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Предельно большие плотности тока полевой эмиссии в наноструктурах
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Аннотация. Рассматриваются вопросы достижимости высоких плотностей тока полевой
эмиссии лишь на 2–4 порядка меньших предельных значений 10¹⁵–10¹⁶ А/м2. Анализи-
руются способы достижения таких токов, модели полевой эмиссии, а также эмиссионные
структуры, обеспечивающие большие интегральные токи в ленточных электронных пучках.
Показана достижимость больших значений плотностей тока порядка 10¹⁰–10¹² А/м2в ва-
куумных квантовых структурах с двумя и более потенциальными ямами при резонансном
туннелировании. Получение высокоточных источников сопряжено с созданием гетерострук-
тур типа диэлектрик-проводник-диэлектрик-проводник и использованем низких температур.
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Хорошим материалом для диэлектрических пленок является аморфный алмаз (GLD), а для проводящих пленок – проводящий стеклоуг-
лерод (GLC). Наиболее подходящей является CVD технология создания тонкопленочных структур типа GLD-GLC-CLD.
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Introduction.
Simple models of one-dimensional tunneling

Field emission (FE) has been known for more
than a hundred years and for single cathode in strong
electric field was explained by Fowler and Nord-
heim [1]. It is associated with the emergence of a
potential barrier that narrows and decreases in strong
fields, as well as with the quantum nature of tunneling
electrons. The current density of cold FE is defined
as integration of dJ+ = e j0D+(E)(EF −E)dE [2,3]
over the energy. Here j0 = me/(2π2h3), D+(E) is
the tunneling coefficient from cathode to anode (trans-
parency) for the kinetic energy Ek = E,Me is the mass
of the electron. It is assumed that the emission oc-
curs at zero temperature from a flat metal cathode.
With decreases in kinetic energies significantly below
the Fermi energy EFc at the cathode, this coefficient
becomes exponentially small. The result is obtained
taking into account the electron velocity distribution
at T = 0, while dnvx = j0vx(v2F − v2x)dvx with Ek =
= mev2x/2. Assuming that D+ (E) = 1 for all energies
(all running electrons pass the barrier), from (1)we get
J+max = e j0E2

F/2 [2, 3]. Taking EF = 7 eV for copper,
we find J+max = 4 · 1015 A/m2. For beryllium Be we
have J+max = 1.7 · 1016 A/m2. This gigantic current
density, of course, is not achievable, because the bar-
rier cannot be transparent for all energies. However,
for a complex barrier profile with two or more peaks
during resonant tunneling (RT), it can be completely
transparent for some energies. Further, by the barrier
we mean any distribution of the quantum potential
V (x) in the region of tunneling. It is tempting to get
densities at least 2–4 orders of magnitude lower than
the specified limit, i.e. about 1011–1013 A/m2. Are
they achievable? In this review, we give an answer
to this question, and also consider high-current struc-
tures with FE.

The disadvantage of FE cathodes among device
developers is considered to be a low current density
compared to thermal cathodes, for which the char-
acteristic values are J ∼ 106–107 A/m2. Although
operating current densities of FE are actually claimed
in pulse modes up to 1011 A/m2 [2, 3]. The FE

cathodes and electron guns used in devices with ac-
ceptable service lives give densities 4–5 orders of
magnitude lower than indicated, i.e. 8–10 orders of
magnitude lower than the limit. This is due not to the
impossibility of achieving high currents, but mainly
to the instability and short duration of high-current
cathodes (very high densities of FE and explosive
emission were achieved in laboratory conditions in
pulsed modes [2, 3]). The main reason for this is
the high voltages required for significant FE, the as-
sociated reverse ion bombardment of cathodes and
explosive FE. To obtain strong fields, pointed cath-
odes with a relatively small percentage of the emitting
surface are used. This is what leads to instability.
As a result, the practical majority of vacuum elec-
tronic devices use incandescent cathodes and electron
guns with thermionic emission. Therefore, the main
task of vacuum electronics is to obtain stable high-
current sources of FE at relatively low voltages. This
is achieved in resonant tunneling nanostructures.

The current state of this problem is considered
in the review [4]. For the needs of modern mi-
cro- and nano-electronics, in particular, for the TWT
millimeter and subterahertz ranges, miniature high-
current field sources with thin ribbon relativistic elec-
tron beams are needed, providing the beam current
from mA and above [4].

The purpose of the review is to clarify of the
question of the maximum achievable densities in field
vacuum emitting structures. Most of the initial works
on FE were based on the Fowler-Nordheim (FN) for-
mula [2–6]. It relates the emission current density to
the output work functionW for the cathodemetal sam-
ple and the intensity of the normal component of the
electric field at the cathode in the form J (Ex,W ) =
= AW−1E2

x exp
(
−BW 3/2/Ex

)
. This formula gives an

unlimited current density if the field strength increases
indefinitely. The formula works for emission from
metal cathodes with a flat surface, when the anode
is far away with not too strong fields and not too
large J. The description of the differences between
experiments and FN formula can be found in many
works, for example, in [3, 6]. The FN formula does
not work for semiconductor cathodes [2], cathodes
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with an oxide or dielectric film [2], with FE from
almost all carbon structures [6]. The barrier profile
is constructed by the method of mirror images using
a single image and the field Ex = −Uax/d overlay
[2, 3]. The FN formula stops working exactly at
small d, as well as at very large fields. Small d leads
to a decrease in the height of the barrier, just as a
strong field narrows and sharpens barrier. At the crit-
ical field Exc = 4πε0W 2/e3 it disappears [2, 7]. The
barrier in this case is described by the functionV (x)=
= −eExx − e2/(16πε0 (x+δ)) (Fig., curves 2, 5).
Here δ = 0.1 nm corresponds to W = 3.6 eV. For
the diode structure the maximum is located in the
center V (d/2)≈ 0 (Fig., curve 1). In the presence
of field it is reached at a point x0 =

√
e/
(
16πε0Ex

)
.

At large fields, it is located almost at the cath-
ode and is equal to V (x0) = −2e

√
eEx/(16πε0)

(Fig.). The function W depends on the applied
field and can vanish at the critical field Exc =
= 4πε0W 2/e3. Taking W = 4 eV, we find a
characteristic critical field Exc = 1.8 ·1010 V/m. It can
be obtained by determining the pivot points x1,2 from
the quadratic equation eExx2+xW +e2/

(
16πε0

)
= 0.

The disappearance of the barrier at VF corresponds
to the coincidence of the turning points, and the
quasi-classical approximation gives the transparen-
cy D+(E) = D0(E)exp

(
−4√µW 3/2

0 /(3h̄eExc)
)
[8].

Here, µ = 2me is the doubled mass of the electron,
and W in the sense of this formula is the height
of the barrier above the level of kinetic energy, i.e.
W = W0 = EF − E. The pre-exponential multiplier
is defined in Ref. [8]. Note that the result [8] is
obtained for “wide barriers”, which does not take
place for a triangular barrier, at least in its upper
part. The crosslinking of the quasi-classical wave
function (WF) with the probability wave at the an-
ode ψa = Aaexp(ik (x−d)) should be carried out at
the point d on the anode. The tunneling problem is
solved strictly and very simply by the exact solution
of the Schrödinger equation (SE), for example, by the
method of transmission or transfer matrices [9], or by
the transformation of wave impedances [10]. TheWF
and its derivative must be continuous. For a stepwise
approximation of the potential V (x), the normalized
wave impedance can be defined as ρ= ikψ(x)/ψ′ (x).
The numerical solution, even in the absence of a bar-
rier, gives the result 2–3 orders of magnitude smaller
than J+max [9, 10]. It corresponds to super-strong fields.
Let us put D+ = 1 and estimate the current density
for D+(E) = exp

(
−4√µW 3/2

0 /(3h̄eExc)
)
: J+ ≈

≈−eµE2
F y1/60 /

(
(9π2h̄3

)
, y0 = 4

√
µE3/2

F /(3h̄eExc),
which shows the inadequacy of the quasi-classical

model in this case. Everywhere above, the + sign
indicates tunneling from the cathode to the anode
(electron charge qe = −e). The reverse current is
possible, due to the reverse tunneling coefficient D−.
Usually D− ≪D+, its accounting is also significant
at low voltages at the anode. For the symmetri-
cal potential D+ = D− and the total current is zero:
J = J+ − J− = 0. If we will neglect the reverse
current, then D = D+. The general case of thermal
field emission current densities has been deter-
mined in Ref. [11] as dJ±(Ua,T )= eD±(E,Ua)dn±

vx
,

dn±
vx
= j0kBT ln

(
1+exp

((
EFc −E +µ±)(kBT

)))
dE.

Here kB is the Boltzmann constant, µ+ = µc = 0,
µ− = µa = −eUa are the chemical potentials. The
quantum potential V is determined by the method of
multiple images, taking into account small distances
δc,a = e2/(16πε0Wc,a) at the electrodes associated
with the function W , which makes it finite [9–13].
There are infinitely many such images (relative to the
anode and cathode surfaces), which makes it possible
to obtain an accurate profile V (x), including cases of
multiple electrodes [9–14], that requires solution of
the SE.

Fig. Distribution ofV (eV) in a vacuum diode [16] with a size
d = 10 nmwithout a dielectric film (curves 1, 2, 5) andwith the
film on the cathode of thickness t = 2 nm (curves 3, 4, 6) and
t = 5 nm (curve 7) depending on distances x (nm) at different
anode voltages (V4): Ua = 0 (curve 1);Ua = 5 (curves 2, 3, 4);
Ua = 10 (curve 5, 6, 7). DP is taken as ε = 4 (curve 3); ε = 10

(curve 7); ε = 12 (curves 4, 6), δ = δd = 0.1 nm

The next step in refining the model can be based
on taking into account the inhomogeneous relief sur-
face [12]. Usually this approach is based on the
introduction of a field gain and the use of FN formula.
In this case, the local area of the surface is considered
as flat. This approximation is usually the basis for the
analysis of pointed matrix emission structures such as
Spindt cathodes. The creation and research of Spindt
cathodes took a long period of time, about 30 years.
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Although it is possible to achieve high current den-
sities on very small surfaces of the needles, it was
not possible to obtain satisfactory emission sources
on such cathodes. They correspond to strong increase
in resistance in the area of the tips leading to their
heating and explosive emission, poor reproducibility,
complex manufacturing technology, a small ratio of
the emitting area to the total surface and, accordingly,
a small integral current, a strong spread of electrons in
velocities, a large operating voltage, poor resistance
to reverse ion bombardment and poor durability. Cur-
rently, spatially developed nanostructured emitting
surfaces mainly made of carbon materials are more
promising [6, 15–22]. In such emitters, tunneling
is not strictly one-dimensional and follows different
trajectories, there are field penetration into the struc-
ture [6, 13, 19, 20], porosity and heterogeneity of
structures. The emitting surface often significantly
exceeds the geometric surface of the cathode [13, 23].
The correspondingmodels require taking into account
the three-dimensional nature of the emitter, solving
the Poisson equation (PE), including for determining
V (x) taking into account the spatial charge, taking into
account field penetration, taking into account nonsta-
tionarity, and a number of other approaches. The
carbon nanotubes (CNT) emitters [23–25], including
in devices [26] and in glass carbon emitters [27–29],
are promising. The emitters made of films with car-
bon nanoclusters [30–35], CNTs nanoclusters [36]
and graphene nanoclusters [22, 37] are also used. In a
number of works (for example, [34, 35]), the blade
and tip structures of FE are analyzed, including struc-
tures made of graphene, CNT, glass carbon, graphene,
nanoclusters. A comparison of some types of emit-
ters is given in Ref. [37]. The FN formula obtained
for emission from metals with flat surfaces stimu-
lated the search for similar formulas for field emission
from other structures, including non-planar bound-
aries, structures with points, semiconductor emitters,
cathodes with dielectric films, porous cathodes, car-
bon structures. The emission mechanisms in them
differ significantly. The effect of field penetration,
porosity, and the presence of Tamm levels have a
significant impact [13]. The penetration of the field
significantly depends on the dielectric permittivity
(DP), conductivity determined by the concentration
of free charges. Therefore, tunneling from structures
with semiconductors has special features [38–41].
In the case of solid-state electron plasma, an external
electric field leads to the formation of a near-surface
charged layer that compensates for the penetration of
the field. The thickness of this layer can be estimated

taking into account the length of the Debye shielding
LD =

√
εε0kBT/N/e.

For copper N = 8.45 · 1028 m−3, ε = 13.1, we
have LD = 1.5 ·10−11 m, i.e. shielding occurs already
on one atomic layer. In the case of semiconductors
N∼1020−1024 m−3, shielding occurs at lengths from
1 to 100 nm, i.e. from 10 to 1000 atomic layers.
A low concentration of free charges with the forma-
tion of a thin dipole layer of the order of 1 nm leads
to a decrease of W . A lower concentration leads to
the penetration of the field. The concentration N >
> 1025 m−3 leads to the metallic emission.

In a number of works, attempts have been made
to obtain generalizations of the FN formula [42–46],
including for non-planar metal emitters. The electro-
physical and emission properties of carbon structures,
including diamonds, are considered in a number of
works, [47–50], as well as tunneling models are an-
alyzed in Refs. [6, 13, 20]. The reasons for low-
threshold FE from carbon structures were analyzed.
Rigorous quantum theory is based on the density func-
tional theory. The problems of quantum transport and
non-stationary tunneling in solid-state structures were
considered by solving the SE [51–57] and by self-
consistent models with the solution of PE [51, 52]
and non-stationary models [55–57]. Equilibrium and
nonequilibrium processes in quantum dots, wells and
wires, including tunneling, are also considered, in-
cluding quantum cascade lasers. The literature on
RT is mainly devoted to RT diodes. Although these
devices achieve a very high current density due to
low effective masses, low barrier heights of less than
0.5 eV and their small thicknesses, they cannot be
used by vacuum emission electronics. From the point
of view of obtaining the maximum current densities,
cathode materials with large EF and a small W are
most appropriate. Among them are beryllium with
W = 3.92 eV, barium withW = 2.52 eV and EF 3.64,
as well as with high EF metals such as Be, Ni, Al, Ag,
Cu. It is not advisable to use strong fields in terms
of obtaining long-lasting cathodes. For high-current
sources, the emission surface should be large, and the
V shape should be multi-welled. Many publications
are devoted to point sources and their arrays [58–62].
The use of Spindt-type matrices did not lead to break-
through successes due to explosive emission [59].

1. Tunneling and field emission in multi-barrier
1D structures

Let the barrier be described by a potential func-
tion V with the Fermi level (FL) V (0) = VF = −W
at the cathode. The value V (d) = −W − eUa is
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the FL at the anode. The profile V has all nega-
tive values if a free electron in vacuum corresponds
to zero potential energy. This value V (d/2)≈ 0 is
achieved at very large d. Using the method of mul-
tiple images, the function W (x,δc,δa,d) has been
obtained in Refs. [9–13]. This function takes into
account an infinite series of images relative to the
cathode and anode and determines the potential en-
ergy of an electron at point x as the work of moving
it from the cathode. At the cathode the work func-
tion is W (0,δ,δa,d) = −e2 (16πε0)−1 {δ−1−2d−1}.
Here W (0,δñ,δa,d) = −e2 (16πε0δ)−1 = −Wa, d ≫
≫ δc,a. In the case Wc = Wa we put δc,a = δ.
The characteristic size δ = 0.1 nm corresponds
to W = 3.6 eV. The electron density dρ(x) =
= |ψ(x,E)|2 can be found if the WF ψ(x,E) is
defined from the SE taking into account the elec-
tron energy distribution. Here the incident WF
is ψ+ (x,E) = a+ (E) [exp(ikx)+R(E)exp(−ikx)],
a+(E) = me (EFc −E(k))/

(
2π2h̄3

)
is the density of

electrons with the energy E running to the barrier [2],
where R is reflection. If the density J+ is small, it is
possible to solve the problem iteratively by choosing
a barrier profile without taking into account ρ(x) and
the solution of the PE. For 3D tunneling оf a single
electron along the trajectory y = y0

(
x
)
, z = z0 (x), it

is necessary to sum up the density of transparency
along all trajectories [12]. These trajectories need to
be determined and barrier profiles calculated along
them. Approximately, we can assume that electrons
move along lines of force, but in general it is neces-
sary to solve the equations of motion. In the case of
an uneven cathode surface x = X(y,z), it is possible
to approximate the images at symmetrical points −
−x′ relative to this surface and reduce the 3D SE to
one-dimensional ones. This approach allows one to
replace the 3D tunneling by a series of 1D ones and
the current can be calculated as the sum of tunnel cur-
rents along various trajectories [12]. The FN formula
is often used for this purpose for surface areas, which
is a more rough approximation.

The uneven surface allows one to increase the
local emission, though not so much as to talk about
approaching the limit current. At the voltage at
the anode Ua, the quantum potential is defined as
V (x) = W (x,δc,δa,d)− eUax/d. The maximum of
the function (4) is located in the center W (d/2) =
= −e2 ln2/(4πε0d) for Ua = 0. The anode voltage
strongly shifts it to the cathode. The smaller the
d and greater Ua and E, the more the FN formula
is violated. If there are grids located at the same
potentials, the image method in the form (4) can be
used for all vacuum gaps. At the same time, the WF

should be introduced for grids. The calculation of
barrier profiles with three and four electrodes is given
in Ref. [10]. For all such structures, there are RT
when R= 0, and there is complete transparencyD+ =
= 1. The simplest result is obtained for rectangular
potential models. The energy levels in RT structures
En = E′

n − iE′′
n are metastable, and when E = E′

n,
the RT occurs. E′′

n defines the width of the level.
Such levels are possible if V/2 < En < V . For wide
barriers, electronic waves do not leak through them,
i.e. the metastable levels turn into eigenlevels. For
the lower level E1≈V/2 we have E1 = π2h̄2/

(
4µt2g

)
.

For the upper levelEn≈V , since the tangent argument

is small, En ≈ 2h̄2
(√

1+ t2gVµ/h̄2− 1
)
/(µt2g). The

barrier profiles shown in Ref. [63] demonstrate the
peaks of the transmission coefficient. In an asym-
metric structure with a voltage at the anode, two or
more grids are needed for RT [9]. The total current
density J = J+ − J− is determined mainly by the
forward current, since the reverse current at the anode
voltages taken is negligible. Heterostructures with
multiple grids lead to the appearance of transmission
zones. Let the specified zone ∆E be in the range
0 < E1 < E < E2 < EF . In this case we have J+ =
= emeπ−2h̄−3EF ∆E

(
1−
(
E1+E2

)
/
(
2EF

))
/2. If ∆E

is located in the center of the conduction band and
∆E = 0.01EF , then we get J+ = 0.5 ·10−2J+max, i.e. we
can approach the limiting density. Tunneling without
loss of momentum is possible at a length significantly
shorter than the free path length. For metals at T =
= 300 K, this length is of the order of 30–50 nm, i.e.
the thickness of the structure should not exceed 10 nm.
Excluding vacuum gaps and counting the grid size of
the order of 1 nm, we obtain the number of possible
grids of no more than 5. The creation of grids is
possible using carbon CVD technologies [47–50], us-
ing graphene and CNT. Graphene grid structures and
CNT grids are promising, for example, in the form of
a woodpile. It is enough to use fields of no more than
1010 V/m. For vacuum electronics, it is advisable
to perform low-voltage sources with an anode in the
form of a grid, and the electrons flying through it are
accelerated to the desired energies by a second anode.
For numerical solution of the SE, it is convenient to
use a step representation of V . The potential is con-
stant in the wells, and each grid electrode is described
by a single step function. Each function corresponds
to a transmission matrix with well-known matrix
elements [9]. The SE solution program consists in
constructing a complete matrix T̂ = T̂1T̂2. . .T̂N by
multiplying the matrices of the regions and calcu-
lating the transmission coefficient from the system
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of equations 1 + R = (T11− iT12/k)T , 1 − R =
= ik0 (T21− iT22/k)T [9–12]. We have the following
result T = 2/ [T11+T22 (k0/k)+ i(k0T21−T12/k)],
R = 1 − k0

(
T21 − iT22/k

)
T . Since also Z =

= (1+R)/(1−R)= (kT11− iT12)/(ik0kT21+ k0T22),
then R = (Z −1)/(Z +1). The calculated trans-
parency (tunneling) coefficient of the barrier
D+ (E) = 1 − |R|2 depends on the kinetic energy
of the electron at the cathode. The notations used
here are k0 =

√
µE/h̄, k =

√
µ(E+ eUa)/h̄. To

solve the SE 152 steps in the approximation were
used in the calculations [9]. For the synthesis of RT
structures, it is necessary to determine metastable
levels En. The task is posed as a crosslinking of the
WF structure with the WF ψ1(x) = a1exp(−ik0nx) at
the cathode and the WF ψ2(x) = a2exp(ikn(x−d))
at the anode, where k0n =

√
µe(En −Vg)/h̄, kn =

=
√

µe(En −Vg +Va)/h̄. In the case of a well,
proper levels En < Vg −Va are possible, and then
both wave numbers are imaginary, and evanescent
outside the structure of the WF. Solving the problem
by the method of transmission matrices taking into
account the ratio k2n = k20n +µeVa/h̄2, we find k0n =
= i
(
T21 + iknT22

)
/
(
T11 + iknT12

)
. This nonlinear

transcendental equation defines the roots En. The
synthesis task is to obtain a potential profile V that
ensures the location of metastable levels in the widest
possible band as close as possible to the cathode
conduction band. The convenient method for solving
the SE consists in the transformation of the wave
impedance [63–68].

2. Effects of thermal field emission, field penetration,
spatial charge

Thermal field emission has been studied in a
number of papers, for example [10, 11, 64–68]. Ther-
mal emission prevails in diode structures at low
voltages, and field emission dominates at high volt-
ages [64]. In resonant tunnel structures, a strong
increase in current leads to heating of the cathode and
anode, which requires solving the thermal problem
and thermal field emission [10]. The size of the po-
tential barrier in strong fields that allow significant
tunneling is of the order of 1–3 nm. The penetration
of the field to depths of this order can significantly
change the barrier. The effect was first noted in
Refs. [18–20]. The penetration is possible if there is a
homogeneous dielectric film with DP ε of a nanoscale
thickness td on the cathode, or a semiconductor film,
or an inhomogeneous structure described by an ef-
fective DP. The penetration of the field reduces the
barrier for the cathodes with BaO film [2]. If the pen-
etrating field is considered constant, all charges are

displaced, forming a double electric dipole layer with
a surface charge density on the outer surface. The
field of such a flat capacitor weakens the penetrating
field and almost eliminates the barrier at the metal-
film boundary. Electrons exit the metal into the film,
and a barrier appears at the film-vacuum boundary.
In general, it is necessary to solve the PE together
with the SE, especially for high emission current den-
sity [63]. In the area in front of the single barrier
R≈−1, the density is usually small and strongly de-
creases inside the barrier to its rear. At RT R≈0, and
the density is determined by the incident flow. The
joint solution of the SE and PE is a nonlinear iterative
problem [51–54]. The spatial charge in the barrier
area leads to its increase, which limits the current. It is
possible to correct this effect in multielectrode struc-
tures by changing the electrostatic potentials of the
electrodes or by changing their W . The problem for
the dielectric film was solved in Refs. [12, 13]. The
essence of the solution is that infinite series of images
are constructed relative to the surface of the film, cath-
ode and anode. The electrostatic Green function of a
point charge in a flat capacitor with a film is found.
Examples of constructing barriers for a dielectric film
with thickness td at the cathode are shown in Fig. The
inhomogeneous film improves tunneling, therefore,
one of the tasksmay be the synthesis of theDP profile,
contributing to the maximum of J. A double electric
layer appears in a thin, well-conducting film. It works
as a dipole that reduces the external field. With a
large DP, the barrier on the cathode-film section is
practically absent and appears only in the region of
its boundary with vacuum (Fig.). The penetration of
the field into the film region can lead to acceleration
and to a negative slope V (x) up to the boundary with
vacuum (curve 7, Fig.). Porous films from diamond-
graphite nanoclusters increase the emissions [15–20].
Porosity and the presence of a dielectric phase lead
to the penetration of the field, as well as to the pres-
ence of surface levels at the boundaries of clusters.
A part of the emission goes to these levels, and from
them into a vacuum [13]. For carbon structures, the
ionization potential and the functionW calculated by
quantum methods and measured have the order of eV.
A diamond-graphite film on a metal cathode works in
such a way that the FN formula recalculation for the
corresponding homogeneous cathode gives an effec-
tiveW is 1–2 orders of magnitude less [6, 21, 22]. The
work of moving the charge in the film is about one
time less than a similar work without the film. Re-
ducing the DP of the film at this boundary decreases
the barrier, that can be done by profiling. Diamond-
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graphite films demonstrating high low-voltage emis-
sion have just such a surface structure consisting of
clusters with sizes of several nm. The presence of con-
ducting phases in the film is equivalent to an increase
in the effective DP. The film effect is that the field
penetrates into the dielectric and accelerates the elec-
tron. This is manifested in the slope of the function
V (x) to the barrier in vacuum (curve 7, Fig.). The en-
ergy of the electron impinging on the barter in a wide
film can increase significantly to a value of several
eV. In such structures, double-humped functions V
and even RT are possible [13]. The penetration of the
field is observed in all carbon structures at the cath-
ode [18]. The FE of such structures is considered in
many publications (see [6, 13, 15–18]). Carbon ex-
hibits the largest number of allotropic modifications
with significantly different properties and a variety of
electronic structures, due to a different ratio of sp1-,
sp2- and sp3-hybridized atoms. It implements a range
of electrical conductivity from a dielectric (diamond)
to graphite. There are such modifications as soot,
black coal, carbine, fullerenes, single-layer and mul-
tilayer CNTs, carbon filaments, graphene nanofibers,
various structures of amorphous carbon (glass carbon)
and pyrocarbon. All of them are more or less porous
and heterogeneous. In porous structures there are sur-
faces in contact with vacuum channels and Tamm’s
levels. The emission comes from the entire surface
through different channels and trajectories. There
are chaotic structures such as glass carbon and quasi-
periodic structures such as column graphene [13] or
woodpile. In the first case, the effective DP can be
used for modeling. In the second case, models with
quasi-periodic structures should be considered [12].
Structures with diamond-graphite clusters on the cath-
ode obtained bymagnetron sputtering in low-pressure
plasma are promising [13]. Comparison with the FN
formula shows that in carbon films, the effective work
functionW decreases to 0.1 eV [6]. The field penetra-
tion and surface levels during nonstationary tunneling
lead to hysteresis [6, 13]. The field penetration also
occurs in semiconductor cathodes [2]. An example
is oxide cathodes from BaO, which have a low W of
the order of 1 eV or less [2]. Ba ions in such a film
form donor levels, and the film itself, when doped,
can acquire the properties of an n-type semiconductor.

3. Non-stationary tunneling

Non-stationary tunneling and especially RT has
been considered in a number of papers [52–57] in con-
nection with the tasks of modeling resonant tunneling
diodes and transistors. Transients in such devices are
considered in Refs. [53–55]. High currents at RT can

lead to strong heat generation. Since it occurs due
to the interaction of electrons with phonons, this also
justifies the use of ultra-low temperatures. With vac-
uum RT, the Nottingham effect may increase, which
requires cooling of the cathode. Each electron hit-
ting the anode transfers eUa energy to it. Due to the
complexity, such problems are usually solved in a
one-dimensional approximation with a joint solution
of non-stationary SE and PE [56,57]. Accordingly,
the boundary conditions consist in the crosslinking of
the WF and their derivatives in the cathode region,
the tunneling region and the anode. One can solve
the problem with zero boundary conditions Φ(0, t) =
= Φ(d, t) and then add a linear potential xUa/d. The
SE should be solved by setting the incident parti-
cle flow from the cathode and from the anode. The
first one does not depend on time, while the second
one may be time-dependent when the anode voltage
changes. If the anode voltage is high, it can be low-
ered. In this case, the luminaries R and T depend on
time. The solution can be obtained by the time series
method, by the method of integral equations using the
propagator Green function for the SE [56], by numer-
ical methods [54].

4. High-current emission structures

The current densities of the order 1012–
1013 A/m2 were theoretically obtained in structures
with RT in Refs. [9, 10, 63]. Vacuum nanoscale
structures with single and double grids are considered.
Refs. [9, 64] indicate the operating temperature at
high current densities [10] and the spatial charge ef-
fect [64]. The latter can be compensated by changing
the potentials on the electrodes. The heat sink requires
a massive thermostat. Heat release at RT occurs
due to the Nottingham effect and the contribution
from Joule heat. The solution to the heat dissipa-
tion problem can be obtained by using cryogenic
temperatures. The best materials are CVD carbon
films [47–50]. At the same time, layers with sp3 and
sp2 hybridizations should be alternated to perform
multi-layer and multi-barrier structures. The best
material for barriers is a crystalline diamond with
DP 5.6, which has a unique thermal conductivity. For
thin barriers, it is an amorphous CVD diamond with
sp3 hybridization of 80–88% [47] at ε = 4.94–5.6 and
the band gap of 4.5 eV. Performing a heterostruc-
ture with a double grid with a positive potential Ug

of several Volts on it, it is possible to obtain high-
precision electron sources. For emission electronics,
a large integral beam current is important [4], which
it is desirable to perform as a ribbon electron beam.
A large integral current can be obtained by having a
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large emission surface with a high current density.
Beams that are wide in one transverse dimension
and thin in the other are important. Such beams are
convenient to use in decelerating systems such as
“comb”, “double shifted comb”, “looping waveguide”
in TWT millimeter and THz bands. An increase in
the beam current can be achieved by increasing the
width. As high-current emitters with FE, blade-type
structures with multi-row parallel graphene sheets,
and a point-type structure in the form of a forest of
CNTs are possible. There are sufficiently developed
technologies for creating such arrays from CNTs and
nanowires. Their advantage is a good penetration of
the field with a large gain on atomically sharp edges
and a large surface involved in the emission. The field
penetrates into such a structure, so the emission also
comes from the surface of graphene sheets or from
the surface of CNTs. The beam can be made very
wide in one direction, and in the other, with a large
number of periods, its compression allows one to get a
wide and thin ribbon beam. Another approach can be
based on emission from spatially developed surfaces
formed by carbon structures [6, 16–20]. To increase
the current, their emitting surfaces can be positioned
tangentially to the plane of the forming ribbon beam
and use a 90-degree rotation of the trajectories of
normally departing electrons [69].

Conclusions
1. The current densities 2–3 orders of magnitude

lower than the limit values 1016 A/m2 are theoreti-
cally achievable [9, 10]. The optimal RT structure
is a two-well and three-barrier. Structures with RT
with a wide energy band and located below FL are
optimal. Such a structure can be created as an al-
ternation of CVD diamond and conductive carbon or
Be films. The use of grids prevents the reverse ion
bombardment of the cathode. The free path length of
the electrons should significantly exceed the size of
the structures, for which ultra-low temperatures are
perspective. At room temperatures, the size of 10 nm
is the limit. Multilayer graphene, CNT of metallic
type, CVD conductive carbon with predominant sp2
hybridization, and amorphous CVD sp3 diamond can
serve as convenient materials for grids and dielectric
films (barriers). Wide grids are promising for increas-
ing the number of resonant levels.

2. Since the tunneling effect is associated with
nanoscale barriers, all objects can be divided into
structures of nanoelectronics and microelectronics
with operating voltages of the order of Volts and
kilovolts, respectively. For their production, well-de-
veloped technologies for creating thin-film structures

are used: vacuum spraying, magnetron sputtering
from low-pressure plasma, CVD technologies, pho-
tolithography, MOM, MOS, MIM, MIS and similar
technologies. This is followed by the possibility of us-
ing a structures type of MOS and MIM with a single-
stage level and even more [70], as well as an addi-
tional structure with graphene. In the latter case, the
anode is made thin (usually made of gold) and trans-
parent for the flight of electrons into a vacuum and
further use of the beam [70]. There are two possi-
bilities here, namely, to use multilayer graphene for
quantum wells or to create multi-barrier structures
with several narrow wells. A difficult technological
task that has not been fully solved is the cultivation of
epitaxial graphene on substrates, the creation of hang-
ing graphene grids and the creation of structures with
several electrodes. Structures with a wide pit or with
several pits seem to be more effective.

Various mechanisms of the FE formation have
been examined in the review. For some structures
without RT, a significant increase in the current
density is possible. Carbon structures and carbon
coatings are promising for this. Emission structures
allowing to obtain high current ribbon electron beams
have been considered. An increase in the current den-
sity and the integral beam current can be achieved due
to the spatial addition of several emitters and due to
the rotation of the trajectories of electrons flying from
large surfaces, as well as due to compression.

3. Non-stationary tunneling, nonlinear response
of structures, joint solution of the SE, PE and Fourier
equations (thermal conductivity), creation of struc-
tures with standing high current densities can be noted
as unsolved research problems.
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