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ABSTRACT: Metal−insulator−metal (MIM) diodes with a high
cutoff frequency are needed for efficient infrared rectification in
optical rectenna systems. Such diodes require low resistance, low
capacitance, and high nonlinearity, which are hard to achieve
simultaneously. Al2O3, with its low dielectric constant of 0.8 at a
wavelength of 10.6 μm, offers low capacitance at the price of large
diode resistance due to the high barrier it forms with metals. We
demonstrate a low-resistance (<2 kΩ) double-insulator Ni/NiO/
Al2O3/CrAu diode with a small area of 0.025 μm2. We engineered a
subnanometer-thick and nonstoichiometric Al2O3, which forms a
smaller barrier with the adjacent metal than that for stoichiometric
Al2O3, resulting in a lower resistance. To verify the expected
enhancement in efficiency due to lower resistance and capacitance,
we compare the diodes’ performance at optical frequencies to what has been published to date. NiO/Al2O3 double-insulator−
metal−insulator−metal (MI2M) rectennas demonstrate improved total conversion efficiencies and detectivities beyond the best
achieved previously for a structure that does not take advantage of resonant tunneling.
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■ INTRODUCTION AND MOTIVATION

Optical rectenna systems, comprising micron-scale antennas
and submicron diodes, require ultrafast diodes with a large
cutoff frequency. Metal−insulator−metal (MIM) diodes are
good candidates for infrared rectennas since the tunneling time
of electrons through thin dielectric films (<5 nm) is on the
order of femtoseconds.2 Such diodes require high nonlinearity
at self-biasing voltage, low resistance, and low capacitance. The
capacitance is proportional to the dielectric constant, and
hence, a particular dielectric of interest for optical rectennas is
Al2O3. Al2O3 offers a small capacitance (CD) due to its small
dielectric constant (ϵr) of 0.8 at 28.3 THz.3 Although Al2O3
leads to small diode capacitance, it is important to make sure
the diode resistance is small to obtain high cutoff frequencies,
fc = 1/(2πRDCD). The diode resistance increases roughly
exponentially with the insulator thickness and barrier height
and has an inverse linear dependence with the device area. The
challenge of using Al2O3 is the high diode resistance due to a
large barrier height at the interface between Al2O3 and
practical metal contacts. As a consequence, even thin layers of
Al2O3 in large-area devices still exhibit large resistances (see
Table 1). The large resistance values obtained lead to
impractically low cutoff frequencies.
Efficient rectification requires nonlinear DC current−voltage

I(V) characteristics. Responsivity is an indication of the device
nonlinearity and a measure of the DC current generated per

watt of incident radiation.4,5 For our diodes, we are interested
in differential resistance (R0 = 1/I′) and responsivity (β0 = I″/
(2I′))6 near zero-bias, as the AC voltage applied across the
MIM junction (self-biasing voltage) is ≈1 mV. This is because
of the poor antenna and coupling efficiencies that reduce the
input power delivered to the MIM diode.
In this work, we fabricated the first high-frequency-

supporting Al2O3-based double-insulator MIM structure
(MI2M) exhibiting a relatively low resistance and a moderate
zero-bias responsivity while maintaining a small device area
(device fabrication process flow is shown in Scheme 1) for low
capacitance. We demonstrate the best optical response at 28.3
THz for Al2O3-based MIM diodes due to improvements in RC
loss and the antenna-diode impedance match. We attained
these results by incorporating Al2O3 into a Ni/NiO/CrAu
MIM structure, as seen in Figure 1. The sub-femtofarad
capacitance was achieved by taking advantage of the low
dielectric constant of Al2O3 at 28.3 THz. To overcome the
large barrier created at the interface between Al2O3 and most
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metals, we modified Al2O3 deposition conditions to incorpo-
rate more Al3+ ions than in the stoichiometric version of it.
This was achieved by radio-frequency (RF) sputtering from an
Al2O3 ceramic target using pure Ar as the carrier gas.15,16 This
results in a higher electron affinity value of 3.26 eV compared

to ≈1.4−1.6 eV for thin stoichiometric Al2O3
14,17,18 deposited

by atomic layer deposition (ALD) and sputtering and hence a
lower barrier. A detailed description of the electron affinity
determination for Al2O3 is presented in the Results and
Discussion section. The tunneling probability was enhanced
over previous work performed by other groups7−9,12−14 due to
thinner Al2O3 (≈1 nm) and smaller barrier heights created
with practical metal contacts. A similar concept has been
demonstrated by using nonstoichiometric TiOx in the MIM
diode stack, with a junction area of 900 μm2.19 This material
modification improved current density and device asymmetry
compared to a stoichiometric TiO2-based MIM diode.19 The
electrical characteristics shown for this nonstoichiometric
TiOx-based MIM diode are for low-frequency operation due
to RC limitations as it is currently configured.19 Here, we
present the device fabrication process, DC characterization,
dominant conduction mechanisms, physical characterization,
and finally, optical responses of our MI2M diode-based
rectenna.

■ RESULTS AND DISCUSSION
Fabrication, DC Measurements, and Simulations. A

shadow mask process,1,20 which incorporates a single self-
aligned mask layer, was used to fabricate MIM devices with
feature sizes on the order of 100 nm (Scheme 1). The
patterning process is discussed in detail in Pelz et al.1 The
metals were deposited using thermal evaporation. Metal-1, the
first metal in the MIM stack, is a 45 nm thick layer of Ni, and

Table 1. Al2O3-Based MIM Diode Literature Survey, Where β0 Is the Zero-Bias Responsivity and R0 Is the Zero-Bias
Differential Resistance

device(s) deposition Area β0 R0 normalized R0
a

technique (μm2) (A/W) (Ω) (Ω)
Ti/Al2O3/Au

7 ALD 0.04 0.44 98 k 156 k
Al/Al2O3/Pt

8 plasma oxidation 0.0056 0.40 >22 k >5 kb

Al/Al2O3/ZrCuAlNi
9 ALD 800 >1 P ≫1 P

Al/Al2O3/Cr
10 ALD 62 500 >1 T ≫1 T

Cr/Al2O3/HfO2/Cr
10 ALD 62 500 >1 T ≫1 T

Cr/Cr2O3/HfO2/Al2O3/Cr
11 ALD 62 500 >1 T ≫1 T

Cr/Cr2O3/Al2O3/HfO2/Cr
11 ALD 62 500 >1 T ≫1 T

Al/Al2O3/HfO2/ZrCuAlNi
9 ALD 800 >1 P ≫1 P

Al/HfO2/Al2O3/ZrCuAlNi
9 ALD 800 >1 P ≫1 P

Al/Ta2O5/Al2O3/ZrCuAlNi
12 ALD 800 >1 P ≫1 P

Al//Al2O3/Ta2O5/ZrCuAlNi
12 ALD 800 >1 P ≫1 P

Al/Ta2O5/Al2O3/Al
13 ALD 10 000 0.65 2 M 800 G

Nb/Nb2O5/Al2O3/Nb
14 RF sputtering 10 000 1.40 20 M 8 T

Nb/Nb2O5/Al2O3/Ag
14 RF sputtering 10 000 2.60 108 M 43 T

Ni/NiO/Al2O3/CrAu (this work) RF Sputtering 0.025 0.31 1.75 k 1.75 k
aR0 normalized to the area of 0.025 μm2. bCurrent−voltage (I(V)) curve not shown in the paper.

Scheme 1. Rectenna Fabrication Process Flow

Figure 1. Energy-band profile of double-insulator Ni/NiO/Al2O3/
CrAu diode with barrier heights ϕb1 = 0.1 eV and ϕb2 = 0.92−1.08 eV.
The nominal thicknesses for NiO and Al2O3 are 2 and 1.1 nm,
respectively.
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metal-2 is a 3 nm thick layer of Cr followed by 35 nm of Au.
For the first oxide, we plasma-oxidized the evaporated Ni
surface, estimating a thickness of 2 nm of NiO followed by RF
sputter deposition of Al2O3 with an estimated thickness of 1.1
nm based on our spectroscopic ellipsometry measurements.
Sputtering is known to be less conformal than some other
deposition/growth techniques, such as ALD, chemical vapor
deposition (CVD), and molecular beam epitaxy (MBE). To
confirm our sputter depositions are sufficiently conformal, our
group performed cross-sectional high-resolution transmission
electron microscopy (TEM) images on MIM rectennas
fabricated using the same shadow mask process with plasma-
grown NiO and DC reactively sputtered Nb2O5.

1 Figure S1 in
the Supporting Information shows a scanning electron
microscopy (SEM) image of the fabricated rectenna device
having a measured diode area of 0.025 μm2.
Table 1 presents the zero-bias responsivity and zero-bias

resistance of the diode. This is the first report of a small
resistance (<2 kΩ) Al2O3-based MIM diode despite the high
Al2O3 barrier.

7−14,17

We used a quantum mechanical diode simulator to simulate
the measured I(V) curves of our fabricated diode and extract
material parameters such as barrier heights at metal/insulator
interfaces, electron effective mass, and thickness. The simulator
uses a transfer matrix method to solve a time-independent
Schrödinger equation and calculate transmission amplitudes.21

The simulator provides simulations of single-insulator MIM
I(V) curves with high accuracy, but simulating multi-insulator
MIM I(V) curves gives ambiguous fitting parameters.22 This
limitation arises for multi-insulator devices due to the
unknown voltage division, which in DC is determined by the
unknown tunneling resistances of each layer.22 Hence, only the
single-insulator Ni/NiO/CrAu MIM diode fabricated using
deposition conditions similar to the structure incorporating
Al2O3 was simulated to extract the material properties of the
Ni/NiO interface. Both measured and simulated I(V) curves
for the single-insulator MIM diode are shown in Figure 2.

Based on the simulation, the dominant conduction mechanism
for a thin (<2 nm) Ni/NiO/CrAu single-insulator MIM
structure is tunneling. In this structure, even though the barrier
heights between the metals and insulator are small (<0.1 eV),
the oxide is thin enough to be dominated by tunneling
electrons over thermionic emission.23 Table 2 presents the
extracted values for work function (Φ), electron affinity (χ),
effective electron mass, and effective thicknesses. The non-
linear dependence of the transmission probability on barrier

shape, in particular, barrier heights and insulator thickness,
results in nonlinear diode current−voltage I(V) character-
istics.24,25 Ideally, the bulk material barrier height is ϕb = Φ −
χ, where Φ is the work function of the metal and χ is the
electron affinity of the insulator. The nonstoichiometric and
thin nature of these insulators creates different interfacial states
between metals and insulators compared to that of bulk
interfaces.26 This results in a change in the effective barrier
height from that of the bulk case. Hence, the work function we
extracted for CrAu using Ni/NiO/CrAu simulations cannot be
used to determine the barrier height at the interface of Al2O3/
CrAu.22,27,28 Instead, based on our Fowler−Nordheim
calculations,14,29 we extracted a barrier height of 0.92−1.08
eV between Al2O3 and CrAu. In this calculation, we used a
thickness of 1.1 nm for Al2O3, as measured by variable angle
spectroscopic ellipsometry (VASE).
The dominant conduction process in the MI2M structure is

tunneling due to the thinness of the insulators (<4 nm).23 If
the carrier transport were limited by a trapping/detrapping
process such as the Poole−Frenkel effect, then the transport
transit times would be larger than that for tunneling,
suppressing high-frequency operation of the rectenna. The
results from 28 THz optical measurements that we present
later in the paper indicate that such trapping does not appear
to be significant in our devices.

Physical Characterization. X-ray photoelectron spectros-
copy (XPS) was performed to measure the chemical
composition of thin films and extract the valence band offset
(VBO) at the oxide interface, and visible/near-IR VASE was
performed to extract the thicknesses and band-gap values.
These measurements were done to determine the band
diagram, which could produce the low resistance from a
material perspective. We looked at the NiO/Al2O3 interface
and material properties of both insulators, with results
summarized in Table 3. Using the absorption spectra that we
deduced from Tauc plots based on the VASE measurement
results, we extracted a smaller band-gap energy of 5.95 eV for
Al2O3 compared to the bulk value of 6.4−7 eV for thin
stoichiometric Al2O3.

14,17,30 This is due to the Al3+-rich
nonstoichiometric Al2O3, as the O/Al atomic ratio was 1.31
compared to the stoichiometric value of 1.5.31,32 We used
Kraut’s method33 to extract the VBO at the interface of NiO/
Al2O3 (calculation is shown in the Supporting Information).
Then, we combined the VBO with the band-gap values to
estimate the conduction band offset (CBO) between NiO and
Al2O3. The extracted CBO of 1.54 ± 0.3 eV is smaller than the
difference between reported χ values (3 eV) for NiO20 and
Al2O3.

14,34 An electron affinity value of 3.26 ± 0.3 eV was
estimated for nonstoichiometric Al2O3, using the electron
affinity of NiO and the CBO at the interface of NiO/Al2O3
using eq 1

CBOAl O NiO2 3
χ χ= − (1)

Figure 2. Tunneling and thermionic emission simulations of current−
voltage curves used in simulating measured data for a Ni/NiO/CrAu
diode.

Table 2. Simulation Parameters Extracted for the Measured
MIM Diode, Where Φ, χ, t, and me Are the Work Function
[eV], Electron Affinity [eV], Thickness [nm], and Electron
Effective Mass, Respectively

metals NiO

diode ΦNi ΦCrAu χ t me

MIM-1 4.9 4.87 4.8 1.5 0.7
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The tunneling probability is enhanced over what it would have
been with stoichiometric Al2O3 due to the relatively small
energy difference between the metal Fermi level and the
conduction band edge of Al2O3, and the small CBO at the
interface of NiO/Al2O3.
Given that our Al2O3 is nonstoichiometric, we performed

mid-IR VASE on 149.8 and 1.1 nm Al2O3 to extract the optical
properties in the wavelength range from 1.7 to 30 μm, with
results shown in Figure 3. The objectives are to see if ϵr at 28.3

THz is <1 and to verify that the ϵr values of both 1.1 nm Al2O3
and 149.8 nm Al2O3 are comparable to each other to show that
ϵr is not thickness-dependent since our diode insulator films
are very thin. Initially, we measured the 149.8 nm Al2O3 and
extracted the thickness and optical properties. Then, the same
parameters for Gaussian and Tauc−Lorentzian oscillators used
to model the 149.8 nm Al2O3 were used to extract the
thickness of 1.1 nm Al2O3. The thicknesses and ϵ∞ extracted
by mid-IR VASE for both samples are in good agreement (<3%
variation) with vis/near-IR VASE measurements. To the best
of our knowledge, this is the first measurement of the optical
properties of the nonstoichiometric Al2O3 performed over a
spectral range from 241 nm to 30 μm.
Optical Results at 28 Thz. To test the operation of MI2M

diode-based rectennas in the infrared, we measured open-
circuit voltage (Voc) under illumination from a linearly
polarized Access L4SL infrared CO2 laser at 10.6 μm, with
results shown in Figure 4. Assuming that the effective area of
the antenna is the area of the circle that encloses it, the input
power (Pin) to the diode was 0.72 μW since the beam intensity
was 3 × 104 W m−2 over an area of 24 μm2. For a response due
to rectified current from the antenna, we would expect a larger
Voc when the polarization angle of the beam is parallel to the
antenna axis (see the inset of Figure 4) than when the

polarization angle is 90° or perpendicular to the antenna axis.
The measured polarization-dependent Voc yielded a cosine-
squared relationship, as expected. We also confirmed that our
diode oxides were not damaged, as a polarization-dependent
Voc is expected due to the Seebeck effect if the insulators were
damaged.35−37 The DC I(V) measurements were performed
both before and after the optical measurement to confirm the
insulators were undamaged. To the best of our knowledge,
these are the best optical measurements in terms of the
magnitude and peak-to-valley ratio reported due to rectifica-
tion as opposed to thermal effects.7,8,35,37

In multi-insulator diodes, high-frequency I(V) characteristics
differ from those at DC due to the difference in voltage
division across the insulators.22 Hence, it is necessary to
measure both Voc and Isc under illumination to evaluate the
rectenna’s high-frequency performance. We measured Voc and
Isc for both MIM and MI2M rectenna structures and performed
analysis to eliminate parasitic series resistances, as explained in
detail in the Supplementary Information (Section 7) of Belkadi
et al.22 The measured Isc values for the MIM and MI2M were
0.81 and 0.39 nA, respectively. The high-frequency resistance
of the MI2M structure increased by 61.5%, while the change in
the MIM structure was only 11%. In the MI2M structure, the
larger resistance can be explained as resulting from a reduced
potential drop across the NiO at 28.3 THz as compared to that
at DC. This explanation is consistent with our simulations.22

Using these measured parameter resistance values, we
calculated the coupling efficiency (ηc), the overall conversion
efficiency (η), and detectivity (D*) for both MIM- and MI2M-
based rectennas.22 The results from the high-frequency analysis
for both structures are summarized in Table 4. We observed an
enhancement in ηc, η, and D* by factors of 2.4, 7, and 15.5,
respectively, compared to our lower resistance (702 Ω) Ni/
NiO/CrAu MIM diode. Usually, these parameters decrease

Table 3. Summary of Variable Angle Spectroscopic Ellipsometry (VASE) and X-ray Photoelectron Spectroscopy (XPS)
Analysis, Where n Is the Refractive Index, O/Al Is the Oxygen-to-Aluminum Atomic Ratio, O/Ni Is the Oxygen-to-Nickel
Atomic Ratio, VBO Is the Valence Band Offset, and CBO Is the Conduction Band Offset

VASE (UV−vis−NIR) XPS

material/interface measured thickness n band gap O/Al O/Ni VBO CBO

(nm) (eV) (eV) (eV)

NiO 1.9 1.98 3.4 0.97
Al2O3 1.1 1.65 5.95 1.31
Al2O3 149.8 1.63 5.98 1.32
Al2O3 (stoichiometric)30 1.6 6.4−7 1.5
NiO/Al2O3 1.9/1.1 1.01 1.54

Figure 3. Visible, near-IR, and mid-IR refractive index (n), and
extinction coefficient (k) for 1.1 nm Al2O3 and 149.8 nm Al2O3 based
on mid-IR variable angle spectroscopic ellipsometry measurements.

Figure 4. Optical measurements at 10.6 μm of Voc as a function of the
polarization angle for the Ni/NiO/Al2O3/CrAu rectenna.
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with increasing resistance. In this case, we ascribe this
improvement in the MI2M structure to the reduction in the
capacitance by including the low-dielectric-constant Al2O3
layer.

■ CONCLUSIONS
We fabricated and characterized a low-resistance Al2O3-based
MI2M diode with a zero-bias responsivity of approximately 0.5
A/W and a zero-bias resistance of 1.75 kΩ in DC, with the
proven high-frequency operation. We achieved this by
modifying the chemical composition of Al2O3 without causing
detrimental effects to the conduction tunneling process or to
the optical properties. These changes were verified exper-
imentally by XPS and UV−vis−near-IR/mid-IR VASE
measurements. Because of the reduced resistance and the
low capacitance resulting from a low dielectric constant of
Al2O3 at 28.3 THz, the rectenna exhibited an improvement in
the overall conversion efficiency by 3 orders of magnitude
beyond the state-of-the-art for a lumped element rectenna
configuration,1,7 with a coupling efficiency of 0.7% and a
detectivity of 1.7 × 105 cm Hz1/2 W−1 at 28.3 THz.

■ METHODS
Fabrication. A modified germanium shadow mask process was

used to fabricate MIM diode structures with 100 nm feature sizes.1

The first step of the process was to spin-coat ∼260 nm poly(methyl-
methacrylate) (PMMA) on a highly resistive p-type Si substrate
coated with the thermally grown 300 nm SiO2. Next, 60 nm of
germanium was evaporated on PMMA. The pattern was printed on
the surface of the wafer by an ASML 5500 248 nm DUV stepper.
Afterward, the pattern was transferred into the germanium layer with
a CF4 inductively coupled-reactive ion etch followed by an O2 plasma
etch to remove the underlayer of PMMA. The O2 plasma was run at a
relatively high pressure of 350−400 mTorr to achieve an undercut of
at least 250 nm under the germanium bridge, resulting in widths
varying from 235 to 260 nm.
Experimental Setup. The rectenna was illuminated with a 10.6

μm linearly polarized radiation from pulsed Synrad 48-1SWJ or
continuous wave Access L4SL CO2 lasers. The Synrad 48-1SWJ laser
was pulse-width-modulated by an Agilent 33220A function generator
at 20 kHz. To monitor the noise level under dark conditions, the laser
beam passed through a ThorLabs SH05 shutter. A half-wave plate
(ThorLabs PRM1Z8) was used in the optical path to rotate the laser
polarization with respect to the antenna axis. The reference signal to
the lock-in amplifier (SR830) was generated by a mechanical chopper
at 1.7 kHz.
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