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Optical rectennas for infrared energy harvesting commonly incorporate metal/double-insulator/
metal diodes. Required diode characteristics include high responsivity and low resistance near zero
bias with a sub-micron area, which have not been obtainable simultaneously. Diodes based on a
new material set, Co/Co3O4/TiO2/Ti and an area of 0.071 lm2, provide a median maximum respon-
sivity of 4.1 A/W, a median zero-bias responsivity of 1.2 A/W, and a median resistance of 14 kX.
The highest performing diode has a maximum responsivity of 4.4 A/W, a zero-bias responsivity of
2.2 A/W, and a resistance of 18 kX. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984278]

Metal-insulator-metal (MIM) or metal-insulator-insula-
tor-metal (MIIM) diodes are incorporated with micron-scale
antennas in optical rectennas for converting infrared radia-
tion into electrical power. They are suited for such an appli-
cation due to their high frequency rectification properties1

and relatively low cost, as compared to diodes formed on
single crystal substrates. Their rectification characteristics,
as determined from direct current (DC) current-voltage
[I(V)] measurements, are usually inferior to those of semi-
conductor diodes. Figures of merit for these diodes are zero-
bias responsivity, defined as
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and zero bias resistance, defined as
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It is desirable to have a large responsivity at low, or most
preferably, zero bias voltage. The self-bias operating voltage
for power conversion is estimated to be between 30 and
100 mV for this device. This range is determined by the negli-
gible asymmetry of the diode at less than 30 mV and the
energy cost of biasing the diode at more than 100 mV. It is
desirable to have low resistance (R) and capacitance (C) to
minimize the RC time constant of the device and to match
the diode impedance to that of the antenna for efficient power
transfer.2 One way to reduce capacitance is to reduce the area
of the diode. Previous reports of MIM or MIIM diodes with
large zero bias responsivity (ß0> 1) have been accompanied
by large resistances.3–8 A large resistance is undesirable for
energy harvesting. Diodes with noble metal contacts such as
Au and Pt are less suitable for integration with other devices,
such as silicon-based transistors, in which rapid diffusion of
these metals into the silicon devices would be fatal.

Metal-insulator-metal diodes with two insulators (MIIM)
having different band gaps and band offsets can result in
diodes with greater responsivity and asymmetry compared to
diodes with a single insulator (MIM).9 We demonstrate an

MIIM diode with high responsivity and low resistance.
Reported materials for MIIM diodes have included Ni/NiO/
ZnO/Cr,6 Cr/Al2O3/HfO2/Cr,7 ZrCuAlNi/Al2O3/HfO2/Al,10

and ZrCuAlNi/Al2O3/Ta2O5/Al.11 The use of Co3O4 and
TiO2 insulators with relative dielectric constants (2r) of 13
and 15–110, respectively, and native metal contacts Co and
Ti (work functions¼ 5.0 and 4.3 eV, respectively), enables
low diode resistance compared to insulators with low dielec-
tric constants, such as SiO2 and Al2O3 (2r¼ 3.9 and 9,
respectively).12 However, the benefit of lower resistance from
high dielectric constant materials is partially offset by the
higher capacitance of the materials. Finally, the use of refrac-
tory metal contacts enables easier integration of these devices
with other devices that are sensitive to noble metal contami-
nation. We describe device fabrication and characterization
and discuss a mechanism for the measured behavior.

Devices were fabricated on 100 mm diameter silicon
wafers. A 3000 Å-thick SiO2 film was deposited on the wafer
by plasma-enhanced chemical vapor deposition (PECVD) at
a temperature of 300 "C. Photoresist was then applied and
patterned, and a 500 Å-thick cobalt film was evaporated onto
the wafers, preceded by a 50 Å-thick titanium film to
improve adhesion of the cobalt film. The photoresist was
lifted off, forming the bottom Co electrode of the diode. A
cobalt oxide film was grown on the patterned Co by plasma
oxidation at 30 Watts (W) in an O2 environment at a pressure
of 50 mTorr for 30 seconds.

Cobalt oxide can take several different forms, including
CoO, Co2O3, and Co3O4.13 X-ray photoelectron spectros-
copy (XPS) was performed on the cobalt oxide film to deter-
mine the phase. High-resolution spectroscopy on the on Co
1s, Co 2p, and Co Auger regions using a pass energy of
40 eV, and a peak fitting for the Co 2p3/2 core level was in
agreement with the peak fitting done for Co3O4 by Biesinger
et al.14 Furthermore, the Co Auger parameter was calculated
as 1553.7 eV, which is about the same as the reported
1552.9 eV for Co3O4.15 From this analysis, we conclude that
the cobalt oxide film is Co3O4.

The Co3O4 thickness was measured to be 25 Å by vari-
able angle spectroscopic ellipsometry (VASE). The TiO2
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film was deposited by reactive sputtering at a pressure of
3 mTorr in an environment of 60% O2 and 40% Ar, and a
power of 60 W, for 180 s. The TiO2 film was estimated to be
27 Å in thickness by depositing a much thicker film, measur-
ing the thickness, extracting a deposition rate, and extrapo-
lating to lesser deposition times. A 50 Å-thick titanium film
was evaporated onto TiO2, followed by a 2000 Å-thick sput-
tered niobium film.

We used industry-standard 248 nm lithography to fabri-
cate devices, practical for commercial applications, com-
pared to reports of electron beam-based lithography, which
is not practical for commercial applications. The Co3O4/
TiO2/Ti/Nb stack was then patterned and etched in a reactive
ion etching (RIE) tool using boron trichloride (BCl3) and
chlorine (Cl) at a pressure of 20 mTorr and a power of 90 W.
After photoresist removal, a pillar of Co3O4/TiO2/Ti/Nb with
Nb on top was left on the Ti/Co interconnect. Next, a passiv-
ating layer of SiO2 was deposited by PECVD at a tempera-
ture of 200 "C. SiO2 was then partially removed by chemo-
mechanical polishing (CMP), exposing Nb. Nb acted as a
polish stop, as its CMP removal rate is far less than the
removal rate of SiO2. The remaining SiO2 was then patterned
and etched in a selected area in an RIE tool using CF4 at a
pressure of 20 mTorr and a power of 50 W. After SiO2

etching and photoresist removal, 50 Å-thick titanium and
2000 Å-thick aluminum films were deposited by sputtering.
This Ti/Al bilayer was patterned and etched in an RIE tool at
a pressure of 20 mTorr and a power of 90 W with BCl3 and
Cl, resulting in separate contacts to the cobalt film and the
niobium film, the lower and upper contacts of the MIIM
diode, respectively, as shown schematically in Fig. 1. Three
diode sizes were fabricated on each wafer: 0.3, 0.5, and
1.0 lm diameters, corresponding to diode areas of 0.071,
0.20, and 0.79 lm2.

A sample diode was characterized by cross sectional
transmission electron microscopy (TEM), and the diode
oxide films were found to be rough. The roughness precluded
a clear measurement of the film thickness from the TEM
foil. Smoother oxide films and interfaces have been associ-
ated with larger diode asymmetries and may provide larger
asymmetries and responsivities in these diodes.16

An I(V) plot for a typical device with an area of 0.071
lm2 is shown in Fig. 2. The measurement sweep was done
from #0.3 toþ 0.3 V, as the devices operate near zero bias
in an energy harvesting application. The diodes are weakly
rectifying at these low voltages, with typical current

asymmetries of 1.06 at 30 mV and 1.20 at 100 mV. The fitted
responsivity of this diode is shown in the inset of Fig. 2. The
data have been fitted by a seventh order polynomial to
reduce the effects of measurement noise. Fitting the data to a
polynomial is necessitated by the large noise values caused
by the second derivative of raw data.17 The zero bias respon-
sivity of this particular diode is 1.3 A/W, with a maximum
responsivity of 4.1 A/W at 130 mV and a zero-bias resistance
of 16 kX.

Probability plots of zero bias and maximum responsiv-
ities, and zero-bias resistances of 22 devices on the wafer,
are shown in Figs. 3 and 4. The probability plots allow the
visualization of all of the values of the diodes measured in a
single figure. The distributions of diode responsivity and
resistance can be attributed to variations in the thickness of
the oxide films and in diode size arising in variability of the
etch rate across the wafer, among other possibilities. The
increasing zero bias responsivity with the decreasing diode

FIG. 1. Cross sectional schematic of the diode.

FIG. 2. Current–voltage plot of a typical Co/Co3O4/TiO2/Ti diode. The inset
shows the responsivity—voltage plot of the same diode. The actual respon-
sivity data are shown as dots, and the blue line represents a seventh order
polynomial fit to the actual data.

FIG. 3. Probability plot of the zero bias resistance for 22 devices of each
size after annealing at 222 "C for 10 min in air.
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area (Fig. 3) is attributed to an areal defect density. With the
decreasing diode size, the probability of having a defect
decreases and can lead to a higher responsivity.2 However,
the probability of a defect even in very small diodes remains.
In fact, given the roughness of the films, the distributions of
zero-bias responsivity and resistance shown in Figs. 3 and 4
are surprisingly small: the smallest diodes have relative one
sigma values of 54% for both the zero-bias responsivity and
resistance, even when including diodes on the wafer that
clearly did not exhibit high yield. We believe that it is criti-
cal to report distributions of a plurality of device measure-
ments, instead of single device results.

Table I compares the values of responsivity, resistance,
and diode size in this report with other high responsivity
MIM or MIIM diodes from other reports. Only publications
in which the diode size, maximum responsivity, zero bias
responsivity, and zero bias resistance values are reported
are considered. Sensitivity values reported are converted
into responsivity values by dividing by 2. Note that for the
reports of diodes with comparable zero bias responsivity,
the resistance and diode size are considerably larger, and
so, the last column normalizes the resistances in other
reports based on the diode size used in this study. Without
being scaled to smaller areas, the capacitance values of the
larger diodes would be unacceptably large for energy har-
vesting applications.

Minimizing both the resistance and capacitance of these
diodes is crucial for their application in energy harvesting.

The RC time constant must be smaller than the reciprocal of
the operating frequency to couple energy efficiently from the
antenna.18 A large capacitance will short out the AC excita-
tion across the antenna. As the diode oxide films must be
thin to facilitate sufficient electron tunneling, the only means
to drastically reduce the capacitance is to reduce the size of
the diode area. The use of mid-range dielectric constant
metal oxides Co3O4 and TiO2 results in a smaller resistance
than the use of low dielectric constant oxides such as SiO2

and Al2O3. Although we are unable to measure the capaci-
tance of these diodes, the capacitance can be estimated from
the thickness and area of the films and the published dielec-
tric constants of the films. The estimated RC time constant
of these diodes is sufficiently small for operation at low tera-
hertz frequencies.

In thin MIIM diodes, the conduction of charge carriers
occurs via quantum tunneling through the insulators. The
fast electron tunneling process through the insulator thick-
ness of several nanometers happens in femtoseconds. The
tunnel current is calculated from the electron transmission
probability and the Fermi distribution of electrons in the
metal and leads to nonlinear current-voltage I(V) characteris-
tics that depend on the shape of the barrier.19 The experi-
mental I(V) characteristics of a fabricated Co/Co3O4/TiO2/Ti
diode are compared to simulation results generated using a
transfer-matrix method diode simulator, shown in Fig. 5.9

Material parameters used in the simulation are work func-
tions of 4.8 eV and 4.5 eV for Co and Ti, respectively, and
electron affinities of 4.55 eV and 4.17 eV for Co3O4 and
TiO2, respectively. The inset illustrates the energy band dia-
gram of this diode under zero bias. The triangular potential
well formed between the two insulators indicates a resonant
MIIM diode, with Fowler-Nordheim tunneling through
Co3O4 and direct tunneling through TiO2 for a small bias of
either polarity.11 For positive bias polarities, where electrons
tunnel from Co to Ti, a resonant state is formed in the poten-
tial well, resulting in enhanced I(V) nonlinearity. For nega-
tive bias, electrons tunnel through TiO2 with a lower
transmission probability than for positive bias since the reso-
nant well is no longer formed. The simulated I(V) curves are
in good agreement with the measured characteristics, indicat-
ing that the pure tunneling analysis provides accurate simula-
tions for thin metal-insulator(s)-metal diodes. As the
simulation assumes perfect insulators, differences from the
experimental diode can be attributed to charging of the well,
defects, surface states, and interface charge.

The maximum temperature during fabrication after
MIIM film deposition was 200 "C, which occurred during

FIG. 4. Probability plot of zero bias responsivity for 22 devices of each size
after annealing at 222 "C for 10 min in air.

TABLE I. Comparison of measured MIM and MIIM diode characteristics.

References MIM or MIIM Size (lm2)

Maximum

responsivity A/W

Zero bias

responsivity A/W Zero bias resistance

Zero bias resistance

normalized to 0.071 lm2

Krishnan et al.3 Ni/NiO/Cr/Au 1 2.5 0.5 500 kX 7.04 MX
Dagenais et al.4 Si/SiO2/Au 0.35 #7.3 2.5 120 MX 592 MX
Bean et al.5 Al/Al2O3/Pt 0.56 #1.3 0.3 220 kX 1.73 MX
Singh et al.6 Ni/NiO/ZnO/Cr 400 8.0 1.3 234 MX 1.32 GX
Median values in this work,
after 222 "C anneal

Co/Co3O4/TiO2/Ti 0.071 4.4 1.2 14 kX 14 kX

223901-3 Herner et al. Appl. Phys. Lett. 110, 223901 (2017)



PECVD SiO2 deposition. After fabrication, the diodes were
annealed on a hot plate in an atmosphere for 10 min and
were measured again after each anneal. The median and
standard deviations of the zero bias responsivities and the
resistances for 0.071 lm2 area diodes after annealing of the
same are shown in Fig. 6. The median value of the zero bias
resistance peaks after the first anneal at 222 "C at 1.2 A/W
with a median resistance 14 kX. The highest performing diode
was measured after 222 "C anneal and has a maximum
responsivity of 4.4 A/W, a zero-bias responsivity of 2.2 A/W,
and a resistance of 18 kX. After annealing at 256 "C, the
median zero bias responsivity is 0.9 A/W and the median
resistance is 2 kX. This last value is by far one of the lowest
resistance values measured for a device with substantial
responsivity and a small diode area. The decrease in the resis-
tance with anneal is puzzling. We speculate that the metal/
oxide interface may continue to roughen when annealed, caus-
ing an increase in local electric fields, leading to a decrease in
the effective thickness of the oxide(s) and resultant decrease
in the resistance of the diode. In any case, such a low value of
the resistance is desirable for use in optical rectennas.

In conclusion, we describe an MIIM diode composed of
Co/Co3O4/TiO2/Ti with an area of 0.071 lm2 with a median
maximum responsivity of 4.1 A/W, a median zero-bias
responsivity of 1.2 A/W, and a median resistance of 14 kX.
The highest performing diode has a maximum responsivity
of 4.4 A/W, a zero-bias responsivity of 2.2 A/W, and a resis-
tance of 18 kX. The diode has a smaller area and a lower
resistance than diodes reported previously, and these proper-
ties make it suitable for use in optical rectennas for energy
harvesting. A transfer matrix diode simulation of I(V) char-
acteristics indicates a pure tunneling mechanism for the
diode. The diodes show a drastic reduction in the resistance
after an anneal of up to 256 "C, with only a modest reduction
in zero bias responsivity.
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FIG. 5. Comparison of simulated and experimental I(V) characteristics for a
Co/Co3O4/TiO2/Ti diode. Thicknesses of 1.1 nm and 1.05 nm were used for
Co3O4 and TiO2, respectively, in the simulation. The inset illustrates the
energy-band profiles of this diode at 0 V.

FIG. 6. Median and standard deviation of zero bias responsivity (upper plot)
and zero bias resistance (lower plot) for 22 devices with an area of 0.071 lm2,
after annealing for 10 min in air at the temperature indicated.
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