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Applicability of Metal/Insulator/Metal (MIM) Diodes
to Solar Rectennas
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Abstract—The current-voltage (I-V) characteristics of
metal/insulator/metal (MIM) diodes illuminated at optical fre-
quencies are modeled using a semiclassical approach that accounts
for the photon energy of the radiation. Instead of classical
small-signal rectification, in which a continuous span of the dc
I-V curve is sampled during rectification, at optical frequencies,
the radiation samples the dc I-V curve at discrete voltage steps
separated by the photon energy (divided by the electronic charge).
As a result, the diode resistance and responsivity differ from
their classical values. At optical frequencies, a diode with even
a moderate forward-to-reverse current asymmetry exhibits high
quantum efficiency. An analysis is carried out to determine the
requirements imposed by the operating frequency on the circuit
parameters of antenna-coupled diode rectifiers, which are also
called rectennas. Diodes with low resistance and capacitance are
required for the RC time constant of the rectenna to be smaller
than the reciprocal of the operating frequency and to couple energy
efficiently from the antenna. Existing MIM diodes do not meet
the requirements to operate efficiently at visible-to-near-infrared
wavelengths.

Index Terms—Metal/insulator/metal (MIM) diode, optical
rectenna, photon-assisted tunneling, photovoltaics, rectenna, solar
cell.

I. INTRODUCTION

HE search for an efficient and low-cost solar cell has led
T to a resurgence of interest in energy conversion through
rectification of solar radiation [1], [2]. This idea was originally
proposed by Bailey [3], and the first patent on solar rectifica-
tion was issued to Marks [4]. A rectenna is formed from an
antenna and a diode connected as shown in Fig. 1. Rectennas,
which is short for a rectifying antenna-coupled diode, oper-
ate by converting incident electromagnetic radiation into an ac
electric field via the antenna, channeling this field across the
diode, and rectifying the ac to provide dc power. This device
can be configured as an energy converter or as a detector [5].
Significant research was conducted in the 1960s and 1970s to-
ward the use of rectennas for microwave-powered helicopters
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Fig. 1. Schematic of an antenna-coupled diode rectifier, which is also known
as a rectenna.

and airplanes [6]. Conversion of energy from microwave to
dc using rectennas has progressed from concept to applica-
tion [7] and single-frequency conversion efficiency greater than
90% [8] has been demonstrated. By comparison, the technol-
ogy for rectification of infrared and visible radiation is still in its
infancy.

Several fundamental and technological challenges arise when
the operation of a rectenna is extended to ultrahigh (visible)
frequencies (~10'° Hz). Scaling the rectenna from microwave
to visible requires antennas with submicrometer dimensions.
A possible technique for fabricating small antennas over a
large area has been recently demonstrated [9]. An even big-
ger challenge is developing a diode that can operate efficiently
at petahertz. Schottky diodes are frequency limited to the far-
infrared [7], [10], [11]. A candidate of current interest is the
metal/insulator/metal (MIM) tunnel diode [12]-[17], in which
the nonlinearity is based on the femtosecond fast transport mech-
anism of quantum tunneling [18], [19]. MIM diodes have been
successfully demonstrated for use in detectors operating at giga-
hertz [20], but the efficiency of MIM-based rectennas has been
limited at higher frequencies [21], [22], [12]. To date, we are not
aware of any experimental evidence for direct solar rectification
using MIM-diode rectennas.

Sarehraz et al. [23] identify two difficulties that impede the
performance of rectennas at high frequency. First, in the infrared
and visible, metals are no longer perfect conductors, which leads
to resistive losses in the antenna [24]. Second, the efficiency of
power conversion from ac to dc depends on the power incident
on a rectenna, which is small for a submicrometer scale an-
tenna. Even if we assume that the first issue can be resolved
using dielectric antennas [25], and the second shortcoming can
be overcome by using concentrators, there is a more basic prob-
lem at hand. A rectenna operating at petahertz must have a low
RC time constant and must efficiently transfer power from the
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Fig. 2. Energy-band diagram of a single-insulator MIM diode. Change in
applied voltage linearly changes the tunnel distance. The tunnel current depends
exponentially on this distance, leading to nonlinear /-V characteristics.

antenna to the diode, requiring these elements to be impedance
matched. As we show in this paper, for MIM diodes, these
requirements conflict with each other for visible-light frequen-
cies and are relaxed as the wavelength increases into the infrared.

In Section I, we describe the MIM diode, its principle of oper-
ation, and its performance metrics. At infrared and visible-light
frequencies, the diode metrics and the current—voltage (I-V)
curve under illumination need to be derived from a semiclassi-
cal analysis, as summarized in Section III. The deviation of the
diode properties from their classical values is also explained. In
Section IV, we analyze the tradeoffs in designing a rectenna solar
cell. We emphasize the significance of the antenna impedance
in the diode coupling efficiency.

II. METAL/INSULATOR/METAL DIODES

An MIM diode incorporates an insulator that is a few nanome-
ters thick between two metal electrodes. The energy-band profile
of such a diode is shown in Fig. 2. The probability of an elec-
tron tunneling across the insulator depends exponentially on the
distance it has to traverse while in the bandgap of the insulator.
Since this distance changes linearly with the diode voltage for
an appropriate set of diode parameters (barrier heights, thick-
ness, and voltage), the current is an exponential function of the
voltage [26].

Earlier versions of MIM diodes, called cat-whisker diodes,
were made from a thin wire pressed against a sheet of oxidized
metal. This technique produced small-area diodes without sub-
micrometer lithography and enabled the experimental demon-
stration of infrared detection and mixing using MIM diodes [27]
at the expense of limited reproducibility, reliability, and stabil-
ity. Recently, improved lithographic resolution has made feasi-
ble the fabrication of small-area diodes using thin-film metals
and insulators with improved designs and material choices [12].
Deposited metal electrodes and insulators [16], [20], [28] allow
well-controlled layer thicknesses and uniform interfaces. De-

spite the choice of materials that can be deposited by sputtering
or evaporation, arbitrary combinations of metals and oxides are
not feasible due to the formation of interfacial compounds. Such
an unintended interfacial layer is evident in the TEM cross sec-
tion of the ZrCuAINi—Al, Og interface [28], which could provide
the advantages of a double-insulator diode described later.

To make an efficient rectenna, the MIM diode needs to have
several characteristics. One is high responsivity, which is a mea-
sure of the rectified dc voltage or current as a function of input
radiant power. This can be calculated directly from the diode
I-V characteristics. The current responsivity is given by the ra-
tio of the second and first derivatives of current with respect to
voltage [29]:

B=5+- ey

Another characteristic is low resistance, of the order of 100 €2, to
provide good impedance matching between the antenna and the
diode. A third property of the diode that is linked to the respon-
sivity and is important for solar rectennas is the asymmetry in the
I-V curve. Since it is desirable to operate the rectenna without
applying an external dc bias, the diode must have asymmetric
characteristics.

In designing MIM diodes, there is a tradeoff between these
characteristics. An MIM diode can have asymmetric /-V if dif-
ferent metals are used on the two sides of the insulator, giving
unequal barrier heights [30]. High barrier asymmetric diodes
provide a large responsivity [31]. However, keeping the diode
resistance low requires low barrier heights on both sides, which
limits the asymmetry [12]. To achieve a high responsivity, re-
quiring substantial nonlinearity while maintaining low resis-
tance, one can resort to a multi-insulator tunnel barrier.

There are two mechanisms that allow multi-insulator diodes
to have a high nonlinearity while keeping the resistance low [32].
Here, we describe their operation for tunnel barriers comprising
two insulators having unequal barrier heights. One of the mech-
anisms makes use of resonant tunneling of electrons through
a quantum well formed between the two insulators [12], [33].
This occurs when the metal Fermi level on the higher barrier
side is biased positive creating a right-triangular well at the inter-
face of the two insulators. When an allowed energy level in the
quantum well aligns with the metal Fermi level on the negative
side, it causes a sharp turn-ON of the diode. In the other mech-
anism, which occurs for the opposite bias polarity, an abrupt
increase in current occurs when the metal Fermi level on the
higher barrier side rises above the conduction band of the lower
barrier, thereby decreasing the tunnel distance [34]. In a par-
ticular diode, the choice of insulator materials and thicknesses
determines the mechanism that dominates.

III. ILLUMINATED DIODE CHARACTERISTICS

Only at a relatively low (below a few terahertz, depending
on the diode) frequency can a tunnel diode be considered as a
classical rectifier [12]. When the voltage corresponding to the
energy of the incident photons (E,n/e = § w/e) is compara-
ble with or greater than the voltage scale over which curvature
in the diode’s I-V curve is significant, a semiclassical analysis
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Fig. 3. Calculated I~V characteristics under various levels of excitation
for a Nb/Nby O5 (3 nm)/Taz O5 (1.75 nm)/NbN MIIM diode. The Ipsr i is the
experimentally determined /-V for the diode. The other curves are simulated
based on Ipark and show the open-circuit voltage and short-circuit current
increasing with increased ac signal V,, . The ratio of eV,, /E},, is small, allowing
a first-order approximation of (2) to be used.

for the photon-assisted tunneling is required [35], [36]. From
this analysis, we obtain the I-V relation for a diode under
illumination (I1,1,um ), which depends on the unilluminated I-V
(IpARrKk), as given by

[o¢]

FE
Ippom (Vp, Vo) = Z J2 () Ipark (VD +né’h). 2)

n=-—oo

Here, J refers to the Bessel function, and V,, is the amplitude
of the ac signal applied across the diode at a radial frequency
w. We assume a constant V,, to keep the analysis simple. Un-
der constant illumination, V,, varies with diode resistance and,
therefore, with the dc bias. For eV,,/E},;, << 1, the summation
can be approximated by terms up to first order (n = —1, 0, 1).
The Ii1,1,uMm versus voltage relation for an MIM diode deter-
mines in which /-V quadrant the rectenna provides power. Un-
like conventional semiconductor junction solar cells, which op-
erate in the fourth quadrant, rectennas operate as solar cells in the
second. Equation (2) is applied to the experimentally measured
dark I-V curve for an Nb/NbyO3(3 nm)/Tas O5(1.75 nm)/NbN
double-insulator diode as shown in Fig. 3. This diode has a high
forward-to-reverse current ratio, which is required to obtain a
significant short-circuit current or open-circuit voltage. 11,1, um
versus voltage curves are plotted for four different values of V,,,
with V,, = 0 corresponding to the unilluminated /-V. As V,,
increases, corresponding to an increasing number of photons
incident on a diode, the zero crossing of the illuminated -V
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Fig.4. Resistance and responsivity versus photon energy calculated classically
and semiclassically using the finite difference forms given by (3a) and (3b) for
the diode of Fig. 3, with Vp = 0V. At high photon energy, the semiclassical
resistance is significantly lower than the classical value, and the semiclassical
responsivity approaches that for unity quantum efficiency.

shifts leftward. This shows that as the power incident on the
diode increases, a higher operating voltage and, thus, a greater
efficiency can be achieved by the rectenna.

In the case of large E};,, the diode resistance Rp and respon-
sivity 3;, calculated using the semiclassical analysis, take on
the finite difference form given by (3a) and (3b) [29], shown
at the bottom of the page. We introduce a semiclassical resis-
tance for such /-V curves, which is the reciprocal of the slope
of the secant between the currents at Vp + E /e, instead of
the usual tangent at Vp for the classical case. The semiclassical
responsivity reflects the change in the slope of the secant, rather
than the continuous derivatives for the classical case given in
(1). In the limit of E},,/e — 0, these finite difference forms
give the same values as the classical results. In Fig. 4, we plot
the semiclassical resistance and responsivity at zero bias versus
the photon energy E,,;, for the MIIM diode using the Iparx (V)
shown in Fig. 3. As the photon energy increases, the resistance
of the diode decreases and the responsivity decreases. At high
E,,1,, the responsivity approaches the limit of e/E;,, which is the
maximum achievable responsivity corresponding to a quantum
efficiency of 1. Therefore, even a diode with poor quantum ef-
ficiency at low E,;, becomes more efficient and, thus, adequate
at hlgh Eph .

I'  Inark (Vo + (Epn/e) — Inark (Vo — (Epn/e)
3 = 11" e [Ioarx (Vb + (Bpn/¢) = 2Ipark (Vp) + Ipark (Vb — (Epn/¢) (3b)
f2r Eyn Inark (Vb + (Epn/e) — Inark (Vo — (Epn/e)
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Fig. 5. Small-signal circuit model of the rectenna for determining coupling
efficiency. The antenna is modeled as a voltage source in series with a resistance
and the MIM diode is modeled as a resistor in parallel with a capacitor. Efficienct
operation of the circuit requires matching R4 with Rp and keeping the time
constant (R4 ||[Rp)Cp below the time period of the ac source V4.

IV. ANTENNA TO DIODE COUPLING EFFICIENCY

The thermodynamic cap on the efficiency of a rectenna so-
lar cell is given by the Landsberg efficiency [37] limit of 93%.
Several factors limit the experimentally achievable efficiency,
including antenna radiation efficiency, resistive losses in the
antenna, antenna-to-diode power transfer, and diode efficiency
in converting ac to dc. Here, we examine the power transfer
between the antenna and the diode, which is a function of the
impedances of the two elements. This factor turns out to sig-
nificantly limit the conversion efficiency for MIM-diode solar
rectannas at optical frequencies.

In Section II, we mentioned the necessity for having low-
resistance diodes that can be matched to the antenna, which
is only the first constraint. The second is due to the RC time
constant of the rectenna as obtained from the small-signal circuit
shown in Fig. 5. The product of the antenna resistance R4 in
parallel with the diode resistance Rp and the diode capacitance
Cp must be smaller than the time period (27/w) of radiation
incident on the rectenna so that the antenna signal drops across
the diode resistor Rp and is not shorted out by Cp.

Circuit analysis [12], [21] gives the overall efficiency of the
rectenna to be proportional to the square of the coupling effi-
ciency, which is the ratio of the ac power delivered to the diode
resistance to the power of the antenna voltage source:

~ 4(RaRp/(Ra+Rp)*)

S Pacry _
coupling PVA 1+ (w(RARD/(RA + RD)CD)Q .
4

The conditions of Rp = R4 and w(R4||Rp)Cp << 1 lead
to a unity coupling efficiency, as can be seen from (4). The
parameters that can be varied to achieve these conditions are the
diode area, the antenna resistance, and the composition of the
diode. The MIIM diode used in Section III is highly asymmetric
but has a large resistance. A less-resistive diode will give a
higher 7coupling. Therefore, for this analysis, we choose the
Ni/NiO(1.5 nm)/Ni MIM diode, which has an extremely low
resistance at zero bias and was used in several high-frequency
rectennas [38]-[40]. Here, we are disregarding the fact that low-
resistance and/or symmetric single-insulator diodes generally
have a poor responsivity at zero bias [32].

Semiclassical

- -,

C.. = 3x10 F/em® Sy
10 RD =2.83x10" Qem? (semiclassical) ‘\\
R_‘\ 377 Q) 7L“.r= 0.88 um *
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Diode edge length (nm)

Fig. 6. Effect of varying the diode size on the antenna to diode coupling effi-
ciency. The peak in the efficiency occurs due to the tradeoff between impedance
match and cutoff frequency. The resistance of the Ni-NiO(1.5 nm)-Ni diode is
calculated from its simulated /-V curve using the classical and the semiclassical
(Epn = 1.4 eV, Aair = 0.88 um) forms of (3a). A Ni—NiO barrier height of
0.2 eV is used in the simulation [40].

Typical antenna impedances are of the order of 100 €2 [38].
We choose a nominal antenna impedance of 377 €2, but as will
become apparent, a different impedance would not help. We
vary the diode area, which changes the diode resistance and ca-
pacitance. In Fig. 6, we show the 7)¢oupling versus the diode edge
length for a classically and semiclassically calculated diode re-
sistance. The semiclassical resistance is lower than the classical
resistance and gives a higher 1coupling. The peak in both the
curves occurs at the same edge length and is an outcome of
the balance between the needs for impedance matching and low
cutoff frequency.

To understand the coupling efficiency better, one can separate
the effects of impedance matching given by the numerator (ide-
ally Rp/R 4 = 1) and cutoff frequency given by the denominator
(ideally w(R 4 ||[Rp)Cp =0) in (4). Unity coupling efficiency un-
der these conditions occurs for different edge lengths, as shown
in Fig. 7(a). The overall efficiency is given by the smaller of the
two values, limited by the two curves in Fig. 7(a), leading to the
peak in Fig. 6. Increasing the diode resistance by a factor of 10
lowers the coupling efficiency by the same factor.

The tradeoff between impedance match to the antenna, for
which a small Rp is desired, and a high cutoff frequency, for
which a small Cp is desired, is fundamental for parallel plate de-
vices. Varying the antenna impedance results in a simple transla-
tion of both curves in tandem such that the diode edge length for
peak efficiency changes. With an increase in antenna impedance,
ahigher Rp can be accommodated, allowing the diode area to be
smaller, and resulting in a desirable smaller Cp. However, the
higher R, also increases the (R4 ||Rp)Cp time constant. This
is shown in Fig. 7(b), where the higher antenna resistance shifts
both curves to the left with no improvement in the coupling ef-
ficiency. In other words, to improve the coupling efficiency, the
parameters in (4) would need to be adjusted so that the wRp Cp
curve shifts to the right and the Rp/R 4 curve shifts to the left.
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Fig. 7. Antenna-to-diode coupling efficiency as a function of diode edge
length, separating the effect of impedance match from cutoff frequency for two
antenna impedance values: (a) R4 = 377 2 and (b) R4 = 10 kQ. Rp denotes
the parallel combination of R4 and Rp . The curves labeled wRp Cp show the
coupling efficiency when only the cutoff frequency is the limiting factor, and
those labeled Rp /R4 show the coupling efficiency when only the impedance
match is the limiting factor. The maximum efficiency occurs for an edge length
at the small peak where the two curves coincide.

The condition under which the constraints simultaneously
lead to a high coupling efficiency is obtained by combining

2
w(R4[|Rp)Cp << 1 and g—D =1= RpCp << =. (5)
A

For the model Ni-NiO-Ni diode discussed earlier, this condition
is not satisfied for near-infrared-light frequencies (A = 0.88 pm),
where 2/w = 9.4 x 107'% s is much smaller than RpCp =
8.5 x 107! s. It is satisfied for wavelengths greater than
80 pm.

The time constant Rp Cp is independent of the diode area
and is determined solely by the composition of the MIM diode.
As already noted, the Ni/NiO/Ni diode is an extremely low
resistance diode, and NiO has a small relative dielectric con-
stant ¢, of 10. Even if one could substitute the oxide with a
material having comparable resistance and lower capacitance
(best case of ¢, = 1), the RpCp would still be too large for
visible frequencies. A best case of ¢, = 1 occurs in Al,O3
near 30 THz [31], with the corresponding Rp Cp = 20 fs and
2/w = 100 fs implying efficient coupling at that frequency.
Putting practicality aside completely, a near-ideal resistance
would result from a breakdown-level current density of
107 A/em? at, say, 0.1V, giving a resistance of 10~ Q-cm?.
A near-ideal capacitance would result from a vacuum dielectric
separated by a relatively large 10 nm, giving a capacitance of
~10~7 F/cm?. The resulting Rp Cp would be ~1071% s, which,
again is too large for efficient coupling at visible wavelengths.
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The coupling efficiency of MIM-diode rectennas can be im-
proved under certain circumstances. They become efficient at
longer wavelengths, where the condition imposed by (5) is eas-
ier to meet. The Rp Cp can also be artificially reduced by com-
pensating the capacitance of the MIM diode with an inductive
element, but this is difficult to achieve over a broad spectrum. A
design that can circumvent the restrictions imposed on the cou-
pling efficiency is the MIM traveling-wave rectifier [22], [41].
Akin to a transmission line where the geometry determines the
impedance, the distributed RC enhances the coupling between
the antenna and the traveling-wave structure. However, losses
in the metallic regions of the waveguide limit its efficiency as
the frequency approaches that of visible light.

V. CONCLUSION

The applicability of rectennas for solar energy harvesting
rests on achieving efficient coupling between the antenna and
the diode. Even though the tunneling process is femtosecond
fast, MIM tunnel diodes are frequency limited due to their large
RC time constant. In searching for a diode suitable for solar
rectification, in addition to high speed and responsivity, the goal
must be a device that has a combination of lower resistance and
lower capacitance than the existing MIM diodes.
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