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Simulation-based resonant tunneling analysis - transmission probability
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Figure 1: Ni/NiO/Al2O3/Cr/Au diode simulation analysis. (a) Measured (blue filled circles) and
simulated (solid black line) I(V ) characteristics for 4 nm NiO Ni/NiO/Al2O3/Cr/Au diode. (b) Simulated
resistance vs. NiO thickness trend (solid blue line) with the measured 4nm NiO Ni/NiO/Al2O3/Cr/Au diode
(orange filled circle) used in the fit. The figure shows a drop in resistance with the increase in thickness between
2 and 4 nm.

Fig. 1b shows the relationship between zero-bias resistance and NiO thickness, by varying the thickness
of NiO from 2 to 7 nm, using simulation fitting parameters of the measured 4 nm structure from Fig. 1a
(represented by an orange filled circle). The results show that contrary to the expected increase in resistance
with thickness, a drop in resistance in observed from 2 to 4 nm.
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Figure 2: (a) Tunneling probability as a function of energy of simulated 4, 5 and 6 nm strcutures using the
quantum mechanical tunneling simulator. The inset presents a close-up on tunneling probability of these diodes
around an energy of 0.1 eV. Energy band diagrams and tunneling probability of (b) 4 nm, (c) 5 nm and (d) 6
nm structures.

Fig. 2 shows the tunneling probability as a function of energy for 4 nm and 6 nm thick NiO in Ni/NiO/Al2O3/Cr/Au
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simulated structures. The simulator uses a transfer matrix method to solve a time-independent Schrodinger
equation and calculate transmission amplitudes, with a Hamiltonian matrix constructed to determine the bound
states in a quantum well [1]. Transmittance is defined as the tunneling probability of electrons multiplied by
the Fermi-Dirac distribution. Tunneling probability T (E) is the ratio of outgoing to incoming quantum me-
chanical probability current density. T (E) is the result of electron wave function interference with itself in the
quantum well through reflections. In off-resonance, this interference is destructive and T (E) is very small. At
energies that align with the quantum well’s quasi-bound states, the interference is constructive which results in
the cancellation of reflected waves and the enhancement of transmitted one. Thus, resonant tunneling occurs
when the majority of electrons tunnel with a T (E) that sharply peaks to unity at these specific energies. The
4 nm structures T (E) peaks close to 0.1 eV, the 5 nm close to 0.09 eV and the 6 nm close to 0.13 eV as
shown in Fig. 2b, 2c and 2d. All of the three simulated thicknesses demonstrate sharp tunneling probability
maxima around 0.1 eV, where a quasi-bound state with a narrow energetic bandwidth exists, through which
electrons can tunnel. If these sharp peaks were identical, we would expect the 5 nm structure to exhibit a
lower resistance compared to the 4 nm structure since its tunneling probability peaks with a relatively higher
amplitude and closer to the Fermi-level, where more electrons exist due to the Fermi-Dirac distribution. This
is not the case here as each of these peaks has a different lifetimes needed for electrons to decay out of the
quasi-bound state. The lifetime associated with any of these states is related to the tunneling probability near
resonance and to the energy width of the resonance by the uncertainty principle [2]. Both the Fermi-Dirac
distribution of electrons and the energy width of the resonance peak must be taken into account when deter-
mining the current density. The 5 nm structure has a longer lifetime, a higher tunneling probability and a
narrower resonance energy width. The 4 nm structure, with its wider bandwidth and a higher energy (0.01 eV
above the 5 nm structure as depicted in the insert of Fig. 2a), results in a higher current density and lower
resistance since more electrons tunnel through the quasi-bound state compared to the 5 nm structure. This is
why the lowest resistance is observed at 4 nm in Fig. 1b. Because the quasi-bound state energy level does not
have a large percentage of electrons tunneling through it, since there are not enough electrons at that level at
room temperature, we do not observe the expected negative differential resistance that occurs when tunneling
through a resonant state. Instead, we observe a reduction in resistance as a small fraction of electrons tunnel
through that energy level. Observing a negative differential resistance in this structure would require a tighter
electron Fermi-Dirac distribution around the quasi-bound state energy level, which can be achieved only at
lower temperatures. For these reasons, we refer to the observed phenomena as near-resonant tunneling effects
as opposed to pure resonant tunneling.

Material parameters used in simulation

Table 1: Work function (Φ) values used in simulations versus those reported in literature.

Material Fitted values Literature values References
Ni Φ = 5 eV ΦNi = 5.01 eV [3]

Cr/Au Φ = 4.47 eV
ΦCr= 4.5 eV [4]
ΦAu = 5.1 eV [3]

Band diagrams computation

Resistive voltage division

DC Resistive Voltage Division

Figure 3: DC resistive voltage division simplified circuit model and corresponding band diagram.
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To determine the energy-band profile at a certain voltage bias (VD) at DC, we first determine the resistive
voltage division across each insulators. Fig. 3 presents the simplified circuit diagram of the diode stack at DC
as two resistors in series. The barrier heights (φ) are determined as

φ = WF − EA (1)

where WF is the metal’s work function and EA is the oxide electron affinity. The voltage drop across each
insulator is then determined as

∆Vj = (VD − Vbi) × (%VRD) (2)

where Vbi = φ1 − φ2 is the built-in potential and %VRD is the percentage voltage drop due to resistive voltage
division. This is a fictitious resistance designed to fit the DC I(V ). The voltage drop (∆Vj) represents the
slope of the conduction band of the jth insulator. Drawing the band diagram becomes a simple matter of

EBD = EF + φ1 −
N∑
j=1

∆Vj × x

tj
(3)

where EBD is the energy band diagram vector in eV and x is the displacement vector and tj is the thickness of
the jth oxide layer. For this particular structure, the thin Al2O3 layer results in a lower applied voltage (17%)
compared to the 83% applied across the thicker 3.5 nm of NiO, as illustrated in Fig. 3. The two competing
effects of the thin and high barrier in Al2O3 result in similar slope band bending as the lower barrier, thicker
NiO insulator. Even though tunneling in an MI2M diode goes through the entire structure and cannot be
physically divided into two resistance values that sum to the total resistance, we were able to use this fictitious
resistance method to achieve accurate fits of DC I(V ) characteristics.

Capacitive voltage division

High Frequency Capacitive 
Voltage Division

Figure 4: Capacitive voltage division circuit model and corresponding band diagram. The dashed lines represent
the resistive voltage division band diagram for comparison.

For frequencies well above cutoff, voltage division is determined by the oxide capacitors, as seen in Fig. 4.
The voltage drop across each insulator becomes

∆Vj = (VD − Vbi) ×
xj/εj∑
xj/εj

(4)

where xj and εj represent the thickness and dielectric constant, respectively, of the jth layer. The percentage
voltage drop due to capacitive voltage division (VCD) is represented here as (xj/εj)/(

∑
xj/εj). This comes

from the voltage division across two capacitors in series where

CTotal =
C1C2

C1 + C2
(5)

For capacitive voltage division in the NiO/Al2O3 structure, the lower Al2O3 high frequency dielectric constant
results in more voltage applied across Al2O3 and more bending, as seen in Fig. 4. Similarly, the higher NiO
dielectric constant results in lower voltage applied and thus, less bending compared to the resistive voltage
division.

Thickness dependent material properties The measured 4 nm and 5 nm NiO diodes exhibited lower and
higher resistance than expected from simulations, respectively. One possible explanation is thickness dependent
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material properties, where NiO chemical compositions varies with thickness [5]. To check for this, we performed
x-ray photoelectron spectroscopy (XPS) measurements of 20 nm NiO and 2 nm NiO deposited on 20 nm Al2O3.
We found that the Ni 2p XPS spectra shoulder peak (855.42 eV) of the 2 nm NiO sample is more pronounced
than the NiO main peak (854.19 eV). This shoulder comes mostly from the pyramidally coordinated Ni atoms
at the surface of these nano-structured systems [5]. Another contributing factor to the formation of a shoulder
in Ni 2p spectra of thin NiO is that when the thickness of NiO in the order of a few monolayers, growth of NiO
happens through small islands with determined heights ascribed to the formation of many nucleation centers
at the grain boundaries of the polycrystalline materials [5]. When NiO thickness is varied, the shoulder peak
intensity of Ni 2p spectra varies, implying thickness dependent NiO island formation. The spread in resistance
values is thus attributed to a combination of thickness sensitive interfacial layer properties [6, 7] and thickness
dependent NiO chemical composition.

Calculation of coupling efficiency The coupling efficiency ηc presents the ratio of AC power delivered to
the diode to the power absorbed by the antenna. The simplified coupling efficiency between a diode and an
antenna, for a diode without capacitance, can be calculated as

ηsimplified
c =

4RARD

(RA +RD)2
(6)

where RA is antenna impedance and RD is diode impedance. For energy harvesting applications where MIM
diodes operate as rectifiers, the diode capacitance (CD) and resistance (RD) determine the maximum oper-
ation frequency fc = 1/(2πRC). This modifies the coupling efficiency to include frequency-dependent diode
capacitance (C) such that

ηc =
4RARD

(RA +RD)2 + (RARDωCD)2
(7)

This equation assumes the antenna reactance is negligible compared to the diode reactance, which is not always
the case at high frequency (> 1 terahertz) and can reduce the coupling efficiency by a factor of 10 or more.
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