Analytical model for electron field emission from capped carbon nanotubes
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This article presents a model of electron field emission from quantum states arising from the tight
confinement of quasi-free electrons on a nanotube hemispherical cap. The model outlines the
possibility of inhomogeneous electron field emission for very thin carbon nanotubes at high
emission levels and the appearance of peculiar ring-shaped field emission images. The conclusions
qualitatively agree with existing experimental evidence, therefore supporting the hypothesis that
part of the electrons on the cap of the emitter may behave as quasi-free in a high emission
level/high-temperature regime. ®004 American Vacuum SocietyDOI: 10.1116/1.1752902

[. INTRODUCTION entire CNT cap. A continuous model seems therefore to be

more suitable for describing such situations. The main pur-

Dutebto tgﬂrT|nterest|ng f"i:d en"gssmnt_p roperuef_, C?rborbose of this article is to give a possible explanation for the
nanotubes( 5 are currently under active investigation. apparition of inhomogeneous field emission images in terms

While significant progress has been achieved in this f|eld,th((a)f a tunneling theory from nonlocalized electrons on the

details of the electron emission properties of such cathode NT cap. Assuming that for high emission currents/high lo-

are still not clearly understood. Both experimetitéland
theoretical simulation efforf<® have disclosed many pecu- cal temperatures, part of the electrons of the CNT cap behave
as quasi-free, this article proposes a model of spatial confine-

liarities of CNT field electron emission that cannot be ex- = H ] SR i
plained by the corresponding field enhancement didne ment quantization of their states and of tunneling field emis-

of the main conclusions drawn from these works is that theion from these states into the vacuum. Takeady tested
electronic states localized near or at the apex of the CNBimple two-dimensional free electron gas pictdnwas used
greatly influence the current emission profile. At low or mod-for this purpose and was applied to a hemispherical configu-
erate extraction fields, the electron emission from CNTgation of a CNT cap. The states arising on the hemispherical
seems to proceed mainly through such localized states on tiseet determine an axial probability distribution for the pres-
tip,® where the anode extraction voltage produces the largesince of an electron on the cap of the CNT: On average, the
local field (as long as the axis of the CNT is perpendicular toprobability of finding an electron in a small axial interval
the anode plane The field emission images usually show increases when moving toward the cylindrical body. On the
one central spot or small groups of spots that appear to bether hand, it is well known that, as long as the axis of the
symmetrically arranged close to the center. When increasingmitter is perpendicular to the anode plane, the extraction
the anode voltage, the thermal effect brought in by the larggield shows a variation with the polar angle of the emitting
emission currents tends to stimulate the emission from cagjte for any field emittet* with a maximum at the tip and a
sites closer to the CNT body. This frequently complicates thgjecrease toward the body of the emitter. These two opposite
field emission images giving rise to emission rings or auragrends lead to an enhancement of the lateral field emission
surro.unding the cen_tra! em_ission spbiéit was found that for high extraction voltages. A field emission image pro-
the ring-shaped emlss[or; images closely precede structur]'aejcted onto the flat plane of the anode may thus become
changes of the CNT tih” On the other hand, analogous inhomogeneous in intensity showing darker regions separat-

\r/:/ngeSn \(I)Vs:ﬁafet:jszvheighf;i%rlgs(/:ﬁig\r/weggi)gglo:%Srr‘aéri:flggr:etoo,mg external circular auras from the brighter central spots.
may thus be led to link such phenomena to field emiSSior;I'his result may explain, at least partially, the observed shift-
from some nonlocal states that may arise under severe extend IfrorgNﬁ_zegllkeh o {;]ng-shtapefl emlslfmn 'mftg?s r‘:TOL“
nal perturbations, which may induce a continuum behavims'ngeh | when the extraction voltages attain hig
of the electronic system: The electron localization should b&"OUdN Values.

relaxed from the tight neighborhood of the atomic sites to the 1N€ influence of CNT heating on the apparition of inho-
mogeneous field emission images is also investigated

Aauthor to whom correspondence should be addressed; electronic mai'F.hmu_gh the related increase of the surface density of the
n-dan@aist.go.jp quasi-free electrons.
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II. PHYSICAL MODEL

In the one electron approximation of our continuous CNT with x
" . hemispherical cap

model, the Schidinger equation should be solved for the
two-dimensional sheet of the hemispherical cap of the CNT. WY
The azimuth anglep and the axial coordinate (with the
origin at the center of the hemisphere and the positive sens
toward the vacuumwill be considered as position param-
eters. Denoting the CNT radius oy, one may also find it
useful to use the relative axial positidr=z/r instead ofz.
The equation for the wave functioli({,¢) of the quasi-free

i
S Circular strip area
AN

- . ) . for computing the

electron on the hemisphere may be obtained in non-Cartesia L{ e T "
coordinates by using well known procedurés® @) with C=2i,

9 (1 g 1 P E W
- — | (1-&) — |+ —|=(E+

2m0r3 ol ( ) ol 1_£2 (9<p2 ( oV, CNT body CNT cap Vacuum
() :

_ ] CNT with

wherem, is the free electron mask, is the total energy of hemispherical cap

the electron, and- W, is its potential energyassumed to be
position independentThe origin for the energy scale will be
taken at the chemical potential of the electronic system. The
one-electron wave functions also have to satisfy the follow-
ing normalization condition:

0.18
0.16
0.14
0.121

Electron axial density (arb. units)

12w 5 010}
j J |\I’| (gv(P)| ded{=1. 2 0.08}
0Jo g
The normalized solutions of Eql) that remain finite at the oer R
CNT tip (¢=1) and nonvanishing at the body—cap interface 004 02 04 06 08
(£=0) can be readily written &8 Axial position (nm) l
(b)
m 21+1 (I=m)! -
V)= NS g3 P e €)
m (I+m)! Fic. 1. (a) Field emission configuration considered for the present theoreti-
where 1=0,1,2,..m=—1,—1+1,...],1+m=even number cal analysis. For each infinitesimal circular strip area on the CNT cap, a

m . . . specific amount of available electrons and a local extraction field is consid-
and P|" is the corresponding associated Legendre functionered.(b) Detail of the configuration depicted i@) showing the axial varia-

The corresponding eigenenergies are therefore given simplion of the electron population on the cap of a CNT with the diametgr 2
by =1.6nm.

2

E = —Wy+ S1(1+1). (4

statistical distribution. For convenience, this will be approxi-

Molo
. . .. mated by a Fermi—Dirac function, corrected for the spin and
Each energy levek, is thus (2+1) times degenerate with m degeneracy:

respect to the quantum number of the axial angular momen-
tum, m.

The normalization condition of Eq2) suggests that a
probability density for the electron axial localization can be
defined, which will be used in our subsequent field emissioqia

-1

ket
1+ex T (6)

As the origin of the energy scale is at the chemical poten-
I, the parameteW, appearing in Egs(1l) and (4) is

f(E)=2(21+1)

analysis: strongly related to the quasi-free electron surface density on
2m (I=m)! the CNT cap,n™®, which is given by the following equa-

m _ m 2 _ m 2 v's

I (4)—f0 WP @)Pde= (214 1) st (PP o,
fi
Thus, according to Ed5), TI["(¢)d¢ gives the probability ng o= Py Z f(E). (7)
. . . . Tl I=0

of finding a (,m)-state electron in a circular strip area of
extentdz=ryd{, around the axial position=rZ, as shown It may be found useful to express this electron density in
in Fig. 1(a). relative values with respect to its maximum, which results by

The assumed quasi-free one-electron waves on the CNdounting both m-electrons normally assigned to each
cap are supposed to mix so that the electronic states dgraphene hexagoff: n?a’(=4/a2\/§, wherea is the lattice
scribed by Eq.(3) are to be occupied according to some constant of graphenaag& 2.46 A) 1’

JVST B - Microelectronics and  Nanometer Structures



1236 Filip et al.: Analytical model for electron emission 1236

It is interesting to observe that, by combining the Fermi ik %
factor of Eq.(6) with the axial probability density defined by VP:W = o Va+1)— m* (12)
Eq. (5), one may construct the actual electron density along 0 00
the axis of the hemispherical cap of the CNT. The quantitya
[1+expE /ksT)] MI(Q)dZ may be interpreted as the prob-
ability of finding an electron, having the quantum state "
(I,m), on the CNT cap in the strip defined hy and ¢ m_ T 2
+d{. Therefore, the probability of finding any electron in Y _ZmOrS I(1+1)=m=. (13
that strip amounts to the sum taken over all the quantum

states and the total axial electron density is written as The tunneling probability from the states described by Eq.
- | (3) into the vacuum states may be computed in the same
E f(E)) 2 r(s). ®) semi-cl_assica! framev_vork, according_to well-known_res%ﬂts.
=0 m=—1 Assuming a simple triangular potential energy barrier for the
(I+m=even electron at the vacuum interface, the tunneling probability
In Fig. 1(b), as an example, this quantity is plotted as agets a simple form depending on the local extraction field in
function of the axial position, for a tube having the diametervacuum:® The extraction field on a spherical cathode facing
2ro=1.6nm. a plane anode was found to depend on the particular site on
The electronic states described by E8). carry no axial —the sphere where the emission takes pfdees the assumed
current. Therefore, the tunneling of an electron between sucherpendicularity of the axis of the cathode on the anode
states and the states in the vacuum should be described in tA&ne allows the electric field to be azimuthally symmetric
framework of decay phenomena by using the semiclassicaFig. 1(a)], its strength on the CNT cap will depend on the

nd the attempt-to-escape frequency becomes

dni®* 1
di  2qr2

concept of attempt-to-escape ratéd? axial position only[F({)] and is expected to increase
steadily wher¢ varies from 0 to 1. Accordingly, the tunnel-
" ing probability will bear the samé dependence through the
Y=o ©  |ocal extraction field:
wheret is' the so-cglled localization pagg\meter av(ﬂ i; a - 4 \/Z_mo (x—E)¥?
characteristic velocity of the staté,fn).” As localization Di({)=expg — 375 T(i) , (14

parameter, the radiug of the hemispherical cap seems to be
the most convenient choice. In order to get a convenient . . .
value for the characteristic velocity, one has to address th\Q’hereX is the work function of the CNT cap. Atypical value
way an electron enters the cap in the stdten] coming of 4.7 ev was used fo_;( throughout this artlc_le. .

from the body of the tube. The energy of a quasi-free elec- Our main concern in the present study is to outline the

tron on the cylindrical sheet of the body of the CNT can bemhomogeneity of the emission current emerging from the
obtained in a similar way to Eq4):13 CNT cap due to both the extraction field variation and quan-

tum localization of the available electrons. For this purpose,

722 72 we were led to construct a suitable quantitative measure for
En(k)=—Wy+ T + > m?, (10 this effect. First, one may assert that, according to the usual
0 2mgrg definitions®°the producte f(E,)»["D,(¢) should represent

where k is the quasi-continuous axial wave vector of thethe tunneling current emerging from the electronic state

electron andm is again the quantum number of the axial (I,m) at the axial site/. But this definition is incomplete

angular momentum. The electronic potential energy on thgvg?outr:he |Eclus|,|on of a proper \|/Ive|ght d%scrr‘llbmg the Emb'
body of the tube will be considered to take the same value ag llity that the e eC‘TO” Is actually around this site. There-
on the cap. The axial symmetry of both the cylinder and its ore, the aforementioned mcunrqrent should be properly ex-
cap allows us to assume that the transition of the electro .res.sed. by ef(E,)Di(2) V'.H'. (£)d¢. Thus, the _a>§|al
from the CNT body to the cap preserves its axial angula istribution of the total emission curre(lte., the emission
momentum. By further assuming that the aforementione&urrent fro'.“ the CNT cap cm;ulay strip between the normal-
transition is elastidtherefore by equating the energies of Ized coordinateg and{+dg) is given by

Egs.(4) and(10)], one may readily obtain a selective expres-

% [
sion for the wave vector of an electron that enters the cap of ﬂ _ S
the CNT: dg(é)—ego f(END(¢) ;I v 2). (15)
(I+m=even
1
k= o IH(I+1)—m, 1D Using the explicit forms oftI|"({) and »" given by the

° Egs.(5) and(13), respectively, and the properties of the as-

where the quantum numbert has the same limitations as in sociated Legendre functioRS the axial distribution of the
Eqg. (4). Hence, the characteristic velocity may be defined agotal current(or, with a shorter name, the differential emis-
the axial group velocity of the incoming electron: sion currenk from the CNT hemispherical cap becomes

J. Vac. Sci. Technol. B, Vol. 22, No. 3, May /Jun 2004



1237 Filip et al.: Analytical model for electron emission 1237
g 10 . . . - CNT body, CNT cap WV
=2 8 The considered states are as follows: | \ acuum
g 2 B /= 4, m=0 T T T T
© O - =
3o 6 I=4,m=2 Z gl Tubediameter = 1.6 nm
Q > I=4 m=4 < :
cE 4 , £ Relative free
g a ‘uc: electron density = 0.133
) 2 E Temperature = 900 K
Wa 3 6fF A

— 0 T T T T 8

[2] —

£ 010 2 (6) V.= 1200 V: I = 1.54 yA
T 2 012 5 4 - s
X8 s
2008 2
B8 004l i s 2l (b)V,=500V; | = 0.82 uA
L g £
w - O OO 1 1 1 1 D

0.0 0.2 0.4 0.6 0.8 1.0

Relative axial position g=zIr,

Fic. 2. (a) Axial distribution of the electron localization probability on a
CNT hemispherical cap for several possible electronic stédteg#xial dis-

tribution of the total electron density on the CNT hemispherical cap. The
relative axial positiony=2/r is used for both diagrams.

E (21+1)f(E))Dy()

g( 0=

ZmOrO

xZ VI+4j1 -4 =127

—1D!

||)| (Plzj_”(g))z

+|21
(16)
While still complicated, Eq(16) can be used for further
analysis through numerical computation.

[ll. RESULTS AND DISCUSSIONS

(a)V,=300V;|=046 pA
1 i 1

0.4 0.6 0.8 1.0
Relative axial position &=2r,

02

Fic. 3. Axial emission current distributiorssl ({)/d({) over the closure of
a capped CNT for several extraction voltages. The total emission cutrents
for each case are also indicated.

highlighted the axial quantum/statistical distribution of elec-
trons. Unfortunately, it is a quite difficult task to construct a
specific form of the local extraction field intensi&( ). De-
spite existing elaborate related resifténo simple analyti-

cal dependence of the extraction field on the position of a
particular site of a conductive field emission tip is available.
In the simple floating sphere modéljt is known that the
extraction field in the tip area is proportional to the cosine of
the local polar anglé? For the analysis below, we specula-
tively extend this dependence over all of the hemisphere of
the CNT cap:

The inhomogeneity of the electron field emission over a

CNT cap may have two distinct sources: The spread in the F({)=Fcosf= Fo

—FoL 17)

guantum/statistical localization of the electrons on the sheet

of the cap and the site variation of the local extraction field

Where 6 is the polar angle as shown in Fig@al It is clear

We examine in Fig. 2 the first source of emission inhomogeihat the real extraction field is not vanishing at the cap/body

neity. In Fig. 2a), the electron localization probability den-
sity TT]"(¢) computed through Ed5) is represented for sev-
eral states. As one can see, the electrons carrying high axi
angular momentunihigh absolute values of the quantum
numberm) tend to concentrate toward the CNT body. In Fig.
2(b) [also plotted in the inset of Fig.())], account is taken
of the statistical occupation probabilities by computing the
axial electron densityEq. (8)]. The expected relatively high

values at the tip region are separated by a certain gap from
the more consistent densities found toward the body/cap in- FO—S

terface.

The second main source of emission inhomogeneity is thev

site variation of the local extraction field. When the tube is

interface, as appears in E@L7). Also, this choice is less
likely to highlight the emission inhomogeneity effect. Nev-
grtheless, obtaining inhomogeneous electron field emission
even in such an unfavorable situation would be a significant
confidence enhancement that the effect will appear more
clearly in real cases. As for the field strength on the Fip,

it is known to be fairly independent on the distance to the
anode. In a simplified model, it can be estimated®5§

Ve (18)

ro'

here V, is the anode potential. The value of the self-
screening factos is usually taken as %' More accurate val-

perpendicular to the anode plane, we expect a maximumes can be set by comparison with some numerical compu-

value of the electric field at the tip and a monotonic decreasé&

toward the CNT body. This trend is quite opposite to that of
the electron density, which was shown to increase toward th
“lateral” area, i.e., toward the cap/body junction. The real
nonhomogeneous distribution of the local emission curren

tions, which show lower figuré§. However, for
demonstrability reasons, we prefer to use the less favorable
ealue of 5. The results obtained by choosing the extraction
field in the form given by Eqg17) and(18) are illustrated in

Fig. 3. The axial distribution of the total emission current is

should thus be the result of the competition of these twacomputed using Eq(16) for several values of the anode
factors. The stronger the lateral extraction field, the morgpotential. The total emission curreritsbtainable through in-

JVST B - Microelectronics and  Nanometer Structures
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Non-uniform electron ! CNT ca ! Vacuum
issi '
CNT cap emission as source of CNT&body ! p !

image ring formation

T T T T
d=15nm

1.5 I Anode voltage = 100 V [=0.107 pA 7
(n),, =0.214
10+ d=20nm
1= 0.055 pA

d=30nm (n,"),, = 0.203
0.5} e
@ (n,™),, = 0.200
. } : ' '
40 |- Anode voitage = 800 V f:;&nprx g

30 d=20nm ,'*,,=0200
1=374A
20 + (n),, = 0203

d=15nm

Differential emission current di(¢)/d¢ (n
o
o

-
o
¥

(a) V,=300 V (b) V,=500 V (€) V.=1200V (b) =279 A
1=0.46 pA 1=0.82 pA 1=1.54 pA 0 ! ) 0= 0214
0.0 0.2 0.4 0.6 0.8 1.0
Fic. 4. Axial emission current distributiorgsl (£)/d({) over the closure of Relative axial position ¢=2/r,

a capped CNT for several extraction voltage represented as grayscale im-

ages. The data used are the same as in Fig. 3, with “white” color attributedrig, 5. Axial emission current distributiorsl (£)/d(¢) over the closure of
to the maximum value of the current density. The images outline the nong capped CNT for several tube diametdrs2r, in both low () and high
uniform electron emission pattern from circular strigs shown in Fig.  (b) extraction voltage regimes. The total emission currérfr each case
1(a)] on the CNT hemispherical cap as source of anode image ring formagre also indicated.

tion.

density or of the current axial distribution. Such a behavior is

tegration of the current axial distribution of E¢.6)] are also  illustrated in Figs. &) and gb). It can be seen that even at
indicated for each curve. It can be seen that the axial distritélatively low voltagegFig. 5a)], very thin tube caps allow
bution of the emission is inhomogeneous even for relativelyfor strongly inhomogeneous axial current distribution. As the
low anode voltages. Higher voltages produce a still largefube diameter increases, the distribution becomes flatter and

effect: The two “brighter” areas become clearly separated bycontains no special feature. At very high voltagfg. 5b)],
an emission gap. the situation is quite similar, but the flattening of the current

Figure 4 contains essentially the same information as Figdistribution for larger tubes is less effective. Strong fields
3, but in a more “visual” form: The field emission level is May extract electrons even from very lateral sites and can
represented here by the brightness of various areas appearifl Produce some “waving” of the axial current distribution
on a profile of the cap of the CNTs. At high voltages, the (multiple ring formation at high extraction voltages have also
lateral areas with high electron emission levels become visbeen reported" Larger tube caps may even accommodate so
ible as strips on the surface of the cap. In an imaging experimany electrons that, at high voltages, higher currents may be
ment, this would correspond to two brighter areas: a centrapulled out from them as compared to the thinner ones, de-
one surrounded by a blurred ring of less emissivity aura. ~ Spite the difference in local field enhanceméfitg. Sb)].
Such field emission images from individual capped CNTs aréne should be however cautious in practically interpreting
indeed reported in literature? such a result since possible field enhancement at localized

At this point, it may be speculated that the ring formation
in real cases at high voltage/high emission currents from r r

CNTs could also be due to the contribution of the electrons  _ 60} Capped 0180 pr——— )

emitted from the body of the CNTs. Indeed, under high emis- & tube (nA) ¢ 0145

sion current regimes, the self-heating of the CNT may en-  § S0r / o 010 1

hance the electron emission even from the body of the tube s 0.1%

and the corresponding electron trajectories may be com- ‘@ 4or 0130 1

pressed into a ringlike structure. Not ruling out this possibil- 'g ol 12 4 6 |

ity, we note however that the imperfect perpendicularity of o Uncapped | dameterd (am)

the CNT on the anode plariexpected in real casewould 2 20 tube (pA) ]

produce much more deformddlongated rings, with much Anode

more blurred external parts, than usually obsevéd. 10} ¥°lt39%%;1°ov .
For a given value of the paramet@f,, the diameter of )

the tube controls the quasi-free electron confinement on the 0 1 5 3 , 5 é 7

CNT cap. Inhomogeneous electron field emission is to be Tube diameter d (nm)

expected only from very shaiffew nanometers widecath-
odes. Larger cap diameters will allow states with higher Fic. 6. Dependence of the field emission currérftom a capped CNT,

; g generated by the quasi-free electrons, on the tube diardefEhe corre-
values to be occuple[d;ee Eqs(4) and(6)] and will increase sponding dependence for opened CNTs is presented for comparison. The

th.e number of significant terms in Eg8) and (16). This inset shows the corresponding diameter dependence of the quasi-free elec-
will tend to wash out the spatial dependence of the electroiron density on the CNT cap.
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CNT body | CNT cap I'Vacuum the tight confinement on the two-dimensional CNT cap in-
< : : : : ! duces discrete energy levels from which electron field emis-
v 45T T ibe radius r=1.0m (™) =0334 1 sion may proceed. The _computed aX|a_I dlstrlb_unon of the
= Anode voltage = 500 V T = 1600K quasi-free electron contribution to the field emitted current
s =857 pA reveals the possibility, for very high extraction voltages, of
§ sl (n™) =0.234 ring (aurg formation around the usual field emission images.
3 T = 1200K This conclusion qualitatively agrees with existing experi-
§ 1=3.30 pA mental evidence, possibly concurring with other causes
£ (which are not considered in the present apprach
= 18F (0™, =0.169
€ T = 900K
@ =176 pA
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