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Carbon nanotubes exhibit excellent field-emission behavior characterized by low turn-on fields and
large current densities. The present work investigates the transport of electrons by field emission and
the resulting spatial distribution at the anode surface through simulation of the tunneling process and
the trajectory of electrons across the vacuum gap. Beam spreading is characterized by a
multidimensional potential, Coulomb interaction, and randomized energy distributions for closed
and open single-walled nanotubes. Electron trajectories are determined by Monte Carlo simulation.
Results indicate that the electron beam spreads primarily due to local field curvature near the
emission site and that, for some nanotubes, a ring pattern at the anode is created. The ring diameter
at the anode spreads by 1 per 10 um of vacuum gap for the low currents<100 uA)
considered in this work. These results are consistent with experimental observatior2004©
American Vacuum Society.DOI: 10.1116/1.1755214

I. INTRODUCTION Field emission involves quantum tunneling through a po-
tential barrier into vacuum. The probability of electron tun-
Recent advances in patterned arrays of field emission mheling is governed by the width of the barrier at a given
crotips have spurred interest in devices that range from flatg|ectron energy. Protrusions from a flat surface provide local
panel displays to efficient power conversion devitéShe  field enhancemerif which reduces the barrier width and
ability to control the size and shape of emitters has allowedhcreases the probability of emission. Figure 1 identifies the
researchers to produce highly localized emission because grtinent parameters of the field emission mechanism impor-
local field enhancement. Enhancement results in large cUkyn to the present work. Aligned carbon nanotubes naturally
rent densities in cathodes and anodes. Carbon-based matefi,ide significant enhancement, which explains, at least in
als are particularly advantageous for field emission device art, their inherent low turn-on voltage and high current den-
involving high current densities because of their chemicaEity_ Emitted electrons are accelerated by an applied field
ine_rtness an_d _ele_ctrical properties_. Polycrystallir_1e di_amon cross the vacuum gap and impact the anode. Bombardment
emitters exhibit high current density at low applied fields, ¢ e anode with energetic electrons results in large heating

and monolithic three-terminal devices based on molded diar'ates in the anode. For devices designed to carry large cur-
mond nanotip emitters have been shown to produce excelle%nt densities, anode heating can cause erosion or cata-

transistor behavi. strophic failure of a devic& In anode heating studié¢8the

Recent research on carbon nanotubes SUQQGSIZIQ? thﬁ)éposition of energetic electrons at the anode is crucial to

can suppqrt local current dens!tles as h'.gh asAlon, ... understanding the thermodynamics of field emitters as well
and experiments suggest that field emission current densities

: 57 ~as the potential for damage.
from emitter arrays CO.UI.d ex<_:eed 5],@_/cm ' C_arbon nano Ring-like emission patterns have been observed in experi-
tubes are also very efficient field emitters, with turn-on fields

7 -
below 5 Vjum?® Interestingly, the cross-sectional current ments on SWNTs. Zhet al’ have suggested that the elec

. o tron distribution rved from carbon nanot mission
from single-walled carbon nanotub€&WNTS9 can exhibit a on distribution obse eql om ca bon nanotube emissio
. N e reveals the momentum distribution of electrons leaving the
ring-like current density, indicative of emission from the

nanotube edgég This behavior produces extremely large lo- individual emission sites. However, several additional effects
cal current denéities within the ring. The present work simu2r® Iil.<ely respons.ible for the spreading, inc!uding multidi-
lates transport of emitted electrons across a vacuum gap. Tﬁ%insmmna_lrhzoﬁggt:}l cgﬁ:dznzzg o??huéofme tl) d I;lttetrha:t;pns(;f '2
simulation characterizes emission from carbon nanotubeg c o ! poner BT ! ne tip
(CNT9 including space-charge effects and enhanced electrﬁﬁrb?n n?n(:;curt:e C‘:\T beer'?nmI'hc mr]IItS ;’T;celerrzitlngr\/fi(;rce N
cal fields to predict ring-like and other structures observed in. ects electrons away 1o € cenlterine, preserving any
carbon nanotube emission experiments. ring shape that is created at the emission site.

Additionally, Coulomb interactions among emitted elec-
dAuthor to whom correspondence should be addressed; electronic mali}:rons prowde a net O_Utwardl)_/ radial component to all elec-
greg.walker@vanderbilt.edu trons, further preserving the ring structure. Because the force

YElectronic mail: tsfisher@purdue.edu due to like charges decreases rapidly with distance, electron-
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{} Il. THEORY

Field emission from flat metallic surfaces was first char-
acterized by Fowler and Nordheith.Good and Miler'®
provided a comprehensive review of the theory from first
principles. Even though the Fowler—Nordheim expression is
strictly valid for flat emitters only, the extension to geometri-
cally enhanced cathodes has been made by introducing a
field enhancement factor. This factor represents the effective
slope of the enhanced potential at the cathode surface com-
pared to the potential of a flat surface with the same applied
voltage and gap width. Note that this approximation does not
satisfy the anode boundary condition; it is simply a linear-
ization of the field at the cathode. Because the present work
focuses on the acceleration of the electrons across the entire
gap, a more accurate representation of the field in the
vacuum gap is required.

The current density) of field-emitted electrons can be

V(zr) without field enhancement calculated from the following general integral:
~. and image potential

. electron tur?neling J:qf_w D(W)N(W)dW, (1)

1%

cathode anode

-

)

with field
enhancement and
image potential

qv whereq is the magnitude of the electron chargeW, rep-

resents the bottom of the emitter’s conduction baids the

component of electron energy flux in the emission direction,
(c) N(W)dW is the electron supply function, aridl(W) is the

Fic. 1. Schematic representation of field emission between a cathode an%uamum tunneling transmission coefficient.

anédé separated by \F/)acuu(a) Sketch of planar cathode and anode show- The transmission coefficierid (VV) represents the prOb_

ing spherical-polar coordinate system at the cathode surfacside-view  ability that an electron will tunnel from the solid into
schematic of the electron stream and radial coordinate at the anode surfaceacuum. The transmission coefficient depends strongly on

(c) Electron potential energy distribution from cathode to anode. the width of the potential barrier encountered by the electron.
In the present work, we employ the Wentzel-Kramers—
Brillouin approximation for the transmission coefficitht

8m
induced fields are too small to approach space-charge-limited D(W)= ex;{ — JXZ \ /—2 [V(x)—W|dx
X1 h

field-emission condition&! Nevertheless, the initial proxim-

ity of the electrons upon emission may be close enough t@yhere X, and x, are the zeroes of(x)—W such thatx,

establish a significant radial velocity component. Recent-x, represents the local width of the barrier.

simulations by Mayeet al*>~*’employ an atomistic transfer ~ For tunneling and electron trajectory calculations, the po-

matrix method to simulate emission from several types otential profileV is a critical parameter. Traditional Fowler—

carbon nanotubes. These simulations, however, assumeNordheim theory employs a one-dimensional potential field.

uniform electric field in the vicinity of the tip and therefore Here we employ a three-dimensional field with radial sym-

exclude the spreading effects considered herein. metry. Prior studie€~?* have shown that a floating sphere
Through Monte Carlo simulation, the present work seekgnodel can approximate, to a reasonable accuracy, the local

to isolate the mechanism that is primarily responsible forelectric field near the surface of a field emitter with a sharp

beam spreading and preservation of the observed ring-likéP. The resulting potential profile follows:

pattern from CNTs. The mechanisms examined include Cou- a3 a

lomb interactions among electrons, nonaxial field at the CNT V(r,0)= —qFOr( 1- —3) cosf+ qFOh(—— 1)

tip, and random nonaxial momentum components of the r '

electrons at emission. Both emission and acceleration of the q%a K—1

electrons depend intimately on the potential in the vacuum - , 3)

gap. Therefore, the potential field for a floating sphere be- 8meo(r’—a?) K+1

tween two parallel plates is presented and used to model @herer is the radial coordinate measured from the sphere’s

close-ended nanotube, and a different analytic mapping afenter,d is the polar anglef is the uniform electric field far

the floating sphere model is presented to obtain the potentidifom the sphere, and is the sphere radius. The last term in

at the open nanotube efid). The energy distribution at the Eq. (3) represents image potential, whetds the dielectric

anode is studied for further anode heating studies. constantg is the electron charge, ang is the permittivity

, 2
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of free space. For the one-dimensional tunneling calculatiomMonte Carlo involves summation of forces on particles to
of Eqg. (2), the local potential along the surface normal iscalculate accelerations. The forces include electric field com-
used. The three-dimensional potential is employed for elecponents from the applied voltage and space charge. The
tron dynamics calculations, as discussed later. simulation involves discrete time stepping such that higher-
To improve the approximate potential near an open-endedrder terms in the Taylor series expansion of the location and
carbon nanotube, a conformal map is used to transform theelocity att+ At are omitted. The size of the time step re-
potential from the floating sphere model to the flat surface ofjuired is inversely proportional to the order of terms used in
the end of a rod, or whisker. In this transformation, thethe calculations. However, higher-order terms increase the
spherical coordinates of the floating sphere are converted toomputational requirements of the simulation. Because the
radial coordinates such thdt=r sind and z=r cosd. Be- applied field is assumed to be constant, an exact solution can
cause of the azimuthal symmetry, the two radial coordinatebe obtained with a second-order expansion for location and a

create a complex plangy={+iz, where the mapping first-order expansion for velocity in the absence of other
— forces.
w+\w —a : . . .
W — (4) Given an ensemble of particles with known locatiar) (
2 and velocity vectorsy|) at timet, new positions and veloci-

takes the open-ended CNT coordinates to the floating sphefi€s at timet+ At can be found from the expansions
coordinates. The conformal map can be found in most com- _ _ 1, 2, 1 3
plex variable analysis texts such gRef. 23, p. 371(ix)]. M AD=ri(D Fvi(D AtV (DA v (DAL

The transformation is strictly valid for>0. The potential +O(AtY), (6)
for the open-ended nanotube is given as
Vi(t+At) =vi(t)+Vv/ (D At+ 3V (D AL+ O(ALS).  (7)
V({,2)
8a® The first time derivative of velocityi.e., accelerationis
~F, a -1 found from summation of forces on each particle
|(+iz+\(¢+iz)?—a?? N
, gE Co & T
2a Vi(t)ZF‘f‘HE ia (8)
+Foh| — _ -1 i#ril
|[{+iz+({+iz)*—a%| _ . . .
Here, the first term is the force on the particle by the applied
z 1 . field, the second term is the space charge between each par-
—4+ N 2_g2 O . ) - .
X3t 5 Im(EHiz)"—a%) ticle and all its neighbors such thgt=1.6x 10 1°C is the
, _ — charge of an electrorg,=8.85x 10 2F/m is the permittiv-
97 K-1 |(+iz+({+iz)*—a? ity of free spacem=9.1x 10 3'kg is the mass of an elec-
8meg K+1|2a2—1|7+iz+({+iz)2—a??| tron, and Co=q?/4me,. Because the applied field is as-

sumed constant, time derivatives qE are zero and the
() second order time derivative of velocity is given as
where Im{v) is the imaginary component of the complex Ne-
numberw, and|w| is its magnitude. Note that the radiuss, V()= o
in Egs. (4) and (5) should be one-half of the physical tip : m =i
radius used in Eq(3), due to the transformation.

Immediately upon emerging from the tunneling barrier, an  The rate of emission of electrons is governed by the one-
electron’s initial axial location is determined from the known dimensional field emission model integrated over the emitter
potential energy and potential profile. In the present worksurface. For a given total current, the average number of
we consider two possible scenari@4) emission from the €lectrons in vacuum can be approximated by
hemispherical cap of a closed SWNT tip af® emission Atyod
from an open SWNT. In the former case, emission sites are (N)= —vac
chosen based on the calculated current density from the one- a

dimensional emission model. In the latter case, emission OGrhe time required for a single electron to cross the gap de-

curs uniformly over t_he CNT end. Furthc_—:‘r, f(_Jr both cases, th‘?)ends on the acceleration produced by the applied voltage
effect of the tangential component of kinetic energy is stud-

ied by randomly choosing non-normal energies with a maxi- 2(L—h)’m,
mum magnitude okgT, whereT=300K. In both cases, the = Atyac™ v, (12)
direction and energy are randomized. 0

Electron transport from cathode to anode is treated classhereV is the applied voltagd., is the cathode anode dis-
sically. Trajectories are predicted using a Monte Carlotanceh is the tube heightn, is the mass of an electron, and
simulation?® which includes the Coulomb interaction of q is the charge of an electron. The actual acceleration near

electrons in vacuum and the acceleration due to potentighe tip will be slightly larger due to space-charge effects and
field V(r,6). Predicting the trajectories of electrons usingfield enhancement. Therefore, the linear-field approximation

Vij o 3(revipr;
.|5
j

(©)

|rij|3 Iri

(10
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o L | Fic. 3. Local field normal to capped surface at end of carbon nanotube as a
function of polar angle measured from the tube axis.
1.5
3 ~X
N1 - . constant at all points on the surface of the capped end. The
2 \ \ magnitude of the local normal fiele~ 2800 V/um suggests
0.5 09 \ \ \ that an appropriate unitless form of the Fowler—Nordheim
. k\ ' geometric field enhancement would Be-2000. This value

is consistent with experimental findingsFurther, fromab
initio studies, Han and Ihff predicted a field enhancement
€ (nm) of B~1000 for a 1.4 nm diameter carbon nanotube with a
(b) similar applied field. The apparent discrepancy is likely due
Fic. 2. Potential contours immediately above a nanotube for both the ﬂoatto the _SEIf'ConS'_Stent CaICUI_at_'Qn of the e_Xtemal field in the
ing sphere mode(a) and the rod modelb) near the tube end for tube @b initio calculation. Theab initio formulation does not ac-
diamete_r of 1.6 nm. In both cases, the applied field .iS 1.,4rf_v,/and the  count rigorous|y for cathode or anode boundary conditions
current is 40 nA. Thg tube centerline corresponds withZlis and the and actual tube length. Nevertheless, local fields are of the
contours are labeled in volts. L . o7
order ofab initio studies?
Based on the local normal field on the cap surfécem

will overestimate the number of electrons in the gap. NeverFig. 3, Fowler—Nordheim emission predicts a current den-
theless, the time in Eq11) provides an upper bound on the Sity of j=10 Alcn? at the centerline that decreases by 2% at
simulation time step. the cap edgépolar angle of/2). If we assume that emission
The free-flight of each electron in the gap is predictedoccurs uniformly across the surface of the cap, the total cur-
including Coulomb interactions with all other electrons. Astent from a single nanotube is approximately 4.2
the electrons pass the anode boundary, they are remove10 “nA. If the field is increased to 2.3 W (almost
from the simulation. The anode was spatially discretized séloubled, the current becomes 7.6 nA, which is consistent
that electron energy and location could be recorded. The cuiith measured values.
rent density is obtained for each bin by counting the number Upon emission, we can determine where the electrons

0 0.5 1 1.5 2

of electrons(n) in these bins will impact the anode based on the field between the nano-
tube and the anode. For special cases, an analytic transfor-
Jpin= qn , (12) mation can be obtained to predict the spatial distribution of
" tsimAbin current at the anod&. However, for the present case, the
whereAy;, is the area of the bin an;,, is the total simula- electrqn trajectories and distribL_Jti_o_n at the anode is solved
tion time. numerically. In the absence of initial energy and Coulomb
interactions, electrons are traced from the cap to the anode.
Figure 4 shows the radial location of electrons impacting the
[ll. RESULTS

anode as a function of emitted polar angle for a vacuum gap
We first consider a capped nanotube where the end isf 500 um. This plot suggests that the electrons emitted from
modeled as a hemisphere. The potential is given by(8qg. the edges of the cafparge polar anglewill deposit at similar
and shown in Fig. 2 for an applied field of 1.4 Mh and radial locations at the anode. Therefore, if emission were
work function of 4.5 eV. The height of the tube i3  uniform on the hemisphere, we might expect a ring of large
=1.6um and the diameter is&2=1.6 nm. The field normal current density at 5xm. However, the actual current density
to the surface of the hemispherical cap, shown in Fig. 3js a function of the area as well. Using Fig. 4, we can calcu-
varies with the polar angle by less than a percent. Therefordate a ratio of hemispherical area to anode area for points at
for the present analysis, the transmission is assumed to lmfferent polar angles on the capped end. Current densities at
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polar angie (rad) Fic. 6. Current density at the anode for emission from a hemispherical tip
emitting between polar angles of 10° to 50°. The applied field is 14/
Fic. 4. Radial location on the anode of an electron impact given emissiorand the zero datum point is the beam centerline.
from a particular polar angle.

To obtain current densities at the anode with an initial

the anode are simply the nominal Fowler-Nordheim current€locity, the location of emission was chosen randomly on
density times the area ratio. Figure 5 shows the expectetie surface of the hemisphere. Figure 5 shows the intensity
current density at the anode given no initial energy and ndcurrent density of electrons at the anode with some initial
Coulomb interactior(idea). Based on these data, we see akinetic energy compared to the ideal case described earlier.
strong ring appearing at the anode &% from the centerline  Once this “thermal noise” is introduced into the simulation,
of the nanotube as expected. the ring radius increases to @2n. Further, the intensity near
The foregoing analysis does not include the fact that electhe centerline decreases because any initial velocity of elec-
trons may emit with momentum components that are perperifons near the centerline will be oriented away from the cen-
dicular to the surface normal. Results fra initio studied’  terline. It should be noted that the integral of both plots is the
indicate that the emitted electron can have velocity compoSame (4. 10™*nA) even though the area under the curves
nents that are not parallel to the potential streamlifses- do not look equivalent. Once the current density is scaled by
face normal at the tip To introduce this feature into the the area, which gives current, both curves result in the same
foregoing simulation, an initial velocity was randomly cho- current.
sen with an outwardly normal component. The magnitude is An additional image was generated from the data so that a
also randomly chosen and is based on the kinetic equatioisual comparison to phosphor data could be méig. 6).

and the thermal energy These results assume uniformly distributed emission over the
L s hemispherical area of the capb initio studies of carbon
kgT=zmo7, (13 nanotubes show that emission occurs in a distinct ring for a

wherekg is the Boltzmann constarm is the rest mass of an capped tubé’ Because the transmission is approximately

electron,v; is the initial velocity, andT is the nanotube tem- Uniform, the ring loosely represents the density of electrons
perature. available for emission. Based on density images from Ref.

27, emission was restricted to polar angles between 10° and
50°. The “flower petals” occasionally seen on phosphor
screens were ignored because the intensity in these regions

3.5

ideal i was low and the inclusion of these regions will not signifi-
3l w/initial energy - I cantly affect the ring size. The ratio of inner radius to outer
NE ' | radius (24%) compares well to that of Han and IMhThe
g 257 ' ' ring diameter of 9Qum is within a few percent of data from
>z ol P Zhu et al? for similar voltages and vacuum gap. It should be
2 noted that the tubes in Zhu's data contain a mix of capped
§ 15 ¢ 1 and open nanotubes of varying diameters and lengths. There-
§ 1L ] fore, the agreement is perhaps fortuitous. The fact that rings
3 observed by Zhu have larger inner to outer diameter ratios
05 r e d | might be a result of the turn-on threshold of the phosphor.
0 L= m— . . ‘ L The analysis of the open-ended nanotube proceeds by as-
0 10 20 3 40 50 60 70 suming that the electrons available for emission are distrib-

radius (um) uted uniformly across the end of the tube. Effective screen-
Fic. 5. Current density as a function of radius at the anode for emissionIng of t_he field inside the tube fr_om fwsgtéprlnmples and
from a closed nanotube with uniform emission over the hemispherical tipCOMpParisons of total and local density of statesiggest that

The applied field is 1.4 \im. this assumption is reasonable. Unlike the capped nanotube,

JVST B - Microelectronics and Nanometer Structures
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Fic. 7. Electric field based on potential from FigbRas a function of radial ~ Fic. 9. Emission from the nanotube end along the radius of the tip. The
location on the tip. The applied field is 1.4 yh. applied field is 1.4 V&m. The inset contains the same data on a log scale,
and the units for both views are the same.

the field varies greatly across the radius of open-ended tubeould be nearly equal because the area for emission on the

Figure 7 shows a fourfold increase in the field at the edg®pen ended tube is presumably much smaller.

compared to the centerline. The nanotube edge causes theFigure 10 shows the simulated phosphor image generated

enhancement to be magnified as seen in Fig). 2Also, the by emission from an open-ended nanotube with initial ki-

radial component of the field is relatively small near the cenhetic energy. The energy was assumed to be at the maximum

terline compared to the edge. Consequently, electrons origihermal energy0.0259 eV with random initial direction, as

nating from the interior of the tube will spread relatively in the capped tube case. The difference in the ifABrum)

little compared to those that originate near the edge. In facgnd outer diameter&€l10 um) of the ring is a result of the

Fig. 8 shows the opposite trend from the capped f@oen-  random initial energy only. Also note that the current density

pare to Fig. 4. is relatively uniform across the ring. This pattern agrees well
Because the field varies significantly across the tip radiuswith Zhu's measurementsincluding the ring size.

the emission will also vary significantly. Fowler—Nordheim

emission based on the local field results in several orders af/. CONCLUSIONS

magnitude variation in the emission, which is greatest at the

tube edge. In fact, the dependence on radial location is strorg—i

ger than an exponential relationshigee inset of Fig. 9 for

nonlinear behavior on a log scal@herefore, it is reasonable

to assume .that eIectrons.are emitted at the tube edge 9”( e emission at the tube ends was approximated using stan-
Since the field has a radially outward component, the rin

. %Yard one-dimensional emission models. Simulated results in-
should be preserved as the electrons accelerate in vacu

. . icate that both configurations will likely produce ring pat-
toward the anode. Also notice that the current density iSerns at an anode gHowever the rﬁepchanism fgrpring

much greater than the capped nanotube, but the total CurreBlt*oduction is entirely different. In the case of the closed tube,

the density of electrons available for emission affects the

Observed anode ring patterns that represent current den-
ty of electrons emitted from carbon nanotubes have been
simulated using a Monte Carlo approach. Two tube configu-
ations were considerg@pen-ended and capped tupeand

” | - | | T ——— 0.001

35 r 56
= 307 -60 0.0008
\g; o5 | -40
3 @20 0.0006 o
g 201 5, §
8 15+ E 20 . 0.0004
] 10l 40
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Fic. 10. Current density at the anode for emission from a open-ended nano-
Fic. 8. Electrons that are emitted from a radial location on théafyscissa tube emitting at the tip edge only. The applied field is 1.4¥/and the zero
impact at a radial location on the ano@edinatg. datum point is the beam centerline.
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only where the field is large enough to produce enhancementgt/r\?”- 45, 893 (2001, _ o
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