
Abstract. Models of field (cold, autoelectron) emission from
various types of carbon nanostructures, other than graphene,
are described. The experimental results are compared with
theoretical predictions.
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1. Introduction. Fowler±Nordheim law

Although cathodes for thermoelectronic emission still retain
dominant positions in vacuum electronics, it is generally
accepted that cold cathodes for field (cold, autoelectronic)
emission can have a number of fundamental advantages,
such as higher efficiency and a short turn-on time. The
disadvantages of cold cathodes are the difficulty of obtain-
ing high emission currents and the insufficient service life
under conditions of a technical vacuum. The field-emission
data set in the general case and for field (cold, autoelec-
tronic) emission from carbon nanostructures (CNSs) con-
sists of volt-ampere characteristics measured under different
conditions. Usually, the threshold electric field Et is
determined, which represents the electric field strength
averaged over the field gap and corresponds to the appear-

ance of the minimal emission current, as a rule, of about
1 nA.

In experiments, the current I flowing in the circuit is
measured as a function of the voltage U applied to the
anode±cathode gap. It is commonly assumed that this
dependence can be described by the Fowler±Nordheim (FN)
law [1]

j � A
E 2

j
exp

�
ÿBj3=2

E

�
: �1�

This equation relates the emission current density j to the
external electric field strength E; j is the electron work
function of the cathode material. The rest of the quantities
entering the FN equation are expressed in terms of universal
constants:

A � e 3

16p2�h
� 2:6� 10ÿ24 �C Oÿ1� ;
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�������
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�he
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Here, e and m are the electron charge and mass, respectively,
and �h is Planck's constant. For very high field strengths, A
and B also contain functional factors [2]. However, they can
be ignored in CNS experiments.

The FN equation is derived in the one-dimensional
approximation, i.e., the vacuum boundary of an emitter is
assumed flat and the electric field E is assumed uniform. The
field emission current is determined by integrating the
contributions of electrons in the emitter volume with
different energies e:

I�E� � e

2p�h

�1
ÿ1

n�e�D�e;E� de : �3�

Here, n�e� is the energy density of occupied electronic states
described by the Fermi function, and D�e;E� is the transpar-
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ency of the surface barrier for electrons with energy e. The
surface barrier in pioneering paper [1] was acute-angled with
the potential eEx. In [3, Ch. 6], the contribution of themirror-
reflection force potential of e 2=�16pe0x� is taken into account
(Fig. 1a). The calculation is performed for temperatureT � 0.
In this case, the Schr�odinger equation is written in the form

d2c
dx 2
� 2m

�h 2

�
eÿ �ÿw��c � 0 ; x < 0 ;

�4�
d2c
dx 2
� 2m

�h 2

�
eÿ

�
ÿeExÿ e 2

16pe0x

��
c � 0 ; x > 0 :

The energyw corresponding to the bottomof the filled band is
also discussed in [3]. The use of approximations and
procedures mentioned above gives the emission dependence
in the form of (1).

The FN law for macroscopic metal cathodes has been
confirmed in many experiments [3, Ch. 2]. At the same time,
for other types of emitters (e.g., semiconducting [2, 4, 5]),
more or less significant deviations of emission characteristics
from the FN law can be observed, which are related to the
peculiarities of their electronic properties, in particular, to the
form of the density of states n�e�. Additional peculiarities
appear in the case of emission from spikes about several
nanometers in size. If the spike radius is comparable to the
thickness of the surface barrier in the tunneling problem, the
determination of the electric field strength, unlike the one-
dimensional case, becomes ambiguous.

The situation considerably changed after the discovery of
carbon nanotubes (CNTs) and their capability for field
emission at comparatively low applied voltages [6, 7]. Such a
capability was found even somewhat earlier for carbon fibers
similar to CNTs [8, 9].

The next step in the same direction is the move to a
completely or almost completely planar system which, due to
the increase in the area of the emitting region, could have an
even higher thermal and mechanical stability and stability
against sputtering caused by ion bombardment. However, the

move to a planar structure inevitably reduces the amplifica-
tion coefficient of the applied external electric field, which
raises a question about the fundamental possibility of `low-
voltage' field emission (with a low threshold voltage) in such
ax system.

Nevertheless, numerous examples [10±23] of materials
and structures already known for a few decades demonstrate
their capacity for emission with a low threshold voltage in the
case of a relatively smooth emitting surface not containing, at
least at first glance, elements with a high aspect ratio (length-
to-width ratio). We will call such materials carbon nano-
structures. A separate material is graphene, which we will not
consider here.

Most CNSs are either purely carbon or contain a great
amount of carbon. The typical feature of such materials is the
presence of nanosize regions in their structureÐgrains with
drastically different electrical and thermophysical properties
typical of the two main allotropic forms of carbon. Graphite-
like regions contain carbon predominantly in the sp2

hybridization state and, like graphite, have considerable
electrical and thermal conductivities and comparatively low
specific heat capacity. Diamond-like carbon (DLC) regions,
both amorphous and consisting of crystallites, are composed
of carbon atoms in the sp3 state. They, like diamond, have the
electronic structure of a wide-bandgap semiconductor or a
dielectric and low electric conductivity, but a rather high heat
capacity.

In this review, we compare the advantages and disadvan-
tages of various models of the field emission of electrons from
CNSs, both traditional and new ones. The review is organized
as follows.

In Section 2, the features of emission from CNS materials
observed in experiments are presented.

In Sections 3 and 4, we analyze the main theoretical
models proposed to date, both traditional, widely used
(Section 3) and recently proposed and not generally accepted
so far (Section 4). The correspondence between all models
and experimental data is assessed. The main attention is
focused exactly at new nontraditional models.

Models, in which the agreement between theory and
experiment is achieved by introducing fitting parameters
that have no clear physical meaning are excluded from
consideration.

Conclusions are presented in the final Section 5, where the
summary table demonstrates the correspondence between
experimental data and model calculations.

2. Features of field emission
from carbon nanostructures

2.1 Emission centers
One of the important circumstances that should be taken into
account in any model of electron emission from CNSs is the
spatial inhomogeneity of CNS materials. Many experimental
results (e.g., [10, 14, 24±26]) suggest that electrons are emitted
into a vacuum not from the whole surface of a cathode but
from separate small regions containing carbon in the sp2

hybridization state. These small regions emitting electrons are
called emission centers (ECs).

The necessity of the presence of sp2 carbon in CNS ECs is
obvious: the transport of electrons to the emitting region can
occur only through regions with nonzero electric conductiv-
ity.
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Figure 1. (a) Typical energy level diagram and (b) calculated energy

distribution P�e� of emitted electrons for a metal in an applied external

field E. The emitting surface �x � 0� separates the metal �x < 0� from a

vacuum �x > 0�. The surface barrier shape for an electron (with charge e)

is determined by the contribution eEx of the external field and the

potential e 2=�16pe0x� of mirror-image forces (e0 is the vacuum permittiv-

ity). eF is the Fermi energy, j is the work function,
�����������������������
e 3E=�4pe0�

p
is the

barrier energy, small compared to eF, in fact, for all real field strengths.
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One of the reliable experimental proofs of the EC
smallness is presented in paper [27], whose authors compared
the emission properties of a cathode made of silicon spikes
covered with DLC films with thickness h varied from 0.1 to
2.4 mm. The static characteristics of emission were determined
during the flow of a weak emission current (no more than
10ÿ5 A) from the cathode under study to an anode with a
smoothed surface located at a small distance (50±200 mm)
from the characterized spike. Note that CNS films always
contain regions with the sp3 hybridization of carbon atoms (in
nanodiamond and diamond-like films, such regions dom-
inate) and graphite-like regions with the sp2 hybridization.
For purely silicon spikes, the threshold field strengthÐ the
ratio of the applied voltage to the vacuum gap width between
the cathode and anode at which the emission current
appearsÐproved to be considerably higher than for the
same spikes covered with a DLC film. This made it possible
to associate the increased emission activity precisely with the
presence of the coating. Note that the threshold field for
coated spikes was independent, in fact, of the coating
thickness. An analysis of emission characteristics shows that
the emission current is restricted by the ohmic resistance R of
a carbon film itself. The dependence of this quantity on the
coating thickness h proves to be directly proportional,
R=h � const. These facts allow conclusions on the emission
spectrum shape.

The proportional dependence can be readily explained
assuming that for any coating thickness the emission occurs
from the same number of local centers on its surface, possibly
from the only center. In this case, the electric resistance
restricting the emission current will indeed be directly
proportional to the length h of a channel conducting the
current through the coating. Such current channels can be
identified with conducting sp2 boundaries between the
diamond-like regions of a nonostructured film.

The independence of the threshold field from the
emitter surface area suggests that the size d of the EC is
small �d5 h� and the local amplification of the field (see
below Section 3.1.1) in its vicinity is determined namely by its
size d. Since the minimal coating thickness in these experi-
ments was h � 0:1 mm, the EC size does not exceed a few
dozen nanometers.

This conclusion is confirmed for many other types of
CNSs by direct microscopic observations presented, for
example, in Refs [13, 14, 28±31] for structured CNS films
with different phase ratios sp2=sp3. The spatial distributions
of the emission current weremeasured in [13, 14, 29, 30] with a
modified or standard tunneling microscope. In [28±31],
emission distributions with a lower spatial resolution were
obtained by directing emitted electrons onto a luminescent
screen and observing optical microimages.

Thus, the existence of emission centers and concentration
of the emission current in ECsÐsmall regions of the vacuum
boundary different in their properties from the rest of the
surfaceÐare the first experimental facts that should be taken
into account in the formulation and estimates of emission
models for CNSs of this type.

2.2 Relation between emission properties
and the composition and structure of a material
A question arises as to the existence of the optimal relation of
the amounts of sp2 and sp3 carbon. However, the proportion
of the sp2 phase called optimal by different authors varies in a
broad range from 5% [32], 17% [33], 23% [13], to 1/3 [34], etc.

At the same time, it is known thatmaterials containing almost
100% sp2 carbon can also have good emission properties.
This is confirmed by results [11, 25, 31, 35±41] obtained with
films consisting of graphite-like nanosize regions in which the
emission threshold was observed for fields of about a few
units of V mmÿ1.

In most of these experiments, the current emission
dependences in a static electric field were determined by
standard methods, which makes possible a quantitative
comparison of the results. CNS cathodes with a flat surface
and areas from several mm2 to several cm2 were used. The
electric field was produced in a gap a few to hundreds of
micrometers in width, allowing the use of relatively low
electric voltages. The anode was ether flat and located
parallel to the cathode or cylindrical with a flat or rounded
end. The anode area was chosen smaller than that of the CNS,
which prevented the uncontrollable amplification of the
electric field by the sharp edges of the cathode. Because the
field amplification by the individual elements of the CNS is
unknown, the emission ability of the CNSwas estimated from
the average electric field strength between the anode and
cathode.

Conditions under which graphite-like CNS films with a
smooth vacuum boundary can emit electrons with a low
emission threshold were studied in experiments [42±45]
with thin, 1±2-nm-thick films, analyzing their structure by
surface-sensitive methods. It was found that emission in
fields with strengths from fractions of to a few V mmÿ1

can occur only for discontinuous coverings consisting of
separate nanosize sp2 carbon islets that have no ohmic
contacts between them or with a substrate. These islets are
similar to sp2 clusters which are regarded as the emission
centers of DLC films (see Section 4.3.3 below).

Similar clusters are one of the structural elements of many
carbon nanomaterials emitting in weak fields or can be
present there as impurities. They include nanocluster dia-
mond-graphite films [30, 46±50] and composites [13, 33, 51±
54], detonation nanodiamonds [19, 55] and their graphitiza-
tion products [48, 52], different types of nanoporous carbon
[56±58], and composition structures with a high concentra-
tion of boundaries between sp2 and sp3 carbons and vacuum
(e.g., structures consisting of carbon fibers or CNTs and
nanodiamonds [59±61]).

As a whole, the high emission ability of carbon materials
caused by their inhomogeneity, the `porous' structure, and
the high concentration of boundaries separating regions with
contrasting physical properties is the next experimental fact
accepted by most researchers. A less reliable and universal
experimental observation is the conclusion that the necessary
structural element of the low-voltage emission center is an
isolated region with dominating sp2 carbon.

2.3 Emission current and the work function
of carbon nanostructures
Assume that the FN law (1) is valid for each individual
emission CNS center, so that j � jc is the current density
produced by one EC with area Sc. In experiments, the current
from many ECs is measured. We denote their number on a
surface with area S by Nc. Then, the total current is

I � jS � Nc jcSc : �5�

Of course, formula (5) is valid only for identical emitting
regions. In reality, the exponential dependence of the emis-
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sion current on the particular composition and geometrical
features of the emitting region leads to a scatter in the
emission current from different regions by several orders of
magnitude. Therefore, relation (5) is the result of some
averaging. However, this averaging does not affect the
further discussion.

It is convenient to analyze experimental data using the
average current density obtained from a combination of
Eqns (5) and (1) [32]:

j � ANc
Sc

S

E 2

j
exp

�
ÿBj3=2

E

�
: �6�

Expression (6) is commonly used, often implicitly, to
describe emission from CNSs. The use of this law obviously
assumes that the field strength E near each EC is the same,
although this assumption can be incorrect in real experiments.
The results of directmeasurements of current dependences for
individual ECs are compared in [62, 63].

Often, when presenting experimental data, instead of the
field strengthE in formula (6), the value of the applied voltage
U is used, and the proportionality coefficient between them is
considered included in A and B. Of course, in this case, A and
B are no longer universal constants and, strictly speaking, are
not constant at all.

It is the uncertainty in the electric field strength E used in
the quantitative description that provides good agreement
with experiments by replacing universal world constants A
and B in (2) by polynomials in E, thereby introducing the
required number of fitting parameters. It is unlikely that such
an approach can be used to obtain qualitative, physically
clear results.

Expression (6) will be considered below as a law
characterizing a set of some averaged ECs. It can be rewritten
as

ln

�
j

E 2

�
� ln

�
A

j

�
� Gÿ Bj3=2

E
: �7�

Here, G � ln �NcSc=S�. The dependence y�x�, where
y� ln � j=E 2�, x � 1=E (i.e., the dependence of ln � j=E 2� on
1=E), is called the emission characteristic in the FN
coordinates. One can easily see that relation (7) gives the
straight line y�x� � y0 ÿ bx with the slope b � Bj3=2 inter-
secting with the vertical axis at y0 � ln �A=j� � G.

The parameter G is related to quantities poorly deter-
mined in experiments: the numberNc of ECs and the EC area
Sc [32]. Because of this, it is rarely used in analyses of CNS
experimental data. However, such attempts were described,
e.g., in [64, 65]. The coefficient b is defined better, and the
slope in the FN coordinates is used by almost all researchers
to determine the `effective' work function j � jc from
measured current dependences. This is facilitated by the fact
that experimental curves j�U� are often approximately linear
in the FN coordinates, at least for some intervals of applied
voltages.

The main feature and problem of applying such an
approach to CNSs of these types is the great difference
between the effective work function determined by emission
characteristics and its values obtained by other methods.

One of the earlier studies in which both these values were
determined was paper [10], where the emission properties of
nitrogen-containing DLC films with smooth surfaces were
investigated. The value of jc determined from the form of

field emission characteristics assuming the absence of the
local amplification of the applied field (see Section 3.1) was
0.12±0.16 eV. To measure the work function by an indepen-
dent method, the field emission energy distribution (FEED)
was measured for electrons during laser irradiation of a
sample with the simultaneous detection of the photoelectric
and field emission currents. One of the two observed peaks of
the FEED was formed by electrons tunneling through a
surface barrier with energies near the Fermi level. The second
peak was formed by photoelectrons escaping to the vacuum
`above' the surface barrier. Their minimal energy corre-
sponded to the position of the peak top. The difference
between the Fermi and vacuum levels determines the `real'
work function of theDLC, estimated as 4.9 eV. Similar values
of the `photoelectron' work function j were obtained by the
same method for diamond films (j � 6 eV [26]) and
nanocrystalline graphite (j � 4:0ÿ4:2 eV [66]).

The work function of carbon emitters was also indepen-
dently measured by the contact potential difference method,
givingÐwith the use of an atomic-force microscopeÐ the
local values of the surface potential. It was found that
j � 4:7 eV. This method gave j � 4:9 eV for DLC films
with different degrees of nitrogen doping [67]. In [44, 45], the
same value j � 4:7 eV for island-structure graphite-like
carbon films was obtained by the photoelectric method and
the contact potential difference method, respectively. In all
these cases, the low-threshold field emissionwas observed and
the slopes of the FN characteristics corresponded to jc of
about 0.1 eV or smaller.

A considerable difference (by tens or hundreds of times)
between the `effective' work function determining the char-
acteristics of field emission for CNSs of many types and the
work function of 4±5 eV measured for carbon by all
alternative methods is one of the experimental facts requiring
an explanation in any models of field emission from CNSs.

2.4 Dynamics of emission processes:
correlations and hysteresis
Phenomena considered in Sections 2.1±2.3 are usually
observed in field-emission studies and are always taken into
account in the construction of models. The dynamics of
emission processesÐcorrelations and hysteresis of emission
currentsÐonly recently attracted the attention of researchers
(see [68±73]). These phenomena can substantially determine
the choice of the adequate emission model for CNSs. There-
fore, correlations and hysteresis of emission currents will be
considered in more detail than the work function, the relation
between emission properties and the composition and
structure of a material, and the existence of ECs. We will
show how experimental data can be used to obtain informa-
tion important for the construction of the CNS emission
model.

It is known that the current of carbon cathode emitters is
often unstable and its value can change intermittently when a
constant voltage is maintained between the cathode and
anode. Regular `blinkings' corresponding to the switching
on and off of individual emitting regions are observed [31].
The method of statistical processing of time dependences of
field emission currents is discussed in paper [68] and
references therein. Papers [69±71] contain examples of
practical applications of such data. The authors of these
papers performed the correlation analysis of oscillograms of
emission currents from limited regions of the surface of
fullerene-containing [69] and nanoporous [70, 71] carbon
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measured in an electrostatic field. Analysis demonstrated the
nonrandom character of current fluctuations and their
relation to fields inside a CNS cathode.

In [71], aside from correlations of fluctuations of emission
currents from the same region, the mutual correlation of
currents from different regions of a nanoporous carbon
cathode was also studied. It was shown that current jumps
corresponding to blinkings of the emission pattern do not
occur simultaneously or instantly: the process propagates
over the cathode surface with a fairly low velocity, on the
order of a few tens or hundreds of m sÿ1. This result is
inconsistent with the concept of field emission as an
inertionless process.

In [72, 73], the dynamics of emission processes in
nanocarbon cathodes was studied in a more direct way. The
time dependences of the emission current were recorded by
applying voltage pulses to a planar field gap separating the
anode from themacroscopically flat surface of a CNS sample.
The main experimental problem was the separation of the
capacitance (induced) and electronic components of the
measured current. This problem was successfully solved
using a specially developed instrument and specially devel-
oped measurement methods [71]. Despite a rather long
duration of voltage pulses (from several to hundreds of
microseconds), two of the materials studied, nanoporous
carbon [71±75] and multilayer fulleroid films [71±74], demon-
strated a considerable hysteresis of emission characteristics
manifested in an increase in the emission capacity during the
pulse (Fig. 2a). As a result, the back branch of the current
curvemeasured during field decay was located higher and had
a smaller slope than the direct branch in the FN coordinates
(Fig. 2c). The correctness of these measurements is confirmed
by the fact that the hysteresis was not observed for cathodes
of other types, in particular, the CNT cathode [71].

The hysteresis of emission currents is commonly
explained (see [40, 76±78]) by emitter heating, the removal of
absorbed layers from the surface, or the structural rearrange-
ment of emitting regions. Studies [71±75] of the evolution of
current dependences on parameters and the field pulse shape
(Fig. 3a) gave results that cannot be explained by factors
mentioned above (Fig. 3b). Experiments with double field
pulses (Figs 2a, b) showed that the `memory' of the emitting
structure about the achievement of an activated state can be
maintained for a long time, tens or hundreds ofmicroseconds.
However, it is rapidly lost on proceeding from the field decay
to its growth (Fig. 2b). After statistical processing of the
temporal characteristics of field emission currents, these
phenomena are clearly observed in qualitative dependences
in Figs 2c and 3c.

Thus, experimental studies of the hysteresis and correla-
tions of emission currents at the microsecond scale in CNSs
require its explanation in the field emission models discussed
here.

2.5 Energy distribution of emitted electrons
As mentioned above, one of the main problems in the study
of the mechanism of electron emission from cathodes of the
type investigated is that many of the experimental methods
used give only averaged parameters of the CNS surface,
whereas the emission current comes from ECs with a small
total area whose properties are obviously different from
averaged values. This determines the special value of the
data that can be obtained when studying the energy
distributions of emitted electrons, since these distributions

reêect precisely the properties of directly emitting regions
and structures.

For the simplest one- dimensional case of emission from a
conductor, the theory predicts an FEED like (see [79] and
references therein and also Fig. 1b)

P�e� � 2PF
exp �D=d�

1� exp �D=kBT� : �8�

Here, kB is the Boltzmann constant, T is the electron
temperature, and D � eÿ eF is the deviation of the emitted
electron energy e from the Fermi energy eF. The distribution
function P itself is defined, as usual, by the relation

d j�e� � P de : �9�

The constant PF is the maximum of the distribution function
for electrons emitted from the Fermi level PF � P�eF�. The
parameter

d � 1

2

�he�������
2m
p E

j1=2
�10�

is determined by the relation between the external field
strength E and the work function j.

Details of the derivation of these relations can be found in
monograph [3, Ch. 8]. The distribution law (8) allows using
experimental data on the FEED for independent estimates of
temperature and the local field strength for an emitting
region. The correctness of this law for metals was confirmed
in many experiments (see, e.g., [3, Ch. 14, 15] and [80]).

Although FEED measurements are very informative, the
number of experimental studies containing such data is
relatively small because of the complexity of measurements.
Electrons emitted from a cathode or from part of it should be
extracted from the gap between the cathode and anode with
the help of a grid electrode and directed to an energy analyzer.
Decelerating-field analyzers are commonly used. A small
value and the time instability of emission currents from
CNSs prevents a FEED measurement with the required
resolution, the typical resolution being from 10 to 50 meV.
These difficulties increase if the cathode has a low conductiv-
ity, which is typical for CNS cathodes. As a result, the
potentials of different ECs can be substantially different. In
this case, it is necessary to analyze electrons emitted by an
individual EC using amovable analyzer with a small entrance
hole.

Only a few FEED studies for CNSs are known, where the
results were used to measure the effective temperature of ECs
based on law (8). In [81], such an estimate was performed for
CNTs and in [82] for DLC films based on experiments [83]. In
both cases, the effective temperature was measured to be
about 2000 K or slightly lower.

Since substrates in all experiments discussed were at room
temperature, the temperature difference between the surfaces
of CNS films was no less than 1500 K. For films of about
50 nm in thickness [83], the temperature gradient should be
about 30 K nmÿ1. For ECs of about 5 nm in size, the gradient
would be as large as hundreds of degrees per nanometer, even
taking into account the peculiarities of the temperature
distribution between regions with sp2 and sp3 hybridized
carbon atoms [82]. Such results are rather suspicious. Note
that, during field emission from a metal, the surface of
emitters not only is not heated (see [84]), but can even be
cooled [80].
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Estimates from the heat conduction equation show that
the heating by the current to hundreds or even a thousand
degrees Kelvin is possible. Indeed, it is known that the
stationary thermal regime is established in graphite for the
time Dt of about 10ÿ4ÿ10ÿ5 s [80]. Then, the temperature can
be estimated from the Fourier equation by disregarding the

heat conduction as

T � jDt
srC

: �11�

Estimates are made using data from paper [85], where
currents j for individual spikes were measured to be about
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Figure 2.Hysteresis of the emission characteristics of a nanoporous carbon sample measured using double voltage pulses [71, 72]. The time delay between

pulses was (a) 100 ms and (b) 20 ms (shorter than the pulse duration). (c) Qualitative picture of the hysteresis. Typical FN `straight lines' when applying

external voltage pulses constructed by approximation of the measurement results after the statistical processing of data presented in Fig. 2b. The arrows

show the directions of the voltage increase and decrease in a pulse.
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100mA cmÿ2 or higher. Assuming that the EC size is, at least,
20 times smaller than that of the spike (the spike size is
� 100 nm [85]), we obtain j � 40 A cmÿ2. By estimating EC
characteristics from the tabulated graphite parameters:
density r � 2 g cmÿ3, heat capacity C � 0:1 J kgÿ1 Kÿ1, and
electric conductivity s � �3ÿ12� � 104 Oÿ1 mÿ1, we obtain
T � 102ÿ103 K. This estimate corresponds to measurements
[81, 83].

However, no heat conduction mechanism can explain
such high temperature differences following from FEED
measurements in CNS films.

A number of experiments gave results qualitatively
different from the FN law (Fig. 1b), indicating the existence
of a different emissionmechanism. The emission properties of
DLC coatings deposited on metal spikes are presented in [83,
86, 87]. The FEED spectra exhibit a broad (more than 1 eV)
peak shifted upon varying the applied field strength. In the
case of thin coatings, a narrow peak near the Fermi level of
themetal is also present (Fig. 4). A spectral distribution of this
type does not correspond to a simple FN emission model. It

can suggest the penetration of the field into the emitter
volume and the formation of a gas of nonequilibrium `hot'
electrons, which determine the enhanced emission ability.
Similar FEED spectra were also obtained for sp3 carbon films
on flat substrates [28, 88].

Note that the assumption itself about the electric-field
penetration into the emitter volume seems rather natural for
poorly conducting materials based on sp3 carbon. However,
FEED spectra with a broad low-energy peak were also
obtained for CNSs containing carbon mainly in the sp2

state. For example, such spectra were measured for nano-
graphite films [89]. Note that, as far as we know, the
qualitative dependence of the FEED spectrum on the
emission current was first directly observed in [89]. The low-
current spectrum agrees with the classical FN theory of field
emission and exhibits a single peak about 0.2 eV in width
located near the Fermi level. For currents above 300 nA, the
peak is split into two, one of the peaks shifts, and the spectrum
becomes similar to that in Fig. 4. This observation allows us
to resolve the contradiction between the results presented in
earlier publications.

The fact that the shape of FEEDs obtained in experiments
does not always correspond to the FN emission model should
also be taken into account in the construction of a field
emission model for CNSs.

3. Models of field emission
from materials with carbon nanostructures

3.1 Field concentration model: model with the b factor
3.1.1 Description of the field concentration model.One of most
natural explanations of the capability of carbon materials for
low-voltage electron emission could be the presence of
elements concentrating the applied electric field (Fig. 5), for
example, spikes on the surface, carbon nanotubes, or fibers
(Fig. 5a).

For CNSs with a low electric conductivity allowing the
penetration of an electric field into a volume, the field can also
be locally enhanced by the internal-structure elements
(Fig. 5b). This results in the formation of conducting
channels in the CNS [18, 28, 67, 90±93] which, like conduct-
ing external spikes, can concentrate an external electric field.
In the case of polycrystalline diamond films, conducting

U, kV I, m¡

t, ms40

30

20

10

0
0

80

50

25

120 160

U

I

Â1st pulse 2nd pulse

�1=U� � 10ÿ6, Vÿ1

lg�I=U2�

ÿ14.5

ÿ14.0

ÿ13.5

30 40

b

1st pulse
2nd pulse

lg�I=U2�

�1=U� � 10ÿ6, Vÿ1

ÿ13.0

ÿ14.0

ÿ15.0

ÿ13.5

ÿ14.5

3530 40 50 6045 55 65

1

2 c

Figure 3. (a) Voltage pulses of different shapes and (b) the emission

characteristics of a nanoporous carbon sample with a hysteresis measured

with the help of these pulses [71, 73]: 1st pulse with the rapid decay part

(shown by arrows); 2nd `smooth' bell-like pulse. (c) Qualitative picture of

the hysteresis obtained as in Fig. 2 but between FN `straight lines' the

characteristic increases in the 1±2 region.

ÿ4.5 ÿ5.5 ÿ6.5 ÿ7.5

2.5

1.5

0.5

ÿ4.0 ÿ5.0 ÿ6.0 ÿ7.0

2.0

1.0

0

P
�e�

,r
el
.u

n
it
s

e F
�W
�

e, eV

1

2

Figure 4.FEED approximations using the results of measurements [83] for

low (0.4 kV) (1) and high (2.6 kV) (2) applied external voltages. The first

peak (on the left) corresponds to emission from a tungsten substrate

(Fermi energy eF � 4:6 eV), and the second peak corresponds to emission

from a 100-nm diamond-like film.

654 E D Eidelman, A V Arkhipov Physics ±Uspekhi 63 (7)



channels are often assigned to grain boundaries where sp2

carbon is present in a considerable amount [92, 94, 95].
To confirm this hypothesis, the emission characteristics of

a diamond-like film were studied in [18] at various cathode±
anode distances. The dependence on the distance obtained
proved to be the same as that for emission from CNTs [96]
and point cathodes [97]. Since the topography of surface
samples studied in [18] did not contain spikes, we can
conclude that conducting structures similar to nanotubes in
their properties were formed inside the film.

A simple theoretical description of the concentration of
the applied electric field by individual parts of the cathode
surface can be obtained from the FN theory by replacing the
average field strength E between the cathode and anode by its
`geometric-concentration' enhanced value bE. The field
enhancement factor b for any particular case is determined
by numerical simulations. At the same time, it is known that
this factor for a single cusp with height l and radius r of the
cusp end for l4 r is given by a simple expression,

b � l

r
: �12�

The main change concerns the barrier shape, determined
now by the higher field strength bE4E. As a result, the
barrier width decreases and the tunnel current through the
barrier considerably increases. The current is still determined
by the FN law (see (1) and (6)), but with a reduced work
function of the emission center:

jc �
j

b 2=3
: �13�

3.1.2 Drawbacks of the concentration model. The field
concentration model is long known and is widespread [98].

However, to explain efficient work functions of the order
of a few tenths or even hundredths of an electron-volt
inherent in the field emission from CNS cathodes, the
relation 300 < l=d < 8000 should be fulfilled. Such a ratio of
the cusp length to its width cannot be inherent in the film
surface. Even for CNTs, as shown in [60, 99], the b factor
calculated from (12) is 2±4 times larger than the l=d ratio. This
drawback is absent in the `ladder model' (see Section 4.1.1).

Despite the increased resistance of CNTs to the action of
destruction factors, it is these factors that remain one of the
main reasons restricting practical applications of CNT

cathodes [100±102]. Most often, the emitting region of a
nanotube and the nanotube±substrate [103] (or matrix) [104]
contact region are destroyed. The ion [101, 105], mechanical
[103, 106], and thermal [101, 107±109] destructions are
assumed to be the main factors producing CNT degradation
and vacuum-gap breakdown.

One of the actively studied ways to increase the stability of
an emitting region is to exploit the `blade' geometry using
graphene layers with a free boundary oriented in the direction
of the acting field (see, e.g., [110±112]). In this case, by
decreasing b somewhat, an increase in the thermal and
electric conductivity and the mechanical stability of the
emitting structure is achieved. Such structures are known
under various names: nanosheets [113, 114], nanowalls [115,
116], multilayer graphene [113, 117], and others [35, 36, 118±
120].

Despite all the advantages, the application of the
enhanced-field model to CNS cathodes is usually compli-
cated. The main reason is the considerable discrepancy
between experimental data and emission characteristics
predicted by the model, such as the threshold field and the
slope of current curves in the FN coordinates (see Fig. 2). The
emission characteristics of DLC films for measured work
functions j of carbon gave the estimate b5 5000 [25, 37]. At
the same time, the geometrical size of carbon fibers located on
the surface corresponded to b � 50 [37]. A similar discre-
pancy was observed in other experiments, where microscopic
images of the CNS surface exhibited sharp cusps [26, 99].

Similar complications in the application of the model with
the b factor exist for CNSs with an assumed field enhance-
ment by inner-structure elements (see Fig. 5). Calculations
in [90, 121] show that, as in the case of an individual elongated
element of the external structure, if a structural element with
length l formed inside a DLC film has a width 2r of the
uncharged sp2 part on the surface facing the anode, the
electric field will be amplified b � kl=r times �k � 0:5ÿ1:0�.

The field can also be amplified in internal gaps, e.g.,
between an sp2 cluster and a substrate. Here, the b factor is
estimated as � l=h, where h is the gap width [67, 121]. For
nonspherical, elongated inclusions, this factor can reach
several hundred [93, 121]. However, even this is insufficient
for explaining experimental emission spectra [14, 22, 33, 35];
an explanation would require assuming [33] that a noncon-
ducting film contains conducting channels about 10 mm in
length with a spike radius of the order of the atomic radius.

E E
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d

l

d d

l l

Figure 5.Qualitative picture of the concentration of fieldE near the external (a) and internal (b) elements of a CNSwith the ratio of the length (height) l to

width d equal to b.

July 2020 Field emission from carbon nanostructures: models and experiment 655



Obviously, such an assumption is incorrect, at least for
submicron emitting coatings.

The b factor model does not explain the double hump
energy distributions of emitted electrons (see Fig. 4) or the
hysteresis and correlations of local fields from different
regions of the emitter described in Section 2.4. Aside from
this (see [122]), the assumption about electron tunneling in
diamond-like films from the valence band in the amplified
field does not agree with the observed strong dependence of
emission properties on the degree of donor impurity doping.

Because of these discrepancies with experimental data,
pointing out the contribution of the field amplification by the
elements of the surface or volume of carbon films to the
decrease in the emission threshold, we should nevertheless
note that such an amplification cannot be the only reason for
emission. The nature of additional or alternative emission-
activation mechanisms is explained by various hypotheses
discussed in the next sections.

3.2 Electron emission from a diamond-like film
3.2.1 Description of a two-barrier model. The concentration
model focuses all attention on how a barrier between a film
andvacuum is overcome. In a two-barriermodel [123] (Fig. 6),
the emission process involves overcoming two barriers: the
first from a substrate to the conduction band of the film, and
then electron drifts to the surface and escapes to the vacuum
through/over the second barrier. Themain focus is devoted to
the first barrier between the substrate and film.

The model assumes that a CNS film is a dielectric
(diamond-like film!). Obviously, an external applied field
penetrates into such a film. The film lies on a conducting
(metal) substrate, and when a voltage is applied to it, the film
is in a state close to breakdown, i.e., a state corresponding to
the exponential dependence of the current of voltage. Such a
state is often called the `prebreakdown' state. A model
ignoring the influence of a barrier between the film surface
and vacuum on emission processes (see, e.g., monographs [3,
124] and review [125]), called the `prebreakdown' model or
the film±substrate model, can be considered outdated at
present.

In the considered two-barrier model of emission from
CNSs, emission occurs with the participation of `hot'
electrons overcoming the potential barrier near the surface
due to the energy they obtain from the electric field inside the
emitter.

The two-barrier model for donor-impurity-doped DLC
films on metal substrates is described in papers [122, 126±
128]. Because of the great difference between the work
functions of a metal and diamond-like regions, a transition
layer depleted with mobile carriers is formed near the
boundary where impurity atoms are ionized due to the
escape of electrons to the metal. The transition layer width is
small, while the electric field strength produced by the ionized
impurity is high. In combination, this makes possible a tunnel
transition through the potential barrier at the substrate±film
boundary for electrons from the metal Fermi level. This is the
first barrier.

The applied additional external field produces a potential
drop also mainly in the depleted transition layer [12]. This is
the second barrier.

The emission current in this model is mainly limited by
electron injection through the substrate±CNS boundary and
should be determined to a greater degree by the properties of
this boundary than by the properties of the CNS surface. This
conclusion is supported by experimental data: the increase in
the substrate roughness caused by mechanical or chemical
processing before the deposition of carbon films considerably
improves the emission ability [128±130].

The two-barrier model can be modified for DLC films on
semiconductor silicon substrates with hole conductivity [131].
The emission current for this material is determined by the
spatial charge of holes accumulated in the substrate (see [126]
and references therein).

The inelastic scattering of conduction electrons in
dielectric films also explains some other experimental facts,
in particular, the nonmonotonic dependence of the emission
current on the coating thickness [16, 90, 132, 133]. According
to calculations, the best emission ability of the covering can be
achieved at a certain thickness.

At the same time, in [89] `two-hump' FEEDs for films
consisting of nanographite regions are explained by the two-
barrier model despite the absence of carbon in the diamond-
like state in their composition.

3.2.2 Drawbacks of the two-barrier model. Despite the
fundamental simplicity and acknowledged applicability of
the two-barrier model, a number of questions related to the
model remain unsolved, at least for some materials and
structures.

The main disadvantage of the model is the unclear nature
of processes on the substrate±film boundary. For electrons to
pass easily thorough a dielectric film, the film should be in the
prebreakdown state. However, by considering the prebreak-
down state (see, e.g., monographs [3] and [126]), it is always
unclear how to keep the boundary between the breakdown
(during the breakdown, all is clear (!)) and the prebreakdown
state. Note that such a prebreakdown state should be
assumed stationary: in experiments, emission is observed for
several days or months [85].

A known objection (see Section 4.2 below) concerning the
two-barrier model is related to the assumed absence in it of
the screening of an external field by a surface charge.
However, the penetration of the external field into the film
should cause a shift of the local Fermi level and the charging
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Figure 6. Two-barrier model. The first barrier is located between the

conducting (metal) substrate and DLC film. The second barrier is located

between the DLC film and vacuum. Lines 1, 2, and 3 correspond to

different external fields (increasing with the number). Other notation as in

Fig. 1.

656 E D Eidelman, A V Arkhipov Physics ±Uspekhi 63 (7)



of surface states. In addition, the energy loss by some of the
electrons injected into the film should lead to their accumula-
tion near the bottom of the conduction band in the near-
surface region, because the external field strength of about
several V mmÿ1 is insufficient to provide their emission into
the vacuum from such states. The charge of these electrons
should also screen the substrate±film interface from the
external field action and stop the injection of hot carriers
into the film. Reasons that could prevent the accumulation of
a surface charge remain unclear for the range of applied field
strengths under study.

3.3 Influence of fields related to emitter inhomogeneity
3.3.1 Description of the `patch fields' model. Contact phenom-
ena, e.g., the redistribution of charges in laterally inhomoge-
neous (inhomogeneous along the surface) CNSs produce
electric fields in vacuum near the surface, which are some-
times called patch fieldsÐ the fields related to electronic
structures near the surface of one or another nanosize region.

The patch fields model is based on an estimate of the
influence of the surface inhomogeneity (lateral inhomogene-
ity) on the emission current. This model is described best of all
in [48, 134, 135]. For example, the processing of the surface by
hydrogen increases the difference between surface properties
(contrast) of regions containing sp2 or sp3 hybridized carbon
atoms. In regions with a dominating sp2 phase of carbon, the
closure of free bondsÐ the hydrogen terminationÐdoes not
occur. It is assumed that surface regions with a characteristic
size of about 10 nm without hydrogen termination play the
role of ECs in planar DLC films producing the local
concentration of the applied field [134].

An estimate of the strength of local electric fields related
to the electron filling of the surface states of diamond
crystallites in efficiently emitting nanocomposite diamond-
graphite films gives values of 107ÿ108 V cmÿ1, sufficient for a
considerable enhancement of the local field ofmicrocusps and
the field concentration corresponding to such a geometry.

The obvious advantage of the patch fields model is that it
naturally describes the correlation of the better emission
properties of CNSs with their well-known inhomogeneity on
the nanometer scale (see Section 2.2).

The model also explains the decrease in the effective work
function compared to that of graphite-like carbon, albeit,
only by 1±2 eV.

3.3.2 Drawbacks of the patch fields model. The inhomogene-
ities of the emitter surface determine complex energy
distributions of emitted electrons. However, patch fields
models in their usual form [12, 134] can be applied only for a
particular material. As a rule, they do not assume a deviation
of the FEED from (8) (see, however, [14]).

As a whole, we should admit that the consideration of
lateral inhomogeneity of the CNS surface offers additional
possibilities for explaining experimental facts only in combi-
nation with many of the emission models discussed here. The
patch fields model is a useful idea rather than a particular
model for CNSs. Because of this, the agreement between the
patch fields model and experimental facts presented in
Section 2 is difficult to estimate.

3.4 Dimensional effects:
surface levels and resonance tunneling
3.4.1 Description of the surface level model.Themodel is based
on the assumption [11, 13] that the boundary layer of a

cathode containing CNSs changes under conditions required
for the appearance of emission. In this layer, special regions
appearÐquantum wells (Fig. 7) with the energy spectrum
described by the relation

ek � p2h 2

2md 2
k 2 ; k � 1; 2; . . . : �14�

For small sizes d of appearing regions, the effective work
function jc � jÿ ek becomes small.

Obviously, small effective work functions correspond to
e1 � j � 4 eV. This energy corresponds to the EC size
dc � 1:5ÿ2 nm. This value is somewhat smaller than the
usually accepted EC size �� 4ÿ5 nm). Thus, the surface level
model well explains small values of the work function.

3.4.2Drawbacks of the surface level model. It is assumed in [11]
that surface levels are produced due to the formation of a thin
layer of sp2 hybridized atoms on the body of sp3 hybridized
atoms. However, such layers have not been found.

Attempts to observe surface layers by the methods of
cathodoluminescence [25] or Auger spectroscopy [13] were
unsuccessful in the opinion of the authors of these papers
themselves. Attempts to treat surface levels as manifestations
of quantum dots [14, 136] were also unsatisfactory. The
objects of all these studies had sizes of more than 5±10 nm,
which is almost an order of magnitude larger than the size
required by the model.

Note that this model can probably be applied only in
combination with the concentration model. Otherwise, to
explain the low values of the work function jc determined
from FN emission characteristics, it would be necessary to
assume the existence of the normally filled emitter states with
energies e1 different from the vacuum level only by jc, i.e., by
fractions of electron-volts. Obviously, at room temperature
this would be accompanied by thermionic emission that was
not observed in experiments.

Calculations [14, 33] show that, for a thickness of the
graphite shell of diamond grains on the order of 1±2 graphene
layers, the surface barrier height (the effective work function
jc) for the shell decreases to approximately 1 eV. Taking into
account the additional concentration (geometrical) enhance-
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Figure 7. Typical energy diagram of the model of surface levels. The figure
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ment of the field by the graphite shell, the `compromise' value
jc explains both the presence of low-voltage emission and the
absence of thermionic emission at room temperature. This
estimate agrees well with the effective work function
estimated in experiments with a tunnel microscope for
graphite-like cusps with different heights d [137]. For
d � 3 nm, the work function decreases by half compared to
the bulk material.

Note that an alternative emission mechanism in [14] may
be electron transfer to the vacuum through the surface states
of diamond crystallites, which can also be considered the
limiting case of a reduced-dimension system.

These model results agree well with experimental papers
[46, 58, 92, 138, 139], where the best emission properties of
CNS materials were obtained namely for structural inhomo-
geneities close to 1 nm in size. At the same time, other
publications [10, 16, 42±45, 48, 71, 74, 140, 141] report that
the maximum emission ability is achieved at considerably
larger CNS sizes of the order of 10 nm or even several dozen
nanometers. In this case, the quantum-dimensional decrease
in the work function might not be considerable. Thus, the
explanation for the emission ability of CNSs by the properties
of reduced-dimension structures is not universal, i.e., is not
valid for all CNSs.

The surface level model does not explain the two-hump
FEED (see Section 2.5). In the simplest case, this model
predicts the FEED in the form of the only narrow peak.More
exact calculations in [113, 142] show, however, that this peak
can have a rather complicated structure. Taking into account
that the cathode surface can be nonequipotential [31] and the
possibility of the existence of numerous emission centers, this
peak can be broadened, but it is unlikely that its splitting and
the transformation of its shape upon changing the applied
field can be expected [89].

However, the most convincing objection against the
correctness of the surface level model seems to be the
following: surface regions with the work function much
smaller than that of the environment, even with a small area,
should also be detected by measuring the work function by
alternative methods not related to the field emission. As
mentioned in Section 2.3, such measurements were per-
formed for CNS emitters many times [10, 26, 44, 45, 66, 67,
143], but regions with a low work function were not found.

Such essential disadvantages of the surface level model
make useless attempts to explain other features of field
emission from CNSs considered in Section 2 within the
framework of this model.

Note that surface levels can play some role during the
transition process of the emission current growth after the
external field is switched on, but under stationary conditions,
their influence can be disregarded.

3.4.3 Resonance tunneling: the development of the surface level
model. Many of the difficulties of the surface state model are
successfully avoided in the model of emission due to
resonance tunneling through a double surface potential
barrier. This model also uses a hypothesis about the existence
of surface levels. It differs from the surface level model in that
the emitting electronic states of surface structures with
discrete energy levels in the absence of the field are assumed
to be unfilled. Because of this, they are not found during the
measurement of the work function in the absence of the field
or in a weak field. In a stronger electric field, the energy of
such states decreases due to penetration of the field to the

emitter (Fig. 8). When this energy decreases to the energy of
the filled bulk states, the process typical of a two-barrier
model considered in Section 3.2.1 becomes possible. The
authors of [144] discussed variants of the complete, partial,
or absence of coherence of the waves reflected from two
barriers during the electron transfer from the volume to
vacuum. The discrete levels of surface structures play the
role of the first barrier which under some conditions [144]
makes emission more efficient than in the case of a direct
transition from the surface to vacuum according to the FN
mechanism (second barrier).

In the region between these barriers, a level with energy e�
is located, which can be estimated from (14). The solution of
the Schr�odinger equation for this system is rather compli-
cated (see, e.g., [13] and references therein). It was found that
for some value e� resonance tunneling appears. This means
that the transparency of two barriers in this system is higher
than that of each of the barriers separately.

The calculation of the current density for resonance
tunneling is formally performed in the absolutely same way
as the calculation leading to the FN law (see Eqns (4) and (5)).
Of course, in this case, the potential shown in Fig. 1 is
replaced by the potential corresponding to that shown in
Fig. 8. Constants A and B are not specified by relations (2),
but are transformed to some functions. The constant A is
transformed into A�y� and B to B�y�. The dimensionless
parameter y is written (recall that e0 is the permittivity)

y � e 3E

4pe0j 2
: �15�

Functions A�y� and B�y� are written in the form of
polynomials (see, e.g., [145] or [136]). The transparency
corresponds to B�y� � 0. In a very rough approximation,
this leads to y � 1 and the corresponding energy level

e� � jÿ
���������
e 3E

4pe0

s
: �16�

In Ref. [145], resonance tunneling is considered near the
substrate±film interface and helps to refine the prebreakdown
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model in the coherent case. It differs from the diagram in Fig. 1 in that the

barrier is divided into two parts (2 and 4) by quantum well 3 with the

energy level e�. The relative height and width, as well as the relative

position, of barriers 2 and 4 with respect to each other are not important

for qualitative conclusions. Cathode 1 can be either a metal (with the

Fermi energy eF), or a semiconductor (with energy eg of the conduction

band bottom). w is either the bottom energy of the filled band or the

valence band boundary.

658 E D Eidelman, A V Arkhipov Physics ±Uspekhi 63 (7)



model, applying it to semiconductor substrates. In [136], it is
assumed that resonance tunneling occurs near the boundary
of themain collection of sp3 hybridized atoms and a thin layer
of sp2 hybridized atoms covering the collection.

Resonance tunneling can occur in different ways in the
emission process (see, e.g., Fig. 9).

Volt-ampere characteristics for such a material consist of
series of steps whose positions depend on temperature and the
`direction' of a change to the applied voltage. They are
characterized by a strong hysteresis. The hysteresis is
explained by the accumulation of a charge in a quantum
well in which the positions of levels also depend on
temperature. Such structures can be used in memory devices.

The resonance tunneling model may be proposed to
describe the features of low-threshold emission from dia-
mond microcusps in fields of � 10 V mmÿ1 [76]. Based on the
results of analysis of the current, FEEDs, and volt-ampere
characteristics, we can conclude that the most efficient
emission mechanism is resonance electron tunneling from
microcusps through the states of individual molecules
adsorbed on their surface.

3.4.4 Drawbacks of the resonance tunneling model. It is
obvious in the case of coherent resonance tunneling that the
total reflection coefficient will strongly decrease only when
the amplitudes of reflected waves for both barriers are close to
each other. For different shapes of the surface and usual
barriers, this condition can be fulfilled only in a narrow range
of the applied field strengths. The simultaneous fulfillment of
several resonance conditions (the closeness of the amplitudes
of reflected waves, their opposite phases, and the closeness of
the resonance level to the Fermi level of the volume) seems
unlikely at the same field strength.

Calculations based on the resonance tunneling model are
more justified than those based on the surface level model (see
Section 3.4.1). Thus, it is assumed in [145] that the barrier is
separated into two because of the presence of positively
charged impurities near the silicon substrate±film interface
in CNSs. This assumption was made earlier (see [3, Ch. 25]) to

explain the properties of the prebreakdown state. However,
calculations of this type are similar to engineering calcula-
tions.

The obvious advantage of the resonance tunneling model
is the opportunity to explain the hysteresis and complicated
form of volt-ampere characteristics. At the same time,
concerning the possibility of applying this model to emission
from CNSs, one should take into account that the model
assumes the necessity of a considerable (comparable to the
work function) shift of the working level of a quantum well
near the surface of a carbon structure. This shift occurs due to
a decrease in the barrier height at the boundary with the
vacuum, which already has a sufficient tunneling transpar-
ency, i.e., has a width smaller than or around 10 nm.
Therefore, considerable additional local field strengths are
required from several hundred to thousands of V mmÿ1.
However, such field strengths can be quite easily achieved
upon additional field enhancement. For diamondmicrocusps
(see [76]), the reason for such enhancement is obviously the b
factor. In the case of a DLC film [21], the field was probably
enhanced by the b factor of the internal structure elements
(see Fig. 5). At the same time, in the absence of the possibility
of field enhancement, it is unlikely that resonance tunneling
can be observed at field strengths below 100 V mmÿ1.

4. New models of field emission
from materials with carbon nanostructures

4.1 Porous materials: ladder model
4.1.1 Description of a ladder model. To explain the emission of
electrons at low applied voltages from `porous' carbon
materials, a model combining the elements of the b factor
model and the influence of quantum-dimensional effects is
proposed [146]. Materials are called porous if their surface
always contains graphene scales or flakes. In an external
electric field, a kind of `ladders' of benzene rings (structural
elements of graphene sheets) (Fig. 10a, b) can stretch from the
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Figure 9. Another energy level diagram of the resonance tunneling model

in fields. It differs from Fig. 8 in that the barrier is divided by a quantum

well with two allowed bands (1 and 2). The position of resonance levels

�eR� in the Fermi level region is shown in the `incoherent case'. The solid

curve corresponds to the absence of an external field, and the dotted line

corresponds to the applied field (see Fig. 1). (Taken from [38].)

Â
bE

x

y

z

Graphene
ladder

ì 5� 3
ì 7� 3
ì 7� 2
ì 13� 2
ì 20� 1

7

j
,e
V

6

5

4

3

2

1

0

ÿ1
0 5 10 15 E, V nmÿ1

c

Figure 10. (a) Graphene ladders on the surface of porous carbonmaterials;

(b) model of a graphene ladder consisting of 6� 3 benzene rings;

(c) dependences of the surface barrier height (the effective work function

j of electrons) on the applied external field E for ladders of various sizes.

July 2020 Field emission from carbon nanostructures: models and experiment 659



surface of such a CNS along force lines. Because interplane
bonds in non-single-layer graphene are, of course, consider-
ably weaker than bonds acting in a graphene plane them-
selves, electric forces can be sufficient to lift `ladders,' but
insufficient for their complete detachment from the surface.
The numerical estimate made in [146] shows that, to support
the structure shown in Fig. 10a in the vertical position, it is
sufficient to transfer to it only one redundant electron,
whereas, to detach the structure completely, it should
contain no fewer than 103 redundant electrons.

Obviously, a graphene ladder can concentrate an electric
field, which allows one to assign to each such structure a b
factor considerably exceeding unity, especially if the ladder
length is considerably (tens of times) greater than its
transverse size. However, according to estimates in [146], the
values of b for expected ladder sizes remain insufficient for
explaining the results of many experimental studies. There-
fore, it was also proposed to take into account a decrease in
the potential barrier height corresponding to a decrease in the
effective work function caused by the partial penetration of
the applied field into the ladder material. This effect
significantly differs from the Schottky effect ([3, Ch. 12] and
Fig. 1), which gives a decrease in the work function
proportional to the square root of the field strength. In the
case considered here, the height of a surface barrier (the
effective work function) for an atom at the ladder end linearly
decreases upon increasing the applied field, and the faster it
does so, the higher the ratio of the longitudinal and transverse
sizes of the carbon structure. The results of simulations [146]
presented in Fig. 10c show that this decrease can be rather
significant even for relatively short ladders, e.g., consisting of
20 benzene rings: from 6.0±6.5 eV in the absence of the field
down to values close to zero at field strengths of about several
thousand V mmÿ1.

Note that a problem similar to that in [146] was also
solved for nanotubes, e.g., in [147, 148]. Because of the large
cross section of nanotubes, even single-wall ones, the degree
of penetration of the electric field obtained in these calcula-
tions proves to be smaller than that for the case of ladders in
[146]. The main advantage of the graphene ladder model is
that it can explain the main experimental facts concerning
emission fromheterogeneous (porous) nanocarbonmaterials.
The absence of direct experimental evidence of the existence
of ladders is related to the complexity of their detection.

4.1.2 Drawbacks of the ladder model. Note at the same time
that, according to calculations [146], the macroscopic field
strength required to obtain a high enough emission current is,
however, rather high, reaching at least hundreds of V mmÿ1,
whereas emission has been observed in many experiments in
much weaker fields. In addition, a simple summation of field
enhancement effects on the sharp end of a ladder because of
its concentration and the decrease in the surface barrier
caused by the field penetration into the ladder structure does
not seem completely correct, because the field penetration
reduces the b factor [148, 149].

Another disadvantage of the model discussed here is that
it paradoxically does not explain the low values of the
effective work function determined from FN experimental
characteristics. According to (6) and (7),
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The slope of the characteristic is Bj3=2. We assume for
simplicity that the effective work function (the surface
barrier height) decreases with increasing field as

j3=2 � j3=2�0� ÿ aE ; �18�

where j�0� is the real work function equal to the surface
barrier height in the zero field. By substituting (18) into (17),
we obtain
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Thus, the consideration of the field decrease in the surface
barrier in form (18) does not change the slope of the FN
characteristic, but only causes its parallel displacement.When
a linear decrease in the barrier height with the field is specified
by formula (18), which corresponds to most calculated plots
in Fig. 10c, the consideration of the field effect somewhat
changes the slope and shape of the FN characteristic, but
obviously not very strongly.

4.2 Influence of the interelectrode space:
optimal vacuum model
4.2.1 Description of the optimal vacuum model. Model [150]
assumed that the layer of a positive charge is formed at the
film±vacuum interface. The emitting element of a CNS is a
thin dielectric layer on a conducting part of the film surface.
The surface of this layer acquires a positive charge. The
charge is produced due to the deposition of positive ions
here generated in a vacuum gap by ionizing a residual gas by
emitted and accelerated electrons (see [3, Ch. 26] and
references therein). Ions are neutralized on conducting
surfaces; however, they can be accumulated in the presence
of diamond-like-phase regions. Such regions form a virtual
positively charged `network' located in front of the substrate
and playing the role of a `real' cathode in a vacuum triode.

It is easy to show that the field strength produced by an
ion charge with the average density s is described as

E � es
ee0

: �20�

This field is added to an external electric field and can
considerably (by orders of magnitude!) exceed it. In this
case, the role of the external field is mainly determined by
processes in the vacuum gap.

Estimates show that, to extract electrons into a vacuum,
the surface ion density should be s � 1013 cmÿ2, correspond-
ing to a mean distance between ions of � 4 nm. The gas
pressure corresponding to the equilibrium between the arrival
rate of ions on the surface and their neutralization rate for this
ion charge density proves to be 10ÿ5 Pa, which agrees with
conditions of many emission experiments.

The advantage of this model is that, aside from emission
itself in a relatively weak external field, the model also
explains the hysteresis of emission properties determined by
the accumulation of a surface ion charge. The presence of a
broad low-energy peak in the energy distribution of emitted
electrons (see Fig. 4) in the optimal vacuum model is
explained by inelastic scattering in an sp3 layer. However, in
this layer, this scattering can be insignificant, and then the
FEED should contain the only peak with the energy of the
emitting states of the substrate, which also corresponds to
experimental data.
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Note that a layer of positive ions is not formed on the
surface of metal cathodes [150].

4.2.2 Drawbacks of the optimal vacuum model. The optimal
vacuum model is an alternative in some sense to the field
concentrationmodel (b factormodel). The b factormodel can
explain the small values of the effective work function, but
cannot explain all the other features of field emission from
CNSs. In the optimal vacuum model, it is the small effective
work functions that are most difficult to explain. Thus, the
effective work function for emission from diamond-like films
[11, 13, 123, 151±156] changes by at least an order of
magnitude, whereas the model predicts in fact the same
values. However, many other features of field emission from
diamond-like films are explained, although not without
issues, by this model.

The optimal vacuummodel, which would be better to call
the film±vacuum model [150], explains well the properties of
field emission from CNS films. However, the mechanism
(process!) of formation of too great a number (1022 mÿ2) of
positive ions on the surface of a diamond-like film remains
unclear.

Finally, this model is absolutely invalid for conducting
CNS materials.

4.3 Influence of a thermoelectric field
on emission from carbon nanostructures
4.3.1 Description of a thermoelectric model. The model of
electron emission from CNSs assumes the existence of an
anomalously strong thermoelectric effect in CNSs [157±159].
The thermoelectric effect is initiated by the heat release in
ECs. According to the model, an EC is a graphite-like
nanometer region surrounded by regions containing sp3

hybridized carbon (Fig. 11). The emission current is a
thermal source determining the EC temperature �Th� differ-
ent from the temperature of surrounding diamond-like
regions �Tc�.

The heat flow in the sp2 carbon is determined by the
phonon propagationÐ the phonon wind [158]. The phonon
flow transfers charge carriers (electrons) into an EC and
produces the thermal electromotive force gDT � �akB=e�DT
in it. Here, g and a are the usual and dimensionless thermo-
electric coefficients, and DT � Th ÿ Tc. The thermoelectric

field distorts the energy structure of ECs (Fig. 12) compared
to the structure adopted in the FN law (see Fig. 1) by
increasing the energy of part of the electron gas by the value
of the thermal e.m.f. The surface barrier height for such
electrons proves to be reduced (jc in Fig. 12), which can
facilitate emission.

A special feature of CNSs [157±166] is the unique
character of the interaction of phonons with charge carriers
providing anomalously high values of the thermoelectric
coefficient. Because of the small size of ECs, phonons in
them barely collide with each other and are not thermalized.
Therefore, for Th 4Tc and weak reflection of phonons from
the boundaries of ECs with sp3 regions, the phonon flow is
unidirectional and ballistic, and the main mechanism of its
action on charge carriers even at high temperatures is the
ballistic drag of electrons by ions.

The work function is described by the expression

jc � jÿ akBDT : �21�
A more accurate calculation of the emission dependence

gives the expression coinciding with FN (1), where the
constant B is replaced by the quantity

BT � B
1

j3=2
j3=2 ÿ 3

2
akBDT

�
jÿ 1

2
akBDT

�1=2
" #

: �22�

It is easy to show that emission dependences based on
Eqns (21), (22) and (1), (2) differ only in the third order of
smallness in DT.

For a � 100 [162], expression (21) predicts a decrease injc

to zero already for DT � 400 K. Such temperature values
seem quite plausible [32]. It is known that in the case of a high
current, ECs in CNSs can emit radiation with the `thermal'
spectrum corresponding to temperatures of about 1000 �C. In
addition, the EC temperature estimates in [82] from the
FEED spectra [83] discussed in Section 2.5 gave values
about 2000 K.

Aside from the broad width of energy distributions of
emitted electrons, the thermoelectric model also explains their
splitting into two components (see Fig. 4). The presence of
electrons with energies near the Fermi level of the substrate or
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Figure 11. Thermoelectric effect in an EC in carbon nanostructures. In a
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cathode volume is explained by the possibility of their escape
into the vacuum through thin sp3 layers according to the two-
barrier mechanism considered in Section 3.2.

In fact, the thermoelectric model discussed here explains
the emission of electrons with a low threshold voltage by
the production of thermoelectric fields acting on the
emission process, similarly to the action of patch fields
(see Section 3.3.1) in models considered earlier. For this
action to be significant, the thermoelectric field strength
should approximately correspond to the local external field
strength required for emission in the FNmodel, i.e., should be
of the order of 109 V mÿ1. According to estimates [157±159],
such a thermoelectric field strength can be achieved in the
structure under study due to the features of the thermoelectric
effect in them.

Taking into account the assumptions made above, the
thermoelectric model proposed here well describes many
features of emission from CNSs, in particular, the possibility
of emission itself from CNSs at low applied voltages with
cathodes without distinct cusps, the small slope of emission
dependences in the FN coordinates, and the FEED shape.

4.3.2 Drawbacks of the thermoelectric model. At the same
time, the model has some obvious disadvantages. Although
the heating of ECs up to temperatures on the order of
hundreds or even thousands of degrees seems possible, the
capability of producing such a large temperature difference
DT inside a graphite region is doubtful.

Let us make a quantitative estimate for an EC d � 10 nm
in size, where the thermal power P � 1 mW is released, which
corresponds to a current of 1 mm and the release of 1 eV of
energy in an EC by each emitted electron, the latter energy
being most likely considerably overestimated. The thermal
flow density in the EC is estimated as q � P=d 2 �
1010 W mÿ2 � 1 MW cmÿ2 (!). The heat conduction of
graphite strongly depends on various factors. Let us take the
typical macroscopic value k � 100 W mÿ1 Kÿ1, which is, of
course, unacceptable. Despite a rather high thermal flow
density, the temperature drop over the EC size proves to be
small: DT � qd=k � 1K. This corresponds to the general rule
pointed out, for example, in [165], according to which
temperature drops in nanostructured media with the lattice
heat conduction occur mainly at the region boundaries,
because the length of the homogeneous regions of the
structures themselves is insufficient for the noticeable absorp-
tion of the phonon flow.

The phonon flow is attenuated at the boundaries due to its
partial reflection and is characterized by the thermal Kapitsa
resistance RK relating the temperature drop at the boundary
with the thermal flow density [166] as

DTb � RKq : �23�

The values of RK for many different pairs of media separated
by interfaces lie in a rather narrow range RK �
�0:6ÿ3:0� � 10ÿ8 m2 K Wÿ1 [165, 167, 168]. The data for
carbon materials can be found in [162, 163, 169]. For the
value of q determined earlier, we obtain DTb � 60ÿ300 K.
Thus, for the structure considered here and typical EC
parameters, temperature drops of hundreds of degrees can
indeed be expected, but these drops will occur not in the
volume of the sp2 region, but at the interface between
phases, which is not consistent with the emission mechan-
ism proposed in [157±159].

Another weak point of the thermoelectricmodel [157, 158]
is the difficulty of matching the energy balance of physical
processes involved in themodel. The source of thermal energy
in the model is probably the energy lost in ECs by the same
electrons that are later emitted. It seems that even for a 100%
thermoelectric transformation efficiency, this energy would
be insufficient for imparting to the same electrons the
additional energy required to overcome a barrier for emis-
sion. At the same time, the nature of possible energy sources is
not described in [157, 158].

4.3.3 Islet model: development of the thermoelectric model.The
problems mentioned above are taken into account in the islet
emission model discussed below, which also uses the concept
of increased efficiency of thermoelectric phenomena at the
nanoscale.

The islet model is a combined model of emission from a
carbon film consisting of separate islet clusters. This model is
used to explain the mechanism of low-voltage emission in
external fields with strengths from a few hundred V mmÿ1,
which was discovered and studied quite recently [42±45, 71] in
carbon films on silicon substrates.

The structural simplicity and small thickness (only a few
nanometers) of such films and their availability for detailed
studies by surface-sensitive methods make them a convenient
object to verify the models of field electron emission
alternative to the classical mechanism of tunneling to a
vacuum. Experiments have shown that emission is observed
only from films containing separate nanosize sp2 carbon
islets without ohmic contacts between them. The film
surface does not exhibit any cusps, ladders weakly bound
to the surface, or other similar formations. The work
function determined by several independent methods is
typical for sp2 carbon. The scatter in the values of the work
function determined by emission-independent methods is
relatively small: j � 4:7� 1:0 eV [44, 45].

Neither of the emission models known so far can explain
all the experimental results obtained with these materials (see
[44, 45, 71, 170]).

Therefore, we propose a model including the elements of
many emission models considered above: the two-barrier
model (see Section 3.2.1), patch fields model (see Section 3.3.1),
and thermoelectric model (see Section 4.3.1).

According to the islet model [44, 45, 71], an EC includes at
least two sp2 carbon nanocluster islets (Fig. 13a), of which
one (A) has an ohmic contact with the substrate, while the
other has no contacts with the substrate or other islets. This
isolated cluster (islet B in Fig. 13a) acquires a positive charge
producing a high positive potential fEC, comparable in value
to the work function j (Fig. 13b):

fEC � j : �24�

This makes possible the injection of electrons into this cluster
from another surface cluster, retaining a potential close to
that of the substrate volume (islet A in Fig. 13a).

Because of condition (24), the electron energy proves to be
sufficient for emission from islet B of almost all the electrons
escaping from islet A to the vacuum, despite the loss of part of
their energyÐ the ohmic heat �De� in a charged cluster B
(Fig. 13b).

Such losses produce a source forming a phonon flowÐa
phonon windÐ to the substrate (Fig. 13a, wavy lines).
According to [32, 82, 170], the difference between the EC
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and substrate temperatures for typical experimental situa-
tions can be rather large, reaching hundreds and even
thousands of degrees Kelvin. The phonon mean free path in
crystalline silicone at room temperature (more than 200 nm at
300 K [171, 172]) considerably exceeds the EC size.

The fulfillment of these conditionsmakes the phonon flow
ballistic in the substrate region adjacent to the EC and its
action on charge carriers is especially efficient (see Section
4.3.1) [157±164]. Electrons coming to this region of the
substrate from its main part or from ECs will be removed
from it by the phonon wind oppositely to the action of the EC
electrostatic field (Fig. 13b). This results in the formation of a
depleted layer in the substrate isolating cluster B, fromwhich,
in fact, emission occurs, and in maintaining the positive
charge of the cluster.

The author of [71] estimated the cluster size for typical EC
parameters as d � 10 nm and the heat release power in it as
P � 1 mW. The thermoelectric field strength estimated as
Etherm � 108 V mÿ1 coincides (see [157, 159]) with the
estimated EC electric field strength E � fEC=L � 108 V mÿ1,
where L � 50 nm is the electric field penetration depth in the
substrate (see Fig. 13b). These estimates show that phonons
can transport individual electrons from ECs to the substrate
against the action of the electric field present in the ECs.

An important feature of the islet model is that the
thermoelectric effect in it is the source of additional energy,
not for all electrons injected into the emitting cluster, but only
for `lost' (not emitted) electrons, preventing the accumulation
of a negative charge. The proportion g of such electrons in the
electron current (from islet A, Fig. 13a) is small, which
provides the energy balance conditions. This condition for
the model under study is reduced to the requirement for a

sufficient amount of thermal power released in the EC to
remove all unemitted electrons from it. It is easy to show that
this condition can be described by the approximate expres-
sion

De
efEC

Z5g at Z; g5 1 : �25�

Here, Z is the thermoelectric conversion efficiency, and
De=efEC is the mean energy fraction of a hot electron lost by
the electron before emission into the vacuum.

To fulfill condition (25), carbon clusters forming ECs
should provide the possibility of emitting a greater part of the
electrons injected from other islets (e.g., islet A in Fig. 13a), to
ensure the smallness of g, which assumes the presence of
metastable electronic states with energies close to the vacuum
level (Fig. 13b). In sp2 carbon islets, they can be states near the
bottom of the s� band with energy 3.7 eV above the contact
point of Dirac cones or the Fermi level of undoped sp2

carbon. The energy spectrum of a graphite-like nanometer
cluster is discretized due to local effects and contains
discontinuities of more than kBY (Y is the Debye tempera-
ture) [81, 170]. This excludes the relaxation of the electron
energy with phonon emission in the one-phonon process.

It can be expected that, for electrons with energies
above the bottom of the s� band of phonon levels, the
heat release mechanism remains efficient due to the high
density of states in this part of the spectrum and also due to
the broadening of levels caused by the finite transparency
of the surface barrier (Fig. 13b). As a result, electrons
injected into a positively charged carbon cluster (islet B in
Fig. 13a) with energy close to ej will rapidly transfer part
of their energy to phonons and will be found near the
bottom of the s� band, from which they can be emitted into
the vacuum with small losses.

The model proposed in [44, 45, 71, 170] explains many
features of the CNS emission described in Section 2. The
emission mechanism in the islet model requires neither the
presence of elements providing the field concentration nor a
low work function of any regions of the emitter surfaceÐ
patch fields. The main element of an emission center is an
isolated graphite-like carbon nanocluster. Such clusters are
present in many types of disordered CNSs.

As in the models of two-barrier emission from DLC films
(Section 3.2) and emission in patch fields (Section 3.3),
electrons are emitted in the islet model mainly under the
action of the electric field of charges located in the emission
center. This field is much stronger than the applied external
field. Thus, themodel explains the small slope of straight lines
in the FN coordinates by the small contribution of the
external field to the total field acting on a tunneling electron.
The islet model also explains the hysteresis of emission from
CNSs (Section 2.4) and spatiotemporal correlations of
emission currents (Section 2.4 [69±71]). The dependence of
emission parameters on the gas pressure [150] is determined
by the accumulation dynamics of charges on the emitting
surface and by the preservation of these charges for some time
after emission termination.

The shape and changes of the FEED (Section 2.5) are also
explained. One of the observed maxima (see Fig. 4) may be
related to the electron emission from the metastable states of
ECs, and the second one, with energy near the Fermi level, to
the emission of electrons that did not lose their energy in
interactions with phonons in ECs.
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penetration of an external field into the substrate. Figure a shows the

electric current (6) from a silicon substrate with the hole conduction

(dashes) and islet A (denser dashes) through an SiO2 oxide layer (7). Then

electrons tunnel (are injected) (8) into islet B, from which electrons are

emitted into a vacuum gap (9). All this together constitutes the emission

center (10).
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4.3.4 Drawbacks of the islet model.The substantiated estimate
of the combined emission islet model proposed in [44, 45, 71,
170] is hampered by the fact that the model itself is developed
only qualitatively at this stage. With the development of a
more detailed quantitative theory, either fundamental dis-
crepancies will be found or additional confirmations of its
validity will appear. Experimental tests of the model are
possible and desirable.

5. Conclusions

Models explaining field emission from CNSs are considered
in this review in the order of decreasing degree of applica-
tions.

The field concentration model or the b factor model is the
most widespread. This model was almost always used to
explain the value of the effective work function and, there-
fore, the observed current. For nanotubes or DLC films with
a porous structure, the surface contribution introduced to the
emission current by other mechanisms is small and unnotice-
able. However, to explain currents from nanotubes decorated
with diamonds [60], the b factor alone is no longer sufficient
and the field concentration model should be used in
combination with the two-barrier model.

The two-barrier model should come in second place by its
applications. Like the field concentration model, this model
was transferred to the theory of CNS field emission from the
theory of field emission from metals. These two models
supplement each other well. The mechanism brought about
by the field concentration due to the b factor explains the
current value, whereas the FEED shape is mainly explained
by the energy loss during the propagation of electrons
through the film.

However, both models have fundamental drawbacks.
From the point of view of the theory, the main disadvantage
is that both models refer to possibleÐbut difficult to findÐ
properties of materials from which emission occurs. It would
seem that the length/width ratio for nanotubes could be easily
determined. However, it is difficult to take into account in
calculations the density and randomness of the location of
tubes with respect to each other, and this can change the b
factor bymany times. To find real mounds and dents on a film
is even more difficult. As mentioned above, it is unclear in the
two-barrier model why the prebreakdown state, which is
unstable by definition, exists sufficiently long.

This drawback is absent in the optimal vacuum model, in
which a positively charged layer is located at the interface
with the vacuum rather thanwith the substrate. However, this
model immediately encounters difficulties with the explana-
tion of the observed FEED shape.

From the point of view of experiments, the main
disadvantage of the field concentration and two-barrier
models is that they cannot explain or predict the results of
measurements of other quantities which could prove that a
material indeed has the assumed properties. For example,
there are no calculations of light reflection from the surface
with a profile giving the required b factor; there are no
measurements of the formation and recombination of
electron±hole pairs; etc.

Themain drawback ofmodels transferred from the theory
of field emission from metals is the absence of an explanation
of the appearance and operation of ECs. At the same time, the
existence of such EC CNSs first assumed in [157] is generally
accepted at present.

Other models considered were proposed specially to
explain the emission properties of materials with CNSs.

As mentioned above, the independent discovery of many
properties, which undoubtedly should be manifested by
surface levels, is absent. The mechanism of maintaining the
required temperature difference in the thermoelectric model
remains unclear, which makes dubious the use of this model
as well.

Recently, the tendency has appeared to explain experi-
mental data by combinations of models. Fundamentally, it
is unlikely that such an approach is promising, because
disadvantages of each of the models do not disappear in this
case.

At the same time, CNS cathodes have a number of
drawbacks hampering their practical application. They are
the inhomogeneity of the EC distribution on the emitter
surface, the low average current density, the insufficient
stability, and the service time not being long enough.
Attempts to increase the total cathode current by increasing
the cathode area proved to be inefficient. Thus, exactly those
qualities which were expected to be the main advantage of
CNS cathodes with a smooth surface over standard metal
point cathodes are absent.

At the same time, the theoretical models of low-voltage
emission for CNSs with smooth surfaces were formulated and
extensively discussed. However, neither of these models

Table

Section
number

Carbon
nanostructures

Models Properties of éeld emission from carbon nanostructures

1 2 3 4 5 6 7 8 9

3.1.1 Nanotubes;
conducting élms

Field concentration model
(b factor model)

+ ë ë � + � ë ë ë

3.2.3 Thick élms Optimal vacuum model + + + + ë ë + + +

3.4.1 Doped élms Surface level model + + ë ë ë ë ë ë ë

3.4.3 Doped élms Resonance tunneling model + + ë ë + ë + + +

4.1.1 Porous materials Ladder model + + ë � � + ë ë ë

4.2.1 Conducting élms Two-barrier model + + + + ë + ë ë +

4.3.1 Thin élms Thermoelectric model + + + + + + + ë

4.3.3 Thin élms
on a conducting substrate

Islet model + + + + + + + + +
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helped to achieve considerable progress in overcoming these
disadvantages. Numerous attempts were also made to obtain
the desired result by the trial-and-error method, which,
however, have not resulted in cardinal success either. At
present, in our opinion, it is generally accepted that the
necessary condition for the successful development of field
CNS cathodes with the required parameters is the careful
investigation of emissionmechanisms in them. Some progress
in this area can be related to recent data on the features of the
electron±phonon interaction in nanosize regions [145, 171±
181]. These data are used in new emission models for CNSs
[45, 60, 144, 157±159, 170, 173, 182, 183].

Our conclusions are presented in the table. The lines
correspond to models and different carbon structures for
which the givenmodel is valid.Models considered in Section 3
were taken from the theory of field emission from metal
cathodes, while those in Section 4 were specially developed to
explain field emission from carbon nanostructures. The
columns present experimental facts obtained in numerous
studies, which should be taken into account in the construc-
tion of models of field emission from carbon nanostructures.
These facts are considered in Section 2 and are again briefly
formulated in the table, where they are presented by the
following numbers.

Thus, the field emission from carbon nanostructures has
the following properties:

(1) The existence of emission centers as regions from
which the emission current comes outÐ small regions on
the boundary with the vacuum with properties differing from
the other surface.

(2) The best emission properties are inherent in strongly
inhomogeneous carbon materials consisting of structural
regions with drastically different (contrast) electronic and
thermal properties: metal (graphite-like) and dielectric
(diamond-like).

(3) Optimal conditions for emission are achieved for
approximately equal proportion between graphite-like and
diamond-like regions.

(4) The necessary structural element of an EC produ-
cing low-voltage emission is an isolated graphitized carbon
region.

(5) The low work function of the surface or separate
regionsÐ the effective work functionÐ is the character-
istic feature of field emission from carbon nanostruc-
tures. Reports about deviations from this property of
emission from carbon nanostructures require a cautious
approach.

(6) The form of volt-ampere characteristics for emission
from carbon nanostructures corresponds to the Fowler±
Nordheim law, but can deviate from it, e.g., can have a
break in the FN coordinates.

(7) The energy distribution of emitted electrons does not
always contain only one peak corresponding to current
according to the Fowler±Nordheim law, and can have an
additional lower-energy peak.

(8) The emission process in carbon nanostructures can be
inertial and can have a hysteresis.

(9) The temperatures of emitting surfaces determined
from energy distributions of emitted electrons require an
explanation in any model of field emission from carbon
nanostructures.

The `�' sign in the table means that the given model
explains this effect, and the `ÿ' sign means that the model
does not explain the effect.
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