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We study the rectification properties of geometrically asymmetric metal-vacuum-metal junctions. In particu-
lar, we focus on systems in which the cathode metal supports a hemispherical protrusion. By using a transfer-
matrix methodology to take account of three-dimensional aspects of the problem, we compute the forward and
backward currents that flow in this device when it is subject to positive or negative external biases. These
currents enable the calculation of the rectification properties of the device in the limit of quasistatic fields. We
also determine the power this device could provide to an external load. We study in detail how these properties
depend (i) on the magnitude of the bias established between the two metallic electrodes, (ii) on the separation
between the two electrodes, (iii) on differences in the work function of the two metals, (iv) on differences in
the temperature of the two metals, and (v) on the height of the protrusion. These calculations provide quanti-
tative results for the use of these junctions as an energy converter and the efficiency with which the energy of

incident radiation is being converted into a dc current and delivered to an external load.
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I. INTRODUCTION

Point-contact diodes were originally designed as metal-
oxide-metal systems in which one of the metals is essentially
flat while the other has an extended sharp tip.! Since their
discovery, these diodes have been used for detection, rectifi-
cation, and the frequency mixing of infrared radiation.>*
Fundamental applications of these devices have included the
determination of the speed of light>® or attempts to measure
tunneling times.””!! They have also enabled accurate mea-
surements of infrared frequencies.'>

An explanation of the rectification properties of these de-
vices in terms of their geometrical asymmetry was proposed
by Lucas et al. in 1977.15-17 The fact that an ac bias applied
to these systems can induce currents with a strong dc com-
ponent results from the difference in the potential barrier
seen by electrons traveling in the forward versus the back-
ward directions. The development of the scanning tunneling
microscope in 1981 (Ref. 18) enabled well controlled experi-
ments with metal-vacuum-metal asymmetric junctions. Dur-
ing this period it was determined that the cutoff frequency
associated with the rectification properties of these junctions
is inversely proportional to the spacing between the two met-
als. For a laser with 1.06 micron wavelength (0.28 THz fre-
quency), the critical spacing associated with the cutoff of the
rectification was measured to be around 25 A.%!0 Qualita-
tively, this cutoff of the rectification essentially arises be-
cause the bias reverses before the electron has been able to
transit through the device.

Point-contact diodes are nowadays essentially used for the
selective detection and mixing of infrared radiations. Current
efforts aim at reducing the characteristic response times and
improve the sensitivity of these systems.!°>! The early the-
oretical work started by Lucas et al.'%'>-!7 has not been pur-
sued by recent computational techniques able to treat three-
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dimensional aspects of the potential barrier without the
approximations usually introduced to both the shape of the
barrier and the tunneling probabilities. Fundamental proper-
ties and potential applications of metal-vacuum-metal junc-
tions exhibiting a geometrical asymmetry are still open to
investigation. In particular, the conditions that would enable
an efficient rectification in the visible range of the electro-
magnetic spectrum are still to be determined.

In this paper we investigate the rectification properties of
metal-vacuum-metal systems in the limit where the external
bias can be considered as quasistatic. We focus, in particular,
on systems in which the cathode supports a hemispherical
protrusion. The methodology used to compute the currents
that flow in this device when it is subject to an external bias
is presented in Sec. II. These currents enable the calculation
of the rectification ratio of the device as well as the power
this device could provide to an external load. In Sec. III, we
study in detail the physics that govern these rectification
properties by considering fixed geometrical and physical pa-
rameters. In Sec. IV, we study how these properties are af-
fected by a variation of these parameters. In particular, we
examine how they depend (i) on the magnitude of the bias
established between the two metals, (ii) on the separation
between the two metals, (iii) on differences in the work func-
tion of the two metals, (iv) on differences in the temperature
of the two metals, and (v) on the height of the protrusion.
These calculations were done in order to establish the valid-
ity of the model, although the dimensions and parameters for
a practical structure have yet to be determined and are cur-
rently addressed. However, these calculations provide impor-
tant insight into the use of these junctions as an energy con-
verter, whereby some fraction of the energy of an incident
radiation is being transferred via the dc current it induces in
the junction to an external load.
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II. METHODOLOGY

The typical situation we consider in this paper is that in
which two tungsten metals, delimited by flat parallel sur-
faces, are separated by a distance D. Initially, we assume
D=2 nm. The bottom metal supports an hemispherical pro-
trusion with a height of 1 nm and a radius of 0.5 nm. The
system is subject to an external bias V., which is defined
positive when the potential of the top metal is higher than
that of the bottom metal and negative otherwise. We identify
for convenience the z axis with the vertical symmetry axis of
the hemispherical tip. The surfaces of the bottom and top
metals are defined as z=0 and z=D, respectively.

The potential energy relevant to electrons that tunnel
through this device consists of three contributions: (i) the
potential energy Ey, due to the external bias Vey, (ii) the
image potential Ej;,.. that expresses the interaction of the
tunneling electrons with the metallic elements, and (iii) the
Er+W potential wells that characterize, in a jellium, picture
the metallic elements. Er and W refer, respectively, to the
Fermi energy and to the work function of the two metals. For
tungsten, we take Er=19.1 eV and W=4.5 eV.

The first two contributions of this potential energy are
calculated by using the finite-difference techniques presented
in Appendix A of Ref. 22. For the first contribution, the
boundary conditions are determined by the external bias V.
More specifically, we take Vy;,s(r)=0 as boundary conditions
when r belongs to the bottom metallic elements and
Viias(F) =Vexe When r belongs to the top metallic elements.
We also take Vi, (r)=V.z/D on the lateral limits of the
simulation box, which is a convenient computational unit
that is discussed in detail in Ref. 22. These limits are taken
sufficiently far from the elements of interest in our system to
make their impact on the potential-energy calculations neg-
ligible. After the finite-difference calculation of Vi, (r) in
the entire system, the potential energy associated with the
external bias is simply given by Ep, (r)=e[ Vo — Viias(r)],
where e is the absolute value of the electronic charge. The
constant eV, is added for the purpose of facilitating the
interpretation of the potential-energy distributions shown
hereafter and for consistency with our previous work.

For the second contribution, the boundary conditions on
the metallic elements are given by V,.(r)=-V,(r), where
V,(r)= 475 |r -y is the potential associated with an electron
at the position r,. We also take V. (r)=0 on the lateral
limits of the simulation box. After the finite-difference cal-
culation of V,,.(r) in the entire system, the potential energy
associated with the image potential of the electron at r, is
given by Ejpee(r,)=—eV.(r,)/2, where the factor 1/2 ac-
counts for the fact we deal with a self-induced interaction.??
These finite-difference calculations have to be repeated for
every position r, of interest in the system.

The potential energy one obtains by summing Ey;,,
Eimages and the Ep+ W potential wells when the external bias
Vo« takes the value of 1 V is represented in Fig. 1. Since the
physical situation is rotationally symmetric around the cen-
tral z axis of the tip, we represent only a vertical slice of this
potential energy. The scattering calculations presented here-
after account for the three-dimensional aspect of the potential
barrier.
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FIG. 1. Potential energy in the junction, for an external bias V
of 1 V. This result includes the contribution due to the 1 V external
bias, the image potential, and the potential wells that characterize
the metallic elements.

Once the potential energy is calculated, the next step con-
sists of determining the currents that flow between the two
metals. This is achieved by using the transfer-matrix meth-
odology developed in Refs. 24-29. Using cylindrical coordi-
nates, we expand the wave function in the bottom and top
metals in terms of the basis states \l’ (r) and \Iff,lllj+( r),
which are defined by
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In this expression, “I” refers to the bottom metal and “III” to
the top metal. The J,, refer to the Bessel functions. The radial
wave vectors k,, ; are solutions of J, (k, R)=0, with R
=2 nm the radius of the cylinder in which we assume that the
electrons are confined for the scattering calculation.’* E is
the total energy of the electron. Vi=eV —W—-Er and Vi =
—W—Ey refer to the potential energy in the bottom and top
metals. The = signs refer to the propagation direction rela-
tive to the z axis.

Applying the transfer-matrix technique, one then obtains
scattering solutions of the form
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corresponding to single incident states ‘P“] and ‘I’f}l[] in the

bottom and top metals for a given value of the energy E.
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Total current densities result from the contribution of ev-
ery solution associated with a propagative state in the region
of incidence. Therefore, the upward current from metal I to
metal III is given by
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while the downward current from metal III to metal I is
given by
+
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In these expressions, vI/HL(m,j):;\/h—Z'(E —Vl/m)—kfn ; refers

to the group velocity in the bottom and top metals. fi(E)
=1/{expl(E-u)/kT]+1} and fi(E)=1/{exp[(E—um)/kT]
+1} are the Fermi factors of the two metals, with gy=eVy,
—W and py=—W their chemical potential, 7 the temperature
and k the Boltzmann constant. We initially assume T
=300 K. The summation in these integrals must include only
propagative states.3"

For a positive external bias, the forward current will be
given by Iowaa=I"—1". For a negative external bias, the
backward current will be given by Iy ,gwara=1 —1It. The rec-
tification ratio corresponding to an external bias with ampli-
tude V., is defined as Rect=1;, yard/ Ipackwara- The rectifica-
tion ratio quantifies the capacity of the junction to provide a
forward current when subject to a bias with alternating po-
larity. Considering a full cycle in which the external bias
alternates between +V,,, and —V,,,, the mean power the de-
vice can provide to an external load is given by (P)

)|2dE. (35)

U1, (m,j)

= %Vext(lforward _Ibackward) = %Vextlforward(l -1 /RCCt). In order
to maximize this quantity, one must therefore seek conditions
that maximize both /;..q and the rectification ratio Rect.
This definition of the mean power (P) the device could
provide to an external circuit only makes sense for condi-
tions where the time taken by electrons in order to cross the
device is significantly smaller than the frequency at which
the external bias V., oscillates. For the device represented in
Fig. 1, the time ¢, typically taken by electrons in order to
cross the part of the junction that is subject to the external
field consists of (i) the time 7,y required to tunnel through
the classically forbidden part of the surface barrier, and (ii)
the time 7,0, required to propagate classically in vacuum
from the surface barrier to the anode. The tunneling time
tunnel 18 €valuated by assuming that electrons propagate at the
Fermi velocity in the classically forbidden region.!® This
choice of the Fermi velocity is approximately that deter-
mined in one-dimensional wave-packet simulations by
Nguyen ez al.® and Hartman."' The propagation time 7o, is
then calculated according to classical mechanics. These two
contributions are evaluated for electrons that propagate along
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the central z axis of the system at the Fermi level of the
bottom metal. For the situation depicted in Fig. 1, the tra-
versal time 7, takes the value of 0.5 fs, which corresponds to
a cutoff frequency vcmoﬂ:%m of 1 THz (electromagnetic
wavelength of 300 nm in the ultraviolet).!® We will check
systematically, for each new value of the external bias V,, or
spacing D, the cutoff frequency that applies to our assump-
tion that the external field can be considered as quasistatic.
For frequencies that exceed this limit, photon absorption or
emission processes must be taken into account and the for-
malism presented in Refs. 4 and 28 for dealing with oscillat-
ing barriers shall be used.

II1. APPLICATION: RECTIFICATION PROPERTIES OF A
JUNCTION WITH GIVEN GEOMETRICAL AND
PHYSICAL PARAMETERS

In this section we consider the physics that governs the
rectification properties of a junction with given geometrical
and physical parameters. In particular, we focus on the situ-
ation depicted in Fig. 1 in which the external bias V,,, takes
the value of 1 V. These small values of both the spacing D
(2 nm) and the external bias V., (I V) aim at a better illus-
tration of the physical processes that occur in the junction.
Larger and more practical values for D and V., are consid-
ered in Sec. IV.

In order to better understand the results presented hereaf-
ter, we show in the left part of Fig. 2 a vertical section of the
potential energy given in Fig. 1. This figure provides the
potential energy relevant to an electron propagating along the
z axis when the external bias V,,, takes the value of 1 V. The
Fermi level of electrons in the bottom metal is at eV ,—W
=-3.5 eV, while the Fermi level of electrons in the top metal
is at —-W=-4.5 eV. The right part of Fig. 2 shows the total-
energy distribution of the forward current.

The forward current I yaq=1"—1"is 2.53% 10712 A. The
downward current /- turns out to be 16 orders of magnitude
smaller than the upward current I* so that the forward current
Itorwara 18 dominated by the electrons that tunnel from the
bottom to the top metal. To explain this behavior and the
shape of the total-energy distribution of Fig. 2, we note that
electronic transmission between the two metals is only sig-
nificant when there are (i) occupied electronic states in the
metal from which electrons tunnel and (ii) empty electronic
states in the metal in which electrons arrive. When V., is
positive, these two conditions are essentially met for elec-
trons tunneling upwards, in the energy window delimited by
the Fermi levels of the two metals. For an external bias of
1 V, the Fermi level of the bottom metal is 1 eV higher than
that of the top metal. Conditions are therefore appropriate for
a preferential tunneling of electrons from the bottom to the
top metal, while there are few unoccupied electronic states in
the bottom metal to accommodate electrons wanting to tun-
nel downwards from the top to the bottom metal (at charac-
teristic energies close to the Fermi energy of the top metal).
This explains the fact I” is smaller by 16 orders of magnitude
than I*. Besides these issues, the probability electrons have
to cross the potential barrier constitutes another important
factor for explaining the energy distribution of Fig. 2. This
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FIG. 2. (a) Potential energy along the z axis, for an external bias
Vext of 1 V. The Fermi level in the bottom and top metals is indi-
cated by dashed lines. The arrow indicates the direction of the net
electronic current. (b) Total-energy distribution of the forward cur-
rent. The energy is represented relative to the Fermi level of the
bottom metal.

transmission probability increases with the electron energy.
This explains why the energy distributions of actually both
the upward and downward currents take their maximal value
close to the upper limit of the energy window where these
currents are significant.

If we change the external bias V,,, from a value of 1 V to
-1V, we create a situation in which electrons flow prefer-
entially from the top to the bottom metal. We represented in
the left part of Fig. 3 a vertical section of the potential energy
in the junction. This figure provides the potential energy rel-
evant to an electron propagating along the z axis when the
external bias V,,, takes the value of —1 V. The Fermi level of
electrons in the bottom metal is at eV, ,—W=-5.5 eV, while
the Fermi level of electrons in the top metal is at —W=
—4.5 eV. The right part of Fig. 3 shows the total-energy dis-
tribution of the backward current.

The backward current I warg=1"—1" is 1.48 X 10712 A.
The upward current I* is now 16 orders of magnitude smaller
than the downward current /-, so that the backward current
Iiackwara Obtained in this reverse bias condition is dominated
by the electrons that tunnel from the top to the bottom metal.
This behavior is explained this time by the unavailability of
free electronic states for electrons wanting to tunnel upwards
from the bottom to the top metal. With an external bias of
—1 V, the Fermi level of the top metal is indeed 1 eV above
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FIG. 3. (a) Potential energy along the z axis, for an external bias
Vexe of =1 V. The Fermi level in the bottom and top metals is
indicated by dashed lines. The arrow indicates the direction of the
net electronic current. (b) Total-energy distribution of the backward
current. The energy is represented relative to the Fermi level of the
top metal.

that of the bottom metal. Preferential tunneling occurs there-
fore in the downwards direction, from the filled electronic
states of the top metal to the unoccupied electronic states of
the bottom metal, in an energy window delimited by the
Fermi levels of the two metals. The fact the transmission
probability increases with the electron energy explains why
the energy distributions of both the upward and downward
currents exhibits a maximum close to the upper limit of these
distributions.

With the 1 V external bias, we had achieved a forward
current of 2.53 X 107" A. The backward current with a —1 V
external bias is, however, smaller, 1.48 X 10~'2 A. For the
same magnitude of the external bias, the forward current
when the bias is positive is thus higher than the backward
current when the bias is negative. The reason for this differ-
ence is due to the fact the potential energy seen by an elec-
tron propagating upwards at the Fermi level of the bottom
metal in forward-bias conditions is different from the poten-
tial energy seen by an electron propagating downwards at the
Fermi level of the top metal in reverse-bias conditions. This
difference in the barrier encountered by the tunneling elec-
trons explains the difference between the forward and back-
ward currents. This difference in the currents has a purely
geometrical origin. Another way to explain the difference
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between ;o a0d Ipyerwarg 1S to point out the fact that the
elongated aspect of the tip is favorable to a forward current
(when the bias is positive), while there is no field enhance-
ment on the top metal to increase the backward current.

The rectification ratio of the junction is given by the ratio
between the forward current /g ,..q With a bias of 1 V and
the backward current [y, waq With a bias of —1 V. For these
conditions, the ratio is 1.71. This result is significant. It im-
plies that an alternating field (possibly that of an electromag-
netic radiation) will induce a net electronic current from the
bottom to the top metal. This device may therefore act as an
energy converter, transforming the energy of the radiation
into that of a dc electronic current. The origin of that con-
version is not material (the two metals are identical), but
purely geometrical. The mean power this junction could sup-
ply to an external load because of this rectification behavior
is (PY=3Vex(Frorwara— Ioackward) =0-5 X 102 W. This value,
which holds for frequencies up to 1 THz, could be increased
by seeking conditions in which the forward current is larger.
Emissions around 1 mA are indeed routinely obtained by
using elongated structures. By increasing the density of emit-
ters and by focusing the electromagnetic radiation, it is con-
ceivable to raise the power to values that are more appropri-
ate for applications. We will study in the next section how
these properties change with the external bias, the separation
between the two metals, their work function, their tempera-
ture, and finally, the height of the protrusion.

IV. APPLICATION: RECTIFICATION PROPERTIES OF
THE JUNCTION FOR VARIOUS GEOMETRICAL
AND PHYSICAL PARAMETERS

We investigate in this section how the rectification prop-
erties of the junction depends on the voltage, the geometry of
the device, and the physical parameters of the two metals.
This study will show that higher rectification ratios can be
achieved by tuning the magnitude of the external bias to an
optimal value (which depends on the geometry of the de-
vice), by increasing the distance between the two metals, by
considering metals with different work functions, by increas-
ing the temperature of the bottom metal, or by increasing the
height of the emitter. We will also consider the power this
device can provide to an external load. This study aims at
establishing these points in a more quantitative way by using
the transfer-matrix methodology in order to account for
three-dimensional aspects of the problem.

A. Dependence of the rectification properties on the external
bias

We investigate in this section how the magnitude of the
external bias affects the rectification ratio of the junction. We
consider again the junction depicted in Fig. 1, which corre-
sponds to a metal separation D of 2 nm. We let the external
bias V., vary between 0 and 10 V, considering for each case
positive and negative polarities. We realize that these spacing
and voltage values are unrealistic for a real operating device.
Nevertheless the physics of the operation is valid and would
scale with the size of the device. They hence demonstrate the
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FIG. 4. (Color online) (a) Forward (curve indicated by an up-
ward arrow) and backward (curve indicated by a downward arrow)
currents as a function of the magnitude of the external bias V. (b)
Rectification ratio of the junction as a function of the magnitude of
the external bias V.. The spacing D between the two metals is
2 nm. The vertical line indicates the voltage at which the tunneling
part of the barrier, for electrons propagating along the z axis at the
Fermi level of the bottom metal, disappears.

basic physics that would be associated with these more real-
istic structures.

The forward currents Ig,. . W€ obtain for positive +V,,,
external bias and the backward currents I, wag WE Obtain
for negative —V,,, external bias are represented in Fig. 4.
This figure also represents the rectification ratio of the junc-
tion. The vertical line indicates the voltage at which the tun-
neling part of the surface barrier, for electrons propagating
along the z axis at the Fermi level of the bottom metal, dis-
appears. A realistic cathode would not sustain currents cor-
responding to voltages much higher than this limit because
of overheating effects.

The results of Fig. 4 show that the forward current is
always greater than the backward current. The ratio between
these two quantities reaches a maximum for a value of the
external bias around 5.8 V (rectification ratio of 143.2).
There is therefore an optimal bias for the rectification ratio.
The forward and backward currents do not increase at a
steady rate. Increased emission is indeed expected when the
energy of the tunneling electrons satisfies standing-wave
conditions between the two metals, that is, resonance condi-
tions. These effects, which explain the oscillations in the
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rectification ratio, are only significant when the separation D
between the two metals is of the order of a few nanometers.
As will be demonstrated later, these oscillations tend to get
closer to each other as the distance D between the two metals
is increased. They would not be observable at macroscopic
distances between the two metals. At microscopic distances
however, these oscillations could be used to detect modifica-
tions in the gap spacing or in the external bias because of the
sudden variations these modifications would induce on the
currents.

The results presented so far are fully consistent with those
achieved in previous work by Lucas et al.'">"!" Their results
indicate also an optimal rectification ratio at a bias of the
order of 6 V for similar separations between the tip and the
anode. A significant difference in the methodology consists
of the fact we evaluate the transmission probability of the
different electronic states in the two metals by a transfer-
matrix methodology, which accounts for the three-
dimensional dependence of the potential energy. In contrast,
the results achieved by Lucas et al. rely on the JWKB
approximation,3! which is essentially a one-dimensional ap-
proach that does not account for interference effects in the
barrier. These interference effects are accounted for by our
methodology. They are manifested by the oscillations in the
results shown in Fig. 4.

The mean power (P) the device can provide to an external
load is directly proportional to the forward current, which
increases with the external bias. As the external bias in-
creases, the classically forbidden part of the surface barrier
tends to disappear and the characteristic propagation time in
the junction tends to be essentially determined by the time
electrons take to propagate classically between the apex of
the protrusion and the anode. At the voltage at which the
tunneling part of the surface barrier disappears (8.6 V), (P)
takes the value of 2.7 X 10> W. The cutoff frequency at this
voltage is 0.4 THz, which corresponds to a radiation wave-
length of 750 nm (near infrared). In rectifying optical fre-
quencies, the potential barrier will change several times by
the time electrons propagate from the apex of the tip to the
anode. One has therefore to apply the techniques presented
in Ref. 28 in order to account for the photon absorption and
emission processes. The current paper aims at providing re-
sults corresponding to the limit of quasistatic fields (w— 0).
Future work will address this rectification problem from the
point of view of an oscillating barrier.

B. Dependence of the rectification properties on the spacing
between the two metals

It is interesting to compare the results obtained so far with
the spacing D of 2 nm between the two metals with those
obtained by considering D=4 nm. The forward and back-
ward currents, as well as the rectification ratio, one obtains
by varying the magnitude of the external bias between 0 and
20 V are represented in Fig. 5. We also indicate by a vertical
line the voltage at which the tunneling part of the surface
barrier, for electrons propagating along the z axis at the
Fermi level of the bottom metal, disappears.

The results are of a similar nature as those obtained with
the 2 nm spacing. The increased distance between the two
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FIG. 5. (Color online) (a) Forward (curve indicated by an up-
ward arrow) and backward (curve indicated by a downward arrow)
currents as a function of the magnitude of the external bias V. (b)
Rectification ratio of the junction as a function of the magnitude of
the external bias V.. The spacing D between the two metals is
4 nm. The vertical line indicates the voltage at which the tunneling
part of the barrier, for electrons propagating along the z axis at the
Fermi level of the bottom metal, disappears.

metals enhances the difference between the forward current
(which benefits from the field enhancement at the tip) and
the backward current (for which no field enhancement ap-
plies). An optimal rectification factor is achieved around
5.9 V (rectification factor of 25 800). The oscillations in the
rectification ratio are closer than in the previous case. Be-
cause of the increased distance between the two metals,
standing-wave conditions are indeed encountered at lower
energies and with smaller energy separations than with the
spacing of 2 nm. The number of these oscillations actually
increases regularly with the spacing between the two metals.

Considering the voltage at which the tunneling part of the
surface barrier disappears (18.4 V), we obtain 52X 107 W
as the value for the mean power (P) this junction could pro-
vide to an external load. This value is approximately twice
the value of 2.7 X 107> W obtained at 8.6 V when consider-
ing a spacing D of 2 nm. When increasing the spacing D by
maintaining the macroscopic field V./D constant so that
Liorwara keeps essentially unaffected, the mean power (P)
must indeed increase proportionally to D. The time electrons
take to cross the device increases however, also with D, so
that the cutoff frequency is reduced. The cutoff frequency
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corresponding to this voltage of 18.4 V is 0.2 THz (infra-
red), which is indeed smaller than the value of 0.4 THz
achieved when D=2 nm. These cutoff frequencies are deter-
mined by the classical propagation time of electrons between
the surface barrier and the anode. At lower voltages, consid-
ering that electrons propagate at the Fermi velocity in the
tunneling barrier, we achieve cutoff frequencies that go up to
0.42 THz (red-infrared) at the limit where V_,,=0.

C. Dependence of the rectification properties on the work
function of the two metals

Besides geometrical asymmetries, one can also investi-
gate the effect of an asymmetry in the material properties of
the two metals. We have considered so far tungsten, whose
work function is 4.5 eV. We will reduce artificially the work
function of either the bottom or the top metal to the value of
3.5eV and observe the consequences on the rectification
properties of the junction. This reduction of the work func-
tion could be due to a choice of material or adsorbed species
on the surface of the metals.

In situations in which the work functions W; and Wy of
the two metals are different, the equilibration of the Fermi
levels results in an intrinsic bias (W;—Wy;)/e in the junction,
which exists independently of the bias V,,, applied externally
to the junction. The bias effectively present in the junction is
therefore given by

WI _ WIII
e

Vit = + Vexe- (6)

WI_W]]I

This contribution of to the bias present in the junction
must be taken into account in exactly the same way as V., in
the potential-energy and transfer-matrix calculations.
Reducing the work function W; of the bottom metal tends
to increase the forward current. On the other hand, because
of Eq. (6), it also reduces the bias V,, effectively present in
the junction. This reduction of V,, corresponds (i) to a re-
duction of the field applied on the bottom metal (this effect is
not sufficient, however, to prevent the forward current from
increasing because of the reduction in the work function),
and (ii) to an increase of the field applied to the top metal
(which leads to an increase of the backward current). This
second effect becomes less significant as the spacing D be-

WI_W[II
op to the

tween the two metals increases. The correction
effective macroscopic field decreases as D — .

In a similar way, reducing the work function Wy of the
top metal tends to increase the backward current. On the
other hand, because of Eq. (6), it also increases the bias V,,
effectively present in the junction. This increase of V,, cor-
responds (i) to a reduction of the field applied on the top
metal (again, this effect is not sufficient to prevent the back-
ward current from increasing), and (ii) to an increase of the
field applied to the bottom metal (which leads to an increase
of the forward current). Here too, this second effect becomes
less significant as the spacing D between the two metals
tends to infinity. In order to reduce effects that are only sig-
nificant when D is small, we considered a spacing D of 4 nm
and observed the consequences of a modification in the work
function of the two metals.
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FIG. 6. (Color online) (a) Forward (curves indicated by an up-
ward arrow) and backward (curves indicated by a downward arrow)
currents as a function of the magnitude of the external bias V. (b)
Rectification ratio of the junction as a function of the magnitude of
the external bias V.. The work function of the bottom and top
metals is 4.5 and 4.5 eV (solid), 3.5 and 4.5 eV (dashed), and 4.5
and 3.5 eV (dot-dashed), respectively. The spacing D between the
two metals is 4 nm. The vertical lines indicate the voltage at which
the tunneling part of the barrier, for electrons propagating along the
z axis at the Fermi level of the bottom metal, disappears.

The results are presented in Fig. 6. The figure actually
presents the forward and backward currents as well as the
rectification ratio one obtains when the work function of ei-
ther the bottom or the top metal is decreased to 3.5 eV. We
also indicate the voltage at which the tunneling part of the
surface barrier, for electrons traveling on the z axis at the
Fermi level of the bottom metal, disappears. In each case,
one observes an increase of both the forward and backward
currents in agreement with the explanations provided in the
previous paragraph. For a given spacing D, and because of
Eq. (6), the effects associated with the modification of the
bias effectively present in the junction are only significant
when the external bias Vi, is small. The effects are essen-
tially the increase of Ij,cwarg When Wy is decreased and the
increase of I a.q When Wy is decreased. When the external
voltage V., becomes more significant, the effects directly
associated with the reduction of the work function dominate
the process. Reducing W; then results essentially in an in-
crease of the forward current and in higher values of the
rectification ratio. Similarly, reducing Wy results essentially
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in an increase of the backward current and in lower values of
the rectification ratio.

The mean power (P) the junction can supply to an exter-
nal load is proportional to the forward current, which in-
creases when the work function W, of the bottom metal is
reduced. For a given voltage, one hence obtains a higher
forward current and a higher mean power when W;=3.5 eV.
Another consequence of this increase of the forward current
is that the critical point at which the tunneling part of the
surface barrier disappears is reached at a lower voltage. With
Wi=3.5 eV, this critical point is reached at V. =84 V and
(P) takes the value of 5.6 X 10~ W. The corresponding cut-
off frequency is 0.1 THz (infrared). In the original situation
in which W;=4.5 eV, the bias at which the tunneling part of
the surface barrier disappears is 18.4 V and the forward cur-
rent is actually larger, so that the mean power is 5.2
X107 W.

D. Dependence of the rectification properties on the
temperature of the two metals

Besides geometric and material properties, temperature
constitutes another possible source of asymmetry in the junc-
tion. We increased the temperature of either the bottom or the
top metal from 300 K to 800, 1300, and 1800 K. These simu-
lations were achieved for a spacing D of 4 nm between the
two metals.

Increasing the temperature 77 of the bottom metal results
essentially in an increase of the forward current. Increasing
the temperature excites electrons to higher energy levels, for
which the probability to escape to the vacuum is larger. This
increase in the forward current results in a higher rectifica-
tion ratio. In a similar way, increasing the temperature Tyy; of
the top metal results essentially in an increase of the back-
ward current, which in turn reduces the rectification ratio.

We present in Fig. 7 the forward and backward currents as
well as the rectification ratio obtained by increasing the tem-
perature of either the top or the bottom metal. These results
are well explained by the previous comments. We note that
increasing the temperature of the bottom metal from 300 to
800 K leads to a magnification of the rectification ratio that
is as large as that observed by reducing W;j from 4.5 to
3.5eV.

The mean power (P) the junction can provide to an exter-
nal load takes its highest value in the case where the tem-
perature 77 of the bottom metal is 1800 K. At the bias at
which the tunneling part of the potential barrier disappears
(18.4 V), this mean power is 6.1 X 10~ W. The cutoff fre-
quency is 0.2 THz. This maximal value for the mean power
(P) is actually comparable with that determined when T
=300 K (52X 107 W).

E. Dependence of the rectification properties on the height of
the protrusion

We finally simulate situations in which the hemispherical
protrusion is supported by a cylindrical body. We actually
increase the length of this cylindrical body from 0 to 3 nm
and study the impact of these modifications on the rectifica-
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FIG. 7. (Color online) (a) Forward (curves indicated by an up-
ward arrow) and backward (curves indicated by a downward arrow)
currents as a function of the magnitude of the external bias V. (b)
Rectification ratio of the junction as a function of the magnitude of
the external bias V. The temperature of the bottom and top metals
are, respectively, 300 and 300 K (solid), 800 and 300 K (top,
dashed), 1300 and 300 K (top, dot-dashed), 1800 and 300 K (top,
dotted), 300 and 800 K (bottom, dashed), 300 and 1300 K (bottom,
dot-dashed), and 300 and 1800 K (bottom, dotted). The spacing D
between the two metals is 4 nm. The vertical line indicates the
voltage at which the tunneling part of the barrier, for electrons
propagating along the z axis at the Fermi level of the bottom metal,
disappears.

tion properties of the junction. We assume the cylindrical
body and the hemispherical protrusion have a radius of
1 nm. We also increase the spacing D between the two met-
als to 6 nm. We show in Fig. 8 the potential energy corre-
sponding to the limiting cases where the height of the pro-
trusion, which consists of the cylindrical body and the
hemispherical cap, is 1 and 4 nm.

The forward and backward currents, as well as the recti-
fication ratio one obtains when the height of the protrusion
takes the value of 1, 2, 3, and 4 nm are depicted in Fig. 9.
These calculations are done for an external bias V., ranging
between 0 and 20 V. We assume, as previously, that the met-
als are made of tungsten and that the temperature 7 is 300 K.
The figure reveals that both the forward and the backward
currents increase with the height of the tip. The increase of
the forward current is due to the increase of the field-
enhancement factor of the tip. The increase of the backward
current is due to the reduction of the distance between the
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FIG. 8. Potential energy in the junction, for an external bias V,
of 20 V and a spacing D between the two metals of 6 nm. The
bottom metal supports a protrusion that consists of (i) a cylindrical
body with a radius of 1 nm and a height of, respectively, 0 (a) and
3 nm (b), and (ii) a hemispherical cap with a radius of 1 nm.

apex of the tip and the top metal. This reduction results in-
deed in a stronger field on the top metal, which enhances the
backward current. This effect becomes negligible as D — .

The right part of Fig. 9 reveals that the highest rectifica-
tion ratio is achieved when the height of the protrusion is
2 nm. It was seen indeed that both the forward and backward
currents increase with the height of the tip. The ratio between
these two quantities finds its optimum at the height value of
2 nm. Below this turning point, the increase of the forward
bias is faster than the increase of the backward current. The
rectification ratio increases therefore with the height of the
tip. Above this turning point, it is the backward current that
increases more rapidly than the forward current. The rectifi-
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FIG. 9. (Color online) (a) Forward (curves indicated by an up-
ward arrow) and backward (curves indicated by a downward arrow)
currents as a function of the magnitude of the external bias V. (b)
Rectification ratio of the junction as a function of the magnitude of
the external bias V. The bottom metal supports a protrusion that
consists of (i) a cylindrical body with a radius of 1 nm and a height
of, respectively, 0 (solid), 1 (dashed), 2 (dot-dashed), and 3 nm
(dotted), and (ii) a hemispherical cap with a radius of 1 nm. The
spacing D between the two metals is 6 nm. The vertical lines indi-
cate the voltage at which the tunneling part of the barrier, for elec-
trons propagating along the z axis at the Fermi level of the bottom
metal, disappears.

cation ratio is therefore decreasing. This increase of the
backward current will become less significant at larger spac-
ing values, so that the rectification ratio will find its optimal
value at higher protrusion heights. In the limit where D
— o, increasing the protrusion height will only impact the
forward current and increase both the rectification ratio and
the mean power the junction can provide to an external load.

For a given bias, the mean power is higher with the 4 nm
protrusion. With the 14.9 V voltage at which the tunneling
part of the surface barrier disappears (for the 4 nm protru-
sion), the power (P) is 3.4X 10™* W (cutoff frequency of
0.3 THz). The forward current and the mean power one ob-
tains with the other protrusions are smaller. With the 3 nm
protrusion, the bias at which the tunneling part of the barrier
disappears is 19.3 V. The mean power one obtains in these
conditions is 4.2X 107* W (cutoff frequency of 0.2 THz).
The maximal current and thus the mean power one can ob-
tain with the different protrusions are of the same order of
magnitude. The higher protrusions have the advantage that
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lower fields are required in order to reach these maximal
values.

V. CONCLUSIONS

In this paper, we have studied metal-vacuum-metal junc-
tions in which the lower metal supports a hemispherical pro-
trusion. Because of this geometrical asymmetry, the system
exhibits rectification properties that were examined in detail
by using a transfer-matrix methodology, which specifically
takes account of three-dimensional aspects of the potential
barrier. In particular, we studied how these rectification prop-
erties depend on the external bias, on the separation between
the two metals, on differences in the work function and tem-
perature, and on the height of the protrusion. These results
demonstrate in a more quantitative way that junctions pre-
senting either a geometrical, a material, or a thermal asym-
metry exhibit rectification properties, which enable the pro-
duction of dc currents from an oscillating field. Systems
similar to those considered in this paper could therefore be
used as an energy converter, with the energy extracted from
the oscillating field being transferred through this dc current
into an external circuit. The response time of the device is
limited by the tunneling process, whose characteristic time is
of the order of a femtosecond. The classical propagation time
that follows the tunneling process limits the cutoff frequency
of the rectification to values situated in either the visible
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spectrum or in the infrared. Our simulations confirm that
rectification in the visible spectrum can be achieved, in prin-
ciple, provided the spacing between the two electrodes is
sufficiently small, so that electrons can transit through the
device before the bias produced by incident radiation re-
verses. It is known that replacing the vacuum by an oxide
layer increases the mechanical stability of the device struc-
ture. However this replacement could increase the cutoff fre-
quency only for conditions where the drift velocity of elec-
trons in the oxide would be larger than the average velocity
obtained in vacuum. Although materials with high electron
mobilities can be found,?? the buildup of surface charges and
the dielectric constant of these materials limit dramatically
the internal fields and thus the drift velocities one can
achieve. A detailed analysis of this more complex situation
goes beyond the scope of this paper, but our previous work
indicates that surface charges can screen the external field by
many orders of magnitude,3® so that this condition of higher
drift velocities would, in general, not be met.
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