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KEYWORDS Abstract This study proposed, for the first time, a newly developed metal-insulator-insulator-m
Photoconductive THz etal (MIIM)-based log-spiral rectenna for energy harvesting applications. The designed resonant
antenna; log-spiral antenna at 28.3 THz forwards the absorbed infrared (IR) electromagnetic (EM) radia-
Log spiral antenna; tions to the installed double insulator-based MIIM rectifying diode. The realized MIIM diode is
MIIM diode; formed by sandwiching the two insulators among the designed resonant antenna terminals (hot spot
Energy harvesting region). Antenna terminals are used as the electrodes of the rectifying diode. This novel approach

ensures the maximum transfer of captured IR EM radiations by the antenna to the rectifying part
with good impedance matching and thus increases the overall conversions efficiency. The study pre-
sents an in-depth analysis of the impact of the changing metal types (Au, Al, Ag, and Cu) and insu-
lating materials (Al,O3, Cu,0, Ta,0s, TiO,, and ZnO with10 different formations) on the realized
rectenna performance in terms of captured E-field enhancement, 7/V, resistivity, and responsivity
characteristics. It is found that the overall performance of the proposed double insulator-based rec-
tenna system is better for the asymmetric configuration of Au- Al,O3- Cu,O —Cu and it exhibits

100% enhanced non-linearity as compared to MIM-based configuration.
© 2022 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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offices, and social applications. Owning to the rapid diminu-
tion of fossil fuels, more research is being conducted for the
development of cheap and clean renewable energy from non-
fossil fuel sources and increasing the efficiency of the existing
energy harvesting mechanisms [1-3].

Sun is one of the major sources of renewable energy. The
conventional photovoltaic (PV) technology only harvests the
fraction of the total solar energy in the visible spectrum
(380 nm — 780 nm) with lower conversion efficiency along with
higher associated costs [2,3]. However more than half of the
solar radiations, present in infrared (700 nm — 106 nm) region
(IR) with maximum emissivity at 28.3 THz (10.6 pm peak
wavelength), cannot be harvested using PV panels. IR recten-
nas are being developed for the harvesting of these bulk
untapped electromagnetic (EM) radiations from the sun [4-8].

The process of energy harvesting using optical rectennas is
illustrated in Fig. 1. The rectenna constitutes an antenna and a
coupling rectifying diode. The antenna is designed to resonant
at 28.3 THz for the capturing of maximum illuminating IR
EM radiations from the sun. The rectifying diodes convert
the coupling IR resonating signals from the antenna to the
direct current (DC) level. The higher conversion efficiency of
the IR rectenna systems demands good impedance matching
between the antenna and rectifying diode at high frequency
and high zero-bias responsivity (non-linear characteristics) of
the diode [9 10].

The conventional employed Schottky diodes at microwave
frequencies are not useful for the rectification of the high-
frequency IR solar radiations due to their low-speed and high
time constant. Metal-insulator-metal (MIM) diodes have been
given preference for the IR rectification applications due to
their near zero-bias operation, small size, ultrafast speed,
CMOS compatibility, and high non-linearity characteristics
[2,9]. Such properties of the MIM diodes are essential for the
conversion of the small-amplitude input alternating current
(AC) signal to DC levels at high frequency. The MIM diodes
operate on the principle of quantum mechanical tunneling in
which electrons tunnel from the first metallic layer to the sec-
ond one through the sandwiching insulator within a few fem-
toseconds [9,10].

Several groups have designed various kinds of nano-
antennas for IR energy harvesting applications. The investi-
gated designs include dipole [4.11], slit [12], bowtie
[4,5,7,11,13], dimer [14], two-wire split [§], and square patch

IREM
radiations

Rectifier

\ [ Metal |
Insulator
\ Insulator

28.3 THz
opticallog-
spiral antenna [

Fig. 1 Infrared (IR) rectenna system for energy harvesting using
proposed MIIM based rectification.

[15] structures, to name a few. The RF and ambient energy
harvesting concept are also well studied in [16-22]. In
[16,18], authors reported a Hilbert-shaped metamaterial
(MTM) array-based antenna on indium nickel oxide polymer-
ized palm fiber and organic substrates respectively for the RF
energy harvesting. The ultrawideband miniaturized microstrip-
based structures are presented in [17,19] for harvesting applica-
tions in the RF frequency range. The study of [20] discussed
that using multiport pixel rectenna enhances the harvested
RF power with the minimization in the impedance matching
requirement of the designed rectenna. A dual-band ambient
energy harvester for on-body applications is reported in [21].
Another triangular-shape omnidirectional antenna with an
input impedance of 100 Q for rectifier impedance matching is
presented in [22] for energy harvesting applications in the
RF domain.

The upper bound of the rectifying diode resistance is
defined by the input resistance of the nano-antenna which usu-
ally ranges from a few hundred to a few tens ohms [10,23]. The
researchers have used various symmetric (Ni-NiO-Ni [24,25],
polysilicon-SiO,-polysilicon  [26], Graphene-Air-Graphene
[27]) and asymmetric (Ni-NiO-Pt [28], Ni-NiO-Cr/Au [29],
polysilicon-SiO,-Au [3], AI-AlO,-Pt [30], Ni-NiO-Cu [31], Al-
Al,O5-Pt [32], Cu-CuO-Au [7], Au- Al-Al,05.Ti [5], Ti-TiO,/
ZnO-Al [23]) configurations of the MIM diode to achieve the
matching resistance and high responsivity of the diode. It
has been shown in [10,33] that tunneling didoes with a single
layer of sandwiching oxide insulator did not produce high near
zero-bias responsivity.

In this work, we design and analyze the performance of a
double insulator-based (MIIM) rectenna for efficient energy
harvesting applications in the IR region as illustrated in
Fig. 1. The fabrications of the rectifying diode with multiple
insulators exhibiting different electron affinities and bandgaps
can produce high responsivity. Firstly, an optimized 28.3 THz
resonant optical nano log-spiral antenna is designed (see
Fig. 2) for the enhanced capturing of the incident IR radiations

Fig. 2 Schematic of the designed log-spiral nano IR antenna; r;:
inner radius of the spiral, o increment angle, a: growth rate, #:
thickness of the conductor (gold) material, L: length of the
substrate, W: width of the substrate, and /: thickness of the
substrate.
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as compared to earlier proposed designs [4,5,7.8,11-15]. To
ensure the maximum transfer of received IR radiations by
the antenna, we used a novel approach of creating the rectifi-
cation part between the feeding terminals of the designed
antenna as illustrated in Fig. 3. The realized log-spiral antenna
arms act as the metallic terminals of diode electrodes while the
two insulators are inserted between the metallic arms of the
antenna. This configuration offers advantages of maximum
conversion of the received IR waves by the antenna terminals
along with high responsivity and low resistivity of the rectenna
due to the localized transfer of the capturing EM radiations to
the rectifying part. The study includes a detailed analysis of the
effect of the metallic materials (Au, Al, Ag, and Cu as antenna
arms) and ten combinations of the two sandwiching insulators
to determine the suitable choice of the materials for the pre-
sented MIIM rectenna.

The rest of the manuscript is organized as follows. Section 2
details the design of the proposed rectenna. The performance
analysis of the realized rectenna with different metals and insu-
lators combinations is presented in Section 3. Section 4
includes the discussion while some conclusions of the presented
study are drawn in Section 5.

2. Rectenna design

The proposed IR MIIM-based rectenna system is shown in
Fig. 1. The schematic of the designed antenna is shown in
Fig. 2. The geometric parameters of Fig. 2 antenna are opti-
mized for the maximum electric field capturing around the
two input terminals of the antenna which is referred to as
the hotspot region. The log-spiral antenna structure is chosen
due to its associated properties of circular polarization and
wideband operation [34-36].

Table 1 lists the optimized design parameters of Fig. 1 for
the maximum electric field enhancement characteristics. The
quartz material having a relative permittivity of 3.78 and tan
S of 0.0001 is used as the substrate of the realized optical
antenna. Due to surface plasmon polaritons, the behavior of
metals is different at THz frequencies than radio frequency
range. The classical Drude-Lorentz model (also known as
the Drude model) is used for the modeling of the frequency-
dependent conductivity and dispersion properties of the
involved metals in the proposed rectenna. The Drude model
helps us to accurately model the evaluations in the metal per-
mittivity at the optical and terahertz range [4,7]. The full-wave
EM analysis of the designed antenna is performed in HFSS in
the frequency range of 27-30 THz.

Fig. 4 the reflection parameters of the nano-IR antenna of
Fig. 2 only without insulators. The comparison of the Sy,
results shows that reflection characteristics of the realized
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Fig. 3 Designed metal-insulator-insulator—metal
configuration.

(MIIM)

Table 1 Designed Nano-IR antenna parameters.
Parameter Values(pm)
L (substrate length) 7.8
W (substrate width) 7.8
h (substrate thickness) 99.1
r; (inner radius of the spiral) 0.02
N (number of turns) 2.1
d (spiral-patch width) 115
o (increment angle) 1.8°
a (growth rate) 0.31
t (spiral-patch thickness) 0.062
0 T T
= Au-Au
sunns Ay-Al
2t = Au-Ag| |

s,, (dB)

10 | . | . .
27 27.5 28 28.5 29 29.5 30

f (THz)

Fig. 4 Comparison of reflection parameters of the nano-antenna
only without insulators.

nono-IR antenna are almost similar for all configurations of
the conductor materials. Fig. 5 depicts the realized gain of
the nano-antenna in the analyzed frequency range. As like
S results, no variations in the gain of the antenna are noticed
with the change in the materials of the IR-antenna arms. The
far-field radiation pattern of the designed nano-antenna only

14 I
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Fig. 5 Comparison of realized gain of the nano-antenna only
without insulators.
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are shown in Fig. 6. The radiation pattern results are shown
only for two configurations of Au-Au and Au-Cu for brevity.

The captured solar energy by the optical antenna is for-
warded to the rectification circuit for the conversion to the
DC levels. The impedance matching between the antenna ter-
minals and the rectifications circuit has a significant impact on
the transfer efficiency of the captured IR radiations by the
antenna. For the localized tunneling of the absorbed IR radi-
ations by the optical antenna to ensure maximum conversion
efficiency and non-linearity of the rectenna, two insulators
are placed between the hotspot region of the antenna. Fig. 3
depicts the designed metal-insulator-insulator-metal (MIIM)
configurations of the proposed rectenna. The variations in
the bandgap and electron affinities of the two different oxide
insulators can increase the non-linear characteristics of the rec-
tifying diode [10,33]. The log-spiral antenna arms are used as
the metallic electrodes of the rectifying MIIM diode while
the two different oxide insulators are inserted between the

-10
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20 |
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metallic arms of the antenna. This novel employed approach
offers the advantages of maximum conversion of the received
IR waves by the antenna terminals. The immediate localized
propagation of the received solar energy through the insulating
materials junctions minimizes the losses and increased the rec-
tifying output levels with a high near zero-bias responsivity of
the realized rectenna.

The operation characteristics of the designed MIIM diode
depend on metal properties, formation structure (symmetric
or asymmetric), oxide insulator type and thickness, and oper-
ating frequency. The high sensitivity of the rectenna around
zero-biased operation could be achieved by using different
work function metals [3,23,26,30]. Such asymmetric configura-
tion of the MIM diode increases the diode resistance and
decreases the rectenna coupling efficiency. The coupling effi-
ciency could be enhanced by employing the same metallic
material in a diode structure as it minimizes the diode resis-
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Fig. 6 Comparison of far-field radiation patterns of the nano-antenna only without insulators (a) configuration Au-Au; (b)

configuration Au-Cu.
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tance. However, it drastically impacts the near-zero bias oper-
ation of the diode [25,27].

A detailed parametric study was conducted for the determi-
nation of the optimized dimensions of the insulating materials.
The obtained optimized values of the width (YY) and lengths
(G; and G>) of the insulators are | nm and 2 nm respectively.
These dimensions remain fixed in the conducted study. The
performance of the designed MIIM rectenna is analyzed by
changing the material characteristics of the metals and insula-
tors components of the rectenna with varying work functions.
The gold material (Au) is chosen as metal 1 and it remains
fixed for the whole analysis in this study.

The metal 2 on the other arm of the log-spiral rectenna (sec-
ond electrode) is varied from Au to Al (aluminum) to Ag (sil-
ver) and to Cu (copper) to form both symmetric and
asymmetric configurations of MIIM respectively. The work
functions of Au, Ag, and Cu are 5.1 eV, 4.28 ¢V, 4.26 ¢V,
and 4.53/5.1 eV respectively. Table 2 summarizes the work
functions of the analyzed metals. Different combinations of
the five oxide insulating materials (AI203, Cu20, Ta205,
TiO2, and ZnO) having different electron affinities (shown in
Table 3) are analyzed for the characterization of the designed
rectenna performance in terms of the electric field enhance-
ment, current—voltage characteristics, resistance, and respon-
sivity. The electron affinity of AI203, Cu20, Ta20S5, TiO2,
and ZnO are 2.58 [37], 3.2 eV [38], 3.2 eV [39], 3.9 eV [40],
and 4.1 eV [40] respectively. Table 4 summarizes the ten differ-
ent analyzed combinations of the proposed double insulator
MIIM rectenna with the changes of the metallic material of
the electrodes. and ZnO) having different electron affinities
(shown in Table 3) are analyzed for the double insulator MIIM
rectenna with the changes of the metallic material of the
electrodes.

3. E-field characterization results

The characterization of the realized MIIM rectenna is per-
formed as per the defined combinations of metallic electrodes
and insulators in Table 4. The four analyzed combinations
of electrodes metallic material are Au-I; I,-Au, Au-I; 1,-Al,
Au-I; I,-Ag, and Au-I; I,-Cu respectively. This section details
the variations in the electric field, current/voltage, resistance,
and responsivity of the investigated rectenna structure for
the aforementioned metallic material combinations along with
elaborated ten combinations of two insulators in Table 4. The
full-wave characterization of the rectenna is performed for all
insulators combinations of Table 4 for each formed metallic
pair of MIIM rectenna.

Table 2 Work function of analyzed metals.

Metal Work function Work function difference (eV) with
V) respect to Au

Gold (Au) 5.1 0

Aluminum  4.28 0.82

(A

Silver (Ag) 4.26 0.84

Copper 4.53 0.57

(Cu)

Table 3 Electron affinities of analyzed insulators.

Oxide Insulator Electron affinity (eV)

Al203 2.58
Cu20 3.2
Ta205 3.2
TiO2 3.9
ZnO 4.1

Table 4 Analyzed combinations of designed MIIM based
rectenna (Italic values in () represents the work functions of
metals and electron affinities of insulators in eV).

Metal Insulator 1  Insulator 2  Metal 2
1 (2 nm) (2 nm)
Au AI203 Cu20 (3.2) Au (5.1) [Al (4.28) [Ag
(5.1) (2.58) (4.26) [Cu (4.53)
A1203 Ta205
(2.58) (3.2)
AI203 TiO2 (3.9)
(2.58)
AI203 ZnO (4.1)
(2.58)
Ta205 Cu20 (3.2)
(3.2)
Ta205 TiO2 (3.9)
(3.2)
Ta205 ZnO (4.1)
(3.2)
TiO2 (3.9) Cu20 (3.2)
TiO2 (3.9) ZnO (4.1)

Cu20 (3.2) ZnO (4.1)

Fig. 7 shows the captured electric field variations across the
antenna (electrode) terminals for the Au-I; I,-Au MIIM con-
figuration. The two insulators (I; and I,y are changed as per
the 10 mentioned combinations in Table 4 and electric field
results are recorded for each combination. We note from
Fig. 7 that for this symmetric MIIM (Au-I; I,-Au) configura-
tion, the maximum induced E-field levels are obtained for the
Au-Al1203-Cu20-Au formation of the insulating materials

Au-Ll,-Au

= Al203-Cu20
— Al203-Ta205
== AI203-Ti02
= Al203-ZnO
Ta205-Cu20
= Ta205-Ti02
=== Ta205-Zn0O
Ti02-Cu20
= Ti02-ZnO
=== Cu20-ZnO

27 27.5 28 285 29 295 3‘0
f (THz)
Fig.7 Comparison of induced E-field variations with the change
in double insulators combinations for Au-I1 12-Au MIIM
formation.
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(more than 3500 V/m at 28.3 THz). The induced electric field
in the gap region of the antenna reduces as we moved to the
other 9 combinations of the insulators for this symmetric
MIIM case, as depicted in Fig. 7. The least levels of induced
E-field are observed when the two insulators are changed to
Ta205-Cu20.

The next analyzed configuration for the induced electric
field variations across the antenna gap terminals is asymmetric.
In this configuration, the material of the second arm of the
antenna (electrode) is changed to Al to construct Au-I; I,-Al
MIIM formation. The analysis of the E-field for this formation
is illustrated in Fig. 8. The results reflect that among the ana-
lyzed combinations of insulators, the best and worst candi-
dates of captured E-field enhancement at the antenna
terminals are Al203-Cu20 and Ta205-Cu20O respectively.
The MIIM rectenna formation of Au-Al203-Cu20-Al (red
curve in Fig. 8) produces the maximum E-field levels in the
entire analyzed frequency band with a maximum value of
around 4000 V/m at 28.3 THz. We can observe that the com-
bination of Au-Ta205- Cu20 -Al reduces the induced E-fields
levels to minimum values as compared to all other
combinations.

The next asymmetric MIIM formation involves the change
of the second electrode material to silver while keeping the
gold as the first electrode material. Fig. 9 presents the varia-
tions in the induced E-field levels across the log-spiral antenna
electrodes for the 10 combinations of the double insulating
materials of Table 4. As like first symmetric (Au-I; I,-Au)
and asymmetric (Au-I; I,-Al) formations, this asymmetric con-
figuration of Au-I; I,-Ag produces the maximum induced E-
fields when AI203 and Cu2O are chosen as the double insulat-
ing options of the designed MIIM rectenna. It can be noted
from Fig. 9 that the maximum level of the captured E-field
by the antenna terminals for Au- A1203-Cu20 —Ag formation
is more than 4000 V/m.

As the earlier discussed symmetric and asymmetric MIIM
arrangements, a similar trend of E-field variations is observed
for the third analyzed asymmetric MIIM formation of Au-I;
I,-Cu with the change of second electrode material to copper.
The results for this formation are shown in Fig. 10. We can
note that the worst combination referring to the minimum
level of induced E-field is Au-Ta205- Cu20-Cu formation
of metals and insulators. On the contrary, as for the aforemen-

Au-lL-Al
T

= Al203-Cu20
— AI203-Ta205
== AI203-Ti02
= Al203-ZnO
Ta205-Cu20
= Ta205-Ti02
=== Ta205-Zn0O
TiO2-Cu20
= Ti02-ZnO
= Cu20-ZnO

27 275 28 28.5 29 29.5 30
f (THz)
Fig. 8 Comparison of induced E-field variations with the change
in double insulators combinations for Au-I1 12-Al MIIM
formation.

Aud,l,-Ag
4500

= Al203-Cu20
— AI203-Ta205
= AI203-TiO2
=== AI203-ZnO
Ta205-Cu20
= Ta205-Ti02
= Ta205-Zn0O
Ti02-Cu20
= Ti02-ZnO
=== Cu20-ZnO

4000 -

3500 -

3000 -

2500

E (VIm)

2000

1500

1000

27 275 28 28.5 29 29.5 30
f(THz)

Fig.9 Comparison of induced E-field variations with the change
in double insulators combinations for Au-11 12-Ag MIIM
formation.

tioned analyzed configurations, the addition of AI203 and
Cu20 as the insulators between the antenna terminals results
in the maximum capturing (more than 4000 V/m around
28.3 THz) of the illuminating E-field by the designed log-
spiral antenna electrodes.

The electric field analysis of Figs. 7-10 deduces that using
different metallic materials as the diode electrodes i.e. asym-
metric formation produces enhanced levels of induced E-field
as compared to the symmetric analyzed arrangement of Au-
Il Iz-Au.

4. Rectification characterization results

4.1. Basics of rectification performance characterization

The rectification performance of the MIIM is characterized in
terms of current—voltage, resistivity, and responsivity proper-
ties [23]. Equation (1) is used for the determination of the
small-signal resistance of the realzied MIIM [41]. In (1) fl rep-
resents the first derivate of the average (DC) current with
respect to the biasing voltage.

R=} 1)

4500
== AI203-Cu20

— AI203-Ta205
= AI203-TiO2
= Al203-ZnO
Ta205-Cu20
= Ta205-Ti02
== Ta205-Zn0O
TiO2-Cu20
=—=Ti02-ZnO
Cu20-Zn0

4000

3500 -

3000 -

2500 -

E (V/m)

2000 5

7
1500

1000

500 !
27 27.5 28 28.5 29 29.5 30

f(THz)

Fig. 10 Comparison of induced E-field variations with the
change in double insulators combinations for Au-11 12-Cu MIIM
formation.
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Responsivity (S) of a rectifier is computed to investigate its . Au-ll,-Au

non-linear operation. It is commonly estimated by the ratio of gﬁgiﬁ%g}

the second and first derivates of direct current (DC) with or 1 | — Awarozi0-Au

respect to voltage as shown in (2) [41]. It is used to determine
the rectified DC output current per watt characteristics of the
analyzed MIIM rectifier.

522/_/ (2)

A sinusoidal signal with radiation frequency of w and
amplitude of V'is added to the DC bias voltage (V') of the rec-
tifier for the modeling of the illuminating IR radiations. The
net voltage across the MIIM’s terminal (¥ 5a,) is represented
using (3)

VMI]M = VB + VCOS((I)f) (3)

The product of AC signal angular frequency o and h(re-
duced Plank’s constant) gives us the energy of the incident
photons i.e. E, = hw. The zapping of the MIIM rectifier with
ultra-high IR radiations brings the difference among the pho-
tons energy levels to E, from the previous energy levels of E.
As investigated in [42], the photon energy (E,) can be used
for the the estimation of R and S using (4) and (5). E represents
the electrong charge in (4) and (5).

— 2ho 1

S G @
EPWCRES

S =8 i) ®)

The tunneling current (/(¥)) of the MIIM diode at its bias-
ing voltage V' is calculauted using (6) [10,23,43]

1(Vg) =22 [X T(Ex) x [y [f(E) — fu(E + eV)|dEdE x A
(6)

In (6), h depicts the Plank’s constant, m, represents the
effective mass of the electron, f; and f; are left and right elec-
tron current distributions of the corresponding sides of the
realized MIIM. These current distributions are computed
using the Fermi-Dirac function. The transmission probability
of the electron to tunnel through the barrier with an energy
E is represented using T(E). T(E) is computed using the trans-
fer matrix method (TMM) by employing an airy function as
detailed in [44]. Lastly, 4 is representing the quantum tunnel-
ing placing area between the metals and insualtros of the
MIIM. The perfformacne characterization of the recitfication
properties of the realized MIIM structures is done using (1)-
(6) and is detailed in the following sections.

4.2. Current-Voltage (I-V) characteristics

The characterization of the current—voltage variations for the
different analyzed combinations of metals and insulators from
Table 4 is discussed here.

Fig. 11 compares the changes in the current density of the
symmetric arrangement of the MIIM diode with both elec-
trode materials as gold. The variations in the current density
are analyzed by varying the bias voltage between —2 V to
+2 V. Note that to see the variation of all the curves we pre-
sent the current density (J) in the logarithmic scale i.e. logl0
(J). It can be observed from Fig. 11 that the best results of
1/V variations are obtained for the case when the Al1203 and

e Au-Ta205-Cu20-Au
Au-Ta205-TiO2-Au

| m— Au-Ta205-ZnO-Au

e Au-Ti02-Cu20-Au

— AU-Ti02-ZnO-Au

4 | === Au-Cu20-ZnO-Au

&

N
S

\

N
&

Current Density J (A//Lmz)
@ s

-30

-1.5 -1 -0.5 0 0.5 1 1.5
Bias Voltage (V)

N

Fig. 11  Comparison of induced current density with the change
in double insulators combinations for Au-I1 12-Au MIIM
formation.

Cu20 are chosen as the insulating material of the MIIM diode.
The next better performance is for the insulator combinations
of AI203 and Ta205. The change of the double insulator’s
combination to TiO2-ZnO produces the worst I/V characteris-
tics for the symmetric analyzed MIIM arrangement.

The first asymmetric analyzed case of the MIIM configura-
tion to observe the changes in current—voltage characteristics
of the designed MIIM diode is Au-I; I,-Al. In this asymmetric
formation, the second electrode materials are changed to alu-
minum. The comparison of the I/} characteristics for the ten
combinations of Table 4 insulators are depicted in Fig. 12.
The results show that the MIIM formation of Au- Al203-
Cu20 —Al produces superior results as compared to all other
insulator changes. Similar observations of the variations in
the current density symmetry with the changes in the bias volt-
age can be made in Figs. 13 and 14 respectively. Figs. 13 and
14 illustrate the I/V characteristics of the other two analyzed
asymmetric configurations of MIIM diode i.e. Au-1; I,-Ag
and Au-I; I,-Cu. The maximum value of the current density
for the symmetric (Au-I1 12-Au) and asymmetric (Au-I; I»-
Al, Au-I; I,-Ag, and Au-I; I,-Cu) cases of Figs. 11-14 is 4.61
E-20 A/um?, 4.80 E—16 A/um?, 4.80 E—16 A/um? and 7.71
E—17 A/um? respectively for the +2 V bias voltage. The over-
all characteristics of Figs. 11-12 are exhibit symmetric behavior
in the range of —0.5 V to 0.5 V biasing voltage range.

Au-lLL-Al

Au-Al20-Cu20-Al
-Al

&

7

e Au-Cu20-ZnO-Al

Current Density J (AI/;mz)
5

-25

1.5 -1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)

Fig. 12 Comparison of induced current density with the change
in double insulators combinations for Au-I1 12-Al MIIM
formation.
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Au-Al20-Cu20-Ag.
Au-A120-Ta205-Ag
AuwA20-TiO2-Ag
Auw-A120-Zn0-Ag
AuTa205-Cu20-Ag

Au-Ta205-TiO2-Ag
Au-Ta205-Zn0-Ag
—— Au-TiO2-Cu20-Ag
—— AW-TIO2-Zn0-Ag
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~

Fig. 13  Comparison of induced current density with the change
in double insulators combinations for Au-I1 12-Ag MIIM
formation.

Au-l1-Cu

e Aut-A120-Cu20-Cu
e Au-A120-Ta205-Cu
Au-Al20-TiO2-Cu
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e A11-Cu20-ZnO-Cu
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N

Fig. 14 Comparison of induced current density with the change
in double insulators combinations for Au-11 12-Cu MIIM
formation.

4.3. Resistance characteristics

The near-zero bias resistance of the designed rectifying diode
significantly impacts the performance of the rectenna system.
Fig. 15 compares the resistance curves for the symmetric struc-
ture of the MIIM diode with both electrode metals as the gold
material. Note to see the variation of all the curves we present
the resistance (R) results in logarithmic scale i.e. logl0(R). It
can be observed from Fig. 15 that the maximum resistance
value (2.45E+25 Q. um?) at zero-bias voltage is noted for
the Au- Al203-Cu20 —Au MIIM structure. The resistance
value decreases with the change in insulators to Al203-
Ta205, A1203-TiO2, and so on. The formation of TiO2 and
ZnO produces the least value of the resistance around 0 V bias
voltage as illustrated in Fig. 15.

The asymmetric arrangement of the designed MIIM rec-
tenna produces the lower values of the near zero-bias voltage
resistance as illustrated in Figs. 16-18. The Au-Al203-Cu20
-Al formation of MIIM rectenna lowers the maximum resis-
tance value to 8.10E+22 Q. pm? @ —0.1 V as compared to
the symmetric formation of Au-A1203-Cu20 —Au. The change
of metallic electrodes to Au and Ag did not bring a change in
the maximum value of the recorded resistance value for the
perfect combination of Al203 and Cu20O as the insulating
materials as illustrated in Fig. 17. The maxim observed value

Au-I1 I2-Au

30

e A1-A120-Cu20-Au
e A-A120-Ta205-Au
2-4

— Au “u20-Aun
— Au-Ti02-Zn0-Aun
e Al-Cu20-ZnO-Aun

Resistance (xl.umz)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)

Fig. 15 Comparison of variations in resistance with the change
in double insulators combinations for Au-I1 I12-Au MIIM
formation.

Au-I1I2-AI
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251 Au-A120-Zn0-Al
_20
E — AWTIO27
S 15 e Au-Cu20-Zn0O-Al
o
2
g
z 10
3
o
sl
° i
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)
Fig. 16 Comparison of variations in resistance with the change

in double insulators combinations for Au-I1 12-Al MIIM
formation.

Au-I1I2-Ag
30 T T T T T T

—— Aw-AR0-Cu20-Ag
 Au-AI20-Ta205-Ag
Au-AR20-TiO2-Ag
—— Aw-A20-Zn0-Ag
e Au-Ta205-Cu20-Ag
Au-Ta205-TiO2-Ag
—— Au-Ta205-Zn0-Ag
—— Au-TiO2-Cu20-Ag
—— Aw-TiO2-Z00-Ag
Au-Cu20-Zn0-Ag

N
@

N
=3

Resistance (02 .umz)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)
Fig. 17 Comparison of variations in resistance with the change

in double insulators combinations for Au-I1 12-Ag MIIM
formation.

for this case is also 8.10E+22 Q. pm®> @ —0.1 V for the Au-
Al203-Cu20 —Ag MIIM configuration. The comparison of
curves in Fig. 18 for the asymmetric arrangement of Au-I,
I,-Cu shows that the maximum zero-bias voltage resistance,
in this case, is 1.18E+24 Q. ym® when AI203 and Cu20 are
used as the insulating material of double insulator MIIM con-
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Au-l,1,-Cu

Au-A120-Cu20-Cu
e A= A120-Ta205-Cu
Au-Al20-TiO2-Cu
1 Au-Al120-Zn0O-Cu
e Au-Ta205-Cu20-Cu
Au-Ta205-TiO2-Cu
Au-Ta205-ZnO-Cu
e AU-T102-Cu20-Cu
— AU-Ti02-ZnO-Cu
4 Au-Cu20-Zn0O-Cu

Resistance (ll.umz)

-2 1.5 -1 -0.5 0 0.5 1 15 2
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Fig. 18 Comparison of variations in resistance with the change
in double insulators combinations for Au-I1 [2-Cu MIIM
formation.

figuration. The change of the second electrode metal to copper
increase the maximum near zero-bias resistance value as com-
pared to silver and aluminum metals. However, this value is
lower than the observed maximum resistance value for the
MIIM symmetric formation of Au-Al203-Cu20 —Au.

4.4. Responsivity characteristics

Responsivity is the ratio of the output DC and input AC
power at the terminals of the diode. High responsivity is essen-
tial for the high-efficiency rectenna system.

The variations in the responsivity of the designed MIIM
rectenna system with the changing insulator characteristics of
the Au-I; I,-Au MIIM formation are depicted in Fig. 19. Note
that to see the variation of all the curves we present the respon-
sivity (S) results in logarithmic scale of log10(S). The analysis
reflects that the maximum responsivity value of 4.69 A/W @
1.3 V is recorded for the insulator’s combinations of Cu20
and ZnO. The worst responsivity response is noted for the
Au-Al203-Cu20 —Au MIIM configuration. For this case,
the maximum value of responsivity is 3.65 A/W for the biasing
voltage of 1.8 V. It can also be noted that for the positive bias-
ing voltage range of 0 — 2 V, the relative maximum value of the
responsivity has fewer variations with the change in the insula-

e Au-A120-Cu20-Au
e Au-A120-Ta205-Au
Au-A120-TiO2-Au

e AU-Ti02-Cu20-Au
—— A-Ti02-ZnO-Au
|| m— Au-Cu20-ZnO-Au

Responsivity (A/W)

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)

Fig. 19 Comparison of variations in responsivity with the
change in double insulators combinations for Au-I1 12-Au MIIM
formation.

tors type as compared to the resistance properties of the same
MIIM configuration.

Figs. 20, 21 and 22 compare the responsivity curves for the
asymmetric formations (Au-I;-1,-Al, Au-I; I,-Ag, and Au-I,
1,-Cu) of the MIIM rectenna. The asymmetric formation of
the MIIM rectenna with different work function metals
increases the overall non-linear characteristics of the rectenna
system as can be noted by comparing the Figs. 20-22 curves
with Fig. 19 curves

5. Discussion

The presented detailed analysis in the last section confirms that
the variations of the work functions of the electrode’s metals
and electron affinities of the insulators changes the bandgap
barrier heights of each MIIM formation and thus significantly
impact the absorbed electric field in hotspot region, I/V, resis-
tance and responsivity characteristics of the realized MIIM
structure.

The summary of performance characterization of analyzed
symmetric and asymmetric arrangements of MIIM rectenna in
the last sections is presented in Tables 5-8 respectively. Please
note that all the summarized characterization values in Tables
5-8 are in linear scale for the symmetric comparison. These
tables present the captured E-field values at 28.3 THz, the
maximum value of current density, resistance, and responsivity
in the analyzed biasing voltage range of —2 to +2 V.

We can note from Table 5 that the maximum value of cap-
tured E-field across electrodes terminals, resistance and current
density, and the minimum value of responsivity are observed
for the Au-Al203-Cu20 —Au arrangement. It is because of
the maximum absolute barrier height of 2.52 eV and 1.9 eV
for the Au/ AI203 and Cu20/Au tunneling junctions respec-
tively. This absolute barrier height changes to 1.9 eV, 1.2 eV,
and 1 eV with the change in the second insulator to Ta205,
TiO2, and ZnO in the realized symmetric MIIM formation
of Au-AI203-1, —Au. The reduction of this barrier height low-
ers the maximum induced E-field at 28.3 THz, resistance, and
current density values while increasing the responsivity around
the zero-bias voltage. Owing to the smallest barrier height of
1.9¢eV, 1 eV for the Au/ A1203, and Cu20/Au tunneling junc-
tions, the lowest values of performance parameters are
recorded for the Au-Cu20-ZnO —Au MIIM formation.

Au-lL-Al

e Au-A120-Cu20-Al
e A= A120-Ta205-Al
Au-A120-TiO2-Al

e AU-Ti02-Cu20-A1
s A-Ti02-ZnO-Al
e A11-Cu20-ZnO-Al

o

I
o

Responsivity (A/W)

N o

N
b
d

)

-1 -0.5 0 0.5 1 1.5 2
Bias Voltage (V)

[
ot

Fig. 20 Comparison of variations in responsivity with the
change in double insulators combinations for Au-I1 12-Al MIIM
formation.
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Fig. 21 Comparison of variations in responsivity with the

change in double insulators combinations for Au-I1 12-Ag MIIM

formation.

e At-A120-Cu20-Cu
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Fig. 22 Comparison of variations in responsivity with the
change in double insulators combinations for Au-I1 12-Cu MIIM
formation.

The change of the second electrode metal to aluminum (Al)
changes the barrier height of the second (insulator/ Al metal)
tunneling junction to 1.08 eV, 1.08 eV, 0.38 eV, 0.18 eV for
the Cu20, Ta205, TiO2, and ZnO insulators in the MIIM
configuration Au-Al203-1, —Al. Also, the difference between
the work function values of the two electrode metals is
0.82 eV in this case (see Table 2). The decrease in the barrier
heights and metalwork function’s differences enhances the cap-
tured E-fields level by the factor of 202 V/m, —70 V/m, 191 V/
m, and 224 V/m as compared to the corresponding symmetric
configurations of Au-Al203- Cu20 —Au, Au-Al203- Ta205 -
Au, Au-Al1203- TiO2 —Au, and Au-Al203- ZnO —Au respec-
tively. A similar observation can be made by comparing the
Tables 7 and 8 results with Table 5 values. The comparison
shows that overall decrease in barrier heights due to variations
in the electrodes and insulators material types by using low
work function metal as the second electrode in the asymmetric
formations produce better performance in terms of enhanced
resonant 28.3 THz E-field, maximum values of resistance, cur-
rent density and non-linearity of the proposed MIIM rectenna
system. The overall best performance is obtained for the MIIM
formation of Au-AI203- Cu20 —Cu. The obtained results
show that this configuration (Au-Al203- Cu20 —Cu) could
be used for the optimal performance of the proposed rectenna
system for energy harvesting applications with maximum levels
of absorbing solar energy and appropriate values of the resis-
tance and responsivity of the system to ensure conversion
efficiency.

Table 9 lists the performance characteristics of the single
insulator-based (MIM) rectenna system of the same proposed
configuration of Fig. 3 with the removal of the second installed
insulator. The performance comparison of the proposed dou-
ble insulator-based rectenna system (MIIM) with a single
insulator-based (MIM) rectenna system reflects that the overall
non-linear characteristics (responsivity) of the MIIM rectenna
systems are improved by a factor of 2 as compared to a single
insulator based rectenna system.

Table S Summary of performance characterization of Au-I1112 ~Au MIIM configuration.

Au-1112-Au
Insulator 1 (2 nm) Insulator 2(2 nm) E Field at28.3 THz(V/m) Max J(A/um2) Max R(Q.pm2) Max S(A/W)
AI203 Cu20 3741 4.16E-20 245E + 25 3.65
@2V @O0V @1.8V
Al203 Ta205 3065 1.82E-13 8.78E + 23 4.65
@2V @ —0.1 V @ 13V
AI203 TiO2 3274 1.70E-13 2.32E + 23 4.60
@2V @ —0.1 V @12V
AI203 ZnO 3130 1.17E-13 4.61 + 21 4.53
@2V @ —0.1 V @ 0.8V
Ta205 Cu20 2462 1.82E-08 5.23E + 18 4.45
@2V @ —0.1 V @ 14V
Ta205 TiO2 3056 8.93E-04 1.05E + 17 4.72
@2V @ —0.1 V @1V
Ta205 ZnO 2738 2.11E-09 2.24E + 20 4.64
@2V @ —0.1 V @ 1.1V
TiO2 Cu20 3576 3.63E-04 2.59E + 16 4.62
@2V @ —0.1 V @ 0.5V
TiO2 ZnO 3078 2.47E-09 428E + 18 4.48
@2V @O0V @ 1.7V
Cu20 ZnO 2578 4.80E-09 8.52E + 20 4.69
@2V @ —0.1 V @13V
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Table 6 Summary of performance characterization of Au-I112 —~Al MIIM configuration.

Au-I112-Al
Insulator 1 (2 nm) Insulator 2 (2 nm) E Field at 28.3 THz (V/m) Max J (A/ pmz) Max R (Q ;,lmz) Max S (A/W)
A1203 Cu20 3943 4.80E-16 8.10E + 22 4.26
@2V @ —0.1V @13V
A1203 Ta205 2995 8.95E-12 1.55E + 20 4.66
@2V @ —0.1V @ 0.5V
Al203 TiO2 3056 3.76E-12 3.85E + 19 4.61
@2V @ —0.1V @ 04V
Al203 ZnO 3354 7.21E-10 S.15E + 16 3.75
@2V @O0V @ 0.6V
Ta205 Cu20 2482 0.003917 2.14E + 15 4.65
@2V @O0V @ 0.8V
Ta205 TiO2 2920 0.896464 5.08E + 12 4.63
@2V @O0V @13V
Ta205 ZnO 2672 6.23E-07 1.10E + 18 4.62
@2V @ —0.1V @1V
TiO2 Cu20 3524 0.86065 3.65E + 11 4.52
@2V @0V @11V
TiO2 ZnO 3025 0.00014 541E + 12 4.04
@2V @O0V @18V
Cu20 ZnO 2671 8.79E-07 6.90E + 18 4.66
@2V @ —0.1V @12V
Table 7 Summary of performance characterization of Au-I112 ~Ag MIIM configuration.
Au-I112-Ag
Insulator 1 (2 nm) Insulator 2 (2 nm) E Field at 28.3 THz (V/m) Max J (A.um,) Max R (Q pm?) Max S (A/W)
Al203 Cu20 4131 5.53E-16 6.96E + 22 4.25
@2V @ —0.1V @13V
Al203 Ta205 3157 9.24E-12 1.21E + 20 4.66
@2V @ —0.1V @ 0.5V
Al203 TiO2 2832 9.24E-12 1.21E + 20 4.66
@2V @ —0.1V @ 0.5V
Al203 ZnO 3529 8.13E-10 3.26E + 16 3.72
@2V @O0V @ 0.6V
Ta205 Cu20 2441 0.005142 1.70E + 15 4.65
@2V @O0V @ 0.8V
Ta205 TiO2 3007 0.976206 3.6E + 12 4.60
@2V @0V @13V
Ta205 ZnO 2641 7.44E-07 9.56E + 17 4.61
@2V @ —0.1V @1V
TiO2 Cu20 3693 0.980103 2.52E + 11 4.57
@2V @O0V @11V
TiO2 ZnO 3179 0.000174 3.29E + 12 4.04
@2V @0V @ 1.8
Cu20 ZnO 2566 1.02E-06 6.07E + 18 4.66
@2V @ —0.1V @12V

The employed design strategies for the identification of the
suitable configurations of MIIM rectenna structures make it
suitable for various practical applications of IR energy har-
vesting. The finding of a suitable design of the proposed rec-
tenna with the identification of metal and oxide dimensions
as per fabrication constraints, type of appropriate insulators,
and compatibility of structure with e-beam or optical lithogra-
phy favors the presented approach from the practical manu-
facturing point of view. The array configuration of the
rectenna could also be designed and manufactured for the
enhancement of the rectenna performance in terms of higher
conversions efficiency.

6. Conclusions

This study has presented a comprehensive detailed analysis of
the double insulator-based (MIIM) optical rectenna system for
the harvesting of more than 50% untapped solar radiation at
28.3 THz. The novel design of the proposed rectenna system
involves the usage of the resonant log-spiral antenna arms as
the diode electrodes and the insertion of the two insulators
in between them. The performed analysis with the variations
in the metals of the electrodes (Au/Al/Ag/Cu) and ten different
combinations of inserted five insulators (Al203, Cu20,
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Table 8 Summary of performance characterization of Au-1112 -Cu MIIM configuration.

Au-1112-Cu
Insulator 1 (2 nm) Insulator 2 (2 nm) E Field at 28.3 THz (V/m) Max J (A/pmz) Max R (Q.pmz) Max S (A/W)
AI203 Cu20 4159 7.17E-17 1.18E + 24 4.24
@2V @0V @ 1.7V
A1203 Ta205 3060 2.03E-12 1.04E + 22 4.66
@2V @ —0.1V @ 09V
AI203 TiO2 3261 1.32E-12 2.79E + 21 4.61
@2V @ —0.1V @ 0.8V
AlI203 ZnO 3282 1.94E-10 3.30E + 19 3.99
@2V @0V @ 1.4V
Ta205 Cu20 2422 2.29E-05 9.78E + 16 4.60
@2V @ —0.1V @ 0.5V
Ta205 TiO2 3032 0.976206 3.6E + 12 4.60
@2V @0V @ 13V
Ta205 ZnO 2619 7.44E-07 9.56E + 17 4.61
@2V @ —0.1V @1V
TiO2 Cu20 3707 0.980103 2.52E + 11 4.57
@2V @0V @ 1.1V
TiO2 ZnO 3193 0.000174 3.29E + 12 4.04
@2V @0V @ 1.8V
Cu20 ZnO 2525 7.57E-08 6.65E + 19 4.68
@2V @ —0.1V @12V
Acknowledgments

Table 9 Maximum resistivity (R) and responsivity (S) for the
different metals of the MIM-diode.

At 28.3 THz

Configuration Max R (x10'2 Q pum?) Max S (A/W)
Au-Al203-Au 1.47 @ —0.1V 1.85@2V
Au-AI203-Al 1.36 @ —0.2V 219 @ 2V
Au-Al203-Ag 1.28 @ —0.25V 22@2V
Au-A1203-Cu 4 @ —0.15V 201l @2V

Ta205, TiO2, and ZnO) deduces that asymmetric configura-
tion with a larger difference in the work function of metals
and lower barrier heights with insulators performs better in
terms of absorbing E-field, I/V, resistance and responsivity
characteristics. The non-linear characteristics of the investi-
gated MIIM rectenna systems show 100% enhancement as
compared to the same metals and insulator-based MIM
rectenna.

The future work includes (i) fabrication and experimental
measurements of the realized rectennas for different configura-
tions; (ii) analysis of array configurations of the designed
rectennas for the enhanced power efficiency; and (iii) analysis
of the rectification performance of proposed MIIM structures
with the computations of the rectified DC output through co-
simulation and experimental measurements.
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