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Abstract
We simulate with a transfer-matrix methodology the rectification properties of geometrically
asymmetric metal–vacuum–metal junctions in which one of the metals is flat while the other is
extended by a tip. We consider both tungsten and silver as the material for the tip and we study
the influence of the dielectric function of these materials on the rectification properties of the
junction. We determine in particular the power that these junctions could provide to an external
load when subject to a bias whose typical frequency is in the infrared or optical domain. We
also study the rectification ratio of these junctions, which characterizes their ability to rectify
the external bias by providing currents with a strong dc component. The results show that these
quantities exhibit a significant enhancement for frequencies � that correspond to a resonant
polarization of the tip. With silver and the geometry considered in this paper, this arises for h̄�

values of the order of 3.1 eV in the visible range. Our results hence indicate that the frequency
at which the device is the most efficient for the rectification of external signals could be
controlled by the geometry or the material used for the tip.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is a growing demand for high-speed electronics.
The need to eventually couple photonic and electronic
circuits require in particular the development of devices that
can respond to electromagnetic stimulations, whose typical
frequencies are in the infrared or optical domain. There is
in this context a renewed interest for point-contact diodes.
These systems were originally designed as metal–oxide–metal
systems in which one of the metals is essentially flat while
the other is extended by a sharp tip [1]. Because of their
geometrical asymmetry, these systems act as rectifiers when

3 Author to whom any correspondence should be addressed.

subject to an oscillating bias [2–6] and their main applications
have essentially included the detection, the rectification and the
frequency mixing of infrared radiation [7–12].

The rectification properties of these junctions are
essentially due to the difference in the potential barrier seen
by electrons traveling in the forward versus the backward
directions [2–6]. A cut-off of this rectification is expected
when the frequency is so high that the bias reverses
before the electron has been able to transit through the
device [4, 13]. Since tunneling times are typically of the order
of 10−15 s [4, 13, 14], this cut-off may appear at frequencies
as high as 1015 Hz if the cathode–anode spacing is sufficiently
small, so that rectification up to the optical frequencies can in
principle be achieved [4–6].
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In previous publications [5, 6], a transfer-matrix
methodology was developed that enables a detailed quantum-
mechanical analysis of geometrically asymmetric metal–
vacuum–metal junctions that are subject to an oscillating bias.
This work confirmed that these systems act as rectifiers up
to optical frequencies and we settled the basis for a more
systematic exploration of this rectification. We extend this
study by investigating the influence of the dielectric function of
the material considered for the tip. We compare in particular
the rectification achieved when tungsten or silver is used as
material for the tip. Silver was considered because of the
presence of plasmons [15] in the range of frequencies at which
the junction is the most efficient for the rectification of external
signals. This study aimed at determining the role of these
plasmons and more generally of the frequency-dependence of
the dielectric function on the rectification properties of the
junction.

This paper is organized according to the following
lines. In section 2, we present the methodology used to
simulate metal–vacuum–metal junctions that are subject to
an oscillating bias. The methodology is extended in order
to account for the complex-valued dielectric function that
describes the material used for the tip. In section 3, we consider
tungsten as material for the tip and we study the influence
of the dielectric function of this material on the rectification
properties of the junction. In section 4, we consider silver as
material for the tip. Compared to the results obtained with
tungsten, the power gained by the electrons that cross the
device as well as the rectification ratio of this device turn out
to be enhanced by several orders of magnitude at frequencies
that correspond to a resonant polarization of the tip. These
results suggest that the dependence of the plasmon frequencies
on both the material and the geometry of the tip could be
used to control the frequency at which the junction is the most
efficient for the rectification of external signals. This opens the
possibility the build devices of the type presented in this paper
for the selective detection of radiations in the infrared or visible
domain or for a more efficient conversion of their energy.

2. Methodology

The systems we consider in this work consist of two metals that
are separated by a vacuum gap of length D. We refer by z = 0
and D to the flat parallel surfaces of these metals. We assume
that the lower metal (Region I) and the upper metal (Region
III) are perfect metals, characterized by a Fermi energy EF and
a work function W . The intermediate region 0 � z � D is
also referred to as Region II. We consider that the lower metal
supports a metallic protrusion, which is part of Region II.

We assume that the junction is subject to an external bias
of the form Vext(t) = Vext cos(�t), which is actually the
sum of two stimulations: Vext

2 e−i�t and Vext
2 ei�t . The potential

energy in Region II will consist of three parts. The first part
Vstat(r) of this potential energy contains the image potential
in the vacuum [16] and the potential wells −(EF + W ) used
to represent the metallic elements. It is independent of the
external bias. In order to determine the actual values of
Vstat(r), we give the material elements in Region II a dielectric

constant ε = −∞ and we use the finite-difference techniques
presented in our previous work [5, 17]. In order to determine
the second part of the potential energy, which results from
Vext
2 e−i�t , we give the material elements in Region II a dielectric

constant ε(�) that depends in this work on the frequency �

(explicit expressions for tungsten and silver are provided in
sections 3 and 4). The actual values of this potential energy are
obtained by using the same finite-difference techniques and we
express the part of the potential energy that corresponds to the
stimulation Vext

2 e−i�t as Vosc(r,�)

2 e−i�t . The third contribution
to the potential energy comes from Vext

2 ei�t . It is obtained by
giving the material elements in Region II a dielectric constant
ε(−�) = ε(�)∗ and we finally express the part of the potential
energy that corresponds to Vext

2 ei�t as Vosc(r,−�)

2 ei�t . Gathering
the three contributions, the potential energy in Region II
that corresponds to an external bias of the form Vext(t) =
Vext cos(�t) is finally given by

V (r, t) = Vstat(r)+ 1
2 [Vosc(r,�)e−i�t+Vosc(r,−�)ei�t ]. (1)

Since Vosc(r,−�) = Vosc(r,�)∗, V (r, t) is real-valued. If the
dielectric constant ε(�) is real-valued, we have furthermore
Vosc(r,−�) = Vosc(r,�) = Vosc(r) (a real-valued quantity
that can still depend on �) and we return to the expression
V (r, t) = Vstat(r) + Vosc(r) cos(�t) used in our previous
work [5, 6]. The expression (1) is however more general, as
it gives the possibility for the material elements in Region II to
have a potential energy V (r, t) that follows the oscillations of
the external bias Vext(t) with a phase shift �φ that depends on
the position r and on the frequency �. Situations with �φ �= 0
arise only when ε(�) has an imaginary component.

One can compute the currents that flow between the two
metals by using the transfer-matrix methodology presented
in our previous work [18–22, 5, 6]. The idea consists
in expressing the wavefunction �(r, t) that represents the
electrons provided by the two metals by

�(r, t) =
N∑

k=−N

�k(r)e−i(E+kh̄�)t/h̄, (2)

where N is a cut-off parameter for the number of quanta h̄�

the electrons represented by �(r, t) can absorb or emit because
of their interaction with the oscillating barrier [6, 22–24].
By injecting the expressions (1) and (2) in the time-
dependent Schrödinger equation [− h̄2

2m � + V (r, t)]�(r, t) =
ih̄ ∂

∂ t �(r, t), one obtains a system of coupled equations of the
form[
− h̄2

2m
� + Vstat(r)

]
�k(r) + 1

2
[Vosc(r,�)�k−1(r)

+ Vosc(r,−�)�k+1(r)] = (E + kh̄�)�k(r), (3)

which generalizes the expression used in our previous
work [6, 22]. The component Vosc(r,�) of the oscillating
part of the potential energy turns out to be responsible for
the coupling between the components �k−1(r) and �k(r) of
the wavefunction through the absorption of a quantum h̄�,
while Vosc(r,−�) is responsible for the coupling between the
components �k+1(r) and �k(r) through the emission of a
quantum h̄�.
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Figure 1. Static part Vstat(r) of the potential energy (in units of eV)
in a junction made of tungsten. Vstat(r) includes the image potential
in the vacuum and the potential wells that characterize the metallic
elements.

The rest of the methodology is similar to that presented
in our previous work [6]. We use cylindrical coordinates
{φ, ρ, z} and assume that the electrons that cross the junction
are confined in a cylinder with radius R (we take R = 2 nm
in this work). We refer by �

I,±
m, j,k(r, t) and �

III,±
m, j,k(r, t) to

the boundary states in Region I and III (m is the azimuthal
quantum number of these states, j enumerates their radial
wavevector km, j , and k enumerates the 2N + 1 solutions
of equation (3), which are associated with the absorption or
emission of k quanta of energy h̄�) [6, 22]. The ± signs
correspond to the propagation direction of these states relative
to the z-axis. The transfer-matrix methodology provides then
scattering solutions of the form

�+
m, j,0

r∈Region I= �
I,+
m, j,0 +

∑

m′, j ′,k′
S−+

(m′, j ′,k′),(m, j,0)�
I,−
m′, j ′,k′

r∈Region III=
∑

m′, j ′,k′
S++

(m′, j ′,k′),(m, j,0)�
III,+
m′, j ′,k′ , (4)

�−
m, j,0

r∈Region I=
∑

m′, j ′,k′
S−−

(m′, j ′,k′),(m, j,0)�
I,−
m′, j ′,k′

r∈Region III= �
III,−
m, j,0 +

∑

m′, j ′,k′
S+−

(m′, j ′,k′),(m, j,0)�
III,+
m′, j ′,k′ , (5)

which correspond to single incident states �
I,+
m, j,0 and �

III,−
m, j,0

at the energy E , in respectively the cathode Region I and the
anode Region III (the S±±

(m′, j ′,k′),(m, j,0) provide the coefficients of
the transmitted and reflected parts of these solutions) [6, 22].
Despite the use of complex-valued dielectric functions, the
property Vosc(r,−�) = Vosc(r,�)∗ guarantees that the
Hamiltonian H = − h̄2

2m � + V (r, t) keeps hermitian, so
that the numerical techniques presented in our previous work
keep valid. These solutions enable the currents that cross the
junction as well as the power gained from the source of the
oscillating barrier to be calculated [6].

3. Rectification properties of a junction made of
tungsten

We consider in this section that the junction is made of tungsten
and we investigate the influence of the dielectric function of
this material on the rectification properties of the junction.

Figure 2. Oscillating part Vosc(r,�), in the limit when � → 0, of
the potential energy (in units of eV) in a junction made of tungsten.
Vosc(r,�) describes the effects of the Vext(t) = Vext cos(�t) external
bias, whose amplitude Vext is 1 V.

We consider as in our previous work [5, 6] that the cathode
supports an hemispherical protrusion with a height of 1 nm
and a radius of 0.5 nm. We also consider that the gap distance
D between the two metals is 2 nm. For tungsten, we take
EF = 19.1 eV as value for the Fermi energy and W = 4.5 eV
for the work function [25].

We use for the dielectric function of tungsten a Drude’s
model and hence associate with the material elements in
Region II a dielectric function ε(�) = 1 − �2

p/(�
2 + i�/τ)

in order to describe the effects of a stimulation whose time-
dependence is proportional to e−i�t . The plasma frequency
�p of this model was determined by �2

p = ne2

ε0m , where m is
the mass of the electron, ε0 is the permittivity of vacuum and
n = 1

3π2 (
2mEF

h̄2 )
3
2 is the electronic density that corresponds to

the Fermi energy EF used for the representation of the metallic
elements [25, 26]. This procedure provides a plasma energy
h̄�p of 22.8 eV, which is in fair agreement with values found
in the literature [27]. We keep fully consistent with the free-
electron model used to describe the cathode and the anode if
we take a relaxation time τ = ∞. One can however improve
the representation of the material present in the junction by
giving τ a value that is consistent with a property that would
otherwise not be accounted for, in this case the resistivity
ρ = m

ne2τ
of the material considered. Taking the resistivity

ρ = 5.3 × 10−6 � cm of tungsten [25], we obtain a relaxation
time τ of 1.8 × 10−15 s.

As explained previously, the potential energy in Region II
consists of (i) a static part, which accounts for the image
potential in the vacuum and for the potential wells used to
represent the metallic elements, and (ii) an oscillating part,
which accounts for the effects of the external bias. The
static part Vstat(r) of the potential energy in the intermediate
Region II is represented in figure 1. In the limit when
� → 0, the dielectric function ε(�) tends to −∞, which
is the value used in our previous work to describe the tip in
Region II [5, 6]. The oscillating part of the potential energy
Vosc(r,�) corresponds in this limit to the values provided in
figure 2 (the amplitude Vext of the external bias was given
a value of 1 V). For h̄� = 5 eV, ε(�) takes the value of
−19.9+1.5i. Vosc(r,�) is this time a complex quantity, whose
real and imaginary components are represented in figure 3.

3
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Figure 3. Real (left) and imaginary (right) components of the oscillating part Vosc(r,�) of the potential energy (in units of eV) in a junction
made of tungsten when h̄� = 5 eV. Vosc(r,�) describes the effects of the Vext(t) = Vext cos(�t) external bias, whose amplitude Vext is 1 V.

When h̄� ranges between 0 and 5 eV, Vosc(r,�) actually
moves continuously between these two limits.

Compared to our previous work [6], in which the
frequency-dependence of the dielectric function was not
considered, the Vosc(r,�) calculated for h̄� = 5 eV exhibits
peak values at the apex of the tip (both in the real and imaginary
components). This is explained by the continuity condition for
D = ε0εE. Since the dielectric constant ε changes from 1 in
the vacuum to a negative value in the tip, the sign of the electric
field E must change at the boundary between the tip and the
vacuum. As illustrated by figure 3, the oscillating part of the
potential energy has therefore a peak intensity at that boundary.
This effect is more pronounced when the magnitude of ε(�) is
small, which is the case for large values of h̄�. In the limit
when � → 0, ε(�) → −∞ and the continuity condition
for D rather predicts an electric field E = 0 at the apex of
the tip so that these peak values in the oscillating part of the
potential energy do not appear. We return in this limit to the
values provided in figure 2.

In order to determine the impact of the frequency-
dependence of ε(�) on the properties of the junction, we
represented in figure 4 the mean value 〈P〉 of the power gained
by the electrons that cross the junction from the source of
the external bias. This figure actually compares the results
achieved by using ε(�) = −∞, ε(�) = 1 − �2

p/�2 and
ε(�) = 1 − �2

p/(�
2 + i�/τ) as model for the dielectric

function of the tip. The results correspond to an amplitude
Vext of the external bias of respectively 1, 0.1 and 0.01 V. The
results show that the frequency-dependence of the dielectric
function is actually responsible for the predicted values of 〈P〉
to be larger than in the case where we simply assume that
ε(�) = −∞. For h̄� = 2.5 eV, the difference is of the
order of 7%. This difference increases with h̄� and is of the
order of 40% for h̄� = 5 eV. The relaxation time τ on the
other hand turns out to have a smaller impact on these results.
Compared to the values obtained using ε(�) = 1 − �2

p/�2 as
model for the dielectric function, 〈P〉 is increased by typically
1% when the imaginary part of ε(�) is considered. This is
reflected by the fact the imaginary part of Vosc(r,�) is at least
two orders of magnitude smaller than the real part of Vosc(r,�)

when we consider h̄� values between 0 and 5 eV. This increase
in the power gained by the electrons that cross the junction
is consistent with the fact the imaginary part of ε(�) usually
describes an absorption of the electromagnetic radiations.

Figure 4. Power gained by the electrons that cross the junction from
the source of the oscillating barrier. The junction is made of tungsten
and subject to an external bias Vext(t) = Vext cos(�t), with Vext = 1,
0.1 and 0.01 V (downwards, as indicated). The solid, dashed and
dot–dashed lines indicate results achieved respectively with
ε(�) = −∞, ε(�) = 1 − �2

p/�2 and ε(�) = 1 − �2
p/(�

2 + i�/τ)
as model for the dielectric function of the tip.

Besides the mean power 〈P〉 gained by the electrons
that cross the junction, another quantity of interest for the
development of technologies is the rectification ratio R =
〈I +〉/〈I −〉 one obtains by taking the ratio between the mean
value of the upward current (〈I +〉) and the mean value of
the downward current (〈I −〉). This quantity indicates indeed
the ability of the junction to provide a current with a strong
dc component when subject to an alternating voltage. We
represented in figure 5 the rectification ratio that characterizes
the tungsten junction. We compare as previously the results
achieved with the three models of the dielectric function and
an amplitude Vext of the external bias of 1, 0.1 and 0.01 V. The
differences with the results achieved using ε(�) = −∞ as
model for the dielectric function of the tip become significant
starting from h̄� = 2.2 eV. Because of its impact on the
oscillating part of the potential energy (especially at the apex
of the tip), the frequency-dependence of the dielectric function
tends to increase the mean value of the upward current 〈I +〉,
which enhances the rectification ratio R. We observe as in our
previous work a decrease of the rectification ratio for h̄� values
around 4 eV (it was estimated that the bias then reverses before
the electrons can cross the junction) [6].

4
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Figure 5. Rectification ratio of a junction made of tungsten and
subject to an external bias Vext(t) = Vext cos(�t), with Vext = 1, 0.1
and 0.01 V (downwards as indicated). The solid, dashed and
dot–dashed lines indicate results achieved respectively with
ε(�) = −∞, ε(�) = 1 − �2

p/�2 and ε(�) = 1 − �2
p/(�

2 + i�/τ)
as model for the dielectric function of the tip.

4. Rectification properties of a junction made of
silver

The plasma energy h̄�p of tungsten was given a value of
22.8 eV, which is much larger than the values considered for the
quantum of energy h̄� the electrons that cross the junction can
absorb or emit because of their interaction with the oscillating
barrier (we only consider values between 0 and 5 eV). This
explains why the rectification properties of the junction exhibit
a limited sensitivity on the frequency-dependence of the
dielectric function when tungsten is used as material for the
tip. Silver has a surface plasmon energy of 3.6 eV and a bulk
plasmon energy of 3.78 eV [15]. This experimental value
for the surface plasmon of silver corresponds to a situation
in which silver is delimited by a flat surface. The situation
considered in this paper is however different because of the
presence of the tip. This tip exhibits indeed a plasmon at an
energy that is smaller than in the case of a flat surface. The
energy of this plasmon is still in the range of values considered
for h̄� and it is therefore interesting to investigate the effects
that arise when silver is used as material for the tip instead of
tungsten. We will first consider the consequences on the mean
power 〈P〉 and on the rectification ratio R that characterize the
junction. We will then relate the variations of these quantities
to the potential energy in the junction.

In order to simulate a junction made of silver, we take
a Fermi energy EF of 5.48 eV and a work function W of
4.52 eV [25]. We refer to the expression ε(�) = ε∞ −
�2

p/(�
2 + i��) given by Kawata et al for the dielectric

function of silver, in which ε∞ = 4.9638, �p = 1.4497 ×
1016 s−1 and � = 8.336 89 × 1013 s−1 (these coefficients
were adjusted on experimental data that cover the visible
spectrum) [28]. As for tungsten, we will actually present
results achieved using ε(�) = −∞, ε(�) = ε∞ − �2

p/�2

and ε(�) = ε∞ − �2
p/(�

2 + i��) as model for the dielectric
function of the tip.

Figure 6. Power gained by the electrons that cross the junction from
the source of the oscillating barrier. The junction is made of silver
and subject to an external bias Vext(t) = Vext cos(�t), with Vext = 1,
0.1 and 0.01 V (downwards, as indicated). The solid, dashed and
dot–dashed lines indicate results achieved respectively with
ε(�) = −∞, ε(�) = ε∞ − �2

p/�2 and ε(�) = ε∞ −
�2

p/(�
2 + i��) as model for the dielectric function of the tip.

The mean value 〈P〉 of the power gained by the electrons
that cross the junction, when silver is used as material for the
tip, is represented in figure 6. The figure includes as previously
results obtained for an amplitude Vext of the external bias of
1, 0.1 and 0.01 V. The consideration of silver as material for
the tip makes a significant difference compared to tungsten,
especially for h̄� values in the interval between 2 and 4 eV. As
for tungsten, the reduction in the magnitude of the dielectric
function of the tip, in a range of frequencies for which its real
part is still negative, results in an enhancement of 〈P〉. The
maximal value is achieved for h̄� around 3.1 eV, which is the
energy at which the tip has a resonant polarization (this value
is in agreement with the typical energies observed for small
clusters) [29]. Compared to the values of 〈P〉 obtained with
tungsten, there is an enhancement by six orders of magnitude
around that energy. This spectacular enhancement arises in
conditions where the energy h̄� at which the polarization
resonance occurs is comparable with the height of the surface
barrier. We note that the power 〈P〉 predicted for Vext = 1 V
in the case of a junction made of silver may be to large to
be sustained by a realistic device, so that values of 0.1 V
at most shall be used in applications. We note finally that
ε(�) = ε∞ − �2

p/�2 represents a good approximation for the
dielectric function of the tip as long as h̄� does not correspond
to the energy at which the system goes through a resonance.
When this situation occurs, it is essential to use a model for
ε(�) that includes dissipation.

The replacement of tungsten by silver has also a significant
impact on the rectification ratio of the junction. This is
illustrated by figure 7, where we represented the results
achieved with an amplitude Vext for the external bias of 1, 0.1
and 0.01 V. The results show that a rectification ratio as high
as 0.8 × 105 is achieved for h̄� = 3.2 eV and Vext = 1 V (the
mean upward current takes in this case a value of 1.1×10−5 A).
As for the power gained by the electrons that cross the junction,

5
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Figure 7. Rectification ratio of a junction made of silver and subject
to an external bias Vext(t) = Vext cos(�t), with Vext = 1, 0.1 and
0.01 V (downwards, as indicated). The solid, dashed and dot–dashed
lines indicate results achieved respectively with ε(�) = −∞,
ε(�) = ε∞ − �2

p/�2 and ε(�) = ε∞ − �2
p/(�

2 + i��) as model
for the dielectric function of the tip. Results obtained at the 3.1 eV
resonance energy with ε(�) = ε∞ − �2

p/�2 as model for the
dielectric function of the tip were not represented.

the frequency-dependence of the dielectric function plays a
significant role. For comparison, a rectification ratio of 9.95
only is achieved with Vext = 1 V when tungsten is used as
material for the tip. As for tungsten, we observe a significant
decrease of the rectification ratio for h̄� values around 4 eV in
agreement with our previous analysis [6].

In order to illustrate how these results are actually affected
by the occurrence of a surface plasmon for h̄� = 3.1 eV and,
more generally, in order to relate these results to the variations
of the dielectric function of the tip, we finally represented in
figure 8 the real part of Vosc(r,�) at four representative values
of h̄�: 3, 3.2, 3.8 and 5 eV (we took 1 V for the amplitude Vext

of the external bias). For h̄� = 3 eV, which is just below the
polarization resonance, we have ε(�) = −5.15+0.18i. As for
tungsten, the fact the real part of ε(�) changes sign when going
from the tip into the vacuum is responsible for the oscillating
part of the potential energy to have a maximal intensity at the
apex of the tip. This enhances the absorption of quanta by
the electrons in the tip and increases the emission. As we
continue increasing the frequency, the dielectric function of
the tip and of the medium become comparable in magnitude.
The surface of the tip has progressively a stronger influence
on its polarization. A polarization resonance is finally reached
for h̄� around 3.1 eV and the oscillating part of the potential
energy suddenly goes from a large positive value at the apex
of the tip to a large negative value. This is well illustrated for
h̄� = 3.2 eV, where ε(�) = −3.93 + 0.15i. The oscillating
part of the potential energy is now smaller in magnitude, which
reduces the emission. The depression that characterizes the real
part of Vosc(r,�) at the apex of the tip vanishes progressively
as we continue increasing the frequency. For h̄� = 3.8 eV, we
have ε(�) = −1.34+0.09i and the depression in the values of
Vosc(r,�) has essentially disappeared. The fact the real part of
ε(�) is negative results in the equipotentials of Vosc(r,�) to be
deflected towards the tip. This picture still changes when the
real part of ε(�) becomes positive. For Re[ε(�)] > 1, these
equipotentials rather tend to bypass the tip. For h̄� = 5.0 eV,
we have ε(�) = 1.32 + 0.04i. The contrast between the
dielectric constant of the tip and that of the medium is relatively
small at this point, so that the tip is essentially transparent to
the field.

The results achieved with silver differ from those achieved
with tungsten essentially by the fact a polarization resonance
is encountered in the range of frequencies considered. For
frequencies � that are above this resonance, the dielectric
function ε(�) is small in magnitude so that the tip becomes
essentially transparent to the field. This reduces the emission
of current from the tip, compared to the values achieved with

Figure 8. Real component of the oscillating part Vosc(r,�) of the potential energy (in units of eV) in a junction made of silver. Vosc(r,�)
describes the effects of the Vext(t) = Vext cos(�t) external bias, whose amplitude Vext is 1 V. The representation corresponds to h̄� = 3 eV
(top left), 3.2 eV (top right), 3.8 eV (bottom left) and 5 eV (bottom right).

6



J. Phys.: Condens. Matter 21 (2009) 395304 A Mayer and P H Cutler

a model where ε(�) = −∞, in which the tip follows the
stimulation of the external field. The mean values of the
power 〈P〉 and of the rectification ratio R, which are essentially
proportional to the mean value of the upward current 〈I +〉, are
therefore smaller than the values achieved for ε(�) = −∞ at
these frequencies. In the case of tungsten, the frequencies �

considered are below the polarization resonance. As explained
previously, the frequency-dependence of the dielectric function
ε(�) rather enhances the emission of current from the tip,
which results in larger values of 〈P〉 and R compared to
the values achieved with a model where ε(�) = −∞.
This explains the differences observed in the limit of high
frequencies between tungsten and silver.

The results achieved for 〈P〉 in the case of tungsten
or silver are not merely proportional to V 2

ext, because of
the occurrence of multi-photon absorption processes in the
junction (this is especially the case when h̄� 
 |eVext|) [6].
These non-linearities in the dependence of 〈P〉 with respect
to V 2

ext actually lead to an enhancement of the values of 〈P〉.
This effect is more pronounced when a polarization resonance
occurs, which is the case for silver. This explains both the
magnification and the broadening of the resonance observed
with silver as the amplitude Vext of the external bias increases.

The transition between the range of frequencies at which
an enhancement of the emission is obtained and the range of
frequencies at which the tip is essentially transparent to the
field will in general depend on a variety of factors, which
include the material, the shape and the size of the tip. These
factors determine indeed the energy at which surface plasmons
will arise. Since these plasmons determine in turn the position
of this transition, our results actually suggest that the frequency
at which the junction is the most efficient for the rectification
of external signals or for the conversion of their energy could
be controlled by these parameters.

5. Conclusion

We used a transfer-matrix methodology to study the
rectification properties of geometrically asymmetric metal–
vacuum–metal junctions in which one of the metals is
essentially flat while the other is extended by a tip. We
considered in particular the role of the dielectric function of the
tip on the power gained by the electrons that cross the junction.
We also calculated the rectification ratio of this device, which
characterizes its ability to rectify ac voltages. We compared for
this study junctions made of either tungsten or silver. For the
geometry considered in this paper, the rectification ratio of the
device as well as the power it could provide to an external load
were enhanced by several orders of magnitude for h̄� values
around 3.1 eV when silver was used as material for the tip. This
enhancement in the rectification properties of the junction was
related to a resonant polarization of the tip. It appears therefore
that this process could used to control the frequency at which
the device is the most efficient for the rectification of external
signals (this control could be achieved through the geometry or
the material used for the tip). This opens the possibility to build
devices of the type presented in this paper for the selective

detection of radiations in the infrared or optical domain or for
a more efficient conversion of their energy.
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