen. An array of field emitters rethe bias voltageV) is
placing a bulky electron gun allows for a flat and thin dis-
. . LY . 3/2
play. Since the field-emission display operates at low tem- IocVZex;( _ ¢_) 1)
peratures, it consumes far less energy than the conventional BV’
display such as a cathode-ray tube that is based on thermal
emission. These potential merits of the field-emission displayvhere ¢ is the work function and3 is a constant propor-
have brought about industrial interests in developing a largetional to the field enhancement factor. In most experimental
scale and energy-efficient display based on the field emissituations, where the radius of curvature of the tip is greater
sion. than a micrometer, theV characteristics follow the form of
The metal emitters used for the field emission are usuallfg. (1), producing a straight F-N pldin(I/V?) vs 1M] and
designed to have a sharp edge in order to enhance the loddiis is usually taken as evidence that the emission is driven
electric field at the tip and achieve a high rate of electrorby the field rather than by thermally excited electrons. The
tunneling. The radius of curvature of the emission tip hadocal electric field at the end of the tip is obtained from the
been typically around micrometers, but with the develop-slope of the F-N plot, using the known value of the work
ment in the fabrication technology and the advent of newfunction. With its success in describing many experiments,
materials, smaller tips with nanometer radius, namely, nanthe F-N theory has been the basic framework of many theo-
otips, begin to be usedThe nanotip is superior to the mi- retical methods developed until now.
crotip in several ways. The most explicit advantage is the For studying the electronic behavior in the nanostructure,
increase in the magnitude of the local electric field at the tighowever, the simple picture of the F-N theory is not appro-
end, which results in the enhancement of the emission cuipriate. First, the approximation of the tip as a square
rent compared to the microtip under the same external fieldjuantum-well potential is not justified at the nanometer scale
In addition, the low density of states at the tip makes thesince the concept of a sharp boundary between the emitter
emitted electrons highly coherent and monoenergetic so thand the vacuum fails and the electronic structure signifi-
they can be used as an efficient source of the low-energgantly deviates from that of the simple quantum well. Sec-
electron point source microscop@.The narrow opening ond, the one-dimensional WKB approximation neglects the
angle of the electron beam is also suitable for a local probspatial variation of the wave function in they plane(the
of nanometric soft materials like RNA or carbon fib8/Ehe  emission is assumed to be in thalirection. The three di-
nanotip can be fabricated situ with a field-ion technique on mensional character of the wave function becomes important
the metal surface: a local electric field greater than 1 V/Ain the nanotip because they dimension of the tip is com-
rearranges the atoms that are mobile in the high-temperatugarable to atomic distances. Third, it is well known that the
condition, producing a nanometric protrusion on the flat-adsorbate-induced localized states significantly change the
metal surface. On the other hand, there are also materiatsmission current. The role of the localized states is pro-
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nounced for the nanotip because the atomic size of the tip y=3a,0,

restricts the number of channels for extended states. The lo- —
calized states are difficult to consider in the semiclassical ‘NW\N
approach because they are not the normally current-carrying t < 0 _

states. These theoretical arguments are reinforced by experi-
ments for nanotips showing anomalous results that are not

Sem S R Svac
clearly explained by the F-N theory. For example, the current : \l = }
from the nanotip is often saturated at the high voltage, result- -_ 7
ing in a nonlinear F-N plot.” The peak position in the en- y=2ae '

ergy distribution of the emitted electron is fixed at the Fermi W
energy of the emitter in the F-N theory as observed in the t > 0 _
experiment using microtips, but it shifts down in nanotips as

the voltage increasés. In some experiments, the analysis . ) -~
based on the F-N model yields unreasonable work FIG. 1. Computational scheme for evaluating the transition rate
10,11 of an electronic state. The wave function is described with the lo-

functions: _ _ - .
The above observations strongly indicate that the study offal'ze_d basis ¢,,) before the tran5|t|ont(s0)._Eort>o, the_ basis
s switched to plane waveg'f") and the transition occurs, is the

the field emission of the nanostructure requires a more reaL ; . .
?undary used in evaluating the amount of the electron tunneling.

istic quantum-mechanical treatment. There have been sever, . ) .

attempts to go beyond the limit of the F-N theory: an accu- ™ Shar, 8N Syqc are the emitter, barrier, and vacuum regions,
P . 9 y . - y: . respectively.

rate potential around the tip region has been obtained from

the quantum-mechanical calculation or from the solution Ofkinetic operatoT, the local potentiaV, , and the nonlocal

the I__aplace equation with a thre(_e-d_imenSion_aI bo?‘”dafy OI)otential in the separable form proposed by Kleinman and
the tip}*>!® However, the transmission functions in thosegylander (/<B) 16
NL/»

methods are still evaluated in the one-dimensional metho

py employing thg ;emiclgssipal approaph_ along a specific H=T+VL+VEE,

line in the emission direction. Sophisticated quantum- ©
mechanical methods have also been formulated and applied V| =Vixd p]—€Eex,

to relatively simple systems such as a flat-metal sutfaoe ] . )
a single-atom tig® whereVy,. is the Hartree and exchange-correlation potential

scheme aiming at simulating the field emission of realisticsum of potentials contributed from individual atoms.

nanostructures accurately. In the analysis of the field- | 0y Y 0y |
emission process, we do not make any simplifying assump- VKB=E VTImZE PrimV 1 D rimV 3
. . . . . . NL NL 7 ’

tions on the geometry, potential distributions, or electronic 7im 7im Am

states. The transitiofor tunneling rate of the electron is
evaluated by monitoring the time evolution of the wave func-
tion initially confined inside the emitter. We will describe the
computational details below and then present the results f
the field emission of carbon nanotubes as an example.

where| and m are indices for the angular and azimuthal
momenta, respectively/, is the pseudopotential for tHéh
oe;,ngular momentum of theth atom, ¢2,, stands for the
atomic orbitals, an& ,, is the normalization factor.

In expanding wave functions, the localized orbitals are
used
Il. COMPUTATIONAL METHOD

For the convenience of explanation, we divide the system PRN=2 all . ¢,.(r—R,), 4
into three nonoverlapping regions along the emission direc- mr
tion: the emitter &), barrier Sy,), and vacuum$,,) as  wheren is the band indexR, is the position of therth atom,
shown in Fig. 1. The field-emission process can be thoughénd « indicates the angular and azimuthal momenta. In this
as the transmission of the electron fr@g, to Syac by tun-  paper, the pseudoatomic orbitals are useddgr(r).!” By
neling throughS,,,. Three steps in our approach for studying adopting the localized basis, the number of basis functions
the field emission of nanostructures are explained below. required for the calculation is reduced significantly. In addi-
tion, the finite radii of the basis naturally make the wave
functions confined inS,,;. The standard pseudopotential
method is employed and the self-consistent iteration is per-

‘The first step is to obtain the self-consistent potential thatormed for the accurate description of the effect of external
drives the electron into the vacuum and the initial wave funce|ectric fields.

tions to be used in the time evolution. This is aCCOmp|iShed A practica| issue here is a realistic mode"ng of the nan-
by anab initio calculation for a finite cluster imitating the tip otip. When the height of the tip is within a nanometer, all
region of the nanostructure including the uniform externalatoms in the tip can be included in the computafién.case
field (E¢yz). The Hamiltonian in the pseudopotential formal- of micron-long nanotips such as carbon nanotubes, however,
ism with the local-density approximation is composed of themillions of atoms are involved and quantum-mechanical cal-

A. Ab initio tight-binding calculation
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culations would not be feasible for such a large system. The H'=Hsctvrep
high aspect ratio in these materials amplifies the local elec- 7)
tric field at the front of the emitter, making the tunneling Vrep=v0ol(Z—2p),

process easier. In our previous study on the field emission gfhereH . is the self-consistent Hamiltonian obtained in the
the carbon nanotube, it has been found that the local electrigrst step. Herez, effectively defines a boundary plane (
field at the tip of a very long nanotube can be simulated by=z.) perpendicular to the electric field separating the emitter
applying a higher electric field on a shorter tifedn im-  and the vacuur®® v, of 1 Ry turns out to be sufficient for
portant rule we have found there is that the charge accumuslocking the electron escape.

lation at the tube end is essentially a function of the product We have reduced by iteratively updating wave functions
of the tube length and the external electric field. Since thehrough the direct-inversion-in-the-iterative-subspéo#S)
electrons are mainly emitted from the end of the nanotip, thenethod, which we briefly recall in the foIIowin?(;In the
realistic description of the local electric field in the vicinity Nth DIIS step N=3), a normalized wave functiofy) is

of the end part of the nanotip is sufficient for evaluating theconstructed as a linear combination of the wave functions in
actual current in the experimental situation accurately. Thughe current iterative space

the effect of the large length can be taken into account by N—1
scaling the external electric field inversely to the length of IX)= E cul ). ®)
the tip in the calculation. To reiterate, a short nanotube under k=1

a strong field may well simulate a long nanotube under rg first and the second wave function in the iterative space

weak field as far as the emission is concerned. are directly given by
1\ PW\
B. Relaxation of the wave function W >_|¢n >’
. ) . . 9
The wave functions expanded with the localized basis |2y =YY+ 7K|RY), ©

cannot extend int®,,. even though the potential &, is

lower than that ofS,,;. To simulate the electron-emission
process, the basis set is changed to plane waves. The coe
cients of the plane waves are obtained from the inverse FOl{
rier transform of the wave function in E4),

whereK indicates the preconditioning operation on the re-
fllidual vectof! 7 is the size of the trial stefchosen as 0)3

nd [RY=(H'—(¢'|H"|¢'))|#'). The coefficients{c,} of
he Nth step in Eq(8) are given by minimizing the norm of
the residual vector ofy)

¢§W<r):§ alexgiG-r), IR =(H"=(xIH'[x)x)

N-1
. ® = 2, S(H = (xIH' X))
ag=§j PRe(r)exg( —iG-r)dr, N1
. - ~> clRY), (10
where Q is the volume of the supercell. The coefficients k=1

h . : wel :
{ag} are most easily obtained by projecting thth eigen- \yhere the residual vector is assumed to be linear with the
state onto a regular grid and subsequently performing thg;aye function. Minimizing the norm dR, ) for the normal-

inverse fast Fourier transformation. _ , ized |x) is equivalent to solving the generalized eigenvalue
Due to the incompleteness of the localized basis, the. hiem with (N—1) dimensions

eigenstates calculated in the first step are slightly differen
from the exact ones. It causes a significant noise in the third nNL N

step to be described later, making it difficult to assign a pre- > (RIR)e=\ 2 (¢]y)cy, (11
cise value for the transition rate. To circumvent this problem, =1 =1

we find it necessary to introduce a relaxation step adjustingvhere\ is the eigenvalue. The lowest eigenvector leads to
the wave function insid&,, to the exact eigenstate before the desiredc,}, and hencéR,) from Eq.(10). Then a new
calculating the time evolution of the wave function. As awave function|#") is introduced in the iterative space
measure of the deviation from the exact eigenstate, we cal-

culate the norm of the residual vectdrdefined as [ =1x)+7KIRy, (12
with a subsequent normalization. If the norm of the residual
5=(R|R), vector of |4} is greater than a preset tolerance, tié (
(6) +1)th DIIS step is performed in the same manner. Since the
|RY=(H"=(4H"[¢))|¥), array dimension of the wave function is enormous in a typi-

cal simulation of the field emission, the maximum size of the
where the normalization dfy) is assumed. In order to pre- iterative spaceN., iS severely limited by the memory
vent the escape of the electron into the vacuum during thepace of the computer. In that case, we restart the DIIS loop
relaxation,(note that everything is expanded in plane waveswith the final state|Nma) as a new|¢'). In the DIIS
herg a strong repulsive potentiab.,) is added foz>z;in  method, information on other bands is not required for mini-
the Hamiltonian mizing the residual vector of the specific state, and the time-
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consuming orthogonalization process is avoided. For th&Vith the above scheme implemented into EkB), we arrive
original eigenstate constructed with the localized basis,  at the following formula for the time evolutiof?:
on the order of 0.1 a.u. and this is reduced below 0.001 a.u.

after hundreds of DIIS steps. We find tHéy?| yNma)|? is i (rt+ A =S, (At g (1 )
always greater than 0.9, meaning that the overall shape of the 5
Iz;]tlitl)il wave function does not change much during the relax- :{._Hl S,(piAD) [¢PW(r b, 17)

. . whereS, in the present case is
C. Time evolution S P

The final procedure is to evaluate the transition rate of . ascending N
each state fror$.,to S,,c under the self-consistent potential So(x)=exd —2iTx] Hq exp — SIVRLX
calculated in the first step. For this, we monitor the motion of

|

the electron by integrating the time-dependent Sdimger descending 1
equation xexd —iviX]| Il ex —EiVﬁlTX
7lm

H 1:
wrﬁ’W(r,HAt):exp( ~i TSCAt) gV, (13 X ex = 1Tx]. (18)
The exponential of the nonlocal potential can be expressed
whereHgc is the self-consistent Hamiltonian calculated in analytically
the first step. The initial wave functions’,"/(r,0), has been

set to the relaxed eigenstate in the second step. In solving Eq. exg XV = 1+ P i) X i Pl

(13), we adopt the split-operator method. The basic objective (19
of the split-operator method is to separate the noncommut- (P rim| P rim)

able operators in the exponent for a small time interval. In oXp X Zim -1

the second order akt, the exponent is decomposed into a Xom= (Pl Pam) '

symmetric form
where|P ) stands fo ¢%,,V,) in Eq. (3). As mentioned
d above, the kinetic operator is applied in the reciprocal space
ex while the operations of nonlocal and local potentials are per-
formed in the real space.
As time evolves, the electron starts to tunnel i8{g. and
+0(At?), the electronic charge 6., begins to decrease. In order to
evaluate the tunneling rate of the electron in iile state, we

(14 integrate the square of the wave function 81z,

At At
=H ex;{iAj)H ex;<?A,-

where{A;} is a set of operators mutually honcommutable 20

like kinetic and potential terms iH gc. With the exponent of Qn(t):f f f | (r,t)|2dxdydz (20)

Hamiltonian in Eq.(2) separated following Eq(14), the

time-displacement operation can be efficiently carried out irQ,(t) indicates the amount of the electron remainingin,

the real and reciprocal spaces where the potential and kinett timet. If we denoter, as a lifetime of thenth state, then
operators ardsemjdiagonal, respectively. The interchange we have

between two spaces is easily realized by fast Fourier trans-

formation. The order of the error caused by the splitting can Qn(t)=e"m. (21)

be further reduced through a fourth-order decompositio

suggested by Suz(fé rIEquatlon(Zl) implies a linear behavior o®, in the short-

time region, as will be demonstrated in Sec. Ill. The slope of
5 the linear curve corresponds to the transition rate of the elec-
S4(At)=H S,(piAt), tron in thenth state of the emitter o_f the dlsplay device into
i=1 the free traveling state that will ultimately hit the phosphor
screen on the anode side.

ere are many states contributing to the current and the
4 At L Th ibuti h d th
Sy(At)= Hl exp<7Aj I1 exp(?Aj), (15  total current of the nanotip is calculated as follows:
i= j=q
where the parameters are chosen as l=e> f.I,, (22)
n
P1=Po=Pa= psz;, wheref,, is the occupation number of theh eigenstate in
4— 4103 the model tip andl’,, is its transition rate(inverse to the
(16) lifetime 7,,) estimated from the electron-tunnelin@( vs t)
p3=1—4p;. graph to be presented in Sec. lll. Note tligtas well asl’,,
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FIG. 3. Change o, (the charge remaining in the nanotilfer
a localized state as a function of elapsed time. The data are plotted
for three different external field®.4, 0.6, and 0.8 V/A

incrementAt in Eq.(13) is setto 0.1 a.ul a.u=0.0242 fs.

FIG. 2. Equipotential lines of the model system when the eXter'In the time evolution of individual eigenstateS, two types of

nal field is 0.8 V/A. Successive lines are separated by 1 V. states are identified with quite different transition rates; an
extended state and a localized state. An extended state is

generally depends dg,,;. Since the emission current mostly distributed uniformly over the tube body while a localized

originates from the states within 1-2 eV below the Fermistate is confined within the cap region. It is well known that

level, we only need to consider the time evolution of a frac-the topological defects such as pentagons inth®-capped

tion of states in the small energy window rather than thenanotube generate localized states whose amplitudes decay

whole set of occupied states. exponentially away from the c&p.

Figure 3 shows the change @f, for a localized state as a
function of time. It can be seen that the tunneling rate is
greatly enhanced as the applied field increases. Since the

The above method has been applied for studying the fieléhange ofQ, right after the initiation of the tunneling pro-
emission of a carbon nanotube. The high aspect ratio and theess may depend on the positiorzgf we take a slope d@,
mechanical strength inherent in the nanotube have openeditathe time interval of 30 to 50 a.u. in evaluating the transi-
new class of materials for the electron emitters of the fieldtion rate. The result is found to be insensitive to the choice of
emission displag* However, the emission mechanism of the z,. After a long time, the emitted electron is reflected by the
nanotube is still unresolved and many experimental findingsirtificial boundary of the supercell and flows backwards to
remain to be clearly understo6tiAs a model system, we the carbon nanotube. This artifact causes a resondrelei
have used thé5,5) carbon nanotuls& of 20 A in length(see  oscillation giving a large nonlinear change @,. When we
Fig. 2). Five pentagons are symmetrically placed around thedopt a longer supercell, the initial time interval with the
circumference of the nanotube, closing the end of the nancsteady decrease @, increase$’ We evaluate the slope of
tube with a hemisphere ofgg. The open end of the nano- Q, well before the oscillation sets in. Note that the fraction
tube on the other side is passivated with hydrogen atomsf the wave function escaped from the emitter is less than
Troullier-Martins pseudopotentidfsin the separable form 0.01 at the end of the simulation time-(femtosecongeven
with a cutoff energy of 40 Ry are employed and a supercelfor the highest field in Fig. 3, which means that the simula-
of 30 Ax30 Ax60 A is used. tion time is very short compared to the lifetime of the state,

When the external field is applied, we find that the localr,. In a real situation, the empty state of the emitted electron
field at the end of a particular tube is reduced significantly bywill be replenished very fastaround femtosecondoy the
the induced dipole moments in other supercells unless thextended states in the body of the nanotube overlapping with
lateral and vertical sizes of the supercell are much larger thathe localized states and the time lag due to the intratip tran-
the tube length. The electric field due to surrounding supersition from extended states to localized states is negligible
cells could be explicitly summed and subtracted from thecompared with the rather slow process of tunneling (
total field by simplifying the charge distribution in the unit ~ picosecond or slowgr
supercell as a sum of multipolep to quadrupolemoments In Fig. 4, computational results of the transition rates un-
centered at each atom. Figure 2 shows the difference beler the external field of 0.8 V/A are displayed for the states
tween the self-consistent potentials with the external field ofvithin 2 eV below the Fermi level. It is striking that the
0.8 V/A and without it. It can be seen that the constancy oftransition rates of the localized states are far greater than
the potential is maintained over the nanotube surface, as exhose of the extended states. The origin of this pronounced
pected from the metallicity of thés,5 nanotube. The time current due to the localized state is revealed by inspection of

Quft)
*

L2t L L |

A2+ S |

</J/

Ill. APPLICATION TO THE (5,5 CARBON NANOTUBE
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25 - - - - voltage and the relationship between the applied voltage and
Localized states o the electric field at the tip is complicated when the apode and
oL . cathode are not flat surfacedn case of the experiments

performed with the flat anode and cathode, the uncertainty in
the number of emission sites obscures an accurate compari-
son) For a reasonable criterion for the comparison, we
choose the effective local electric fiel&,(.) evaluated from
; the F-N plot ofl -E.y; (this work) or |-V (experimenk curves.
Extended states From Fig. 5, the computed current is 100 nA whigg. is
A : 0.85 V/A. (The work function of the carbon nanotube is as-
sumed to be 5 eY.In the experiment by Saitet al,*° the
e e same amount of current was obtained when 1200 V was
2 5 1 05 0 applied on the bundle of singlewall nanotube. The field en-
Energy (eV) hancement factorE,,./V) measured from the F-N plot was
6.6x10* cm ! on average which leads &), of 0.79 V/A,
FIG. 4. Transition rates for the states within 2 eV below thein good agreement with the above theoretical value.
Fermi level when the external field is 0.8 V/A. The localized states
are partially filled because of the Gaussian broadening of 0.1 eV
used in the density of states. IV. DISCUSSION

~

n
T
)

—
T
1

Transition rate (ps‘1)

~

In summary, we have proposed a computational method
its spatial distribution: The localized state is near the end okyitable for studying the field emission of the nanosize struc-
the nanotube where the local electric field is largest and theyres very accurately. In this scheme, we obtain the potential
electron in this state can easily tunnel out to the vacuumand the starting wave functions with the localized basis at
This is an exemplary case showing that the spatial distribufirst and then calculate the transition rate through the time
tion of the wave function as well as its energy level is im- eyolution of electrons with the plane wave basis. The local-
portant for the tunneling rate. The transition into the con-ized basis in the first step naturally generates the wave func-
tinuum state inSey, implies broadening of the density of tion confined within the emitter and provides a realistic com-
states and we estimate the intrinsic broadening of the locapytational scheme for a large number of atoms in the unit
ized states due to the tunneling transition to be as small agell. The rigorous computation of the currents of individual
~1.0 meV. states in the present method is rather time consurtsimge

Figure 5 shows the computdeE,,; curve for the model we are not employing simplifying schemes such as the WKB
nanotube. The exponential growth of the current with respecipproximation, but one needs to consider only a small num-
to the external field is noticeable and the F-N plot presente@er of states near the Fermi level because of the exponential
in the inset is linear as predicted from the classical F-N fOI‘-decay of the current as a function of the energy level. The
mula. This indicates that the F-N formula provides a usefukealistic description of the system on the atomic scale en-
scheme for the purpose of the data fitting, although the F-Mibles us to study the detailed emission process based on the
theory may not be strictly valid in nanostructures and theglectronic structure of the emitter. In addition, this method
interpretation of the fitting parameters should be done withallows a precise evaluation of the decay rate of the localized
caution. It would be desirable to compare the calculated curstate. The implementation of the program using parameters
rent with experimental data. However, a direct comparisorgiven above(energy cutoff, external field, simulation time,
with experiment is not feasible at present; the current in exetc) produces stable results for the current between' Ehd
periment is usually measured as a function of the applied* nA, covering the practical range of the current from

nanostructures. If necessary, the computational limit could be
6 ‘ . . . easily extended by increasing, say, the accuracy of the basis
(i.e., energy cutojt

We have also carried out the simulation starting with
wave functions obtained in the absence of external electric
field. (That is to say, the initial wave functions are exact
eigenstates of the Hamiltonian fok<0.) The Q,(t) after
applying electric field shows an oscillatory behavior but the
rate of decrease on average is almost equal to the one evalu-
ated from the present scheme. This indicates that the transi-
tion rate is largely insensitive to the small difference in the
! shapes of the wave functions with and without the external

0.5 0.6 0.7 0.8 0.9 1 field. It is better to use the present scheme since the steady
Eou(V/A) decrease 0Q,(t) allows the evaluation of transition rate in a
short time period.

FIG. 5. Current-external field characteristics of {85) nano- It is interesting that the bound-to-continuum transition,
tube. The inset is the F-N plot. which is the essential part of our calculation, has been widely
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studied in semiconductor physics in conjunction with theof a test electron outside the tip. It was found that the
dark current of the quantum well under the electric field.screening by electrons in the nanotube gave qualitatively the
Theoretical methods there include the phase-shift method, same image potential but it was in general weaker than that
the complex-energy solutiolf, and the stabilization of the classical result for the flat metal plane. This image
method®® They all focus on the calculation of the resonancepotential will enhance the emission current by reducing the
width that gives the electron escape rate. Even though thegmtential barrier inS,,, similar to the results of the F-N
methods have been limited to the study of one-dimensionaheory. A further analysis on this will be reported in the fu-
guantum wells, the extended application to nanostructuresire.
may provide results comparable to our method.

In our calculation, the effect of the image charge has not
been included. The image potential in nanostructures is cer-
tainly different from that in a simple metal plane. In our  This work was supported by the BK21 project of the KRF,
previous work3* the image potential was calculated for the the Ministry of Information and Communication of Korea,
nanotube by considering the electron-density change inducezhd the Samsung SDI. The computations were carried out on
by an artificial potential of-(1/r) (simulating the presence CrayT3E of the KORDIC Supercomputing Division.
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