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New Mechanism for Electron Emission from Planar Cold Cathodes:
The Solid-State Field-Controlled Electron Emitter
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A new mechanism for electron emission from planar cathodes is described. The theoretical analysis
shows that, with an ultrathin wide band-gap semiconductor layer (UTSC) on a metal, the surface barrier
is lowered to ~0.1 eV due to the creation of a space charge induced by the electrons injected from the
metal. The barrier height depends mostly on the UTSC thickness and not on the state of the surface, as
in thermionic and field emissions. This mechanism explains the measured stable emission at 300 K and
1077 Torr, with a threshold field of only ~50 V/um, from these solid-state field-controlled emitters.

PACS numbers: 79.70.+q, 85.30.De, 85.45.Bz, 85.45.Db

In conventional electron emission mechanisms, such as
thermionic and field emission, to obtain emission current
it is necessary to apply either high temperature (>1300 K)
for electrons to overcome the work function or high field
(>5000 V/um) to narrow the tunneling barrier. In both
cases, the surface barriers are fixed by the nature of the
solid, the crystallography, and the adsorption state of the
cathode surface. We have recently proposed the solid-state
field-controlled emitter (SSE) as a paradigm shift for sur-
face electron emission [1]. The basic structure of SSE is
an ultrathin wide band-gap n-type semiconductor (UTSC)
layer deposited on a metallic surface (Fig. 1). These cold
cathodes emit stable electron currents with operating field
F,pp having a threshold value in the range of ~50 V/um
(2 orders of magnitude less than in field emission), in a
poor vacuum environment (~10~7 Torr), and for differ-
ent cathode geometries as plane, hairpin, or conical tip
[1,2]. The main experimental results are (i) appearance
of the emission current for a low threshold value of Fy;,
without the need of a seasoning process, (ii) uniform and
stable emission over the whole flat surface of the SSE, and
(iii) emission characteristics that cannot be interpreted by
the conventional thermionic or field emission mechanisms.
Figure 2 is an example of the experimental current density
J versus applied field F,p,, characteristics of SSE planar
cathodes [3]. We have proposed a qualitative model to ex-
plain these results [4] in which the electron emission from
the SSE cathodes results from a serial two-step mecha-
nism: The first step is the injection of electrons at the
solid-state Schottky junction from the metal into the UTSC
medium, followed by a second step which is the electron
emission from the UTSC surface that becomes, under the
control of an applied field F,p, a surface with a low elec-
tron affinity (LEA situation for A®g = 2 eV) or with a
negative electron affinity (NEA situation for A®y = 0)
with A® the potential difference between the metal Fermi
level and the vacuum level. The injected charges induce
a large band bending in the UTSC layer, with the con-
sequence being a drastic lowering of the emission barrier
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A®g, which can become low enough to allow emission of
electrons through it or over it. As the standard Richardson
and Fowler-Nordheim analysis familiar to thermionic and
field emission calculations from metal or semiconductor
surfaces is no longer applicable, as well as the recent ap-
proaches for carbon-film emission [5—7], the purpose of
this study is to investigate the electron emission proper-
ties of the SSE by a rigorous numerical simulation analy-
sis. The numerical implementation for SSE provides a
flexible method to obtain the potential barriers that govern
the emission current densities J. The analysis has been di-
rected to answering three main questions: (i) What is the
physical process that allows the electron emission from the
UTSC and how can it be controlled by F,,? (ii) What is
the variation of J vs F,p,? (iii) What are the important
parameters in the definition of the SSE concept? We show
below that the present calculations can satisfactorily ex-
plain the experimental results.

The model consists of (i) a basic SSE structure with
an UTSC layer in the range of 2 to 10 nm thick [TiO,
for example, with € = 35; electron affinity = 4.5 eV;
band gap = 3 eV; and a doping level at —0.2 eV under
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FIG. 1. Schematic representation of a SSE structure.
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FIG. 2. Experimental current density J vs applied field Fypp,
characteristics of a SSE. Electron optics numerical simulation
was used to obtain J and F,,, from the measured total current
I and applied voltage V from a flat SSE [3].

the conduction band (CB)], deposited on a metallic
surface (Pt, for example, with Fermi level at 9.45 eV
and work function = 5.3 eV), (i) a Schottky junction
between the metal and the UTSC with the conventional
energy band relation [8], (iii) a triangular representation
of the vacuum barrier including the image potential at the
surface of the semiconductor, (iv) a numerical integration
of the Poisson’s equation to evaluate the equilibrium
space charge distribution Qg inside the UTSC, and
(v) a calculation of J by the resolution of the one-body
Schrodinger equation using a Green’s formalism based on
the numerical resolution of the self-consistent Lippmann-
Schwinger (LS) equation [9]. The calculations are one
dimensional, as confirmed by experimental measurements
showing a very uniform emission over the whole SSE flat
surface [3]; and the charge densities for electrons in the
CB, as well as for holes in the valence band, are assumed
to be given by the Fermi-Dirac statistics. The boundary
conditions are (i) at equilibrium and at the Schottky
interface, the two Fermi levels are accorded; (ii) the field
at the UTSC surface with vacuum is F,pp/€, with € the
dielectric constant.

Qs is given by the resolution of the Poisson’s equation

d*V(z)
dz?

82
- :[n(z) —nyg — p(2) + pol, (D

within a quasiequilibrium condition, which means within a
zero emission current approximation (ZECA) [n(z) is the
conduction electronic density, p(z) is the hole density, and
no and py are the intrinsic carrier densities of n and p, re-
spectively [8]]. This implicitly assumes that the electrons
are in thermal equilibrium among themselves and ZECA
is valid as long as J is small relative to the electron supply
function [10]. The potential distribution V(z) is calculated
by starting from the metallic boundary with an initial value
corresponding to the Schottky barrier height and propagat-

ing it by using a finite differences method based on the
second order series development
v h?* d*v

Viz+ h)=V()+h 7 +  d 2)
until the UTSC surface with vacuum, where dV /dz is the
field inside the UTSC [11] and 4 is the discretization step.
The propagation is done by modifying the polarization of
the UTSC in an iterative process until the field at its surface
reaches Fypp /€.

The quantum transport through this one-dimensional po-
tential barrier is analyzed using a transmission coefficient,
T(E), approach [12]. The current density between the elec-
tron reservoir (metal) and the vacuum through the UTSC
layer is given by [13]

me

w2 ﬁ3
where m is the mass of electron, kg is the Boltzmann con-
stant, 7 is the temperature, Er is the Fermi level in the
metal, and E is the energy of the electron. 7'(E) is numeri-
cally calculated by means of the LS self-consistent equa-
tion which allows us to introduce in a reference system,
having analytical solutions, a perturbation corresponding
to the UTSC layer [14,15]. The reference system cor-
responds to the one-dimensional system constituted by a
metal-metal polarized junction. The LS equation is

() = dolz) + [ iz Gole. 2 EVEW(E) . @)

where ¢ is the wave function of the electron in the whole
system, o and Go(z,z'; E) are the wave function and
the Green’s function of the reference system, respectively.
The solutions of the corresponding one-body Schrddinger
equation are expressed by means of Airy functions.

The main results are as follows:

(1) The potential distribution across the system.—The
resolution of the Poisson’s equation gives two solutions
corresponding, respectively, to the energy band diagrams
0 and 1 of Fig. 3. The first solution corresponds to a sys-
tem with a very small value of Qy, which is very close
to the initial Q4 at the formation of the Schottky junc-
tion with the small band bending at the UTSC surface due
to the presence of Fy,,. The second solution is obtained
when a large value of Q. populated the CB of the UTSC
and leads to an important band bending inside this layer
which is illustrated by the evolution of diagram 0 towards
1 in step 1 of Fig. 3. The formation of Qg results from
an electronic injection, through the reverse bias Schottky
junction, from the metal into the CB of the UTSC by a
thermionic mechanism and a tunneling process. The tun-
neling is either resonant through the donor states located
near the CB bottom or direct when the band bending be-
comes sufficient. This implies that the injection starts for a
threshold value of F,p, and stops when the second equilib-
rium state is reached. The main result is that, at the second
equilibrium state, AP is only in the range of a few tenths
of eV.

J = kBT[ dET(E)In(1 + eEr=EVksTy — (3)
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FIG. 3. Evolution of the energy band diagram of a SSE dur-

ing the serial two-step mechanism. Step 1 is the electron in-
jection from the metal into the UTSC with F,,, = 50 V/um.
The consequence is a drastic lowering of Adp (diagrams O,
a, b, ¢, and 1 are for Q. = +1.8 X 107 % nm2, —1.8 X
1073¢ nm™2, —0.4e¢ nm~2, —1.3¢ nm~2, and —2.2¢ nm 2, re-
spectively). Step 2 is the electron emission, from the UTSC
surface, through and over the distorted emission barrier by in-
creasing Fapp (50 V/um, 100 V/um, and 140 V/um, respec-
tively, for diagrams 1, 2, and 3).

(2) The emission current versus the applied field. —
From this second equilibrium state, if F';,p is increased the
potential distribution inside the UTSC layer stays practi-
cally unmodified; only the vacuum barrier is distorted as
shown by diagrams 1 to 3 of step 2 in Fig. 3. The conse-
quence is a lowering of A®g and a narrowing of the tun-
neling barrier. Such a modification of the emission barrier
means that the emission current increases by increasing
F,pp from a threshold value. The theoretical variation of
J vs Fapp is very similar to the experimental plot of Fig. 2,
and the emitted electrons have a characteristic energy dis-
persion plotted in Fig. 4. This spectrum, with the concomi-
tant presence of the lower and upper energy tails, shows
that the contribution of electrons passing over the barrier is
no more negligible compared to the tunneling electrons. It
is very similar to the energy distribution spectra obtained
from high temperature 7-F emission from metal surfaces
[16]. However, when F,,, reaches values that the lower-
ing of the barrier develops a NEA behavior, an “explosive”
increase of J will occur.

(3) The band bending versus the UTSC layer thick-
ness.—The main parameter that allows the understanding
of the emission behavior of the SSE is the important band
bending, ~5 eV. If F,,, is necessary to inject the elec-
trons from the metallic reservoir, it does not determine the
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FIG. 4. Energy dispersion spectrum of the emitted electrons
from a SSE (T = 300 K; F,p, = 140 V/pum).

large band bending observed inside the UTSC layer. This
band bending is related to the large values of Q. that can
be injected into the UTSC layer, as shown in Fig. 3. Qg
values are an inverse function of the layer thickness, and
Fig. 5(a) is an illustration of this behavior. Consequently,
as shown in Fig. 5(b), the lowering of A®g until LEA be-
havior can be obtained only for thicknesses of the UTSC
layer smaller than 6 or 7 nm. This last value defines then
the upper limit of the UTSC thickness for SSE operation.
On the other side, the lower limit of the thickness is de-
termined by the requirement to keep Q. inside the UTSC
layer. This lower limit for SSE operation is then given by
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the appearance of the NEA behavior, i.e., for a thickness
~4 nm, because therefore no significant increase in the
concentration of electrons in the CB can happen.

Modifying the materials will change the numerical
values of the results, in particular, J vs Fy;;,, but not the
general behavior. Minor discrepancies between experi-
mental results and theoretical predictions can therefore
be due to the fact that the correct values of the materials
used in the experiments are not known with precision,
in particular, the exact value of the donor level which
is related to the presence of impurities and defects. In
addition, the exact values for the upper and lower limits
for the thickness of the UTSC for SSE operation will
change depending on the UTSC layer properties; however,
the thicknesses should remain in the range of 3 to 7 nm.
A more complete analysis and comparison between
experimental measurements and theoretical predictions
will be done [17].

In conclusion, we have shown experimentally and
theoretically that electrons are emitted from a cathode
having its emission barrier controlled by the space charge
created inside a deposited UTSC layer. Stable currents are
obtained at room temperature, in poor vacuum environ-
ment, and with operating fields 2 to 3 orders of magnitude
less than for field emission. This alternative mechanism
alleviates the constraints intrinsic to thermionic and field
emissions. The SSE not only introduces a new concept for
electron emission but meets most of the requirements
for the development of vacuum microelectronics devices
and large area cold cathodes, for flat-panel displays,
for example.
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