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Abstract

The deployment of multi-insulator tunneling diodes has recently had more attention to be
used as rectifiers in energy harvesting rectennas with good potentiality for a millimeter and
terahertz range. However, with the rather complicated math to obtain the current-voltage
relation, it is difficult to evaluate the design figures of merit (FOM)s such as asymmetry, non-
linearity, responsivity, and dynamic resistance and monitor the impact of changing physical
parameters on them. This complicates the decision-making process for the required physical
parameters. In this work, a heuristic optimization framework using genetic algorithm is sug-
gested using the transfer matrix method to find the combination of physical parameters which
satisfies the minimum required FOM set by users and weighted by their preference.

Introduction

The increasing popularity of the internet of things concept has been backed by the continuous
development of networking terminals. Thanks to the improving technology, they are getting
smaller, more efficient and cheaper. This development, however, puts forward the necessity
to operate them without batteries. Furthermore, new communication standards suggest mov-
ing to millimeter frequency bands in order to host the increasing demand for ubiquitous com-
munication networks. Today, it is frequently said that frequencies up to the 100 GHz band for
the fifth generation (5G) cellular networks will be used [1, 2].

It is important, therefore, to design rectifying antennas (rectennas) that harvest energy effi-
ciently: this is a need for 5G networks, as energy harvesting at mm-wave frequencies is indi-
cated among the pillars of future architectures [3, 4]; at the same time, the possibility to extend
the rectennas capability to THz frequencies, would have a huge impact on the energy auton-
omy of IoT devices, thanks to the exploitation of sunlight and heat as high-frequency sources
[5]. However, at millimeter and terahertz frequencies the current technology yields poor effi-
ciency due to the poor figures of merits (FOMs) of the rectifying diode. Possible candidate
diodes that have a rapid response are the tunneling diodes. As explained in [5] there are
many types of them and for the sake of brevity we will focus on diodes made of single or
multi-insulator structures laminated between two metal electrodes. Another advantage offered
by multi-insulator diodes is their capability to reduce the junction capacitor effect and hence
minimizing the linear current since they can be considered as series-connected capacitors [6].
However, achieving the best balance between the targeted design FOM and the good choice of
materials and their thicknesses has always been a question [7].

To solve this problem, in this article we introduce this missing capability using a novel opti-
mization approach that uses genetic algorithm (GA) to search for the optimum diode design
parameters to give the best FOM values. To the best of our knowledge, this is the first time a
heuristic approach is applied on a tunneling diode model to optimize its efficiency yield.

In the following section, a brief overview of the previous work on various tunneling models
that has inspired the currently-presented optimization approach is presented. A detailed
description of the developed optimization software structure is introduced in the system
description section. The simulation results are demonstrated in the following section where
the optimization is issued on two scenarios; a single insulator MIM diode scenario, and a dou-
ble MIIM diode scenario with the obtained results. The conclusions are placed in the end with
more discussion about the future steps and the adaptability of this optimization program for
other tunneling models.

Overview

As denoted in [5], there are many approaches used to model tunneling diodes. A recent work
by Moulin et al. [4] reassured the fact that different models can have significantly different
values for the I (V) relation for the same physical input parameters. Solving the time-
independent wave Schrédinger’s equation accurately is critical to evaluate the functionality
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of the tunneling diode. However, there is a trade off between an
accurate solution of the wave equation (and hence an accurate
J (V) relation), and the required time and computer resources.
It has been reported [8-10] and recently by [4] that transfer
matrix method (TMM) offers very good compromise between
accuracy and required time and resources. In fact, the work of
[11] and [12] shows noticeably better performance for two insu-
lator (MIIM) tunneling diodes with significantly improved FOMs.
Conceptually, using two or more layers gives rise to: (a) enhanced
tunneling phenomena such as resonant tunneling, step tunneling,
and Fowler-Nordheim tunneling [9, 11]; (b) higher degrees of
freedom for the design problem; and (c) decreased junction cap-
acitor value based on series-connected capacitors [6]. Thus, we
get enhanced and better controlled nonlinearity (that is, more
control over FOM), and decreased linearity resulting from the
junction series-capacitor effect. In light of that, it would be bene-
ficial to systematically search for the best compromise between the
used materials and the best performance as set by the user.

System description

Out of many optimization algorithms frequently used in the lit-
erature, we choose the GA due to its heuristic nature.
Furthermore, it does not need to find the derivative for the object-
ive function. The last point is important to handle the compli-
cated wave function that has a less-predictable dependence on a
series of integral/differential calculations starting from FOMs,
and involving current density integrals, and complex inverse
matrix calculations to solve the TMM system.

Another reason is the discrete nature of the solution space that
can be easily managed by GA, differently from other optimization
strategies: this need comes from the types of metals and insulators
that are identified by indexes as well as their thicknesses which are
assumed to be multiples of 0.1 nm. This assumption is based on
the fact that the atomic diameter for metals in many cases exceed
0.1 nm [13].

The software is made from two nested-loop procedure; the
outer (optimization) loop and the inner (solution and objective
function) loop. In the data input, the program reads a list of pos-
sible solution metals and insulators names and parameters, tar-
geted FOM values, their priorities based on a user-defined
weighting value, and all the necessary information to control
the functionality of the GA. The program, then, invokes another
set of programs adapted from [14] which utilizes the TMM to
evaluate the tunnel diode ] (V) relationship. Based on the
found J (V) all FOMs are calculated as introduced in [5]. The
objective function evaluates the cost value to address the outer
(optimization) loop to go on.

As shown in Fig. 1 the optimizer system is made of several
functions which communicate with each other to provide the
required information to the GA that searches for the solution.
The data is presented to the system in terms of a simple ASCII
file. This file contains all the physical parameters needed to run
the optimization such as metal work functions, effective mass,
insulators electron affinities, dielectric constant, etc. It is also
responsible to define the possible solution space X to search for
at least good enough solution. This solution space is presented
to the GA in terms of upper and lower boundary values to search
within by the GA. In order to search for the solution the GA
throws the k™ possible candidate solution to the objective func-
tion in the form of a vector x; € X. The objective function invokes
the TMM for every voltage set by the user already imported from

61

the data input file and gets the corresponding current value. The
fitness value function is evaluated according to (1).

p={a.x,v.Rp}

tr, — P
Clx) = WPMSFP

try

(eY)

where C (x;) is the objective function value output for the Kh
instance, P = @, x, ¥, Rp is the set of FOMs targeted for optimization
which are asymmetry, nonlinearity, responsivity, and dynamic resist-
ance, respectively. These values are a function of the corresponding
voltage. However, the program takes just the maximum value and
calculates the corresponding objective function shown in (1). For
each optimization target p € P, the function will evaluate the cost
by finding the value for the k™ instance of the p™ FOM Py ().
The cost is simply the normalized absolute difference between the
found value Py, (x;) and the target value read from the optimizer
input file tr,. The contribution of this cost is then weighted by the
value read from the optimizer input file w,. SF, represents a step
function for the p™ FOM which always takes the value 1 until the
corresponding target is equal to or larger than the target value tr,
(having higher FOM is even better), and so the objective function
is minimized. The only exception is the value of the dynamic resist-
ance Rp where SF,, is negated to favor lower resistance values.

The system is built to host for the optimization process up to
three intermediate layers between the metal electrodes (i.e., MIIIM
diode). This necessitates a 9-dimensional space to search in for
the solution. In other words, each vector instance x; has nine
components that identify the number of insulating layers, the
left electrode metal identifier, right electrode metal identifier,
first insulator identifier, first insulator thickness, second insulator
identifier, second insulator thickness, third insulator identifier,
and third insulator thickness. All the components including thick-
nesses are integers. Identifiers and number of layers are necessarily
integers. However, the thickness component represents thick-
nesses in multiples of 0.1 nm which would be enough accuracy
because it is the same order of magnitude as for atom diameters.

It is out of the scope of this paper to explain the TMM as it has
been done by many others [8, 15-17]. However, it is worthwhile to
mention that the technique followed in [9] has given accurate
results against many practical experiments. That work accounts
for the image force lowering effect. In comparison with the
Simmons model [9, 18] utilizes a single electron model when
this effect is calculated. Furthermore, a proprietary adaptive mesh
model is adopted to divide the insulator medium into slices with
different thicknesses and find the corresponding voltage level for
each slice. Figure 2 shows the reproduced potential profile for the
parameters taken from [11] for a Al-4 nmNb,0Os-1 nmAl,05-Al
MIIM diode after applying a 0.3 V bias voltage. Evidently, the pro-
file is not equally sliced across the whole range due to the adaptive
mesh approach. Also, with respect to [11] the effect of image force
lowering causes the chamfered corners of the profile as shown in
Fig. 2. This lowering effect reduces the average barrier thickness
that the tunneling electron has to traverse, and so increases the tun-
neling current value subject to the solution of Schrodinger’s time-
independent equation. Then, the potential value at each slice inter-
face — with the corresponding thickness of each slice - is fed into
the TMM method to find the tunneling electron transmission
probability T (E,) along x which is used to evaluate the tunneling
current value. Solving the TMM model is based on the near-
diagonal square matrix method [19] which is claimed to minimize
the rounding errors and provide numerical stability.
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Fig. 1. Schematic diagram of the optimization program used.
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Fig. 2. Potential profile of an example MIIM diode made of Al-4 nmNb,0s-1
nmAl,O3-Al as calculated by [14] with image forces included. The vertical lines
show the borders between slices.

Simulation results
Input parameters

Table 1 shows two scenarios which have been tried in the process
to evaluate the system performance. For each scenario, there is a
group of metals which consists of one or more metals and each
metal is represented by its work function value . Similarly, the
scenario also contains a group of one or more insulators which
are represented by their electron affinity y, and dielectric constant
K. The first scenario assumes a single insulator diode formed
from niobium nitride NbN, and niobium metal electrodes, and
in between a niobium oxide Nb,Os layer is assumed and is
based on the parameters used in [9]. The optimizer tries also dif-
ferent thicknesses ranging from 0.1 to 3 nm with 0.1 nm step size.
Scenario 2 is for an MIIM diode with aluminum metal electrodes:
the choice of metals, insulators, and insulating thicknesses is
made by the optimizer to minimize the objective function output.
It should be reported that ¥ and y values are experiment-
dependent and can considerably vary based on the experiment
and the interfacing medium and hence can greatly affect the
potential profile and the resulting response [9]. Therefore, the
values of Scenario 2 have been set to reproduce the same voltage
profile in [11] with the thickness varying from 0.8 to 2.8 nm with
0.1 nm step. For each population of individuals the GA tries dif-
ferent combinations of metals and insulators chosen from their
corresponding groups, and varies the thickness of oxide layers
in order to minimize the output of (1).

The model also adopts the target values tr, and their respective
weights w,, for both scenarios as shown in Table 2. The FOMs
have been evaluated based on a straightforward approach using
difference between subsequent J (V') points to evaluate dJ. This
approach results in reducing the number of points by one for
each differentiation. When compared to their original values,
averaging between successive points has been done to also reduce
the number of total points by one.

Using the MATLAB® GA toolbox [20] with a population size
of 30 individuals, function tolerance of 107* and elite count 5
for both scenarios provides the results shown in Section “Results”.

Mazen Shanawani et al.

Table 1. Input parameters used for the GA optimizer in Scenario 1 (Sc. 1), and
Scenario 2 (Sc. 2).

Material Property Value
Sc. 1 Nb b4 4.33 eV
NbN b4 4.7eV
Nb, 05 X 423eV
K 25
Sc. 2 Al v 5eV
Nb,Os z 4.44 ¢V
K 25
Al,O3 z 2.32eV
K 9.7

Table 2. Targeted FOM and the corresponding weights used for the GA
optimizer.

a x 4 Rp
Sc. 1 try 13 25 5 v 3 kQem?
w, 1 1 1 10
Sc. 2 try 10 6 8 v 500 Qcm?
w, 2 5 1 80

Table 3. Initial and final states of the GA run for the optimized scenarios.

Initial Final
Sc. 1 NbN-2 nmNb,0s-Nb Nb-2.4 nmNb,05-NbN
[9]
Sc. 2 Al-3 nmNb,05-3 nmAl, 03-Al Al-2.7 nmNb,05-2 nmAl,03-Al
[11]
Results

In order to calculate the FOM, the equations in [21] are used
where the diode junction area can be simplified from the equa-
tions of @, y, and y and so it is not necessary to have it to calculate
them. As shown in Table 3 the optimization of Scenario 1 advises
to use Nb (NbN) metals for the left(right) electrodes, respectively,
with a thickness of 2.4 nm of Nb,Os. In order to compare the
results, the J (V) curve of [9] has been reproduced using 7th
order fitted polynomial. Due to the long time taken for each
simulation, the optimized design has been simulated using a volt-
age range from —0.3 to 0.3 V with 0.1 V steps and the resulting
J (V) curve has been fitted by a 7 order polynomial to obtain
a simple analytic description of the J (V) relation. Using the
obtained polynomials the FOM figures for both cases can be easily
reproduced as shown in Fig. 3.

Although the reference case of [9] shows higher current dens-
ity with respect to the reached model, the inset figure clearly
shows improved results both for nonlinearity - which is supposed
to be the most important FOM - and responsivity for all the volt-
age range extending from —0.3 to 0.3 V except for the values just
around zero. This is attributed to the rapid transition between the
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Fig. 3. J (V) response of a single insulator diode as explained in Scenario 1. Red
curves are the simulated results while black curves are the restored results from
[9]. Solid lines in the inset figure represent responsivity y while dashed lines
represent nonlinearity y.

positive and negative parts. That improvement has been on behalf
of reduced dynamic resistance value Rp which significantly
increased. Having said that it remained well below the defined tar-
get in Table 2.

Table 3 also shows that the best available result of the opti-
mization of Scenario 2 happens for the Al-2.7 nmNb,O;-2
nmAl,O3-Al structure which resulted in the curves shown in
Fig. 4. The restored J (V) curve from [11] is the solid black
curve. The inset figure shows the restored and optimized results
for y in dashed lines, and y in solid lines.

For the optimized case, both y and y show significant ripples in
the positive half. Responsivity of the restored curve and the opti-
mized case is of the same order of magnitude. Although the
restored case shows noticeably higher y in the positive half
between 0.15 and 0.25V, the optimized case experiences ripples
with a varying y between 6 and 20 V~'. Both y and y values of
the optimized case are higher in the negative half.

It is worth noting that the high difference in current densities
between Scenario 1 and 2 may be attributed to the suboptimum
choice of materials and their thicknesses.

Conclusions

In this work a software framework which can be useful for subse-
quent industrial steps has been presented. Although empirically
expecting the value of responsivity for the MIIM diode is possible
based on the estimated potential profile, taking account of many
FOM:s and the best decision making approach is difficult to reach
using simplified approaches. With the presented technique the
user can set the desired FOM values and their respective weights
and let the GA look for the qualified solutions.

The double insulator would possibly offer better results with
respect to single insulator structure when using proper materials
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Fig. 4. J (V) response of a double insulator diode as explained in Scenario 2.
Continuous curves are J (V) curves of the restored results of [11]. The inset figure
shows the solid and dashed curves of the restored response for responsivity y and
nonlinearity y, respectively.

and thicknesses. The obtained optimization results have shown
significant improvements in the case of a MIM diode and limited
ones in the multi-insulator case. However, these results represent
a first trial by just varying the insulator thicknesses with a limited
set of metals and insulators. By increasing the number of these
design parameters, reaching improved design and performance
is much more probable.

It is also worth noting that there are more articulated models
that take into account more complicated tunneling mechanism
such as Kane, Karlovsky, and band to band tunneling [4]. In prin-
ciple, the optimization solution presented here is ready to adopt
these models and it can be beneficial to compare the optimization
output for these models.

The program now looks for the maximum FOM value
achieved in a specific voltage range: for future releases, the user
might wish to be more specific and optimize a FOM at a specific
voltage point, thus having a more agile analysis.
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