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ABSTRACT: Metal—insulator—metal (MIM) tunnel diodes are essential for ultra-high-speed rectification. We review an
erroneous method for distributing DC voltage drops across multiple insulator layers that is used in all the published literature on
these devices. It has resulted in large errors between designed and fabricated multi-insulator diodes. For multi-insulator MIM
diodes, voltage division is dependent on both tunneling resistances and oxide capacitances. We demonstrate that correct voltage
division at DC is determined by the rectification resistance, as opposed to the commonly used capacitive voltage division. We
find that DC characteristics of multi-insulator diodes cannot be used to predict high-frequency behavior.

KEYWORDS: metal/insulator/metal (MIM) diode, optical rectenna, tunneling diodes, infrared, solar energy

Metal—insulator—metal (MIM) tunnel diodes play an
important role in many applications, such as energy
harvesting,l’2 infrared detection,” > single-electron transis-
tors,6’7 resistive random access memory,8‘9 and matrix
addressed displays.'” For energy harvesting applications
where MIM diodes operate as rectifiers, the diode capacitance
(C) and resistance (R) determine the maximum operation
frequency f. = 1/(22RC). The ability to deposit ultrathin
oxides and to combine multiple insulators in a device enables
the tailoring of the diode’s characteristics for high-frequency
(THz) operation. Materials that have very low dielectric
constants at terahertz frequencies, such as AlL,Os'" can
enhance nonlinearity as well as reduce diode capacitance. In
a single-insulator MIM diode, Al,O; forms a high barrier with
most metals, thus increasin§ the diode resistance and lowering
the cutoff frequency.3’12_1 When combined with NiO, the
overall diode DC resistance can be reduced,"> but the
challenge becomes optimizing the structure for high-frequency
rectification. This requires accurate knowledge of the shape of
the diode’s energy band diagram, which changes with
frequency. One method of assessing these diodes is to measure
their high-frequency current—voltage I(V) characteristics,
which is a tedious and difficult process. The alternative is to
develop simulation-based figures of merit that enable the use of
material properties extracted from measured characteristics to
compute the high-frequency I(V) characteristics. This concept,
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that the I(V) characteristics change with frequency, is
commonly missed when designing multi-insulator diodes for
terahertz operation, which leads to significant errors in
assessing the potential of diodes for efficient energy harvesting.
The main difficulty in designing multi-insulator diodes stems
from correctly determining the slope of the conduction band
edge of each dielectric, which is determined by the voltage
division across each oxide.

By choosing different oxides with particular thicknesses and
dielectric constant ratios, we can take advantage of voltage
division across the insulators to enhance the diode’s non-
linearity.'® For a double insulator, as seen in Figures 1(a) and
(b), the two oxides are in series, and each oxide can be
represented with a simplified circuit diagram of a resistor and a
capacitor in parallel. All MIM simulators described in the
literature,"*'’~** which are extensions of the Simmons
tunneling model,”® determine the voltage division across the
insulators in DC based on dielectric constants and thicknesses.
The flaw in this approach is that it does not take the tunneling
resistance into account. This resistance, which depends on
tunneling probability across oxides, governs voltage division at
DC, where the capacitors are effectively open circuits, as
depicted in Figure 1(c). At frequencies well above cutoff,
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Figure 1. (a) Circuit diagram of a double-insulator MIM diode where
each oxide is represented by a resistor and a capacitor in parallel. (b)
MIM diodes are made of two very thin insulators (<S nm) in series
sandwiched between two metal contacts. (c) Resistive voltage division
across insulators and band bending at DC. (d) Capacitive voltage
division across insulators and band bending at high frequencies. The
dotted line in the band diagram represents the DC bending due to
resistive voltage division, for comparison.

where the magnitude of the capacitive reactances are smaller
than the tunneling resistances, it is the capacitive voltage
division that dominates, and therefore using a dielectric
constant-based voltage division approach is valid, as depicted
in Figure 1(d). This appears to be the reason that measured
DC characteristics of double-insulator diodes do not match
their simulated characteristics, and attempts to accurately
design them have been unsuccessful. For the same reason,
characteristics measured at DC have not correlated well with
measured optical (AC) responses. Because of the incorrect
voltage division at DC, the tunneling model will result in
wrong fit parameters that will affect the predicted high-
frequency I(V) and the projected diode efficiency. We
experimentally demonstrate and theoretically prove this
concept by fabricating, measuring, and analyzing single- and
double-insulator MIM diodes. We show that for double-
insulator MIM diodes the change in voltage division between
DC and high frequency is drastic and that using DC
characteristics to predict high-frequency behavior leads to
wrong conclusions.

B RESULTS AND DISCUSSION

To determine the validity of resistive and capacitive voltage
division among insulating layers, we use measurements and
simulations to compare diode characteristics at DC and under
28 THz infrared illumination for single- and double-insulator
diodes. We used a modified germanium shadow mask
process”* that facilitates a single self-aligned mask layer and
enables the fabrication of structures with 100 nm feature sizes.
The single-insulator MIM diode stack consists of 35 nm of
thermally evaporated Ni, an effective thickness of 6 nm DC
sputtered NiO, and 3 and 37 nm of evaporated Cr and Au,
respectively. The double-insulator MIM diode stack consists of
37 nm of thermally evaporated Ni, an effective thicknesses of
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3.5 and 0.73 nm of DC sputtered NiO and of RF sputtered
Al O3, respectively, followed by 3 nm of evaporated Cr and 62
nm of evaporated Au. The Ni/NiO interface was chosen for its
low barrier height of approximately 0.1 eV, which facilitates
low-resistance devices. The Au layer was chosen for its low-loss
tangent layer for optical measurements at 28 THz. To calculate
the areas of the fabricated diodes, scanning electron
microscopy (SEM) images were obtained (see the Supporting
Information S1).

Following the fabrication of these diodes, we measured their
DC I(V) characteristics using a four-point probe setup to
eliminate lead resistance effects of the probe/wiring structure.
We swept the voltage over a limited range of —300 to +300
mV to avoid breaking down the sub-nanometer-thick
dielectrics. The diode metrics of interest are the dynamic
resistance (R = 1/I') and responsivity (f = [I"/(2I')]) at zero
applied voltage. Zero-bias values are sufficient to assess
performance of these diodes in energy harvesting applications,
where they self-bias at approximately 100 V. The measured
1(V) data are fitted with an exponential fit"® before extracting
resistance and responsivity to eliminate measurement noise.
Table 1 presents a summary of the DC zero-bias responsivity

Table 1. Responsivity and Resistance at Zero Applied
Voltage for the Single-Insulator and Double-Insulator MIM
Diodes

diode Bo (A/W) Ry (@)
Ni/NiO/CrAu 0.52 243 k
Ni/NiO/Al,0,/CrAu 038 138 k

(B,) and zero-bias resistance (R,) values for the fabricated
single- and double-insulator MIM structures (see the
Supporting Information S2 and S3 for diode I(V) curves and
voltage-dependent responsivity and resistance plots).

To assess the mid-infrared response of the fabricated
rectenna system, both open-circuit voltage (V,.) and short-
circuit current (I,.) were measured under 10.6 ym illumina-
tion. The rectenna consists of a bow-tie antenna with two
opposing triangular sections and a diode junction at its feed
point. The measurements were performed using a linearly
polarized pulsed CO, laser having a maximum beam intensity
of 1 W/mm?. Since the area of the rectenna is 24 ,umz, this
corresponds to an input power (P,,) of 24 yW. Based on a
clamping circuit model of the rectenna configuration' and the
fact that the I(V) curve is linear in the low voltages range, the
ratio of V. and I is a measure of the high-frequency diode
resistance (RYT), with the values summarized in Table 2.

Table 2. Measured Optical Response Values for the Diodes
at 10.6 ym

Voc Isc HEF DC ARO

diode Wv) () (Q) () (%)
Ni/NiO/CrAu 112 042 27k 243k 1
Ni/NiO/ALO,/CrAu 532 217 245k 138k 86

The best indication of a change in voltage division is the
comparison between DC and high-frequency resistances for
our fabricated diodes. Because there is no change in
distribution of voltage for a single-insulator MIM diode,
there should be no changes in the measured zero-bias
resistance between DC and high frequencies. Small variations
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are expected due to lead resistance from two-point probe
optical measurements and laser instabilities due to beam
wander. For a double-insulator structure, the change in voltage
division from resistive to capacitive across the insulators alters
the band bending and affects tunneling characteristics of the
diode at high frequencies, thus producing completely different
I(V) characteristics. To confirm this, we compare measured
high-frequency diode resistance (R§) to DC resistance (Rf®)
by computing a percentage change (AR,). The 11% change in
REF of the single-insulator MIM is attributed to a measured
lead resistance of 600 Q and a laser beam instability margin of
error (<10%). The 86% increase in RSF for the double-
insulator MIM structure can be explained by neither pure lead
resistance nor the laser instability margin of error. The only
possible explanation for the increase in resistance is the change
in voltage division across insulators, where more voltage is
applied on Al,O;. In the following section, we investigate this
theoretically by simulating the measured DC I(V) character-
istics using a resistive voltage division approach and fitting the
high-frequency I(V) characteristics by a capacitive voltage
division approach.

The complexity of modeling and analyzing multi-insulator
MIM diodes increases with the number of oxides used. For a
single-insulator MIM, the process is simple, and an accurate fit
between simulated and measured data can be
achieved''>***7?® since there are only three main parameters
to change: the barrier heights, the thickness of the oxide, and
the effective mass of electrons. As the number of insulators
increases, the number of fit parameters increases linearly and
voltage division across the insulators becomes a concern, thus
increasing the difficultly of achieving an accurate fit.">*>*' To
correctly fit our double-insulator diodes, we started by
extracting as much information as possible about the structure:
the thickness of both oxides using variable-angle spectroscopic
ellipsometry (VASE) and the Ni/NiO interface by building a
single-insulator diode. We expect the oxide in our simulations
to be thinner than the measured values because of surface
nonuniformity across the diode junction and the fact that
tunneling probability increases in thin regions over thick ones,
thus dominating the diode I(V) characteristics. Figure 2
presents a good correspondence between our measured and
simulated single-insulator diode. We determined a Ni/NiO
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Figure 2. Diode simulation of the single-insulator diode at DC to
extract diode oxide thickness for dielectric constant estimation and
Ni/NiO barrier information for the double-insulator diode analysis.
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barrier height of 0.12 eV. This leaves the second barrier height
and the voltage division across the insulators as parameters to
vary for the double-insulator diode (see the Supporting
Information S3). Figure 3 presents simulation results that
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Figure 3. Diode simulation of the double-insulator diode at DC to
predict high-frequency I(V) characteristic.

accurately fit measured data for a double-insulator diode. The
resistive voltage division ends up being 83% across NiO and
17% across Al,O;. For DC, this is the voltage division that
maximizes the current across the insulators. If material
properties such as barrier heights and oxide thicknesses
could be accurately determined for a stack, the simulator can
then be used as a design tool to simulate DC I(V)
characteristics with voltage ratios that maximize the current
though oxides.

The high-frequency I(V) characteristic of the diode is
generated using the material parameters determined from the
DC fit of the diode (see the Supporting Information S3), with
a change to capacitive dielectric-dependent voltage division, as
seen in Figure 4. We implement a quantum-mechanical image
force lowering theory and find that the effects are negligible at
28 THz.” The effective mass of electrons is also varied since it
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Figure 4. DC and high-frequency I(V) characteristics of the double-
insulator MIM diode. The inset represents the band diagram of the
structure with both resistive (dashed gray) and capacitive (solid
orange) voltage divisions.
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is frequency dependent. This is done simultaneously with the
waterfall diagram analysis (see the Supporting Information S7),
which uses the high-frequency zero-bias resistance, zero-bias
responsivity, and the dielectric constants to calculate a
projected open-circuit voltage and short-circuit current. The
estimated dielectric constants from our high-frequency fit for
NiO and Al,O; were 7 and 3.85, respectively. These dielectric
constant values are currently fit parameters that contain
numerous frequency-dependent parameters not considered in
the analysis. The capacitive voltage division results in 73%
across NiO and 27% with a high-frequency resistance of 25.6
kQ (see the Supporting Information S5 and S6). The
measured high-frequency resistance of 24.5 kQ is well within
the 11% error margin. The close correspondence between the
measured and simulated high-frequency resistance values
confirms the change in voltage division from resistive to
capacitive at high frequencies. It is also confirmation that DC
diode characteristics cannot be used to predict high-frequency
I(V) characteristics. For our fabricated diodes, this is evident
from the efficiency calculations of both diodes (see the
Supporting Information S7), where the double-insulator
diode’s measured efficiency is approximately 23 times larger
than that of the single insulator, whereas based on the DC
characteristics, the single-insulator efficiency would surpass the
double-insulator’s by a factor of 1.2. For our double-insulator
MIM diode with a cutoft frequency of 31 GHz, the tunneling
resistance of the diode is 900 times larger than the capacitive
reactance at 28 THz, which allows us to use a purely capacitive
voltage division at this frequency. A combination of resistive
and capacitive voltage division becomes necessary at
frequencies below the cutoft frequency, which is theoretically
difficult to determine.

B CONCLUSIONS

In analyzing double-insulator MIM diodes, the correct method
of dividing the voltage across the two insulator layers in DC is
through resistive voltage division, where each oxide is modeled
by a resistance. The simulated oxide resistances are fictitious
elements used to achieve resistive voltage division for tunneling
simulations. At frequencies higher than the RC cutoff, the
commonly used dielectric-dependent capacitive voltage
division method still applies. While a single-insulator diode
I(V) curve remains almost the same at DC and high
frequencies, we experimentally demonstrate that the I(V)
characteristic of a double-insulator diode can change
dramatically. The change is evident in the zero-bias resistance
of a double-insulator diode changing by 86% between DC and
high frequency as opposed to the 11% change for the single-
insulator diode. The erroneous assumption that the DC and
high-frequency I(V) characteristics are the same has led to
incorrect projections of device operating properties at high
frequency and puzzling DC I(V) curves that cannot be
reconciled with designs based on simulations that assume
capacitive voltage division.

B METHODS

Fabrication. A modified germanium shadow mask
process” was used that facilitates a single, self-aligned mask
layer to be used to fabricate MIM diode structures with 100
nm feature sizes. The cross-section (Supporting Information
S8) shows the suspended germanium bridge supported by
unetched poly(methyl methacrylate) (PMMA) out of plane of
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the cross-section. The first step of the process was to spin coat
~280 nm PMMA on a highly resistive p-type Si substrate
coated with thermally grown 300 nm SiO,. 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
germanium with a CF, reactive ion etch followed by a O,
plasma etch to remove the underlayer of PMMA. The O,
plasma was run at a relatively high pressure of 600—800 mTorr
to achieve an undercut of at least 250 nm under the
germanium. Bridge widths less than 500 nm were obtained.
The main limitation of this process is the requirement of
angled metal depositions to achieve the necessary overlap,
which limits which materials may be deposited.

Experimental Setup. The rectenna was illuminated with
10.6 pum linearly polarized radiation from a pulsed Synrad 48-
1ISWJ CO, laser. This was pulse width modulated by an
Agilent 33220A function generator at 20 kHz. To monitor the
noise level under dark conditions, the laser beam is passed
through a ThorLabs SHOS 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 to the lock-in amplifier (SR830) was generated by a
mechanical chopper at 1.7 kHz (see the Supporting
Information S9).
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