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A model of sequential~incoherent! tunneling for the electron field emission was built up in order to
explain some peculiarities of the electronic emission from relatively thick dielectric layers covering
nanometer-range tips, particularly carbon nanotubes. The emission current as a function of applied
voltage, dielectric layer thickness, polarizability, and temperature was computed. Various
experimentally detected trends were thereby modeled, leading to the conclusion that incoherent
tunneling might be a competitive mechanism for electron field emission from dielectric layers on the
tips of nanometer-sized cathodes. ©2003 American Vacuum Society.@DOI: 10.1116/1.1596222#
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I. INTRODUCTION

It is now well established that huge electric fields a
available on supersharp tips, like those of carbon nanotu
~CNTs!. The high chemical and structural stability of CNT
allows their field emission operation in relatively high env
ronmental pressures where heavy adsorbtion on CNT ca
expected, mainly under conditions of high extraction field1

Electron field emission through relatively thick dielectr
layers also takes place when protective and emission s
lizing coatings are applied on high curvature substrates
various natures.2–8 As very high field enhancement natural
occurs at CNT tips, such cathodes present particularly in
esting quantum effects in the corresponding adsorbate la
Saturation effects,9 slope-breaking points,2,10 and fancy
current–voltage characteristics3,10–13 are features that could
be due to the presence of adsorbates, dielectric coating
other structures14 on supersharp tips. The present article p
poses a model of sequential~incoherent! tunneling for the
electron field emission through such dielectric layers. T
model should be considered in contrast to the coherent
neling one. It accounts for the presumable mixing of t
electronic waves in a relatively thick coating layer, includi
deposits that appear after heavy adsorbtion when opera
CNT tips in poor vacuum conditions. The external extract
field, which in the particular case of CNTs is currently e
hanced to values of the order of 10 V/nm, is supposed
penetrate the adsorbate/dielectric layer and to form a tr
gular potential energy well. If the deposit is not too thick, t
well may be enough deep and narrow to allow distinct el
tronic energy levels to appear in the energy gap of the die
tric layer. If no significant barrier is installed at the ba
interface of the layer then electrons may be supplied to th
levels from the emitter, forming a space charge region.1,7 The

a!Electronic mail: filip@digitalnet.ro
b!Author to whom correspondence should be addressed; electronic

n-dan@aist.go.jp
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electronic waves entering the well are thus supposed to
domly scatter and rapidly lose their phase memory. The
fore, the tunneling process proceedsfrom the electronic
states of the dielectric layer,not throughthem~as is the case
in coherent tunneling!.15,16 Any further increase of the ex
traction field will modify the electronic energy structure
the well and will pass different allowed energies to the Fer
level. This may provide ‘‘oscillatory’’ current–voltage
(I –V) characteristics or at least some slope-breaking po
followed by saturation regions, as already experimenta
detected.2,3,9–14Such parts of negative differential conducti
ity in the I –V characteristics may be speculated in order
generate high frequency oscillations in some field emiss
structures obtained through suitable dielectric coatings
very sharp tips.7

The properties of the dielectric layer~thickness, electric
polarizability! clearly influence the structure of its electron
states and are thus expected to have important effects on
I –V characteristics. Some of these effects may look qu
strange if the dielectric is to be considered only as a sim
resistive layer that hinders field electron emission. For
ample, it is found that adsorbates made of molecules~e.g.,
water! with high polar moments may both smooth or dam
the ‘‘oscillations’’ of the I –V characteristics and strongl
stimulate the emission level. Recent careful experiments
port such effects17 although they are tentatively explained b
a mechanism of coherent tunneling field emission only.

The response of the adsorbate field emission to temp
ture increase is also an important issue. While disregard
adsorbtion–desorbtion kinetics our model may partly expl
some related experimental results.17 It was also found that
temperature increase might stabilize the electron field em
sion from thick adsorbate layers providing confusing d
about the cleanness of the emitting surface.

The electron energy distribution spectra were also co
puted in our simplified model. While not comparable wi
il:
16923Õ21„4…Õ1692Õ8Õ$19.00 ©2003 American Vacuum Society
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1693 Filip et al. : Sequential tunneling model of field emission 1693
currently available experimental data, these results may f
the basis for a more-detailed study.

II. PHYSICAL MODEL

Adsorbtion phenomena on field emitters have been in
sively studied in the past mainly related to field-ion micro
copy and to various activation procedures of electron fi
emission surfaces for better performance.18,19Dielectric coat-
ings on metallic and semiconductor field emitters proved
strongly enhance the electron emission and opened the
for many useful applications.2–8This study recently extende
to CNT-based electron sources.

Adsorbtion phenomena on a surface can be essent
treated as chemical equilibrium between the environme
gas and the adsorbed lattice gas on the surface.20 From a
more microscopic point of view the equilibrium occurs wh
the current of gas molecules that come and adsorb on
surface equals the desorbtion current from the surface.
presence of high electric fields near the surface of field em
ters may dramatically change the situation. Field polarizat
and even field ionization of gas molecules frequently oc
near the emitting tips.1,18 Such charged or polarized mo
ecules crowd into the tip region and significantly enhance
adsorbtion rate, which is proportional to the local molecu
density. For CNTs these effects are even more pronoun
since the electric fields currently attain values of the orde
10 V/nm near the tips.21 For example, the density of wate
molecules~wearing high dipole moments! at 300 K in a re-
gion with an electric field of 5 V/nm exceeds more than 15
times the molecular density at large, faraway from the fi
action. As the molecules approach the CNT cap they are v
likely stripped of some outer electrons and become ioniz
This situation increases both the adsorbtion probability
the activation energy for desorbtion,18 leading to stable mul-
tiple molecular layers up to temperatures as high as 90017

Under such conditions of ‘‘forced’’ adsorbtion the formatio
of layers with thickness up to the order of the CNT diame
seems to be a reasonable hypothesis. On the other hand
adsorbed layer should generally decrease the field in
neighboring region, so that the molecular crowding, polari
tion, and ionization phenomena that used to stimulate
sorbtion may become balanced by desorbtion events. T
the adsorbed layer gradually reaches some equilibrium th
ness under the given conditions.

Once the adsorbate deposit or the coating layer is form
one may expect two distinct electronic behaviors, depend
on its thickness. First, if the layer is thick enough, the qu
tum confinement of the electrons therein is negligible and
adsorbate/coating behaves as a simple dielectric. In this
ation, let us suppose that the adsorbed atoms~or molecules!
have piled up on the emitter’s tip in a layer of some thickn
d that preserves the original curvature of the cap. Letr 0 be
the common value of the radius of curvature for the emitte
cap and the layer. The potential energy drop in the vacu
gap between the anode~of potentialVa) and the dielectric
termination can be well approximated byeFsr0 ,18,21 where
F is the electric field in vacuum at the interface with t
JVST B - Microelectronics and Nanometer Structures
m

n-
-
d

o
ay

lly
al

he
he
t-
n
r

e
r
d,
f

0
d
ry
d.
d

r
the
e
-

d-
s,

k-

d,
g
-
e

tu-

s

s
m

dielectric ands is a emitter ‘‘self-screening’’ factor, usually
taken at the value of 5.18 The electronic potential energ
should have an average jump equal to the dielectric la
work function x at the vacuum interface and the potent
energy drop in the layer~where the static dielectric constan
is Ks) equalseFd/Ks . Therefore, considering the conta
between the grounded CNT and the adsorbed layer as e
trically perfect, the following expression for the extractio
field in vacuum is obtained:

F5
Va

sr0
S 11

x

Va
D S 11

d

sKsr 0
D 21

. ~1!

The electronic potential energy profile in the region of t
layer–vacuum interface could thus be approximated as

W~x!55
0, x,2d,

2
eF

Ks
~x1d!, 2d,x,0,

2eFS x1
d

Ks
D1x, x.0,

~2!

wherex is the position measured from the vacuum interfa
~the positive sense of the axis points towards the vacuu!.
The origin of the energy scale is taken at the value of
chemical potential of the emitter~electron reservoir!. The
numerical values for energy are expressed in electron v
throughout this article. An electron coming from the emitt
will, therefore, be accelerated in the~relatively high! internal
field of the dielectric layer and will most likely escape in
the vacuum over the potential barrier, as a hot carrier.

The second case refers to very thin dielectric layers on
emitter’s tip. In this situation, if the external extraction fie
is large enough, its penetration in the dielectric will det
mine a spatial confinement. This feature will allow discre
levels in the electronic energy gap of the adsorbate/dielec
layer. The electrons will tunnel into the vacuum through
from such levels, depending on their density. In other wor
two possible mechanisms, coherent and incoherent, ma
imagined for the electron tunneling through th
adsorbates.22,23 In a one-particle picture of coheren
tunneling,24,25 the electrons are supplied from a reserv
with a quasicontinuous energy range~e.g., from the CNT!,15

and the attempt rate of escape for the electron@defined be-
low, see Eq.~10!# is expressed as a function of the grou
velocity that also takes quasicontinuous values.25,26The tun-
neling may take singular high-value resonance peaks w
the energy of some of the~sparse! states localized at the
vacuum interface coincides with the Fermi level of the re
ervoir. Modifying the external field changes the energe
structure of the adsorbed atoms/molecules and can brin
localized level at the reservoir’s Fermi energy, thereby f
filling the resonance condition. In this case, sharp peaks
pear in theI –V characteristics. The resonance energy lev
act, therefore, as ‘‘holes’’ in the potential energy barrier
the electrons in the reservoir. The apparition of such reson
states is expected in light atomic/molecular adsorbtion on
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1694 Filip et al. : Sequential tunneling model of field emission 1694
emission tips. Since the localization of such states is v
tight, theI –V peaks corresponding to resonant levels will
high, sharp, and well separated.

When lots of gas molecules agglomerate randomly on
interface, as is the case for heavier adsorbtion, the en
levels in the dielectric layer become denser and able to
commodate several electrons on its specific one-par
states~whose density should increase with the amount
adsorbed matter!, forming a space charge in the layer.1,7,16

The electrons coming from the reservoir most likely lo
their phase memory through random scattering proces
Thus, the possibility of coherent tunneling dramatically d
creases. The quantum states become mixtures to be occ
upon a Fermi–Dirac distribution. The occupancy of the o
particle states will be characterized by a chemical poten
that should equal that of the reservoir in the hypothesis
perfect contact at the emitter interface. The dielectric la
will, therefore, rise its own potential energy barrier, which
the energy of vacuum with respect to the chemical poten
The height of the barrier equals the work functionx of the
dielectric layer. Resonance-generating thinning of this bar
becomes very unlikely to appear. The extraction field
vacuum will thus take a form somewhat simpler than Eq.~1!:

F5
Va

sr0
S 11

x

eVa
D . ~3!

By comparing Eqs.~1! and ~3! one readily observes tha
for adsorbate/dielectric coating thickness not larger than
emitter’s radius of curvature their numerical values are qu
close, especially for layers with high dielectric constant.

Tunneling may then proceed from the discrete states
the space charge in the dielectric layer. This kind of pass
the electrons through the layer is usually termed as inco
ent or sequential.22,23 The electronic supply for tunneling
takes a discrete character making the resultingI –V charac-
teristics to have a ‘‘noisy-’’ shaped sequence of clos
spaced relatively small peaks, which is different when co
pared to the case of resonant tunneling field emission.10–14

Sometimes, when the dielectric layer is not so thick,
separation between one-electron levels becomes wider
slope-breaking points followed by saturation regions m
occur.9,11

It is quite clear that the real picture of electronic ener
structure in the adsorbate/dielectric layer must lie betw
the two extremes presented above: a certain potential en
drop may take place in the adsorbed layer and discrete
ergy levels may appear only near its vacuum surface.
reasons of simplicity we will further examine only the se
ond extreme case, where the confinement quantization
tends over the entire adsorbed layer. Also, even if there is
reason to exclude coherent tunneling through a relativ
thick randomly structured layer of adsorbates, we will foc
on the incoherent~sequential! type of electron field emission
only.

As another important approximation, the work functionx
for the electrons in the dielectric layer will be considered
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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independent of the external field. Moreover, the one-part
electronic states in the layer will be approximated as thos
an infinite triangular well of the form27

Wwell~x!5H 2
eF

Ks
~x1d!, x,0,

`, x.0.

~4!

Obviously, this is a crude model intended only to reve
the electron field emission basic features. In fact, the die
tric layer does not behave as a potential energy well for
electrons: its intimate structure may turn the electronic sta
into complicated bands. However, the most realistic part
the model is the idea of tunneling into the vacuumfrom the
states localized in the layer.22,23

While the chosen approach neglects the real contin
condition of the wave function at the emitter–dielectric a
dielectric–vacuum interfaces, it allows analytic computati
of the electronic wave functions as linear combinations
Airy functions.28 The corresponding values of the allowe
energies may be readily found through conditions of vani
ing wave function atx52` andx50:27

En5cnS \eF

KsA2m
D 2/3

2
eFd

Ks
, n50,1,2,..., ~5!

wherem is the free-electron mass and2cn are the negative
roots of the Airy function of the first kind. These numbe
can be very well approximated as28

cn5F3p

2 S n1
3

4D G2/3

, n50,1,2,... . ~6!

Each electronic quantum statenI of the well should con-
tribute to the total emission current with a specific~elastic!
tunneling termI n through the dielectric layer–vacuum pote
tial barrier of heightx:

I n52e f~En!Dnvn . ~7!

The meaning of the symbols in Eq.~7! is explained below.
Thus, the factor 2 accounts for the spin degeneracy
f (En) is the Fermi–Dirac distribution function describin
the occupancy of the discrete energy levels of Eq.~5!:

f ~E!5F11expS E

kBTD G21

, ~8!

wherekB is the Boltzmann constant. The symbolDn in Eq.
~7! stands for the transmission coefficient from the ene
level En to the vacuum, which for the considered triangu
potential barrier takes the form29

Dn5expF2
4

3

A2m

\

~x2En!3/2

eF G . ~9!

~Remember that the origin of the energy scale is taken at
common value of the chemical potential in the emitter a
the space charge of the dielectric layer.! The values of the
extraction field in vacuum,F, will be given by Eq.~3!.

By vn in Eq. ~7! we denoted the so-called attempt rate
escape for the electron in the quantum staten, that is the
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1695 Filip et al. : Sequential tunneling model of field emission 1695
number of times, per unit time, the electron on the ene
level En hits the dielectric–vacuum interface. This quant
is currently defined asvn5yn/2l n .22 Here, yn represents a
velocity that corresponds to the classical kinetic energy
the electron at the vacuum interface in the quantum statn,
namelyEn1eFd/Ks , and l n is the wideness of the well a
the nth energy level:l n5d@11EnKs /(eFd)#. Therefore, in
the case of the triangular potential energy well, the followi
definition of the attempt rate can be inferred:

vn5A eF

2mKsd
S 11

EnKs

eFd D 21/2

. ~10!

The total emission current will thus be obtained as
sum of individual contributions of all the energy levels@see
Eq. ~7!#:

I 52e(
n>0

f ~En!Dnvn . ~11!

The emission current carried by the electrons that esc
with energies in a prescribed grid:

dI

dE
~E!52e(

n>0
f ~En!Dnvnd~E,En!,

d~E,En!5H 1 if E<En,E1dE,

0 otherwise,
~12!

can be used as a measure of the field emitted electrons
ergy distribution~FEEED!.

When the quantum constraints become less stringent~that
is, for large values ofd or for low internal fields in the
dielectric! the energy levels in the potential well become
dense that the sum in Eq.~12! may be well approximated by
the corresponding integral. In order to shift to such an
pression it is necessary to introduce a density of states on
energy scale,dn/dE. By some straightforward algebra in
volving Eqs. ~5!, ~6!, and ~10!, one may readily obtain
dn/dE5@p\v(E)#21, so that Eq.~11! becomes

I >
2e

p\ E
2Fd/Ks

`

f ~E!D~E!dE. ~13!

A rather similar expression was previously obtained
the current that tunnels out from the quasicontinuous ene
levels of a CNT.26 The difference consists in the presence
a supplementary factorS(E) in the integral that embeds th
details of the energy dispersion relations of the conduc
electron in the given CNT. In Eq.~13! this function is actu-
ally replaced by the factor 2 originating in the spin dege
eracy, so that for the present problem one may writeS(E)
52.

Two further remarks should be made on the model
scribed above. First, it is clear that the computations refe
the adsorbed dielectric layer only. No reference was mad
the particular electronic structure of the emitter. This a
proximation has been used when taking the electronic st
of the layer as those of the infinite triangular potential ene
well. Thus, the special emphasis made on CNT emitter
here related mainly to their peculiar capacity to concentr
JVST B - Microelectronics and Nanometer Structures
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huge electric fields on their tips. Only such field values m
lead to quantum electron confinement in the adsorbed lay
Nevertheless, for atomically thin adsorbates, the approxi
tion breaks down since the induced energy levels are
sparse that coherent tunneling from the base emitter st
becomes dominant. In such cases the coherent tunne
emission mechanism opens the way for the particular e
tronic structure of the emitter to explicitly influence th
emission current.

The second remark regards the potential energy ba
that was used in the computations. It is clearly the simp
possible choice in view of the presently available highly
fined theories.30 The main reason for using such a bas
model was the lack of experimental data regarding some
potential energy barrier profile of the adsorbate. Con
quently, a generic value of 5 eV was used for the adsorb
dielectric layer work function throughout the computatio
performed in this article. The analytical simplicity of th
involved mathematics was the other reason for using the
angular barrier model. Nevertheless, it is expected that
main conclusions are, at least qualitatively, independent
such simplifying hypothesis.

III. NUMERICAL RESULTS AND DISCUSSIONS

Examples ofI –V characteristics computed using the s
quential ~incoherent! tunneling field emission model are il
lustrated in Fig. 1, where three different values of the diel
tric layer thickness are used. The ‘‘oscillatory’’ shape of t
characteristics is a result of the selective importance of
tunneling termsI n defined by Eq.~7! when included in the
sum of Eq.~11!. If looked at as a function of energy, th
highest valued terms of this sum actually define a transp
ency window for the potential energy barrier. An increasi
extraction field will continuously deform the structure of th
energy levels allowing them to pass by this transpare

FIG. 1. Samples ofI –V field emission characteristics computed with th
model of sequential~incoherent! electron tunneling through adsorbate laye
on CNT tips. Thin layers may produce only slope-breaking points follow
by saturation regions, while thick deposits may lead to ‘‘oscillatory-’’ shap
characteristics.
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1696 Filip et al. : Sequential tunneling model of field emission 1696
window of the barrier. When one or several energy lev
comes into the window a maximum of the emission curr
takes place. The voltage separation between these ma
will, therefore, be a function of the layer characterist
~thickness and polarizability!. This behavior is outlined in
both Figs. 1 and 2. It can be seen that above some s
value of d ~dependent on the dielectric constant!, both the
amplitude and the voltage separation of the ‘‘oscillation
diminish by increasing the layer thickness or its dielect
constant. This is quite obvious since both such trends lea
increased density of energy levels in the barrier’s transp
ency window. It is remarkable that a moderately thick lay
with a high value dielectric constant (Ks580, near the value
of the pure liquid water! may completely smooth theI –V
characteristics up to an aspect of a clean emitting sur
~see Fig. 2 and its inset where corresponding straight-
characteristics are visible in a Fowler–Nordheim represe
tion!. This indicates that straight-line characteristics in t
Fowler–Nordheim representation may be sometimes
enough for deciding about the cleanness of the emit
surface.17

Taking into account the simplicity of our model, one m
obviously notice that practical characteristics of electr
field emission through relatively thick adsorbates/dielec
coatings and under high extraction fields are not expecte
be identically reproduced by results like those of Figs. 1 a
2. However, there is a remarkable resemblance between
behavior of these theoretical curves and the relatively rich
of related experimental results.2–13 The peculiarities of the
emission characteristics cannot be linked to the electro
structure of the base emitter only. This possibility can
ruled out by comparing the characteristics of clean emit
with those obtained after dielectric coating of the emitter2,3

or intentional adsorbtion on their tips.9,17

FIG. 2. Influence of the adsorbate type on the shape of the computedI –V
field emission response. Higher dielectric constants both smooth the ‘‘o
lations’’ and enhance the emission current. The inset shows the same
grams in Fowler–Nordheim representation~on the ordinate axis the curren
is in nA and the extraction field in V/nm!. The curve drawn forKs580 ~near
the value of pure liquid water! looks similar to the characteristic of a clea
surface.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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Figure 2 also suggests that the emission current at fi
anode voltage may have some increase with the polariza
capability of the dielectric layer. In order to elucidate su
dependence we computed the emission current as a fun
of layer thickness for several values of the parameterKs .
The results are depicted in Figs. 3~a!–3~c!. First, one may
notice the ‘‘noisy oscillations’’ of the current with increasin
layer thickness. Their origin is similar to the ‘‘oscillations
of the I –V characteristics of Figs. 1 and 2: increasingd
modifies the energy levels in the potential energy well a
passes a sequence of such levels by the transparency win
of the barrier. Moreover, a relatively low polarizab
adsorbate/coating@Fig. 3~a!# shows essentially, on the ave
age, a tendency of decreasing the emission current. Hig
values ofKs may reverse this trend: the emission curre
may increase up to one order of magnitude when the la
grows to 4–5 nm thick@Figs. 3~b! and 3~c!# and continues
with a steady~slightly decreasing! value for higher thick-
nesses. The curves of Figs. 3~b! and 3~c! suggest a compari
son with some of the experimental results of Ref. 17. In
mentioned paper the time variation of the emission curr
from previously cleaned CNTs was measured during se
tive adsorbtion of gas molecules. It was found that amo
several species present in the measuring chamber, only
sorbed water molecules determine an increase of the cu
and that the increase rate is strongly stimulated by the pa
pressure of the water in the measuring chamber. Assumi
continuous growth of the adsorbed layer in time, one c
shift the current–time diagrams into current–thickness o

il-
ia-

FIG. 3. Computed field emission current at fixed anode voltage as a func
of the layer thickness. Three values of the dielectric constant were con
ered, while the values of other structural parameters are identical to t
used in the computations for Fig. 1.~a! For small values ofKs , the damping
effect of the adsorbate on the extraction field dominates and an ave
decrease of the current is visible.~b! Higher values ofKs diminish this
effect and stimulate a concurrent emission enhancement one due t
relative proximity of the ground level to the Fermi energy. A maximu
average value of the current results for some layer thicknesses, followe
a slight decrease for thicker layers.~c! For even higher values ofKs , the
apparently strange effect of current enhancement with increase of the a
bate thickness is more visible. Also, as the density of states increases
Ks , the ‘‘noisy’’ aspect of the curve disappears.
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1697 Filip et al. : Sequential tunneling model of field emission 1697
that look very similar to the first part of those in Fig. 3~b!. It
may be concluded that the polarization state of the adso
water molecules is not actually the same as in the liq
phase. The shape or even the structure of each molecule
change in order to decrease its dipole moment and to acc
modate the huge electric field on the CNT tip. Therefore, o
may expect that the dielectric constant of the adsorbed la
to take lower values as the one of pure liquid water.

In order to explain the surprising increase of the emiss
current with the layer thickness into the framework of o
model, the diagrams of Figs. 4~a!–4~c! were constructed for
Ks520. The energy scale is on the ordinate and part of
electronic energy levels described by Eq.~5! ~starting always
with the ground state energy! are visible. The tunneling
transparency window is also plotted in relative units. It m
be seen that for relatively thin adsorbate layers@Fig. 4~a!#,
the current is limited by the unavailability of electronic stat
in the transparency window. For thicker layers the ene
levels become denser and cover more and more unifor
the transparency window@Figs. 4~b! and 4~c!#. This leads to
a gradual average increase of the emission current.

The same conclusion may be reached by examining
emission current given by Eq.~13!. For increasing values o
d the integration range covers more and more the trans
ency window of the adsorbate and the current correspo
ingly increases. When the dielectric constant of the adsor
is small, the energy levels are well separated and Eq.~13!
actually does not hold. The variation of the layer thickne

FIG. 4. Detailed comparison of a set of energy levels~including the ground
energy! of the triangular potential well with the tunneling transparency w
dow. It is intended to explain the increase of the emission current with
layer thickness within the framework of our model. The diagrams w
drawn forKs520. The energy scale is on the ordinate. The tunneling tra
parency window at some energyE is computed by summing the values ofI n

@given by Eq.~7! and divided by the total emission current# for which En @of
Eq. ~5!# falls betweenE and E1dE. The ‘‘relative units’’ on the abscissa
refer to the values of the transparency window.~a! For relatively thin adsor-
bate layers the current is limited by the unavailability of electronic state
the transparency window.~b!–~c! For thicker layers the energy levels be
come denser and cover more and more uniformly the transparency win
leading to a gradual increase~on the average! of the emission current.
JVST B - Microelectronics and Nanometer Structures
ed
d
ay

m-
e
er

n
r

e

y

y
ly

e

r-
d-
te

s

severely perturbs the emission current until the adsorb
layer becomes thick enough to cover the entire transpare
window with dense energy levels@Fig. 3~a!#. On the con-
trary, higher dielectric constants will allow denser ener
levels in the adsorbate and the aforementioned increa
trend of the emission current withd is more obvious@Figs.
3~b! and 3~c!#, as described by Eq.~13!.

Such behavior of the emission current with increasing
sorbate thickness cannot be generated by coherent tunn
since the increase ofd actually hinders the electronic wav
from keeping its phase and diminishes the resonance ef
It can thus be concluded that the experimentally verified
hancement of the emission current with the adsorb
thickness9 actually confirms our model of incoherent tunne
ing field emission from adsorbates.

The predicted current response to temperature increas
the incoherent tunneling field emission model may also b
point of interest. Formally, temperature enters the expres
of the emission current only through the Fermi–Dirac dis
bution function. In coherent tunneling field emission t
electrons are supplied from the quasicontinuous range of
ergy levels of the reservoir. Therefore, as the rise in temp
ture enhances the tail of the distribution above the Fe
level, it is expected that for the same value of the extract
field the resonant tunneling takes place at slightly hig
energies where the barrier is thinner. This should obviou
imply an increase of the emission current. However, pres
experimental evidence17 shows an apparent decrease of t
emission current as the temperature rises, mainly for h
values of the anodic voltage. Such a trend can also be
plained in our model. Since emission takes placefrom the
states localized in the adsorbate, the average occupa
number takes basically discrete valuesf (En). If the energy
levels En are well separated~as might be the case in ver
high electric fields!, then the enhanced tail of the distributio
above the Fermi level may fall in an energetic gap and t
the allowed~effective! values of the occupation number ma
actually decrease. The increase of temperature will, th
fore, diminish the emission current in such cases, as can
seen in the examples presented in Fig. 5. We speculate t
more accurate model that would take into account the va
tion of the layer thickness by thermal desorbtion would p
vide a steeper decrease of the emission current with temp
ture rise, as reported in Ref. 17. When the anode voltag
lower, the density of allowed energy levels in the adsorb
increases closer to a quasicontinuum aspect and the tem
ture variation of the emission current becomes positive,
expected.

One more observation can be made about the influenc
a temperature rise on the current–layer thickness (I –d)
variation@Figs. 6~a! and 6~b!#. In Fig. 6~a! the computedI –d
diagram for 300 K@as presented in Fig. 3~b!# is compared
with the sameI –d variation at 700 K@Fig. 6~b!#. It can be
seen that the higher temperature curve is much smoo
than that computed at room temperature. This can be
plained as follows. First, Eq.~7! shows that a temperatur
increase should make the electron tunneling transpare
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window wider. Then, by increasing the adsorbate layer thi
ness, the density of energy levels increases, too. These
effects combined will increase the number of energy lev
passing by the transparency window and will make less
portant any change in current due to modifications in
energy scheme. Obviously, the direct effect of such beha
will be the increase of the temporal stability of the emiss
current at high operation temperatures up to values simila
those corresponding to clean surfaces. This, in turn, m
again mask the real cleanness status of the emitting surf
at high temperatures:17 clean-surface emission stability ma
be obtained even if desorbtion left enough adsorbate on
emitter ~CNT! caps.

FIG. 5. Computed variation of the emission current with the overall te
perature. It can be seen that high extraction voltages reverse the exp
emission enhancement with temperature rise. The discrete, well-sepa
values of the occupation numbers used in the incoherent tunneling m
provide a reasonable explanation for this behavior.

FIG. 6. Temperature increase has an inhibitive action on the ‘‘oscillatio
of the current with respect to the adsorbate thickness.~a! The curve of Fig.
3~b! computed for 300 K is reproduced for comparison.~b! A similar dia-
gram corresponding to 700 K shows much smoother than that compute
room temperature.
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As a final point, we turn to the FEEED corresponding
the emission through thick adsorbates~Fig. 7!. This may be
analyzed through Eq.~12! and is expected to have a com
teethed shape due to the simplified energetic structure of
localized states in the adsorbate.31 Clearly, even if reports of
structured FEEED peaks for CNTs exist,12,32,33such a simple
shape cannot be expected in practice. The triangular pote
well for the adsorbate is too simple to be actually realiz
Nevertheless, a more careful analysis that should includ
partial heating of the electrons in the adsorbate before
neling in vacuum might account for various observed effe
such as FEEED peak position and displacement with
applied voltage and shape variation of the FEEED peak w
temperature.33 We defer this study for another article.

IV. CONCLUSIONS

The electron field emission from relatively thick layers
coatings or adsorbates on nanometer-sized field emission
was computed in a simplified model of sequential~incoher-
ent! tunneling from a triangular potential energy well creat
in the dielectric layer by the external field penetration. D
spite its simplicity, the model succeeds in explaining so
experimentally observed effects such as current enhance
with layer thickness increase and the high-field decreas
the emission current with increasing temperature. While
precluding coherent tunneling through adsorbate layers,
comparison between the results of the present model and
existing experimental data supports the conclusion that in
herent tunneling might be a competitive electron field em
sion mechanism for the case of relatively thick adsorba
coating layers on sharp emitter caps.
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FIG. 7. ~a,b,c! Computed FEEED for various types of adsorbates in
sequential~incoherent! tunneling electron field emission.
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