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ABSTRACT

The demands for autonomous energy solutions are increasing rapidly due to the
explosive growth in the Internet of Things (IoT) ecosystem. The overall IoT
connections have been estimated to reach 35 billion in 2020 and have been projected
to reach over 80 billion by the end of 2024. Therefore, sustainable and diverse energy
solutions incorporating remote charging are acute to power billions of devices in IoT
and other ubiquitous electronics. Due to ease of implementation and availability,
energy scavenging by harvesting power from radio frequency (RF) sources is a
promising energy solution. A typical RF harvester comprises two functional units:
an antenna to gather RF energy and a rectifier circuit to convert them to electric
energy such as voltages to power up electronic devices. RF rectifying diodes, as the
simplest rectifying components, are vital for such energy autonomy systems.

Emerging printing and coating techniques, with their low-cost and ease of
fabrication, make solution-processed and printed electronics very attractive. It
enables researchers to explore new ways of material processing to develop devices,
circuits, and systems, which are difficult to achieve with traditional wafer-based
manufacturing techniques. With the steady development in printing and coating
methods, it is of great interest to develop solution-processed and printed, low-cost
RF energy harvesters with unconventional semiconductor materials, such as organic
polymers and metal oxides. Due to unique bonding and carrier transport mechanism,
solution-processed organic and metal oxide diodes have dramatically different
properties compared to their Si-based counterparts; their circuits have unique
characteristics, and their optimization can differ strongly from conventional
inorganic equivalents. Therefore, as one of the most fundamental active electronic
components, solution-processed rectifying diodes are not only essential to low-cost
RF energy harvesters but also an important steppingstone to understanding other
solution-processed electronic devices.

The work presented in this thesis, including the publications therein, focuses on
the development and analysis of solution-processed thin film organic and metal
oxide diodes and their rectifier circuits for RF energy harvesting applications. The
thesis discusses how to improve the properties of the diodes, especially their

frequency response. The gravure printed organic diodes offer improved electrical



performance at 13.56 MHz whereas the solution-processed spin-coated indium
oxide diodes operate up to and above 0.7 GHz. Furthermore, the thesis
demonstrates fully printable RF energy harvesters based on printed diodes with
working distance from a few cm to 4 meters at 13.56 MHz. The utilization in an
autonomous energy harvesting and storage unit is presented as well. The unique
properties of the printed diodes are investigated when integrated into harvester
circuits. The results in this thesis demonstrate the capability of solution processed
rectifying organic and metal oxide diodes utilized in RF energy harvesting systems
for IoT applications.
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17 INTRODUCTION

Energy and power sources are fundamental to all electronic components and
systems. For a conventional wireless or portable device, where direct power supply
derived from power outlets by wiring is excluded, replaceable batteries become the
primary power source. However, with the rise of emerging Internet of Things (IoT),
wireless sensors and other ubiquitous small electronics, installing, maintaining and
replacing batteries for billions of sensors and small electronic devices in the near
future is by no means an elegant solution, and not sustainable. There is an urgent
demand for new, sustainable energy supply solutions to overcome this bottleneck.
Harvesting energy from ambient power sources like light, radio frequency (RF)
radiation, motion or thermal energy holds a tremendous amount of promise to be
an efficient energy solution [1]-[3]. The harnessed energy can either be used
immediately to power devices, or it can be stored in batteries or other novel energy
storage devices, such as supercapacitors, to enable an autonomous energy system.
Among different energy harvesting methods, wireless RE energy harvesting from
ambient or dedicated sources has massive appeal because of its simplicity and ease
of implementation. An RF harvester typically comprises two functional units: an
antenna to gather and channel RF energy and a rectifier circuit to convert the
received RF signals to DC voltages. RF rectifying diodes, as the simplest rectifying
components, are essential for such low-cost energy autonomous systems.

Printed and coated electronics has opened new opportunities in manufacturing
of electronics. Solution-processed organic or inorganic materials utilizing various
printing and coating methods enable fast, cost-effective and high-volume
production. These solution-processed materials also offer advantages such as thin
layers, large scale, flexibility and low-temperature processability, which allow
structures and devices that were not feasible with conventional materials and
fabrication methods. Based on these novel materials and deposition methods, many
devices have been demonstrated, such as transistors, photovoltaics (PV)s, light-
emitting diodes (LED)s and rectifying diodes [4]-[13]. As the simplest active
electronic components, rectifying diodes are important building blocks for a better

understanding of device physics and operations of other solution-processed devices
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in which there is interaction between optical and electrical properties, such as PV
devices and organic light-emitting diodes (OLED). Despite the advancements, there
are several challenges in solution-processed materials, especially their electrical
performance. A great effort has been made to enhance the electrical performance of
these materials in the past years. Therefore, it is of enormous interest to investigate
and demonstrate the possibility of harvesting RF energy on a cheap flexible plastic
substate with simple, low-cost solution-processed organic or metal oxide diodes.
With the rapidly expanding IoT market, there is massive potential for this approach.

The work presented in this thesis focuses on RF rectifying diodes utilizing
solution-processed organic or metal oxide materials for energy harvesting
applications. Compared with conventional Si-based rectifying diodes, these solution-
processed, thin-film rectifying diodes have unique properties, characteristics,
advantages and disadvantages. The specific objectives of this thesis are the following:

Research Question 1: Can solution-processed organic and metal oxide diodes
offer sufficient electrical rectifying performance at 13.56 MHz or even higher
frequencies? To address this question, the diode properties and frequency
performance are investigated.

Research Question 2: Can RIF energy harvesters based on solution-processed
diodes be used to provide sufficient voltage to power load devices? To answer this
question, the harvesting circuit analysis and the harvester demonstration are
required.

The thesis outlines the work done in five peer-reviewed publications. In
publication I, a fully printed RF energy harvester operating at 13.56 MHz comprising
an inkjet-printed antenna with a capacitor and a gravure-printed organic rectifying
diode is presented. Depending on the transmitting power and distance of the source
antenna, this printed energy harvester can provide up to 3-5 DC voltage. Publication
II further investigates the effect of these organic rectifying diodes on the
performance of a rectenna circuit with an operating frequency of 13.56 MHz. The
geometric capacitance of the diodes has a huge impact on the resonant frequency
and the coupling AC voltage of the loop antenna. Based on the findings, a rectenna
circuit with a double half-wave rectifier is designed. In publication III, we
demonstrate an autonomous energy harvesting and storage system. The printed
13.56 MHz energy harvester with organic rectifying diodes is used to charge two
supercapacitors connected in series up to approximately 1.8 V. The stored energy
powers a voltage regulator application specific integrated circuit (ASIC) with a
regulated output of 1.2 V for up to 10 hours. The charging voltages from the
harvester to the supercapacitors are controlled by the distance between the source
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antenna and harvesting antenna. Publication IV presents a fully printed RF energy
harvester with a novel screen-printed large area antenna integrated with a printed
organic rectifying diode for long-range harvesting up to a few meters at 13.56 MHz.
In publication V, solution-processed indium oxide is utilized for rectifying diodes
that dramatically extend into higher-speed application. The 3-dB cutoff frequency
was found to be over 700 MHz.

This thesis is divided into five chapters. Chapter 2 discusses the fundamentals
relevant to the work. The experimental methods and materials used are presented in
Chapter 3. Chapter 4 outlines the main results of the included publications. Chapter
5 concludes the thesis with a summary of the contributions.
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2 BACKGROUND

This chapter provides the essential background of solution-processed, thin film
organic and metal oxide diodes. First, the fundamental properties and characteries
of the p-type organic semiconductor rectifying diodes are presented. A brief
overview of solution-processed n-type metal oxide is given. Next, various solution-
processed deposition methods including printing and coating are discussed. In the
end, the applications and the circuits for these diodes are described.

2.1 Printed organic rectifying diodes

Organic semiconductors, especially conjugated polymers, are intrinsically solution
processable and printable at low temperatures, making them compatible with
inexpensive, plastic film substrates, unlike inorganic semiconductors. These flexible
and printed organic devices can be realized for various emerging applications such
as the increasing demand for IoTs. In particular, printed rectifying diodes based on
organic semiconductors fabricated at low temperatures have the potential to be used
in such applications as a key enabling component of future pervasive wireless power
systems.

An organic rectifying diode is a two-terminal electronic device that has low
resistance to current flow in one direction and high resistance in the other direction.
The structure of an organic high frequency rectifying diode can be realized by
vertically sandwiching an organic semiconductor between two metal electrodes.
Thus, the diode length for which carriers travel is determined by the semiconductor
layer thickness in contrast to a thin-film transistor or a lateral diode, in which the
diode length depends on the horizontal distance between two electrodes. This
structure is distinct from conventional Si-based rectifying diodes, which are
commonly based on p-n junctions or heavily doped semiconductors. Indeed, organic

semiconductors and devices bear unique and attractive properties that distinguish
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them from their conventional counterparts and add new value that is difficult to

obtain from conventional electronics technology.

211 Properties

Organic semiconductors used as active layers in thin film diodes can be divided into
two major classes, small molecules and conjugated polymers [14], [15]. In general,
small molecules can form well-ordered films of high purity to offer high charge
carrier mobilities. However, they normally require extra effort of handling and
deposition, e.g., through thermal sublimation in vacuum condition. Conjugated
polymers, especially amorphous polymers, on the other hand, can be more easily
processed due to their excellent solubility and therefore are more suitable for mass
production through coating and printing.

Polymer semiconductors consist of o-bonded backbone with satellite -
conjugated bonds that are held together by weak van der Waals interactions. The 7-
conjugated structure, meaning alternating single and double carbon bonds, is
essential to achieve charge carrier mobility [16], [17]. To improve solubility, flexible
side chains are added to the polymer backbone, which inevitably causes disorder and
impurities [17]. As a result, carriers in polymers are easily localized or trapped due to
these defects and disorder, which leads to lower mobilities in the range of 103 to 1
cm?/Vs. Since the bonding of polymer semiconductors differs from the strong
covalent bonding in inorganic semiconductors such as silicon, the carrier transport
mechanism in polymer semiconductors is fundamentally different from the band
transport model used for conventional inorganic crystalline semiconductors. Instead,
the motion of the carriers in polymers has been described by hopping transport,
where charge carriers hop from one site to another by thermally activated lattice
vibrations or tunneling [14], [18], [19].

In addition to carrier mobility #, the carrier density » has a huge effect on
conductivity ¢ of the organic semiconductors, defined by o=gnu, where ¢ is the
electronic charge unit. Undoped organic semiconductors have low intrinsic carrier
density, though it can be enhanced by chemical doping and carrier injection from
metal contacts. However, unlike in inorganic semiconductors where the doping
normally just increases carrier density and does not interfere with the band structure,
molecular doping in organic semiconductors (with weak Van der Waals interactions)
affects the physical arrangement of the molecules, hence the electrical properties of
the film such as mobility and charge distribution. Although different dopants have
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been developed to enhance conductivity in organic materials [20]—[22], the lack of
fundamental physical understanding of the transport and band mechanisms in doped
organic semiconductors makes organic doping very challenging. As a result,
conjugated polymers are often referred to as “electron transporting” or “hole
transporting,” as a manifestation of their lack of intrinsic carrier concentration.

Most solution-processed organic rectifying diodes have a single active layer
sandwiched between two metal electrodes to achieve high speed operation. For this
reason, the Schottky diode model has been commonly used to describe the energy
alignhment at the metal-organic semiconductor interface [23]—[27]. In the Schottky
model, when the metal and the semiconductor are brought into contact, the charges
flow over the interface until the Fermi levels on both sides aligned to establish
thermal equilibrium. This creates a thin depletion region at the anode (for n-type) or
the cathode (p-type) and semiconductor interface which manifests as a Schottky
barrier where all mobile charges have diffused away. The depletion region W, is
given by

©)

where ¢, is the permittivity of vacuum, ¢, is the permittivity of the semiconductor,
I/,; is the build-in potential, equal to the total potential difference across the
semiconductor, 17 is the applied voltage and N is the density of charge carriers [28].
On the other end of the diode, an Ohmic contact is formed between the heavily
doped semiconductor and the other metal electrode, where the highly concentrated
dopant-induced carriers bend the bands such that any potential barrier becomes
quantum mechanically thin so carriers can easily tunnel through the interface. Thus,
the Ohmic contacts exhibit negligible contact resistance and have a negligible voltage
loss [26]. However, polymer organic semiconductors usually have low charge carrier
mobility in the order of 10-> cm?/Vs and exhibit low density of chatge cartiers [29]—
[33]. Consequently, the depletion region W, calculated from Equation (1) can be
several um, which exceeds the whole semiconductor thickness. This indicates that
the entire semiconductor layer of the diode is fully depleted and independent of
applied voltage. Therefore, the Schottky barrier model cannot be directly applied. In
addition, since doping is complex and often inapplicable for polymer
semiconductors, the Ohmic contacts in polymers are normally realized by carrier
injection directly from the metal electrodes. Due to these properties, the organic
polymer diodes are fit more suitably with the metal-insulator-metal (MIM) diode
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model, wherein a thin dielectric is sandwiched between two metal electrodes with
dissimilar work functions [29], [30]. In practice, the Ohmic injection contact for p-
type organic semiconductors is achieved by selecting a metal with a higher work
function than the highest occupied molecular orbital (HOMO) level of the polymer.
This metal, as an anode, injects charge carriers into the fully depleted semiconductors
under forward bias. On the other hand, non-Ohmic contacts, or sometimes referred
as rectifying contacts, for p-type organic semiconductors are realized by having a
lower work function metal electrode compared to the HOMO level of the
semiconductor. This energy difference between this cathode metal and the
semiconductor creates a rectifying barrier which blocks carriers to move under
reverse bias. The difference in work function of the two metal electrodes becomes
the built-in voltage Vi across the semiconductor. However, since the interface
chemistry and energetics will change as the materials are brought into contact,
forming an ideal Ohmic contact and non-Ohmic contact for an organic
semiconductor becomes complicated and hard to predict [34]—[37]. Key interfaces
in the active region, formed by the printing process, are paramount to diode
performance, thus they are a barometer of the printing efficacy. The energy diagram
and interfaces of p-type organic diode were investigated in detail in previous works
by Kaisa Lilja [23] and Petri Heljo [24].

2.1.2  Characteristics

DC current (density) -voltage ((I(J)-V) measurement and AC impedance
spectroscopy (IS) are commonly used for organic diodes characterization. The I(])-
V characteristics represent the most important DC properties of the diode including
rectification ratio, charge transport mechanisms, diode contact properties, etc.
Several analytical models for DC I(J)-V characteristic of organic diodes have been
reported in the literature [38]—[41]. The general approach is to partially fit electrical
characteristics in different voltage regimes. For MIM diodes the current
characteristics can be divided into three regimes, reverse current region (V<O0),
diffusion and contact limited current region (0<V<Vy;) and space charge limited
current (SCLC) region (V>Vy), where the built-in voltage Vi, is defined as work
function difference of the metal electrodes [42].

For p-type organic diodes, under reverse bias, the injection barrier between the
work function of the cathode metal and the HOMO level of the semiconductor is

large enough to prevent significant current flowing. As a result, the current level, also
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called reverse leakage current, is typically low. In forward bias, when the applied
voltage is below the built-in voltage, the resulting electric field within the
semiconductor is opposite to the applied voltage, pointing toward the anode. This
causes a small negative drift current. However, the current is dominated by diffusion
of holes towards the cathode due to the hole density gradient. The combined
diffusion-drift current in this voltage region is positive. In the past, the Shockley
diode equation which was developed for p-n junction diodes has been applied.
However, it is flawed to apply the recombination-current-based Shockley model to
describe the single carrier diffusion-limited current in the MIM diodes. Later, De
Bruyn et al. proposed a model to calculate the I(])-V characteristics of hole-only MIM
organic diodes below SCLC modified from the Schottky’s model of diffusion current
at MS interfaces with no band bending at both contact interfaces [42], in which the
current density is given by
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where N, is the hole density at the Ohmic contact, p, is the barrier height at the

rectifying contact, and L is the thickness of the semiconductor. A similar equation
was derived for organic light-emitting diodes earlier by Nguyen e# 4/ [43]. In MIM
diodes, there is no band bending at the Schottky contact induced by dopants. On
the other hand, the single carrier diffusion from the anode into the semiconductor
forms an accumulation region close to the anode and causes band bending at the
Ohmic contact [42]. This band bending reduces the built-in voltage and has an
impact on the diffusion current. As a result, the calculation of the current below the
Vi region becomes more complicated. When the applied voltage is larger than the
built-in voltage, the resulting electric field turns positive, and the drift current starts
to dominate. This is the well-known SCLC, described by the expression of Mott and
Gurney [44]

= 95,50/1(V'VMZ
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In addition, some basic parameters such as mobility, equilibrium carrier
concentration and work function difference between the two contracts can be
extracted from the DC I(J)V-characteristics.

22



Impedance spectroscopy (IS) is another useful technique to study the carrier
transport mechanism and interface effects in organic diodes [45], [46]. IS records the
linear electrical response of the device of interest to small signals at certain DC
biasing. The measured spectra can be electrically interpreted with a proper equivalent
circuit model, which normally includes a chain of resistor-capacitor (RC) networks
to represent individual interfaces and layers. However, it should be pointed out the
small signal model obtained by IS at certain DC biases is not adequate to represent
the nonlinear behavior of organic diodes with large AC input signals [47]. The
intrinsically nonlinear nature of the rectification cannot be described by the
conventional linear small signal approach.

The primary application of the diodes is high frequency rectification of incoming
AC singles to DC voltages in rectifier circuits. Therefore, it is of great interest to
analyze the frequency response of the diodes used in a rectifier circuit. However,
since organic diodes essentially operate in a different way than Si-based diodes, and
the physics of the frequency response of organic rectifying diodes are not completely
understood, the nonlinear large signal analysis model for organic diodes is thus far
not available. In fact, the nonlinear nature of the rectification increases the
complexity of frequency operation analysis drastically. Nonetheless, several
approaches to analyze the diode frequency response have been reported. As the
diodes are unipolar, ze., the charge carriers are either holes or electrons only, and the
transport of carriers is along the transverse direction in the vertical structure, the
carrier transit time or so-called time-of-flight (TOF) time #; to move between two

electrodes is given by

12
R ¥
where 17, is the applied bias on the diode and 17, is the diode build-in voltage. Here,
the semiconductor is assumed to be trap-free. Equation (4) provides an
oversimplified way to estimate the maximum operation frequency of the diode, as
Joax 1s reciprocal of time, denoted by 1/#. Steudel e al. [47] proposed a different
formula where the maximum theoretical frequency of the diode is determined by
charging and discharging rate between the load capacitor and resistor in a half-wave
rectifier circuit. Although this approach offers a more realistic upper frequency
limitation compared to the one obtained from the TOF, it involves some ambiguous
assumptions such as no leakage current in reverse bias. Since this complicates the
calculation but still does not deliver fully reliable results, this analysis is also not ideal.
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Moreover, pure numerical approaches involving solving a set of continuity, drift
diffusion and Poisson equation under Schottky boundary conditions have been
reported to calculate the frequency response of the diode [48], [49], but the
computational time is excessive, especially in the high frequency regime.

In practice, an effective route to analyze the rectifier circuit operation is to employ
an equivalent circuit model. The most simplified model of vertical MIM diodes,
without including the contact effects of the diode, consists of a single RC network
as shown in Fig 1, where R represents the resistance of the semiconductor layer and
Cdiode 18 the bulk capacitance. For MIM diodes with a fully depleted semiconductor
layer, the bulk capacitance of the diodes is the same as the geometric capacitance
given in Equation (5) which remains reasonably constant over different bias voltages
and frequencies [30].

Cou="22, ©
where A is the cross-section area of the diode. The bulk resistance, on the other
hand, appears to be both frequency and voltage dependent. Altazin ez al. [49] later
proposed an improved model in which the equivalent resistor was replaced by a
voltage dependent conductance, with an expanded time dependent function based
on TOF to propetly capture the frequency performance of devices. Though the
resistance which represents the nonlinear operation of the diodes is still complex,
the model (Figure 1) was found sufficient to explain the diode performance in the
rectifier application.

For rectifying diodes operating at higher frequencies, both the geometric and
electric properties play a huge role. The layer thickness, as the dominant factor in
Equation (4), dictates the cutoff frequency. The carrier mobility determines how fast
the carriers travel between two electrodes where the carrier density affects the

injection current.
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Cdiode

Figure 1. Simplified equivalent circuit model for an organic diode.

2.2 Metal oxide rectifying diodes

Solution-based organic diodes offer flexibility and low temperature processing, but
have a low operating frequency range, typically limited to tens of MHz due to
relatively poor carrier mobility and density. Transparent metal oxide semiconductors,
with a number of great properties such as large band gap, wide optical transparency,
high carrier mobility and moderate temperature deposition process, have gained
special attention in recent years and established as one of the most promising
technologies for leading next generation electronics [50]—[54]. The most prevalent
amorphous metal oxide semiconductors involve indium (In), tin (Sn), zinc (Zn), and
gallium (Ga) as starting elements. Due to great interest, the deposition methods of
these thin films have been studied and innovated. A variety of deposition techniques
have been reported such as spin-coating, electron beam evaporation, RF sputtering,
pulsed laser deposition, atomic layer deposition, and various printing depositions
[50]—[54]. Metal oxide semiconductors devices are mostly reported in the context of
thin-film transistors (TTT)s, although in recent years, metal oxide diodes have
attracted attention for rectifying applications. Among them, vacuum processed RF
sputtered In-Ga-Zn-O (IGZO) diodes have demonstrated frequency performance
up to and above 1 GHz [55]-[57]. Despite such excellent results, the properties of
IGZO rely heavily on the oxygen/argon ratio during the sputtering process, which
makes them not compatible with cost-effective mass production. To move a step
forward to low-cost deposition, solution-processed metal oxide diodes have been

recently reported with promising results [58], [59]. One outstanding material that has
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been extensively investigated is indium oxide. This is due to its simplicity of solution
formulation and high electrical performance including large electron mobility, high
charge carrier concentration and wide band gap compared to other metal oxide
semiconducting materials [60].

Metal oxide semiconductors are valence compounds between metal (M) ns and
oxygen (O) 2p orbitals with a high degree of ion bonding. In general, the M orbitals
are highly dispersive while the O orbitals are more localized. This leads to a better
electron transport in comparison to hole transport [61]. Therefore, typical metal
oxide semiconductors such as indium oxide is an intrinsic n-type semiconductor.
Similar to polymer organic semiconductors, when undoped indium oxide is
sandwiched between two metal electrodes, a MIM diode structure is formed. The
characteristics of the solution-processed metal oxide rectifying diodes follow the
MIM diode model, as presented in section 2.1.

2.3  Printed and solution-processed electronics

Advances in the properties of organic semiconductors as well as metal oxide
semiconductors, such as solution processability and ambient stability, offer
possibilities in cost effective printed electronics. Printed electronics has been
associated with various names in scientific publications depending on the context
such as organic, flexible and plastic electronics, large area or low-cost electronics.
Regardless of the name, the core of this new technology is solution-based processes.
A wide range of large area deposition and patterning techniques can be used for
solution-processed devices. For clarification, printing techniques are defined as
patternable solution processes while coating techniques are non-patternable solution
processes. In this work, spin coating, gravure printing, screen printing and inkjet
printing techniques were utilized for the fabrication of various layers and devices.
Spin-coating is arguably the simplest and most common coating technique to
spread uniform thin films on flat substrates. Thus, it is a facile tool for rapid
prototyping of novel structures. In the spin-coating process, a solution is first
dispensed onto the surface of a substrate, which then rotates at high speed (hundreds
to thousands of rotations-per-minute (rpm)) until the excess solution spins off. The
remaining solvent, which is usually volatile, evaporates during deposition due to
diffusion. With an additional drying or annealing process, the resulting thickness of
the thin film from spin coating ranges from a few nm to a few pm determined by

the spin speed, concentration, and viscosity of the solution. The major advantages
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of spin-coating over other methods are its simplicity, high consistency, and low cost.
However, spin-coating is difficult to scale up, therefore is not compatible for large
area manufacturing [62]. Alternatively, slot die coating, as a large area solution-based
coating process, is a widely used approach for non-patterned high-speed roll-to-roll
deposition of uniform thin films [63], [64].

Printing techniques, especially the ones adapted from the graphic arts industry,
enable roll-to-roll or high-speed sheet-to-sheet mass printing processes. The
common mass printing methods includes gravure, flexographic, offset and screen
printing etc. In addition, non-contact printing methods, especially inkjet printing,
have become widespread in functional printing due to the digital nature of the
process. In general, each printing process has specific strengths, weaknesses and

areas of applicability.

Substrate

Impressioncylinder

Doctorblade

Gravure plate

A

Figure 2. The principle of the sheet-fed gravure printing process used in this thesis [24].

Gravure printing is a method in which the pattern to be printed is engraved as a
discrete arrangement of cavities, called cells, into a printing cylinder or plate, which
is traditionally made of metal. For a sheet-fed gravure printing process, as shown in
Figure 2, the engraved cells are filled with ink by a doctor blade. The ink on the plate
is then transferred to a substrate rolled over the impression cylinder when the
substrate is brought into contact with the plate. A similar principle is used in a roll
fed gravure printing, in which the gravure cylinder with engraved cells is dipped in
an ink bath and the excess ink is removed with a doctor blade; the ink is then
transferred from the cells to a substate by pressure. Due to the simplicity of the
gravure printing process, the inks interact only with a limited number of
components, which ensures reliability. The thickness of the films is controlled
through the engraved cell depths and densities. With the help of laser engraving and
modern microfabrication techniques, gravure printing offers high resolution of few
um [65]. The excellent printing quality and high consistency of gravure printing
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makes it a promising printing process in printing electronics for a variety of
applications including solar cells, transistors, rectifying diodes, and light-emitting
diodes [5], [8], [9], [11]. However, the gravure plates in general are expensive, which
makes flexographic printing with relatively low-cost rubber plate favorable for short
runs. In contrast to gravure printing, in which the ink resides inside the engraved
cells, the ink on the flexography plates is transferred onto the embossed ridges of
the pattern. In flexography printing, the anilox roll is first inked. The ink is
transferred to the embossed area of the elastic printing plate. The printing roll then
contacts the surface of the film and transfers the patterned image. Because of the
soft printing plate, flexography printing has been facing challenges to accommodate
highly aggressive solvents, which are often required for solution-processed materials.
In recent years, there has been progress in viability of flexography printing for
organic devices [6]. Other mass printing methods such as offset printing and screen
printing have also been used in printed electronics for various applications [4], [12].
Offset printing offers excellent printing resolution and registration but has a high-
cost ink printing unit. Screen printing, well-known through its use in printed circuit
board (PCB), is suitable for depositing large area, thick films at low cost.

Inkjet printing is one of the most utilized non-contact direct printing techniques.
In this method, the ink is formed into small droplets and then ejected onto the
substrate guided by a digital layout. Owning to its simple principle, excellent ink
compatibility as well as digital, additive and contactless deposition process, inkjet
printing has become an attractive fabrication technique with a variety of applications
in printed electronics [7], [10], [13]. One shortcoming of the inkjet printing is the low
throughput compared to the above mass printing methods such as gravure printing.
But this is being improved through the use of multiple printheads in parallel as

demonstrated in Publication 1.

24  Applications and circuits

Rectifying Schottky diodes are indispensable components of an RF-to-DC rectifying
system. The most prominent application of rectifying diodes is energy harvesting in
radio frequency identification (RFID), near field communication systems (NFC) and
for wireless sensors in IoT applications. Figure 3 summarizes key applications for
rectifying Schottky diodes. The performance of solution-processed devices cannot
compete with conventional electronics. Nonetheless, the development of solution-

processed electronic components leads to great opportunities for the realization of
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low-cost and flexible thin-film devices. These thin-film devices can be easily
incorporated into simple circuits to provide necessary functionalities to, for example,

various smart objects of IoT at low cost.

RFID tags NEC ternet of Things

* Animal tracking * Transport * Energy harvesting
* Health care * Contactless payment * Wireless charging
* Authentication * Identification * Smart sensor

* Surveillance * Security networks

* Inventory * Access control

* Asset management * Data sharing

* Leisure/sport * Marketing

Figure 3. Applications of rectifying diodes.

241 RF energy harvesting applications

RF energy harvesting is the concept of scavenging the electromagnetic waves and
converting them to electrical energy (ze., into voltages and currents) to power up
electronic devices. A rectifier acts upon an AC signal such that one half of the cycle
is clipped, or attenuated, leaving the opposite side of the waveform intact. Normally
an electromagnetic wave has an average DC value of zero, as the two halves cancel
each other. But with a rectifier, the remaining intact half leads to a small DC voltage
induced by the rf energy received. Thus, RF energy harvesting systems, or in short
RF harvesters, comprise a minimum of two functional units: an antenna to gather
RF energy and a rectifying circuit to convert the received RF signals to DC voltages.
An impedance matching network between the antenna and the rectifier, and a power
management unit integrated after the rectifier can be incorporated to maximize the
harvested energy. The REF harvesters can be classified into two types based on the
source of the RF power, either from a dedicated RF source or from the ambient RF
energy provided by common wireless devices like phones, Wi-Fi equipment, etc. The
former RF harvesters are often called wireless power transfer harvesters, while the
latter are referred as ambient R energy harvesters. The choice of the RF harvester
application depends on the operating frequency. Low-frequency (LF) RF harvesters
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mainly suit the Qi standard developed by wireless power consortium (WPC) [66] and
work at 80-300 kHz. High frequency (HF) harvesters operate at the 13.56 MHz ISM
(Industrial, Scientific and Medical) and NFC band, and ultra-high frequencies (UHF)
systems refer to frequencies beyond 450MHz. The large corresponding wavelengths
at low frequencies such as the Qi and 13.56MHz prevent sufficient ambient RF
energy scavenging; the ambient energy is already very low at these low frequencies.
Therefore, dedicated RF sources, for instance wireless charger and RFID readers,
are commonly employed to provide direct transmitting power. At these frequencies,
printed RF harvesters usually utilize small inductive loop antennas together with
rectifying diodes featuring either polymer- or metal oxide- based printable
semiconducting materials [67]—[69]. In general, these printed small inductive loop
antennas, also known as inductive couplers or coils, are the size of credit cards and
operate in the magnetic near field, typically under few tens of centimeters. On the
other hand, at UHF or higher frequencies, a hybrid RF harvester combining printed
antennas with a rectifying circuit based on discrete surface-mount technology (SMT)
components [70]—[72] and an integrated circuit (IC) is widely used for scavenging
ambient RF radiation at GSM (Global System for Mobile Communications), Wi-Fi
band, etc. There have been reports of vacuum processed organic diodes and
solution-processed inorganic diodes rectifying at close to 1 GHz but the power loss
on these novel devices due to non-ideal semiconductor and contact properties set a
severe challenge to harness ambient RF energy with an average power density in the
order of 60 W/m? in the low GHz range.

ASIC with power management, T

Energy storage in sensor and Eink display driver

supercaps

E-Ink temperature display

Energy harvesting— OPV module and
printed RF (13.56 MHz) harvester

Figure 4. Pictures of energy autonomous temperature sensor mounted inside a smart chocolate box
[73].

Figure 4 shows an example application of the printed RF harvester in a flexible

energy autonomous temperature sensor system integrated into a smart chocolate
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box. As one of the energy sources, the printed 13.56 MHz RF harvester (Publication
I) was used to charge the supercapacitors. The stored energy ran the temperature
sensor and display for at least 6 hours [73].

24.2  RF energy harvester antennas

The basic RF energy harvester that operates at or below 13.56 MHz utilizes a
rectenna circuit which is composed of a small loop antenna and a rectifying circuit.
The loop antenna gathers the RF energy through inductive-coupling, and the
rectifying circuit converts the coupled AC signals to DC voltages. Since these small
loops operate at radio frequencies, they are usually called “small loop antennas”,
however, they should not be mistaken as the traditional small loop antennas for real-
wortld far field radio wave communications. Specifically, these small loops, which are
essentially inductors, interact with the near field magnetic induction rather than the
far field radiation, therefore they are not radio loop antennas that carry RI currents
as electromagnetic waves. Strictly speaking, they are not real antennas, as typical
antenna parameters such as the radiation pattern and the antenna gain are not
applicable. The utilization of these loops is because of the restraints put by the
operation frequency and the commonly established antenna size. At the operation
frequency of 13.56 MHz, the corresponding wavelength is 22 meters long. This
means to get high radiation efficiency a loop antenna or a dipole antenna would have
to be about 11 meters, ze., half wavelength, in perimeter length. In practice, NFC
and 13.56 MHz RFID devices that accommodate these antennas commonly have a
size of a smart phone or a credit card to fit easily into a pocket. As antennas are
squeezed into an area about 0.5% or less of one wavelength, neatly no radiation will
be generated based on antenna theory [74]. As a result, the small inductive loops are
better suited to offer contactless energy transfer than a real antenna at LI and HF
range. Consequently, inductively coupled small loops are exclusively used in NFC
and 13.56 MHz RFID applications [75]—[77]. Figure 5 shows loop antennas in a
commercial smartphone and RFID cards compared to aloop antenna for radio wave

communications.
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Figure 5. Coils on smartphones and Qi charger (left), a 13.56 MHz RFID card (middle) and a loop
antenna with a diameter of 2 meters operating at 1.75-30 MHz (right).

Loop antennas

13.56
MHz T Load
agnetic
Reader R Frolds

Figure 6. Circuit diagram of a 13.56 MHz loop antenna transaction.

A circuit diagram of the 13.56 MHz loop antenna system is shown in Figure 6. The
13.56 MHz reader antenna excites current in the loop which is an inductor. This
induces a magnetic field, and when the pair of loops is closely placed an electric
current is further induced in the paired of loops through inductive coupling. This
induced current can be used to power or communicate to the load. For inductively-
coupled loops, the induced voltage on the antenna coil can be estimated based on
Lenz’s law as the induced voltages equals to the time rate of change of the magnetic
flux [78], ze.,

=N i 6

- d 4 > ( )
where N is number of turns of the loop antenna and ¥ is magnetic flux through each
turn. The magnetic flux can be described in terms of mutual inductance and induced

current, and the equation becomes
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where 7 is the induced current and M is total mutual inductance that depends on both
loop geometry and the distance between the two antennas. The inductances of the

planar antennas can be estimated with theoretical equation as
L=1y+M,-M, 8)

where L is the total inductance, I is the sum of the self-inductance of all straight
segments, M, is the sum of the positive mutual inductances, and M. is the sum of
the negative mutual ones [79]. Expanding the loop area and number of turns
enhances the mutual inductance but also leads to a higher resistance due to the
increased length of the loop. This results in a bigger voltage loss in the loop, which
will lower the quality factor (QQ) as well as shift the resonant frequency. This effect is
weaker for loops using highly conductive materials such as copper conductor coils
and Cu on PCBs, compared to printed loop antenna. However, for printed loops the
high resistance of the loop will affect the Q factor and frequency as shown in
Equation (9.b).

To obtain maximum performance such as reading range, coupling voltage
amplitude, etc., the rectenna circuit needs to be tuned to the 13.56 MHz operating
frequency. This resonant frequency is determined by the inductance and capacitance

of the rectenna circuit and can be affected by the loop resistance as given in Equation

(9.a) and (9.b)

71

fmz (9.2)

2n1L.C

(9.b)

Traditionally, a solid-state capacitor will be added to the loop antenna to tune the
targeted LLC product, resulting in the desired resonant frequency. In general, for loop
antennas with a size of a credit card, a few pH to few tens pH can be achieved by
increasing the loop turns. This means extra tuning capacitance of tens of nlf and tens
of pI is required for the loops to resonate at Qi frequency and 13.56 MHz,
respectively.

Due to the nature of inductive coupling with a magnetic field near the loop
antenna, the operation range of small loops is limited to few cm at Qi frequency and
few tens of cm at 13.56 MHz. To address this bottleneck, printed large area E-field

33



antenna with an enhance long range operation is considered. Since the wavelength
of the 13.56 MHz signal is 22 m, therefore even for a short dipole with a total length
less than a half wavelength of 11m at 13.56 MHz can be deemed impractical. Thus,
a novel design for an E-field dipole antenna to reduce the antenna size to a
reasonable area is needed, as presented in Publication IV. Nevertheless, the printed
E-field antenna at 13.56 MHz requires large areas and the printing is particularly well

suited to such large area devices.

2.4.3  Rectifying circuit

Organic rectifying circuit design has generally been adopted directly from established
solid-state inorganic rectifier topologies, such as half-wave, full-wave, double half-
wave rectifiers, charge pumps and other voltage multipliers. For many years, the half-
wave rectifier, which utilizes a rectifying diode in series with a filtering capacitor, has
been used extensively for its simplicity. In addition, it offers the most straightforward
insight on the frequency performance of a diode. The organic diode half-wave
rectifiers have been demonstrated in literature using a variety type of
semiconductors, such as P3HT [80], Poly(triarylamine) PTAA, pentacene [47], [69],
[81] and Ceo [82] and their performance is summarized in Table 1. For high
performance organic semiconductors such as vacuum deposited pentacene, or Ceo,
operating frequencies toward GHz were reported, however, their performance
deteriorated quickly when exposed to air. On the other hand, half-wave rectifiers
based on solution-processed diodes have targeted primarily 13.56 MHz due to their
inherent electric properties and lower mobilities, but they offered good stability
under ambient conditions. Table 1 clearly indicates that the voltage loss on the
organic diodes is significantly larger than the built-in (or threshold) voltage of the
diode as of that Si-based diodes. Besides the built-in voltage, low carrier mobility and
carrier concertation as well as non-ideal Ohmic contact resistance contribute to

voltage drop on the polymer diodes.
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Table 1. A summary of reported results for organic rectifying diodes
Frequency, Input AC p-p Rectified DC | Semiconductor | Fabrication Reference
Voltage, V Voltage, V

MHz

13.56 20 4 P3HT Spin coating [80]

13.56 20 5 PTAA Printing [Publication 1]

13.56 20 4 PQT-12 Spin coating [83]

13.56 20 45 C1IDT-BT Spin coating [84]

50 36 8 Pentacence Vacuum [69]
processing

869 30 45 Pentacence Vacuum [81]
processing

700 4 1 Cso Vacuum [82]
processing
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Figure 7. Schematic of a halfwave rectifier (left) and a double half-wave rectifier (right).
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For devices or applications where a higher DC voltage is required, the double half-
wave rectifier and charge pump approach have been considered. Full-wave and
double half-wave rectifiers using organic diodes have been reported [69], [85] and in
Publication II. Printed organic charge pumps as voltage tripler and quadrupler
operating at 13.56 MHz have also been demonstrated [11], [67], [84], [86]—[88] where
the output voltage exceeds the input AC amplitude. Despite the enhanced output, a
higher voltage multiplier demands not only more diodes but also capacitors. This
inevitably raises the difficulty for a monolithic circuit integration. Thus, the choice
of rectifier circuit to a specified application requires consideration of the properties
of the diodes such as the relatively high voltage loss with increased frequency and
the complexity of the circuit in terms of fabrication and integration process. In this
work, the half-wave and the double half-wave rectifier configurations (Figure 7) are
utilized.
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3 EXPERIMENTAL

The sample preparation, fabrication and characterizations are described in this
chapter. The basic operation and some optimization of PTAA diodes have been
carried out in previous work [23], [24]. One focus of the work reported in this thesis
is to further improve the fabrication process for thinner diodes to reach higher cut-
off frequencies. In addition, some other related experiments and improvements such
as doping are present. In order to be compatible with low-cost mass production, in
this work all materials and devices were air-stable without encapsulation, and all
fabrication and measurements were carried out at ambient air conditions. The only
exception was the use of a vacuum evaporator, which is integrated into a nitrogen
glovebox, for metal contact depositions of the indium contacts. However, the
devices were taken back into ambient air immediately after the evaporation since the

nitrogen environment was not required.

3.1 Materials

PTAA is an amorphous p-type organic semiconductor with a modest carrier mobility
of 103 -10-2 cm?/Vs [89]. Despite its low charge cartier mobility and concentration,
PTAA semiconductor possesses certain properties that make it well suitable for
printing; it can be handled in air with an excellent stability [90], it has a good solubility
in non-chlorine-based solvents like tetralin, xylene and toluene, it requires no high
temperature annealing process, and it is fully amorphous, which enables high quality
film formation and high reproducibility during printing. The PTAA used in this work
was purchased from Merck and later from Sigma-Aldrich in both powder and
solution form. Other four noncommercial PTAA materials with different
substituents and molecular weights were investigated. These alternative PTAA
materials either did not wet the Poly(ethylene terephthalate) (PET) substrates well
or showed worse electrical performance compared to that of commercial PTAA
materials. This is probably due to a smaller molecular weight and a lower carrier
mobility because of more trap states as a result of impurities remaining from the

chemical synthesis process.
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To increase the carrier mobility as well as the carrier concentration of PTAA
semiconductor, some blending and doping experiments were conducted. First,
solution-processed 6,13-Bis(triisopropylsilylethynyl)pentacene (TTPS-pentacene) has
been tested as an additive for polymeric semiconductor PTAA. Such blends have
shown good performance in organic TFT applications [91]. It has been reported that
TIPS-Pentacene-PTAA blends show phase segregation of the semiconductor layer,
forming a polymer-TIPS-pentacene interface with improved crystalline order in the
active layer in a lateral direction, which enhanced the electrical performance in TFT's
[92]. This can lead to improved field-effect mobility in lateral conduction devices
such as TFT's. However, the blends with TIPS-Pentacene have a negligible effect on
the vertical diodes. Although the TIPS-Pentacene layer increased the carrier
concentration at layer interfaces, it did not change the carrier mobility within the
PTAA layer. Hence, the vertical diode performance remained the same, as confirmed
by the experimental results (not shown here).

Next, Tris (4-bromophenyl) aluminum hexachloroantimonate (TBPAH), and
hexafluorotetracyanonaphthoquinodimethane (F6TCNNQ) have been tested as p-
type dopants for organic semiconductor. TBPAH and FOTCNNQ (or FATCNNQ)
have been reported to improve the hole injection layer in OLEDs [93] and to
increase the conductivity of polymer semiconductors [22]. Compared to the
undoped PTAA diode, the forward current and the reverse current of low %
TBPAH doped PTAA diode were raised 2 times and 100 times, respectively, whereas
F6TQNN doped PTAA diodes had a significant increase in reverse current, while
the forward current remained the same or even a little worse than in the undoped
diode. For both dopants, the diode frequency response showed no significant
improvement. With a higher doping level, the diode started to become short-
circuited and the yield dropped. The TBPAH dopant can bring extra carriers to fill
the traps in PTAA and thus improve the mobility, but might also shift the
HOMO/Fermi level of the semiconductor and cause unwanted energetic
mismatching. Considering the extreme toxicity of dichloro-ethane that is required
for dissolving the TBPAH, the doping approach was discontinued. On the other
hand, the absorption spectrum showed no interaction between FOTCNNQ and
PTAA to enable charge dissociation, which is essential to increase the conductivity
of the samples. The lack of interaction in the doped films could be due to doping
concentration below the threshold concentration to enter the crystalline phase [22].
Indeed, these doping tests of PTAA revealed that the doping mechanism of organic
semiconductor is complicated and not well understood, and in many aspects even

problematic. The interaction between each dopant and organic semiconductor has a
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distinct and subtle chemical basis, which leads to a case-based research approach.
Most of the reported doping in organic diodes aimed to create a doped buffer layer
between the ohmic contact and the semiconductor. Although this can increase the
injection current of the diode as observed from TBPAH doped PTAA diodes, the
frequency response of the diode, which depends on the carrier mobility, remains
unimproved. Due to the problems with performance, the doped PTAA material
diodes were not used in any of the applications.

Solution-processed metal oxides are promising materials as an alternative to
organic materials for high-speed diodes, as they exhibit higher carrier mobility.
Indium oxide is a n-type undoped semiconductor with a high carrier mobility and a
wide bandgap 3.6-3.75 ¢V [94]. The reported theoretical carrier mobility of solution
process indium oxides in thin film transistors is as high as 3.5 cm?/Vs [95]. The ait-

stability of solution-processed indium oxide is excellent as well.

3.2 Device fabrication

3.2.1 Fabrication of PTAA diodes

The PTAA diodes in Publication I-IV were assembled on evaporation deposited Cu
on PET substrates (Melinex ST506, DuPont Teijin Films). The 50 nm (or 100nm)
Cu layer was patterned (Fig.3.1) through a shadow mask as the bottom cathode
electrode. The Cu pattern includes 4 repeated units with 5 different widths, ze., 0.1,
0.2, 0.3, 0.4, 0.5 mm. A total of 20 devices can be fabricated on a single substrate, as
shown in Figure 8. The PTAA semiconductor ink and the PM-460A silver paste
from Acheson were successively deposited using a sheet-fed automatic gravure
printing press, Labratester Automatic from Norbert Schlifli Maschinen. Both layers
were cured for 5 minutes at 115 °C in air. The PTAA layer thickness is controlled by
the ink formulation and the printing parameters. The ink should have a proper
viscosity and surface energy, which can be realized by choosing the suitable solvent,
a mixed solvent or by adding extra additives. A diluted ink normally leads to a thinner
layer under the same printing settings, but the curing of the PTAA should be
effective in a predictable way to ensure layer uniformity. Due to the engraved cell
structure for transferring the inks, thickness control in the gravure printing process
is not very accurate. The layer thickness fluctuations are estimated in the order of

tens of nm in a gravure printed layer. In addition, the edges of gravure cells are always
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rough which causes small area variations in a printed layer. Therefore, differences
between two printed diodes will always occur. As mentioned before, these limitations
set by the gravure printing method can be overcome by using advanced engraving
methods for high resolution gravure cell structures. However, the cost of such plates
goes up, resulting in a more expensive manufacturing process. In this work, two
different gravure plates were employed: one has a cup density of 100 cups/cm and
a cup depth of 30 um and the other one has a cup density of 40 cups/cm and a cup
depth of 80 um. The plate with a higher cup density and a lower cup depth can yield
significant thinner and smoother layers compared to the other plate, therefore it is
mainly used to print thin PTAA layers. On the hand, the high viscosity Ag flake ink
is printed with the low density and great depth plate to achieve a thick electrode
layer.

Cu

Figure 8. Schematic layout of the PTAA diodes.

All printing processes are required to have the ability to deposit a uniform, pinhole
free, layer which translates to high yield with a desired film thickness. In general, a
thinner layer requires that the PTAA must be deposited from a diluted solution.
Thus, several formulation approaches with tetralin, xylene, toluene and anisole were
tested to modify solution viscosity with a high yield. The most promising
formulation was the mixture of a low viscosity (thin film) and a high viscosity (high
yield) solvent, for example toluene/tetralin or O-xylene/tetralin (4:1 in weight). With
6% by weight PTAA in the mixed solutions, the printed PTAA film thickness was
around 300 nm and the yield was excellent, i.e., 19 or 20 out of 20.

The properties of the Ag flake paste are crucial in forming the Ohmic contact to
the PTAA layer. Based on the reported work function of Ag at 4.3 eV and the
HOMO level of PTAA of 5.1 eV, a Schottky contact should be expected. However,
Kelvin probe measurements showed that Ag flake ink was heavily oxidized and had
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an effective work function of 5.2 eV [23]. This leads to formation of an Ohmic
contact between the Ag electrode and the PTAA. The viscosity of the Ag ink was
adjusted with extra solvents to suit the gravure printing method. With a high viscosity
Ag ink, the resulting layer showed visible holes with diameters of 50-150 pum; while
a further diluted Ag ink with a low viscosity diminished the hole areas and yielded a
smoother layer, as shown in Figure 9. Interestingly, the diodes with a rough Ag layer
provide better I-V and rectifying output. The smaller amount of solvent used leads
to a better curing, which affects the Ag oxidation level hence the work function of
Ag layer. In addition, when printed on top of the cured polymer PTAA layer, the
rougher Ag flake layer can press into the soft PT'AA layer causing a reduction in the
effective PTAA layer thickness and thus enhance the diode frequency response.
However, the high local electric field due to the Ag penetration in an ultra-thin
PTAA layer can cause current spikes to DC voltages and short circuits to low
frequencies AC signals for the diode. This phenomenon was studied in [24].

The roughness and distortion due to curing of the PET substrate set limitations
on how thin a PTAA layer can be printed as well. The PET substrate exhibits
occasional high peak spikes of tens nm that could happen in the diode area. The 115
°C curing temperature and the cool back process will cause distortion to the film,
including bending, shrinking, and expanding of the film. These effects should be
considered during the fabrication of diodes with very thin layers.

Figure 9. Microscopy images of the silver layer. High viscosity silver ink with visible holes(left) and
low viscosity silver ink with less hole area (right).

3.2.2  Fabrication of indium oxide diodes

The indium oxide diodes in Publication I were fabricated on SiO» coated Si wafers.
A 25 nm thick patterned Al electrode was first evaporated on the wafer through a
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mask, followed by three iterative layers of spin coated indium oxide precursor to
prevent short circuits in the diode structure by increasing the aggregate diode active
thickness. The precursor, with a molar concentration 0.2 mol/L, was made by mixing
indium nitrate hydrate with 2-methoxyethanol (both from Sigma Aldrich). This
precursor formula was first published by VIT (Technical Research Centre of
Finland) [96]. The first two layers were cured at 300 °C in an oven under atmosphere
for 5 minutes and the last layer was cured for 30 minutes at the same temperature.
Finally, a 100 nm patterned Au electrode was evaporated. To improve the wetting
of the indium oxide precursor, the Al electrode was subjected to ultraviolet (UV)-
ozone treatment for 15 minutes immediately before the deposition of indium oxides.
The cross section of the diode was studied by focused ion beam-scanning electron
microscope (FIB-SEM) image as shown in Figure 10. Pt and Carbon layers were
deposited as protection layers for the FIB milling process. Different layers were
defined by energy-dispersive X-ray spectroscopy (EDS). The SiO, layer was
determined to be around 100 nm. The layer thickness of three-layer indium oxide
film was around 200 nm.

Figure 10. A photo of Al/ln20s/Au diodes (left). FIB-SEM cross section image of the diode (right).

3.2.3  Fabrication of other components

Besides the rectifier diodes, the filtering capacitors in the rectifier circuits and the
antennas can be fully printed as well. In Publication I, the loop antenna and the
bottom Ag electrodes for the capacitor were printed with an 1Ti MDS 2.0 inkjet
printer using a Spectra S-class printhead with 128 nozzles for higher speed large area
deposition. The dielectric and top Ag layers for the antenna bridge and the capacitor
were printed using a Dimatix materials printer DMP-2831 with a low cost 16 nozzles
printhead for fast and accurate small pattern printing. Harima NPS-JL silver
NanoPaste ink and SunTronic Jettalbe insulator U5388 were used as the conductive
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ink and the dielectric ink, respectively. The Ag ink was sintered at 150 °C for 1 hour.
The dielectric ink was cured by exposure to UV-light (PSD-UV from Novascan
Technologies) for 30 sec, and then oven sintered at 150 °C for 30 mins. A PET film
Melinex ST506 from DuPont Teijin Films was used as the substrate.

In Publication IV, the antennas were screen printed on a Graficaindia Flextonica
Nano Print Plus flat-bed press using Novacentrix (PChem) ink, PSI-219. The ink
was cured two times using a DragonAir drying tunnel at 140 °C with a dwell time of
90 seconds. The final thickness of the printed antennas was about 5 um. The sheet
resistance was about 30 mQ/square. The printing wortk was done in Clemson
University.

3.3 Characterization Applications and circuits

The I(J)-V measurements of the PTAA diodes were carried out either using a
Keithley 236 source-measure unit or a Zahner Zennium potentiostat. The I(])-V
characteristics of the indium oxide diodes were determined using a Keysight B1500A
semiconductor analyzer connected to a probe station. The small-signal properties of
the diodes were measured by a HP network analyzer 8752A. The diode geometric
capacitance value was drawn from this measurement. According to Equation (5) the
PTAA layer thickness is then calculated on the basis of the measured geometric
capacitance using a relative permittivity of 3. The measurement setup is shown in
Figure 11.

The basic diode frequency responses up to 50 MHz were evaluated in a half-wave
rectifier configuration; the rectified DC output voltage of the rectifier as a function
of frequency was measured. In these measurements, the amplitude of the input AC
signal was 10 V, provided by a Keithley 3390 50 MHz arbitrary waveform generator.
In publication V, a Hewlett Packard ESG-DS300A 250 kHz to 3000 MHz digital
signal generator was used to provide input signal for frequencies beyond 50 MHz.
The power of the input signal was further boosted with a ZHIL.-2-12 high dynamic
range amplifier 10 MHz to 1.2 G Hz from Mini-circuits. The rectifier DC output
was measured with a Tektronix DPO4104 digital phosphor oscilloscope. The
filtering capacitor in the half-wave rectifier was a 47 nF discrete capacitor. The 1 MQ

internal load of the oscilloscope was used as the load resistor.
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Figure 11. IV measurement set up (top left), small-signal impedance measurement setup (top right)
frequency response measurement set up (bottom left) and a probe station for IV
measurement set up (bottom right).

When integrated into a rectenna circuit, the performance of the harvester was
measured. For the 13.56 MHz harvesters with loop antennas, an i-scan HF long
range reader ID ISC.LR200 from OBID was as the AC power source. The input AC
coupling voltage and DC rectified output voltage of the harvester was measured
using a Tek P6139A 10X voltage probe from Tektronix.

In addition, the indium oxide diodes were studied by SEM and X-ray
photoelectron spectroscopy (XPS). The method and results can be found in
Publication V.
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4 RESULTS AND DISCUSSION

This chapter is divided into three sections that outline the main results of the
publications. The first section presents the diode interface and IV characteristics.
The second section concentrates on the diode frequency performance, and the last
section focuses on the performance of RF energy harvesters incorporating solution-

processed diodes.

4.1 Diode interface and |V characteristics

As discussed in Chapter 2, for MIM diodes the MS interface consists of one injecting
Ohmic contact and one rectifying contact, determined by the energy difference
between the metal work function and the energy level of the semiconductor. The
HOMO level of the PTAA semiconductor has been reported at 5.1 eV [97].
Therefore, the anode electrode needs to have a work function higher than 5.1 eV to
form an Ohmic contact while the cathode electrode with a lower work function than
5.1 eV is needed. Thus, gravure printed Ag with a work function of 5.2 eV and
evaporated Cu with a work function of 4.8 eV metal electrodes were chosen as the
Ohmic injecting anode contact and rectifying cathode contact, respectively. Kaisa
Lilja [23] has investigated the effect of the diode cathode interface on PTAA diode
characteristics in detail. In addition, the formation of the Ohmic contact at the anode
with a highly oxidized printed Ag layer with an increased work function is explained
by Lilja e al. [46]. Heljo [24] has further studied the effect of silver oxide interfacial
layer through anodization on the diode performance. Therefore, a detailed 1-V
analysis of PTAA diodes will not be given here. The as-fabricated Cu-PTAA-Ag
diodes have a forward current density of 0.03 A/cm? at 5 V and a reverse leakage
current density of 0.02 mA/cm? at -5 V. The resulting rectification ratio is about
1.5%103 as shown in Figure 12.
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Figure 12. Printed Cu-PTAA-Ag diode current density — voltage (J (log)-V) characteristics.

Solution-processed indium oxide rectifying diodes, on the other hand, have not been
thoroughly investigated. Therefore, preliminary tests have been conducted to
determine the suitable Ohmic and non-Ohmic contacts for indium oxide in
Publication V. The reported work function of indium oxide around 4.3-5 eV [98],
[99] is used. Therefore, for n-type indium oxide semiconductor, two different metal
electrodes with a lower work function and a higher work functions than the work
function of indium oxide are required for the formation of the Ohmic contact and
the rectifying contact, respectively. Candidate metal electrodes such as Ag (4.64 eV),
Al (4.2 eV), Au (5.47 eV), Cu (5.1 eV) and Cr (4.5 eV) and Pd (5.6 eV) with work

functions as given in [100], have been fabricated to observe the contact effects.
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Figure 13. A microscope image of the device, the gap between two electrodes is 60 pum. Linear |-V
plot of Al electrodes on top of indium oxide at forward biasing from0to 5 V.
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Figure 14. | (log)-V plot of indium oxide with various metal electrodes on top.

The test devices include a spin coated indium oxide layer and a top metal layer with
a lateral gap structure fabricated on a glass substrate as shown in Figure 13. The I-V
characteristics were measured to briefly determine each candidate’s contact
characteristic, Ohmic or non-Ohmic behavior.

Among the low work function metal electrodes including Ag, Cr, Al as shown in
Figure 14, Al contacts exhibited linear I-V (Figure 13) characteristics with minimum
hysteresis indicating the formation of reasonable Ohmic contacts. We attempted to
measure contact resistance of indium oxide and Al using the transfer length (TLM)
method, however, as the minimum gap on steel shadow mask was limited to 60 um,
the TLM results were not accurate. For Cr and Ag as well as Cu (current level not
shown here), initial results showed significant lower current levels likely due to high
contact resistance at the metal-semiconductor interface from the work function
mismatch, therefore these metals were not considered further as Ohmic contacts.
On the other hand, high work function metals Pd and Au both showed non-Ohmic
contact behavior when fabricated into the metal-indium oxide diode structure. Pd
with a slightly higher work function than Au was the primary cathode candidate,
however, Pd showed a severe chemical reaction to the indium precursor. Thus, Au
with better wetting properties for indium oxide has been chosen as the rectifying
contact for the diodes. Therefore, the preliminary tests indicated that Al and Au were
suitable anode and cathode, respectively, for the solution-processed indium oxide
diodes in this work. This approach to find suitable metal electrodes seems
straightforward in principle as the work functions can be measured individually
beforehand. However, interfacial layers due to oxygen migration or electron
accumulation will be created during and after the deposition and curing in ambient

air of each layers, making the formation of contacts intricate and process variant [94],
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[101], [102]. Combining the subtle change of properties of the indium oxide during
solution process, the semiconductor energy level and the interfaces to two electrodes
can be unexpected. This can be seen from the rectifying behavior with a symmetric
Al-In2O3-Al structure fabricated on glass. The measured I-V characteristics of the
diodes are shown in Figure 15. It is suspected that the evaporated bottom Al
electrodes forms a thin aluminum oxide layer in ambient air conditions before the
deposition of the indium oxide precursor atop. This native oxide interlayer changes
the contact properties between the bottom Al and the indium oxide, which resultes
in modest rectification, i.e., different current levels for forward/reverse voltages. The
forward current of the diodes is smaller than the reverse current, which indicates
that the bottom electrodes acted as the anode and the top electrodes acted as the
cathode. This result differs from literature reports for molecular-beam epitaxy
(MBE)-grown indium oxide layers [94], [102], where the formation of Schottky
contacts is difficult at the surface due to electron accumulation. On the contrary, in
solution-processed indium oxide diodes, the bottom contacts are advantageous for
the formation of Ohmic contacts while the top contacts are better for non-Ohmic
contacts. A similar behavior has been observed with Au electrodes, in other words,
Au as non-Ohmic contacts are better fabricated on top of indium oxide. These
findings demonstrate that metal/metal oxide contacts are complicated for solution-
processed indium oxide.
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Figure 15. Al/ln20s/Al diode | (log)-V characteristics.
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Figure 16. Al/In20s/Au diode J (log)-V characteristics (left). Log-log plot of the diode J-V
characteristics at forward biasing (right).

J-V characteristics of the Al/In2O3/Au diodes are shown in Figure 16. The diodes
demonstrate robust rectifying behavior. As explained in Chapter 2, the current
characteristics of MIM diodes can be divided into three regimes, namely reverse
current region, diffusion and contact limited current region and SCLC region. Vi,
can be determined based on the log-log plot of J-V characteristics of the diode when
it enters the SCLC region, which was about 0.52 V. In reverse bias, the current level
is normally low due to the junction barrier. The diffusion and contact limited current
can be determined by assuming an ideal Ohmic contact at the anode and using a
conventional thermionic emission model. However, the ideality factor in this model,
which is based on recombination of charge carriers at junctions, is usually
inapplicable to MIM diodes. In fact, the value of bulk resistance and the ideality
factor of the indium oxide diode is calculated to be 1.76 M€ and 8.93, respectively,
when using Cheung’s function [103]. The significantly high ideality factor witnessed
here assures that the contacts do not fit well to a classic Schottky contact model. At
voltages higher than the Vi, of the diode, the current is no longer diffusion and
injection limited and follows SCLC, assuming that the semiconductor is trap-free.
As shown in Equation (3), SCLC is proportional to the square of the applied voltage,
ie., (I«V2). However, due to the non-ideal interfaces and trap states within the
indium oxide semiconductor the proportion becomes the form of I « V™, where
m>2 [104]. The value extracted here was around 2.47, as shown in Figure 16. XPS
analysis of Ols spectra showed that a corresponding peak originated from oxygen
defects in the indium oxide. The vacancy states of the oxygen have a huge effect on
electrical performance of the device [105], [106], and therefore affect the J-V
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characteristics of the diodes and contribute to imperfections, e.g.., m>2 in SCLC
regions.

4.2  Diode frequency performance

As discussed in Chapter 2, the high frequency performance of the diodes depends
heavily on the diode properties, especially the diode thickness as shown in Equation
(4). In 2009, Lilja et al. first reported gravure printed PTAA rectifying diode with a
PTAA layer thickness of 500 nm operating up to 10 MHz [107]. Later, in 2013, Heljo
¢t al. published printed PTAA diodes operating at 13.56 MHz with a half-wave
rectifier output of 3.5 V to 10 V AC input. The PTAA layer thickness was reduced
to 360 nm [30]. As a continuum, the printed PTAA diodes with a thinner layer
thickness were fabricated to improve cutoff frequency was reported in Publication I
and II. Through printing optimization, including ink formulation and printing
settings, the diode layer thickness was successfully reduced to 300 nm with the same
printing yield as thicker diodes.
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Figure 17. Rectified DC output at 13.56 MHz with an input AC of 10 V.

With the reduced 300 nm PTAA layers, the obtained DC output at 13.56 MHz was
increased from 3.5V to 5V, as shown in Figure 17. In publication II, the diode with
different thickness and diode area presented in Table 2 were fabricated to investigate
their performance in a half-wave rectifier circuit. As shown in Figure 18, at 13.56
MHz, A-series diodes with an approximate thickness of 500 nm were able to yield
0.6-0.7 V DC output voltages, whereas B-series diodes with an average thickness of
300 nm could provide DC voltages above 4 V. These results correspond well with
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the theory that the frequency performance of organic diodes is dominant by the
semiconductor thickness. In addition, diodes with larger active area provide more
current, thus resulting in higher output DC voltages especially in low frequency
region. However, at high frequencies the geometric capacitance of the diode as
shown in Table 2 will shunt the circuit and lower the output DC voltage. In the B-
series diodes for example, at low frequencies the diodes with larger area, hence more
generated current, yield higher DC output voltages; however, at frequencies
exceeding 18 MHz the voltage loss due to the diode capacitance surpassed the
voltage gain from higher current so that the diodes with smaller active area offered

higher DC output voltages.

Output DC Voltage (V)
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Figure 18. Measured DC output voltages of the diodes for 10 V AC input signal from a signal
generator as a function of frequency.

Table 2. Properties of printed PTAA diodes
Diode Properties
Area(em) | Caioae (BF) | Area (cm?) | Caiode (pF)
A series, average thickness 500 nm B series, average thickness 300 nm
A1 0.002 15.16 B1 0.002 23.83
A2 0.004 23.09 B2 0.004 38.85
A3 0.006 30.97 B3 0.006 52.69
Ad 0.008 39.73 B4 0.008 66.00
A5 0.01 47.07 B5 0.01 91.07

Reducing the diode thickness has a huge effect on the forward and reverse leakage
current of the diodes. The reported current density of 1200 nm PTAA diodes is
around 0.3X103 A/cm? at 5 V and 0.3X108 A/cm? at -5 V [23], while the diodes

50



with a 300 nm PTAA layer have an improved forward current density of 0.3X10-!
A/cm?at 5V and an enormous increase of reverse leakage current density of 0.2x10-
4+ A/cm? at -5V, respectively. The resulting DC rectification ratio at 5 V makes a
strong drop from 100000 to 1500 between thick and thin diodes. However, the actual
frequency behavior of the diodes in a rectifier circuit shows the opposite results
where thin diodes offer far better performance than thick diodes. In practice, a DC
rectification ratio of 100 is sufficient for the diodes to convert the AC input voltages
to high DC voltages in a rectifier [49]. Furthermore, it can be observed that the
thinner diodes possess the smaller voltage drops over the diodes, hence higher Vpc
over the entire frequency range. This leads to the interesting finding that the DC
rectification ratio is not the dominant factor determining diode frequency
performance. Indeed, as given in Equation (4), the TOF formula suggests that the
built-in voltage I plays a more direct role than the absolute forward and reverse
current levels of the diodes. Furthermore, as the semiconductor layer becomes
thinner, the interfacial effects and traps play a more significant role, which makes the
SCLC trap-free model less viable. Therefore, it is unwise to improve the parameters
of rectifying diodes based solely on the DC I-V characteristics.

As discussed in Chapter 2, the PTAA diode can be modelled as an RC network.
The impedance value obtained from a vector network analyzer is the diode small-
signal impedance, which has a typical resistance value of few k€ and a capacitance
value of tens of pI'. This capacitance value comes from the geometric capacitance
of the diode and has been demonstrated to be independent of the voltage and the
frequency [30], while the resistance is both voltage- and frequency- dependent. In
publication IV, the model of the diode is further studied. Diodes with four different
active areas from 0.004 to 0.01 cm? were analyzed. Firstly, the rectified DC output
of a half-wave rectifier at 13.56 MHz with a single printed PTAA diode and a filtering
capacitance of 47 nFF was measured as a function of input AC voltage. As shown by
the size of error bars in Figure 19 at 13.56 MHz, the rectifier voltage outputs are very
similar, despite the variation of active area. With an input AC signal of 10 Vpp (peak
to peak), the average DC output of all diodes was about 1.18 V. As the input root
mean squares (rms) voltage of 10 V;,, was 3.54 V, the resulting voltage loss across
the diode was found to be 2.36 V. When input voltages increased to 16 and 20 Vp,
the corresponding voltage losses were about 2.83 and 3.01 V, respectively.
Therefore, in contrast to Si-based diodes, the voltage losses across PTAA diodes are
not constant but increase with the input AC voltages. Since the capacitance of the
diode remains the same, the increment voltage loss in diode is likely owing to the

nonlinear voltage-dependent resistance of the diode. Next, to evaluate this
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resistance, the output voltage of the diodes with AC input voltages of 20 Vpp at
13.56 MHz was measured, but without the presence of the 47 nF filtering capacitor,
as shown in Figure 20. During the positive cycles, the outputs of the diodes were
around 5.68 to 6.68 V for small and large area diodes. While in the negative cycles,
the outputs were reduced to -0.54 and -3.376 V. The equivalent impedance of diodes
for both positive and negative cycles can be calculated from the rms input and the
rms voltage of diode output as shown in equation below

Vr;m.om — VW&.M-VW}H.ﬂﬂf ( 1 0)
A load A diode

Here, both the load and diode impedance were assumed to be purely resistive to
simplify the calculation. The resistance of the organic diode is then determined to be
in the range of hundreds of kQ and few MQ for positive and negative cycles,
respectively, for an AC input of 20 Vp, at 13.56 MHz. These obtained values ignore
the reactance; though not accurate, they indicate that the printed PTAA diode has a
significantly large forward resistance and a relatively small reverse resistance
compared to Si-based diodes. The resistance in the diode model changes with input
amplitude as well as frequencies. Due to its non-linear behavior, the numerical
analysis becomes complex.

—— Output DC voltage

— = —Voltage loss on diode

0 5 10 15 20
Input AC voltage (Vpp)

Figure 19. Diode rectified DC output voltage and diode voltage loss vs. input AC voltage at 13.56
MHz
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Figure 20. Diode output vs AC input of 20 Vpp at 13.56 MHz. No capacitor included.

The printed PTAA diodes enable low temperature roll-to-roll compatible printing
process and offer very stable performance under ambient conditions. However, the
low carrier mobility of the PTAA material, which is in the range of 10-3-10-2 cm?2/Vs,
puts a limitation on its high frequency operation. To reach the minimum frequency
of 13.56 MHz, the low mobility can be simply compensated by using diodes with a
thinner layer to increase the ratio of #/I1, as demonstrated. Such thin layers, in the
order of hundreds of nm, have approached the limit of the achievable layer thickness
of gravure printing with the gravure cell volume used in this thesis. It became
challenging to fabricate uniformity pin-hole free ultra-thin layers on non-flat flexible
substrates. Therefore, a new semiconductor material with a high carrier mobility is
desired for UHF applications. Publication V presents the solution-processed indium
oxide diode with a structure of Al-In2O3-Au. The XPS analysis of Al-In2O3 indicates
that a pinhole-free, homogenous coverage of indium oxide layer on top of Al. The
layer thickness of the indium oxide was around 200 nm determined by SEM image.
As shown in Figure 21, the rectifier with the indium oxide diode exhibited similar
rectified DC output at low frequencies to that of the PTAA rectifier. However,
whereas the rectified DC output of the PTAA diode rectifier started to decrease
rapidly with increased frequency, the output of the indium oxide diode rectifier
remained constant and only dropped slightly beyond 35 MHz. This voltage drop,
which is also present in the comparative commercial Si-based diode rectifiers, was
caused by the parasitic reactance within the measurement set-up. Compared to
commercial Si-based rectifiers, the indium oxide diode rectifiers had a bigger voltage
loss due to high contact resistances and to trap states in the semiconductor, as
witnessed from the J-V and XPS results.
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Figure 21. Frequency response of the Al/In20s/Au rectifier with a comprising to PTAA diode and Si-
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Figure 22. Frequency response of the Al/In20s/Au rectifier up from 20 MHz to 1.2 GHz. The
measured power of the power amplifier and its relative loss vs frequency.

To investigate the frequency performance beyond 50 MHz and to find the cutoff
frequency of the indium diode rectifier, a 3 GHz RF signal generator together with
a power amplifier were used to replace the standard signal generator as the power
source. No additional impedance matching circuits were included. The waveform of
the output DC voltage indicated that there were standing waves between the diode
and the power amplifier causing by impedance mismatching. The solid line
functioned as a trend line of the measured data to help interpret the data due to the
standing waves. The filtering capacitor and load impedance was the same as that of
previous 50MHz measurement. The actual output power of the amplifier started at
27 dBm at 10 MHz and slowly dropped to below 24 dBm at GHz range. As shown
in Figure 22, the cutoff frequency of the indium oxide diodes was determined to be
around 700 MHz, where the output DC voltage dropped from 10 to 7 V. This
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estimated cutoff frequency is much lower than the exact frequency value of the
rectifier, since the feeding power of the amplifier drops as frequency increased.

43  RF energy harvester

In publication I, a fully printed RF energy harvester circuit that uses one inkjet-
printed antenna and capacitor, and a roll-to-roll compatibly printed PTAA diode
with an operating frequency of 13.56 MHz was fabricated and measured. The
harvester is of the size of a credit card 75X42 mm?, defined by the antenna area as
shown in Figure 23. The antenna had a length of 1445 mm and a total resistance of
240 Q. The chosen antenna structure has eight turns, 1 mm line width and 0.3 mm
gap between lines to enhance the coupling AC voltage at 13.56 MHz. The capacitor
area was 1.3 cm? The diode was fabricated separately and integrated onto the

antenna substrate using sliver flake ink.

1lcm

PTAA = Bottom Ag electrodes
Dielectric
substrate Top Ag electrodes

Figure 23. Schematic illustration of 13.56 MHZ RF harvester.

Due to the low 0.4 nI capacitance of the printed capacitor and the reverse leakage
current of the printed diode, the DC output wave form had a slight ripple from
impedance mismatches, as shown in Figure 17. However, the result clearly
demonstrates that a DC output of 3-5 V of the fully printed harvester can be
provided by either changing the transmitting power (2-3.5 W) and the distance (6.4
to 10.4 cm) from the source antenna.
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Table 3. Properties of loop antennas
Analytical Inductance Measured Inductance Tuning Capacitance
(HH) (HH) (pF)

5 turns 2.70 2.96 46.5

6 turns 3.45 3.89 35.4

7 turns 4.31 497 26.7

To further evaluate the performance of the RF harvester, in Publication II the basic
principles of the rectenna circuits were explored and the effect of PTAA diodes on
the rectenna circuit was demonstrated. The loop antennas properties are given in
Table 3. When evaluated separately, as discussed in Chapter 2, the thinner film
diodes and the loop antennas with more loop turns were found to offer superior
performance. However, when brought together into the rectenna circuit, the
interaction between them affects the performance significantly. Due to the low
resistance of the loop antennas fabricated on PCBs, they have a high Q factor of 300
to 400 and a narrow bandwidth. This makes these loop antennas highly sensitive to
the tuning circuit. As shown in Figure 24, once the diodes were connected to the
loop antennas, the total capacitance seen from the loop antenna was the sum of the
tuning capacitor Cie, the diode geometric capacitance Caiode (Figure 1), and the filter
capacitor Carer. Since in conventional rectifiers Carer, in the nF range, is decades
larger than the diode capacitance in the pI range, the total capacitance becomes
approximately the sum of Cis and Cgiode. To resonate at 13.56 MHz, a tuning
capacitor in the range of tens of pI” is needed for a loop antenna with an inductance
of a few uH. For Si-based high frequency diodes the total diode capacitance is
typically around 1 pF at MHz range. Therefore, it has negligible effect on the total
tuning capacitance and resonant frequency, i.e., when Cres>>Caiode, CrestCaiode= Cres.
In the case of organic diodes with large geometric capacitances, as presented in Table
2, which are same as the required tunning capacitance values as presented in Table
3, they can effectively function as the tuning capacitor and thus cause dramatic
changes in the resonant frequencies. To confirm this, the DC output of diodes with
different geometric capacitance used as the tunning capacitance were plotted against
the antenna tunning curve using real solid-state tunning capacitors Cres as dash curves
in Figure 25. The measurement set up are shown in Figure 24. The variations in
output DC voltages of diodes are a reflection of the coupling AC voltages of the
antennas. It can be seen that the output DC voltages of different diodes on each
antenna follow the shape of the open circuit coupling AC voltages (dash curves).
Therefore, the geometric capacitance of the PTAA didoes can be used directly as the
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tunning capacitor. The analysis of the interaction between the loop antennas and
the organic diodes provided useful information on circuit design and development.
Once the inductance of the loop antenna was determined, the required tuning
capacitance can be realized by selecting the suitable organic diodes. Based on the
findings, a double half-wave rectifying circuit was designed to be integrated with the
5-turns loop antennas. This configuration delivered approximately twice the DC
output voltage of that half-wave rectifier. In addition, the ripples from each half-
wave rectifier are in the opposite directions and cancel each other out. The desired
tuning capacitance for the 5-turns loop antenna is 46.5 pF. This requires the
combined capacitance of two diodes in the double half-wave rectifier to meet this
value. Therefore, two diodes with capacitance of 23.83 pF were chosen. The
measured output DC voltage of the harvester was 11 V to a 1 MQ load. The reader
antenna was placed 16.8 cm form the loop antenna with the transmitting power of
2 W. These results demonstrate the importance of circuit analysis in organic

electronics.

Inductive Couplin .
poomeeees PIE Diode (Caione) Diode (Cyioq.)

‘1‘ J_ ™ J_ DC AC DC
1AC
i ¢ —|Em Tcﬁlm . ) Cres Coitter

________ = i

Loop antennas ) .
Harvester circuit

Figure 24. Schematic circuit diagram for the harvester operating at 13.56 Hz (left), for open circuit
coupling AC voltage (middle) measurement, and for output DC voltage measurement

(right).
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Next in Publication 11, the printed RF energy harvester operating at 13.56 MHz, as
reported in Publication I, was demonstrated in an autonomous energy harvesting
and storage system. The printed harvester utilizing PTAA diodes was connected to
printed supercapacitors and a voltage regulator ASIC [108]. This harvesting and
storage system provides up to 10 hours of steady DC output when the RF input is
absent. Integration of large-area, printed components and Si-based high-
performance devices can be a smart route to meet high functionality demands with
flexibility and relatively low cost; it can also be a steppingstone towards fully printed
systems.

As the previously reported PTAA harvesters utilized credit card size inductive
loops to gather RF energy, their operation range was in few tens of cm. This short-
range operation puts a limitation on the applicability of these energy harvester. By
increasing the operation range from centimeters to a few meters, it could enable
advanced applications to power IoT sensors and devices. In Publication 1V, a large
screen-printed antenna which is capable of operating at a range of a few meters
without significant performance drops was used to replace the small size loop
antenna in the harvester. The printed PTAA diodes were effectively incorporated
into the large area antenna to tune the resonant frequency and rectify the input AC
signal simultaneously. To boost the DC output voltage, a double half-wave rectifier
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was used. Due to the smaller ripples in the double half-wave rectifier, two filtering
capacitors of 1.5 nIF were used. This capacitance can be printed as previously
demonstrated in Publication I. The 13.56 MHz harvesting antenna was placed 1, 2,

3 and 4 m from the transmit antenna in typical office environments as shown in
Figure 26.
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Figure 26. Measurement set up in office environments (top). Output DC voltage of 13.56 MHz printed
harvesting systems (bottom). Input power of (1 W) from the signal generator is fed to the
transmit antenna placed 1, 2, 3 and 4 meters away. Load resistance is 1 MQ.

It can be seen from Figure 26 that over 800 mV DC output from the harvester was
obtained using two diodes with proper capacitance of 28 pF from each diode. The
output DC voltage declined slightly with distance in this case. On the other hand,
the harvester with non-optimal diodes with capacitance of 45 pF from each diode
yielded significantly lower output DC voltage below 300 mV. This result reconfirms
that the unique capacitance properties of organic PTAA diodes have a huge effect
on the performance of the harvester. More importantly, the result clearly shows that
the operating range of this fully printable large area antenna harvesting system is in
the range of a few meters with reasonable DC output voltages to enable low-power
IoT sensors.
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44  Research question discussion

The research problem of this dissertation was divided into two major research
questions as described in Chapter 1. These research questions and the answers
together with the article contributions are summarized here.

Research Question 1: Can the solution-processed organic and metal oxide diodes
offer a decent electrical rectifying performance at 13.56 MHz or even higher
frequencies?

To improve the frequency performance of the solution-processed diodes, the
semiconductor layer properties including carrier mobility and layer thickness play a
crucial role. Publication I and II discussed the thinner layer diode approach to
enhance their frequency performance of printed PTAA diodes. In Publication V, the
solution-processed spin-coated indium oxide diodes have reached above 0.7 GHz.
The significant leap in operating frequency between the organic and metal-oxide
diodes is owing to both the increased carrier mobility and reduced layer thickness of
the indium oxide layer in the diodes. In addition, the indium diodes in Publication V
appear to be the first one showing efficient rectification at close to UHF frequencies
using solution-processed semiconductors and fabricating at ambient air conditions.

Research Question 2: Can the RF energy harvesters based on solution-processed
diodes be used to provide voltage to load devices?

Publication I, III and IV demonstrated the capability of solution processed
rectifying organic and metal oxide diodes utilized in RI harvesting systems at 13.56
MHz. In publication I, a fully printed RF energy harvester operating at 13.56 MHz
comprising an inkjet-printed antenna with an inkjet-printed capacitor and a gravure-
printed organic rectifying diode is presented. Depending on the transmitting power
and distance of the source antenna, this printed energy harvester can provide up to
3-5 DC voltage. In publication III, we demonstrate an autonomous energy
harvesting and storage system. The printed 13.56 MHz energy harvester with organic
rectifying diodes is used to charge two supercapacitors connected in series up to
approximately 1.8 V. The stored energy powers a voltage regulator ASIC with a
regulated output of 1.2 V for up to 10 hours. Publication IV presents a fully printed
RF energy harvester with a novel screen-printed large area antenna incorporated with
a printed organic rectifying diode rectifier for long-range harvesting up to 4 meters
at 13.56 MHz.
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5 CONCLUSIONS AND OPEN ISSUES

Billions of devices for the IoT and other ubiquitous electronics have been integrated
into every aspect of the modern world and play a significant role in people’s life.
There is a growing demand for an autonomous energy solution to address the myriad
of charging elements. This need has brought out various energy harvesting solutions,
including RF energy, into the center of attention in both academic and business
fields. The emerging printed and, in a broad scope, solution-processed fabrication
methods, with their low manufacturing temperature and no need for vacuum
processes, offer an exciting path to large-area, high-volume, flexible, and ultra-low-
cost electronics. Thus, a substantial amount of effort is put into investigating the
capability of solution-processed and printed, low-cost RF energy harvester with
unconventional semiconductor materials, such as organic polymers and metal
oxides.

This dissertation, including the publication part, presents the development and
analysis of solution-processed thin film organic and metal oxide diodes and their
rectifier circuits for RIF energy harvesting application. Rectifying diodes are
extremely important active devices in an energy harvesting system. Solution-
processed diodes based on a single active layer represent a very simple structure
which is readily fabricated by printing or coating technologies. Especially in a vertical
sandwich structure, the diode channel length, which is exactly the same as the
thickness of the printed active layer between two electrodes, can be directly
determined by the printing process. By adjusting the printed layer thickness and area,
the properties of the diode vary dramatically, resulting in distinct performance
changes.

Solution-processed organic and metal oxide diodes have dramatically different
properties compared to their Si-based counterparts. The characterization of
solution-processed diodes can be divided into two major categories: DC 1(J)-V and
AC frequency response. While a large amount of research was devoted to the
improvement of the DC diode I-V performance, i.e. high forward current, low
reverse current and high rectification ratio, through contact modifications and
doping, there is no clear association between the DC current rectification and the

diode frequency response. This can be clearly seen from the frequency data of the
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indium oxide diodes, with much lower DC rectification than most reported diodes
but an exceptional frequency response performance. It is found that the maximum
operation frequency of the diode is governed by the carrier mobility and the
thickness of the semiconductor. Despite the low carrier mobility in amorphous
organic polymers, with a reduced layer thickness it is still feasible to achieve a
prominent RF energy harvesting band at 13.56 MHz. The gravure printed organic
diode in a half-wave rectifier, with a 10 V AC input and 1 MQ output, achieved a
DC output voltage of 5 V at 13.56 MHz, where the organic polymer thickness was
around 300nm. This is a solid advancement for air-stable amorphous organic diodes.

Solution-processed rectifying diodes and their circuits have unique characteristics
and their optimization can differ strongly from conventional inorganic equivalents.
For efficient development of organic rectifying circuits, the diode was fit into an
equivalent RC parallel model for device and circuit analysis. The capacitance of the
diodes has a major impact on the resonant frequency and the coupling AC voltage
of the loop antenna, and consequently the output DC voltage of the circuit. Specially,
this unique high capacitance of solution-processed diodes enables effective
frequency tuning and imaginary impedance matching to (two distinct) antennas
simultaneously at 13.56 MHz. Based on the circuit analysis, an optimal rectenna
circuit with a double half-wave rectifier was designed and measured. These results
highlight the importance of circuit analysis which currently are often overlooked in
organic electronics.

The thesis demonstrated a fully printed RF energy harvester with an inkjet printed
small loop antenna and a half-wave organic diode rectifier operating at 13.56 MHz
and its utilization in an autonomous energy harvesting and storage system. The RF
energy was provided by a commercial 13.56 MHz RFID reader, the printed RF
harvester charged a supercapacitor storage unit for about 20 minutes and this energy
was able to run a low power ASIC regulator for over 10 hours. The result was
promising; however, the harvester operating range was limited to cm range due to
the usage of common small loop antennas. For this reason, an interesting long-range
printable RF energy harvesting scheme was proposed. Two identical screen-printed
large area antennas were used as a transmitter and a harvester. A double half-wave
organic diode rectifier was incorporated onto the harvester. With an input power of
1W feeding to the transmit antenna, an approximately 800 mV DC output from the
harvester was obtained 4 meters away from the source. The results demonstrate the
possibility of fully printed organic diode RF energy harvester for long range
operation at 13.56 MHz.
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Due to the limitation put by the carrier mobility, it has become obvious that
solution-processed amorphous polymers have difficulty to reach UHF RF band.
Solution-processed metal oxides are another candidate material for high-speed
diodes. With its inherently high carrier mobility, we successfully demonstrated a
solution-processed indium oxide rectifying diode operating up to and above 0.7
GHz. Metal oxides require a higher processing temperature, for instance 300 °C in
this work, compared to the organic material used in this work, which can be
processed at a little over 100 °C. This limits the compatibility of solution-processed
metal oxide diodes with most common flexible substates such as PET, but reaches
a level compatible with polyimide. Although the present metal oxide diodes were
fabricated on rigid substates, it is a steppingstone to the realization of fully printed,
flexible devices.

Thanks to the rise of ubiquitous, wearable, and flexible electronics and 10T, the
demand for new and diverse energy solutions is acute. The results in this thesis
demonstrate the capability of solution-processed rectifying organic and metal oxide
diodes utilized in RF energy harvesting systems. Owing to the low conductivity and
carrier mobilities, the resulting low operation frequency, low current density and high
voltage loss of solution-processed diodes place a significant limitation to replace of
convention electronics. However, it is the authot’s belief that low-cost solution-
processed devices with excellent air-stability and flexibility make them perfect to fit
to the IoT devices and applications in near future.

Future research could focus on at least two major areas. First, to reach ultra-high
frequency range it is important to discover and examine new air-stable solution-
processed materials with better carrier mobilities and conductivities. The research
should concentrate on the simplest diode structure including an anode, a
semiconductor, and a cathode. An additional injection or interfacial layer may
improve the DC properties of the diodes, but it can have unwanted effect at ultra-
high frequencies, e.g., towards GHz range. Therefore, it is vital to secure the
electrode materials for the anode and the cathode with optimal work functions. Note
that solution-based processes can alter the work function of the metal electrodes and
deposition processes can affect the key interfaces in the active region which in turn
determine the diode performance. Second, for 13.56 MHz RF energy harvesters, a
major challenge is to reduce the voltage loss on the diodes. This can be done by
examining the possibility of doping and the injection layer to increase the
conductivities.
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Organic Rectifying Diode and Circuit for
Wireless Power Harvesting at 13.56 MHz

Miao Li, Petri S. Heljo, Donald Lupo

Abstract—Organic rectifying diodes and their circuits have
unique characteristics and their optimization can differ strongly
from conventional inorganic equivalents. In this paper, we
investigate the effect of organic diodes on the performance of a
rectenna circuit consisting of a loop antenna and a rectifying
circuit with an operating frequency of 13.56 MHz. The geometric
capacitance of the diodes has a major impact on the resonant
frequency and the coupling ac voltage of the loop antenna, and
consequently the output dc voltage of the circuit. Therefore,
appropriate design considerations that take the special properties
of organic devices into account should apply to organic diodes
and circuits.

Index Terms—Organic semiconductor, rectifying diodes, half-
wave rectifier, double half-wave rectifier

. INTRODUCTION

RGANIC rectifying devices and circuits continue to gain

ground with their applications in radio frequency
identification (RFID) tags as well as various wireless power
systems [1]-[4]. Organic rectifying devices can be printable,
flexible and stable in ambient environment [4]-[8]. These are
the main advantages that have pointed to the possibility to
fabricate low-cost circuitry consisting of numerous organic
components. For recently reported printable organic rectifying
diodes, their primary operating frequencies have reached MHz
range [4], [8]. However, for the devices to be useful, they need
to be integrated into circuits.

Organic rectifying circuit design has generally been adopted
directly from established solid-state inorganic rectifier
topologies. For many years, the half-wave (HW) rectifier,
which utilizes an organic rectifying diode and a filtering
capacitor, has been used extensively for its simplicity [2], [4],
[5] and [9]. Because of low conductivity and low charge
carrier mobility in organic semiconductors the voltage loss in
organic rectifying diodes is high and the resulting output
voltage of organic HW rectifiers is limited. With the need to
obtain higher output voltage for use in applications like RFID
and power transmission, more sophisticated organic rectifying
circuits have been fabricated in recent years. For example, an
integrated double half-wave rectifier based on Al-Pentacene-
Au diodes has been demonstrated at 13.56 MHz as a part of an
RFID tag, with the dc output voltage of about double of a HW
rectifier [3]. In addition, several printable organic charge
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pump circuits for boosting dc output voltage at 13.56MHz
have been published [7], [8] and [10]. However, the effect of
the unique characteristics of the organic devices on wireless
circuit operation has not been studied consistently.

Regardless of the type of rectifying circuit being used, the
characteristics of organic rectifying diodes have an effect on
the circuit functionality and performance. Therefore, device
and circuit analysis is essential for efficient development of
organic rectifying circuits, which currently are often
overlooked in organic electronics. Previously, we reported that
because of the high voltage drop on organic diodes the organic
full-wave rectifier provided significantly lower output power
and lower output voltage compared to the HW rectifier [6].
Here, we demonstrate the effect of organic diodes on the
performance of rectenna circuits in wireless powering
applications, with an operating frequency at 13.56MHz. The
basic principles of rectenna circuits which are comprised of
loop antennas and rectifiers based on organic diodes are
explored. The properties of the circuits, such as resonant
frequency and coupling voltage, are measured and evaluated
in relation to the characteristics of organic diodes including
their capacitance. The analysis of the results yields valuable
design guidelines for utilizing organic diodes in RF harvesting
rectifying circuits, and shows that basing circuit design on the
results from a signal generator is not an adequate approach.
Based on the findings, a rectenna circuit with a double half-
wave rectifier is designed.

Il. METHODS AND EXPERIMENTAL DETAILS

The basic rectenna circuit that operates at 13.56 MHz is
composed of a loop antenna and a rectifying circuit. The loop
antenna gathers the RF energy through inductive-coupling,
and the rectifying circuit converts the coupled ac signals to dc
voltages (Fig. 1(a)). To obtain maximum performance
(reading range, coupling voltage amplitude, etc) the rectenna
circuit must be tuned to the 13.56 MHz operating frequency.
The tuning of the rectenna, however, becomes more
complicated when organic diodes are involved.

In order to perform consistent characterizations, two sets of
organic diodes with different semiconductor layer thickness
were fabricated. Both series consisted of five diodes with
different active area defined by the cross sectional area of Cu
and Ag electrodes (Table 1). The organic diodes were
fabricated on a PET substrate (Melinex ST560 from Dupont
Teijin Film), where the 50nm Cu cathode was evaporated and
patterned. The semiconductor (poly(triarylamine)) PTAA and
the top Ag anode were successively gravure printed. The
process is described in more details in [4]. Here, PTAA is



chosen for its excellent stability in ambient air [11]. All
characterization and measurements were conducted at ambient
conditions with no encapsulation.

Three loop antennas with different numbers of turns but
otherwise identical parameters were prepared on credit card
size printed circuit boards (PCB). In this work, the
conventional PCB was chosen over printing methods for
practical considerations, especially given the amount of
organic diodes and antennas to be measured and analyzed. The
printed organic diodes and the loop antennas were connected
using customized probes. The 1.5nF filtering capacitor of the
rectifier circuit was mounted on the probe.

The AC power was provided by a 13.56 MHz commercial
reader antenna (i-scan HF long range reader ID ISC.LR200
from OBID). All voltages were measured by the oscilloscope
(Tektronix DPO4104) through a 10X voltage probe (Tek
P6139A from Tektronix).

A. Organic Diode Model and Characterization

Dc current-voltage (J-V) measurement and ac impedance
spectroscopy (IS) are commonly used for organic diodes
characterization. Several analytical models for dc J-V
characteristic of organic diodes have been reported in the
literatures [12]-[15]. The general approach is to partially fit
electrical characteristics in different voltage regimes. In the
low voltage regime, based on thermionic or Schottky
emission, carrier injections from the electrode into the organic
semiconductor determines the current. In the high voltage
regime, space-charge limited current dominates the device.

On the other hand, impedance spectroscopy has been used
to study the carrier transport mechanism and interface effects
in organic diodes [16], [17]. IS records linear electrical
response of the device of interest to small-signals at certain dc
biasing. The measured spectra can be electrically interpreted
with a proper equivalent circuit model which normally
includes a chain of resistor-capacitor (RC) networks to
represent individual interfaces and layers. However, the small
signal model obtained by IS at certain dc biases are not
adequate to represent the nonlinear behaviors of organic
diodes with large ac input signals [9], such as 10 V in most
organic rectifier circuits.

For the diodes used in this work the thickness of the
depletion region is the entire thickness of the semiconductor
and the metal-insulator-metal (MIM) diode model without
voltage controlled depletion region should be applied [8]. In
other words, the bulk capacitance of the diodes remains
reasonably constant over different bias voltages and
frequencies [8], [17]. Thus, without including the contact
effects the diodes used in this work could be considered as a
lossy capacitor with a voltage dependent resistance, as shown
in Fig. 1 (b). Though the voltage dependent resistance was not
determined in this work due to its nonlinear nature, the model
introduced here was found sufficient to explain the diode
performance in 13.56 MHz rectifier application, as shown in
the results and discussion section. The capacitive properties of
the diodes were measured by vector network analyzer (VNA)
in reflection mode without bias voltage (HP network analyzer

(a)

13.56
MHz
Reader

(b)

(c) | 1356
MHz
Reader

(d) | 13.56
MHz
Reader

Inductive Coupling D2 T c2
——id o

Fig.1. (a) Schematic circuit diagram for the rectenna operating at 13.56 MHz.
(b) Equivalent circuit for an organic diode without contact effects, where R
represents the voltage-dependent resistance and Cg;04. describes the diode
geometric capacitance. (c) Schematic circuit diagram of the rectenna with
diode equivalent circuit; C,., was not present in the real circuit (d) Schematic
circuit diagram of the rectenna circuit with a double half-wave rectifier.

RLOAD

8752A). The measured real and imaginary impedance at 13.56
MHz were fit into the RC circuit (Fig. 1 (b)). Some of the
properties of printed organic diodes are summarized in Table
I. The presented thickness is the PTAA layer thickness which
is calculated on the basis of the measured geometric
capacitance Cy;,4. and using a relative permittivity of 3. The
current-voltage properties of the diodes used in this study were
similar to those reported in [8], so the J-V curves are not
shown. The forward current density of A-series and B-series
diodes at 5 V was 0.02 A/cm? and 0.03 A/lcm?, respectively.
The reverse leakage current density at -5 V was approximately
0.03 mA/cm? for both series. The resulting rectification ratio
was about 10° for both series.

B. Loop Antenna Characterization

For 13.56 MHz loop antennas, a few puH of inductance is
typically used. The loop antenna (72 mm x42 mm) with 5, 6
and 7 turns were fabricated. The line width of loop antenna is
1 mm, the gap between lines is 0.3 mm and the line thickness
is 47 pm. The inductances of the loop antenna were first
estimated using theoretical equations and measured later (see
Table 2). The total inductance (in pH) of an N-turn planar
spiral inductor coil can be calculated as [18]

L=Ly+M,—M_ (1)



TABLEI.
PROPERTIES OF PRINTED ORGANIC DIODES

Diode Properties
Area (cm?) Caiode (PF)
A series, average
thickness 500 nm
Al 0.002 15.16
A2 0.004 23.09
A3 0.006 30.97
A4 0.008 39.73
A5 0.01 47.07
B series, average
thickness 300 nm
B1 0.002 23.83
B2 0.004 38.85
B3 0.006 52.69
B4 0.008 66.00
B5 0.01 91.07
TABLEII.
PROPERTIES OF LOOP ANTENNAS
Properties
Analytical Measured Tuning
Inductance [uH] Inductance [uH] Capacitance
[pF]
5 turns 2.70 2.96 46.5
6 turns 3.45 3.89 35.4
7 turns 431 4.97 26.7

where L is the total inductance, L, is the sum of the self-
inductance of all straight segments, M, is the sum of the
positive mutual inductances, and M_ is the sum of the negative
mutual ones. The calculation details can be found in [18].

I1l. RESULTS AND DISCUSSION

The printed organic diodes and the loop antennas were
initially examined separately, in an attempt to find the optimal
characteristics of each device. Printed organic diodes with
PTAA as the semiconducting material have been demonstrated
to have excellent performance at frequencies around or
exceeding 13.56 MHz [4], [5] and [8]. For example, we have
reported a half-wave rectifier with a dc output voltage of 5 V
at 13.56 MHz for an ac coupling input with amplitude of 10 V
[4].

To estimate the diodes frequency response performance, the
rectified output voltage as a function of frequency for the
organic diodes used in this work was measured, as shown in
Fig. 2. In these measurements, the amplitude of the input ac
signal was 10 V, provided by a signal generator (Keithley
3390). The diodes were connected to a discrete capacitor (47
nF) and a load resistor (1IMQ). At 13.56 MHz, A-series diodes
with an approximate thickness of 500 nm were able to yield
0.6-0.7 V dc output voltages, whereas B-series diodes with an
average thickness of 300 nm could provide dc voltages above
35V.

Apparently, B-series diodes with thinner semiconductor

Output de Voltage [V]

1E+06

Frequency [Hz]
Fig 2. DC output voltage for 10 V ac input signal from signal generator as a
function of frequency.

1E+07 1E+08

layers have better frequency response performance compared
to A-series thick diodes. This result corresponds well with the
theory that the frequency performance of organic diodes is
dominant by the semiconductor thickness [9]. Therefore,
organic diodes with thin semiconductor layers are, in general,
preferable in high frequency applications. In addition, diodes
with larger active area possess smaller resistance, thus
resulting in higher output dc voltages. However, at high
frequencies the geometric capacitance of the diode will shunt
the circuit and lower the output dc voltage. Take B-series
diodes for example at frequencies exceeding 18 MHz the
voltage loss due to the diode capacitance surpassed the voltage
loss due to the diode resistance so that the diodes with smaller
active area offered higher output dc voltages.

For inductive-coupled loop antennas, the induced voltage
on the antenna coil can be estimated based on Lenz’s law that
is the induced voltage equals to the time rate of change of the
magnetic flux [19], i.e.,

V=-N— )
where N is number of turns in the loop antenna and W is
magnetic flux through each turn. The magnetic flux can be
described in terms of mutual inductance and induced current
and the equation becomes [19]

di

V=-M— ©)
where i is the induce current and M is total mutual inductance
that depends on both loop geometry, such as number of turns
and the area of each turn, and the spacing between the two
antennas. Thus, the induced voltage is largely dependent on
the mutual inductance which can be practically enhanced by
increasing the turns of loop antennas.

In addition, to maximize the coupling voltage of the loop
antenna, an additional capacitance is needed for tuning the
loop antenna to the resonant frequency of 13.56 MHz, and the
required capacitance can be estimated as

1
2nVLC

where f,. is the resonant frequency and L is the inductance of
the loop antenna. The calculated tuning capacitances of the

fres = 4



80
70 Fl A R 1356 | !
= [ Iy MHz | 1 I
& 60 | ] ! A I Reader | ! ﬁ' Cres
a ] i [ “ \
) i 1 1 =~ ~
& 50 ry Inductive Coupling
= oy [
S 40 | [ I L = ==+ LOOPI, 5 mums
Q [ : ' — —— - LOOPZ, 6ums
< 30 | N 1
&0 | \ — -m— - LOOP3, 7 ums
£ ! ‘ )
= 20 [ \ | Q
= 1 J \
=} A /i ~
v 10 | 4‘-, "‘ e
o L 8207 e il 3 - 3 T LE A

0 20 40 60 80 100
Capacitance [pF]

Fig. 3. Measured open-circuit coupling voltage (peak to peak) of three loop
antennas as a function of resonant capacitance C,.;. The measurement set-up
schematic is presented in the inset.

loop antennas used in this work are listed in Table 2.
Traditionally, a solid-state capacitor will be added to the loop
antenna to realize the desired resonant frequency.

To study the effect of the tuning capacitance on the
performance of the loop antenna, the coupling voltage was
measured as a function of tuning capacitance (see Fig. 3). In
these measurements, a set of discrete capacitors C,.s was
connected in parallel with the loop antenna. The 13.56 MHz
reader antenna was placed 16.8 cm from the loop antennas,
with the transmitting power of 2 W. As mentioned before, the
highest coupling voltage occurs when the resonant frequency
of the loop antenna is tuned to 13.56 MHz with the help of the
additional capacitance. For the 7-turns loop antenna, due to its
larger coil inductance, a smaller capacitance of 27 pF was
required to achieve 13.56 MHz with the highest coupling
voltage of 72 V. For the 6-turns and the 5-turns loop antennas,
the maximum coupling voltages of 71 V and 70 V were
achieved with tuning capacitances of 35 pF and 46 pF,
respectively. Since the commercial reader antenna used in this
work has different shape and dimension compared to the credit
card size loop antennas, the mutual inductance is not
optimized. Furthermore, due to the great distance between the
reader antenna and the loop antennas, the mutual inductances
brought by the extra turns of loop were limited. As a result,
the dependence of the maximum coupling ac voltage on the
number of turns of the loop antennas in this work was not as
great as might be expected. In addition, due to the high
conductivity of copper conductors on PCBs the loop antennas
have narrow bandwidths and high quality factors (Q) of 300 to
400. In other words, the loop antennas used in this study are
highly sensitive to the tuning circuit. For low-Q loop antenna,
such as inkjet printed ones, the effect of the tuning circuit on
the coupling voltage would be less drastic; however, tuning
the whole rectenna circuit remains essential to obtain optimal
performance.

To sum up, when measured separately (see Fig. 2 and Fig. 3)
the thinner film diodes and the antenna with more loop turns
were found to offer superior performance. Next, the organic
diodes were connected to the loop antennas and dc output
voltages of the rectenna circuits were investigated. To
demonstrate the effect of the organic diodes, the rectified dc
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Fig. 4. Measured results of the rectennas dc output ((a) the 5-turns loop. (b)
the 6-turns loop. (c) the 7-turns loop) vs. the geometric capacitance of the
organic diodes, Cy;,4.. Reader antenna was placed 16.8 cm from the loop
antennas, with the transmitting power of 2W. The load was 1 MQ and the
filtering capacitor was 1.5 nF for the HW rectifier. Fig. 3 is inserted here as
dash curves to represent the open-circuit characteristics of the loop antennas.

output voltages of all the diodes with three loop antennas of
different number of turns are plotted against diodes geometric
capacitance (see Fig. 4). No additional tuning capacitor C,
was present in this measurement. Take B-series thin diodes for
example, based on the previous measured results (Fig. 2) these
diodes should yield similar output dc voltages and provide
higher output dc voltages compared to A-series thick diodes at
13.56 MHz. However, the results here show that when
connected to the antennas their output dc voltages vary greatly
from each other and are not always higher than the outputs of
A-series thick diodes. Clearly, the organic diodes have an
impact on the rectenna performance and thus needs further
circuit analysis.



As shown in Fig. 1(c), once the organic diodes were
connected to the loop antennas, the total capacitance seen
from the loop antenna was the sum of diode geometric
capacitance Cy;,4c and the filtering capacitor C1. Since
normally the filtering capacitor (in nF range) is decades larger
than the diode capacitance (in pF range), the total capacitance
can be estimated as

Caioge X C1
C == (C,; )
total Cdiode +C1 diode

®)

For silicon-based high frequency Schottky diodes, the total
diode capacitance is typically around 1 pF at MHz range.
Hence an additional tuning capacitor C,., is required.
However, in the case of organic diodes with large geometric
capacitances as presented in Table 1, Cy;,4. could effectively
function as the tuning capacitor and thus cause dramatic
changes in the resonant frequencies. In order to confirm this
effect, the antenna open-circuit coupling voltages as a function
of tuning capacitance (Fig.3) is inserted here as dash curves,
but with arbitrary amplitudes. It can be seen that the output dc
voltages of different diodes on each antenna follow the shape
of the dash curves. This confirms that the geometric
capacitance of the diodes functions as the tuning capacitance
of the loop antennas and alters the resonant frequency of the
circuit. As a result, the amplitudes of the input ac signals are
not the same for each diode, which causes output dc voltage
variations in Fig. 4.

As noted before, the loop antennas prepared for this study
are narrow-band antennas and the coupling voltage falls
rapidly as the resonant frequency varies from 13.56 MHz. This
becomes critical for choosing the suitable organic diodes. For
example, for the 5-turns loop antenna (see Fig. 4(a)), diode A5
(47.07 pF) provided the desired capacitance to tune the
antenna at 13.56 MHz and as a result its output dc voltage was
even higher compared to the outputs of B-series thin diodes.
The same pattern can be found from Fig. 4 (b) and (c) as well.
For example, the required capacitance for the 7-turns loop
antenna is 27 pF, diode B1 with a capacitance of 23.83 pF
from thin diode series B and diodes A2 (23.09 pF) and A3
(30.97 pF) from thick diode series A have the closest
capacitance values. In other words, the capacitances of these
three diodes could tune the circuit to resonate near 13.56 MHz
for obtaining higher coupling voltages. With the higher input
ac voltages, they provided the highest dc output voltages in
their categories, i.e. an output voltage of 5.15 V with diode B1
and 0.88 V and 0.94 V with diode A2 and A3 respectively.
Therefore, the best organic diodes obtained by using signal
generator as the input source (Fig. 2) are not necessarily
optimal in this case.

It should be mentioned that the presented measured values
have already taken into account the additional
capacitances/reactance caused by the measurement set-up,
including the input impedance of the oscilloscope probe. The
length of electrical traces on the customized probes and the
length of the wires used to connect the components are
minimized to avoid parasitic reactance. Due to the effect of
the input capacitance of the oscilloscope probe on the tuning
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Fig. 6. Measured result of the 5-turns rectenna dc output with the double half-
wave rectifier. Reader antenna was placed 16.8 cm from the loop antennas,
with the transmitting power of 2W. The load was 1 MQ and the filtering
capacitors were both 1.5 nF.

frequency, the input coupling ac voltages when connected to
organic diodes should not be measured simultaneously with
the output dc voltage. For this reason, the exact amplitudes of
the input ac signals for the rectennas are not plotted in Fig. 4.
Since the resistance of the organic diodes will significantly
lower the Q factor of the loop antennas, the maximum
coupling ac voltages (peak to peak) for the rectenna circuit
will be much lower than 70 V. Furthermore, in order to have
consistent comparison between all three loop antennas, the
reader antennas was placed at a great distance of 16.8 cm from
the loop antennas to sustain a moderate maximum coupling ac
voltage. Based on the measured output dc voltages, the
maximum coupling voltages (peak to peak) for the rectenna
circuits should be in the range of 20 to 30 V.

The analysis of the interaction between the loop antennas
and the organic diodes provided useful information on circuit
design and development. Once the inductance of the loop
antenna was determined, the required tuning capacitance can
be realized by selecting the suitable organic diodes. Based on
the findings, a double half-wave rectifying circuit was
designed (see Fig. 1(d)) with the 5-turns loop antenna to
provide a higher output dc voltage. As given in Table 2, the
desired tuning capacitance for the 5-turns loop antenna is 46.5
pF. This requires the combined capacitance of two diodes in
the double HW rectifier to meet this value. Therefore, two B1
diodes with capacitance of 23.83 pF (Table 1) were chosen.
The measured output dc voltage is shown in Fig. 5. In the
circuit (Fig. 1(d)), one HW rectifier consisting of D1 and C1
rectified the positive cycles of the input ac voltage and
produced an output dc voltage of 6 V, whereas the other HW
rectifier including D2 and C2 rectified the negative cycles of
the input voltage and provided a -5 V output dc voltage. The
final output dc voltage is the combination of both HW rectifier
circuits, which is about 11 V.

IV. CONCLUSION

In this work, the effect of the organic diodes on the
performance of the rectenna circuit has been investigated. The
rectanna consists of a loop antenna and a simple half-wave
rectifier based on organic diodes. Unlike their silicon-base



counterparts, the geometric capacitances of organic diodes
have significant values to dominate the tuning properties of
the loop antennas at MHz range. The resonant frequency, and
therefore the coupling ac voltage of the rectenna are heavily
dependent on the geometric properties of the diodes, such as
the diode area and the diode thickness. Consequently, this has
a great effect on the output dc voltage of the organic diode
rectifier. Based on the circuit analysis, an optimal rectenna
circuit with a double half-wave rectifier was designed and
measured. These results demonstrate the importance of circuit
analysis in organic electronics.
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We report the fabrication of a supercapacitor on a plastic substrate with mass-production-compatible
methods and its characterisation using galvanostatic and voltammetric methods. The supercapacitor is
prepared in ambient conditions using activated carbon and an aqueous, non-acidic electrolyte. The
obtained capacitances are 0.45 F and 0.21 F for device sizes of 4 cm? and 2 cm?, respectively. Additionally,
we demonstrate the utilisation of the supercapacitor in an autonomous energy harvesting and storage
system. The RF energy harvester comprises a printed loop antenna and a half-wave organic diode rectifier
operating at 13.56 MHz frequency. The harvested energy is stored in two supercapacitors connected in
series to increase the maximum operating voltage. In order to power a device such as a sensor or a small
indicator display, voltage regulation is needed. A voltage regulator, implemented as an application
specific integrated circuit (ASIC), was designed for this purpose, and fabricated commercially. We
demonstrate the ability of the harvester storage unit to power the regulator for hours with a constant reg-
ulator output voltage and power. The effect of supercapacitor charging time on the actual supercapacitor
charging state is also discussed, as a slower charging rate is found to have a significant effect on the
output of the supercapacitor.
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1. Introduction

Energy harvesting from ambient sources such as light, electro-
magnetic radio frequency (RF) fields or kinetic energy provides
an opportunity for building wireless, autonomous systems that
can be used, for example, in ambient sensory networks or intelli-
gent packaging [1-3]. Incorporating such “intelligence” on large
areas cost-effectively calls for a new way of producing the systems
needed. Printed and organic electronics offers a promising manu-
facturing method, where flexible, lightweight and even transparent
electronic devices can be manufactured using low-cost, high-
throughput processes [4-6].

An autonomous harvesting system needs a backup energy
storage for periods when the primary energy source is unavailable
[2], such as during the night when using solar cells, or when RF
fields are not present when using RF harvesters. Supercapacitors,
also called ultracapacitors or electric double layer capacitors
(EDLC), are an alternative to batteries as energy storage devices,
offering a higher peak power capability and a longer cycle
lifetime [7].

* Corresponding author. Tel.: +358 408490623.
E-mail address: suvilehtimaki@tut.fi (S. Lehtimdki).

0142-0615/$ - see front matter © 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijepes.2014.01.004

The operation of supercapacitors is based on the electrostatic
aggregation of electrolyte ions on a charged electrode surface,
without significant chemical reactions. Using a high surface area
electrode material, such as activated carbon, very high capaci-
tances can be reached [7]. A limitation of supercapacitors is their
operation voltage range, which is constrained by the electrochem-
istry of the materials. In water-based electrolytes, the voltage is
limited to only about 1V, whereas with organic electrolytes
2-3 Vis attainable [8]. However, aqueous electrolytes offer smaller
equivalent series resistance and higher specific capacitance
than organic electrolytes [8]. They are also readily disposable
and their production is less expensive, which is in many applica-
tions more advantageous than higher operation voltage. The
voltage range can be increased by connecting supercapacitors in
series.

Printed supercapacitors on a paperboard substrate have previ-
ously been demonstrated using disposable, non-toxic materials
[9]. RF harvesters, comprising an antenna and a rectifier circuit,
can also be fabricated with printing methods [10]. Combining a
large-area printed harvester and energy storage device with a
power management integrated circuit (IC) enables a small sensor
or indicator display to operate autonomously. Many sensor and
indicator functionalities, as well as the associated logic circuits,
can easily be integrated directly on the IC. Furthermore, being able
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to design the on-chip voltage regulator, as opposed to using a
commercial IC, permits application specific optimisation of power
efficiency and operating range of the regulator.

In this study, printed, aqueous supercapacitors are fabricated
and connected to a printed RF harvester [10] and a voltage regula-
tor, implemented as an application specific integrated circuit
(ASIC) [11]. This harvesting circuit provides up to 10 h of stable
output voltage when the RF field is not present. The capacitance
of the supercapacitor can easily be tailored for the requirements
of the application by selecting the supercapacitor geometrical area
appropriately.

2. Experimental

Printed components were fabricated on poly(ethylene tere-
phthalate) (PET) substrates (Melinex ST506 from Dupont Teijin
Films). A commercial RFID reader was used to induce an AC voltage
in a printed antenna. A printed rectifier circuit composed of an or-
ganic diode [12] and a printed capacitor rectified the input from
the antenna, and charged the supercapacitor. The charged superca-
pacitor provided an input for the voltage regulator ASIC, which was
connected to a 1 MQ load at its output. The measurement setup is
depicted in Fig. 1.

2.1. Supercapacitor fabrication

The supercapacitors were prepared by laminating two elec-
trodes together with an electrolyte and separator in between.
The structure is depicted in Fig. 2(a). The supercapacitors were fab-
ricated in two sizes: 2 cm? and 4 cm?. A 100 nm thick copper layer
was vacuum evaporated onto the PET through a shadow mask. Two
layers of conductive graphite ink (Electrodag PC407C from Acheson
Industries Ltd.) were blade-coated on top of the copper using a
plastic mask for patterning, and both layers were subsequently
cured at 120 °C for 5 min, yielding a 50 pum thick layer. The width
of the graphite electrodes was 2.0 cm in the larger samples and
1.4 cm in the smaller samples. As the graphite layer was needed
to protect the copper layer from coming into contact with the elec-
trolyte, the copper electrode width was slightly smaller than the
graphite. A photograph of a supercapacitor sample is shown in
Fig. 2(b).

The active layer was prepared from Norit DLC Super 50 acti-
vated carbon with carboxymethyl cellulose (CMC, Sigma Aldrich)
as binder. The activated carbon and the polymer were dispersed
in deionized water in the proportions Norit/CMC/H,0 1.9/0.1/36
by weight. The activated carbon ink layer was blade-coated on
the graphite. The active layer was dried on a hotplate at 60 °C for
a few minutes until the ink appeared dried. The mass of activated

D super-
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Fig. 1. Schematics of the supercapacitor (a) harvesting and (b) output measurement
circuits. Diode D; and capacitor C; form the rectifier, which charges the superca-
pacitors. The output of the ASIC is loaded with R, = 1 MQ.
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3 ]
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Fig. 2. (a) Structure of the assembled supercapacitor and (b) photograph of a 4 cm?
supercapacitor sample.

carbon deposited on the electrodes was on average 2.2 mg/cm?.
The activated carbon mass was determined by weighing the sub-
strate before and after deposition.

Supercapacitors were assembled with a TF4050 paper separator
(Nippon Kodoshi Corporation) and 4.1 mol/l LiCl aqueous electro-
lyte. The high electrolyte concentration was selected to ensure an
excess of ions such that the risk for electrolyte starvation and
additional internal resistance is removed [13]. The electrodes and
separator were sandwiched together with the electrolyte and sealed
with an adhesive film (UPM Raflatac). The assembly was done with
the electrodes at 90° angle with respect to each other, forming a
square shape supercapacitor at the electrode overlap area.

2.2. Supercapacitor characterisation

The supercapacitor properties were measured using a Zennium
Electrochemical Workstation (Zahner Elektrik GmbH, Germany) in
the two-electrode configuration. Cyclic voltammetry from 0V to
0.9 V was used to get a qualitative measure of the supercapacitors.
The voltage sweep rate was 50 mV/s.

Galvanostatic discharging measurements were performed
according to international standard IEC 62391-1:2006, Class 3
[14]. The supercapacitors were charged to 0.9 V in 1 min and held
at this potential for 5 min. The capacitance was calculated from the
voltage decrease rate with a 1.60 mA discharge current for the lar-
ger samples and 725 pA for the smaller samples. The equivalent
series resistance (ESR) was calculated from the initial IR drop of
the discharging with a 16.0 mA current for the larger samples
and 7.25 mA for the smaller samples.

2.3. Harvester architecture

The all-printed harvester consisted of an antenna and a half-
wave rectifier comprising an organic diode and a capacitor. The
loop antenna was inkjet printed with a conductive Ag nanoparticle
ink (Harima NPS-JL Silver NanoPaste) and a dielectric (SunTronic
Jettable insulator U5388) for the loop cross-over. The Ag ink was
sintered at 150 °C for 1 h. The dielectric strip was cured by UV light
and by additional curing at 150 °C for 30 min, after which the loop
cross-over was printed with the same Ag ink as the antenna. The
size of the antenna was 7.5 cm by 4.2 cm.

The organic diode was fabricated on a separate substrate, where
the Cu anode was evaporated and patterned using a wet-etching
process on a roll-to-roll basis. The semiconductor poly(triaryl-
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amine) as well as the top Ag anode were gravure printed. The
process is described in more detail in [12]. The rectifier capacitor
was also printed on a similar pre-patterned Cu-coated substrate.
The dielectric was gravure printed poly(methyl metacrylate) (20%
solution in ethyl acetate and toluene, 1:1) cured at 80°C for
5 min. The top electrode was gravure printed using Ag flake ink
(Acheson PM460A) and cured at 80 °C for 5 min. The capacitor’s
area was 1.5 cm? and its capacitance was 1.5 nF at 13.56 MHz.
The diode and capacitor were integrated on the antenna substrate
using the Ag flake ink.

2.4. Voltage regulator

The designed voltage regulator was fabricated in a commercial
0.18 pm CMOS process. It is based on a cross-coupled voltage dou-
bler charge-pump, with closed-loop continuous frequency control.
A similar circuit design is described in [11]. The output voltage is
controlled by changing the pumping frequency, and thereby, the
output impedance of the charge-pump. The regulator output can
be steadily kept at 1.2V over a wide range of input voltages
(roughly down to 0.8 V), and under varying load conditions. The
size of the processed ASIC is roughly 1.5 mm?, the regulator area
being less than 4% of the total ASIC area. The ASIC was packaged
and wire-bonded in a 44-legged JLCC package.

2.5. Measurement setup

Two similar supercapacitors were connected in series. The sup-
ercapacitors were charged by connecting them to the harvester,
after which they were immediately connected to the ASIC for the
output measurement.
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Fig. 3. (a) Cyclic voltammograms of two supercapacitors of different sizes. The
sweep rate was 50 mV/s. (b) and (c) Galvanostatic discharge curves of the 4 cm?
supercapacitor at constant discharge currents for (b) capacitance determination and
(c) ESR determination. The capacitance is calculated from the slope of the voltage
and the constant current, and the ESR from the initial IR drop of the discharge. The
small downward spikes at the beginning of discharge are caused by parasitic
capacitances in the measurement system and not related to supercapacitor
behaviour.

Table 1

The supercapacitor characteristics obtained from galvanostatic measurements.
Device area 4cm? 4cm? 2 cm? 2 cm?
C(F) 0.45 0.46 0.21 0.22
Clarea (F/cm?) 0.11 0.11 0.10 0.11
ESR (Q) 2.8 3.7 6.2 10

The harvester antenna was placed above a 13.56 MHz reader
antenna (i-scan®HF long range reader ID ISC.LR200 from OBID)
such that the two were inductively coupled [15] and the distance
of the harvester was adjusted vertically between 5.5cm and
6.0 cm. The input voltage from the antenna in the two extreme
cases was measured using an oscilloscope (Tektronix DPO4104)
with a 10x voltage probe when only the rectifier was connected
to the antenna. The output voltage of the rectifier was measured
similarly before the supercapacitor was connected to the harvester.

The series supercapacitors were charged to 1.8V with the
harvester and the charging was stopped by removing the reader
antenna when the voltage over the supercapacitor reached the tar-
get value. For the discharging, the supercapacitor assembly was
connected to the ASIC, and the ASIC output was loaded with a
1 MQ resistor. The ASIC output voltage was measured through a
voltage buffer, in order not to affect the ASIC operation nor loading.

The voltage over the supercapacitors as they were charged, as
well as the input to the ASIC were measured with the oscilloscope
through 10x voltage probes. The oscilloscope was controlled with
LabVIEW software (National Instruments).

3. Results and discussion
3.1. Supercapacitor properties

Cyclic voltammograms of the supercapacitors of two sizes using
a sweep rate of 50 mV/s are shown in Fig. 3(a). The rectangular
shape indicates good capacitive behaviour [16]. The capacitances
and ESRs were determined from the galvanostatic discharge mea-
surements (Fig. 3(b) and (c) and they are presented in Table 1. The
capacitances were approximately 0.45F and 0.21F in the 4 cm?
and 2 cm? supercapacitors, respectively. The difference in the
capacitances per geometrical area is most likely a result of dissim-
ilar thicknesses of the activated carbon and other variations in the
preparation process.

The specific capacitance of the supercapacitor was 26 F/g, when
only the total activated carbon mass in the device was taken into
account. This value is of similar magnitude to previous results with
printed activated carbon supercapacitors [9]. The specific capaci-
tance is, however, lower than in more traditionally assembled de-
vices, which can reach 80 F/g for a similar material [17]. A possible
reason for the difference is the pressing of the activated carbon
electrode, which improves the contact between the carbon parti-
cles [17]. The particles in the printed, unpressed layer may not
be fully in contact with each other or the current collector, reduc-
ing the effective amount of active electrode material.

As expected, the ESR was larger for the smaller supercapacitors, at
most 10 Q, whereas for the larger samples it was less than 4 Q. The
larger ESR can be understood as both a resistance in the current
collector leads, which were narrower in the 2 cm? supercapacitors,
as well as a smaller cross-sectional area of the electrolyte and the
separator, which inhibit the movement of current-carrying ions.

3.2. Charging the supercapacitor with the harvester

At the 5.5 cm distance, the input signal to the rectifier was 20 V
peak-to-peak when only the rectifier and the 10x measurement
probe were connected to the antenna. At the 6.0 cm distance, the
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input signal was 15V peak-to-peak, measured similarly. The 20 V
and 15 V values refer to the high and low input cases discussed be-
low. The unloaded rectifier output DC values were 4.5V and 3.2V
in the high and low input cases, respectively.

The charging behaviour of the series supercapacitors is shown
in Fig. 4 and the charging times presented in Table 2. In the high
input case, the charging was faster: 11 min and 22 min for the
2 cm? and 4 cm? supercapacitors, respectively. With the low input,
the charging took 1 h 4 min for the smaller supercapacitors and 2 h
21 min for the larger supercapacitors. As expected, the charging
time is proportional to the capacitance. The low input charging
curve of the larger capacitors levelled off as the voltage approached
1.8 V, making the exact charging time somewhat inaccurate.

When comparing the high and low input cases, it should be
noted that the rectifier output voltages are not the same as mea-
sured without the supercapacitors: when the supercapacitors are
connected to the harvester, the DC voltage at the output of the rec-
tifier is equal to the voltage of the supercapacitor assembly, and
thus dependent on its charge state. The supercapacitor appears
initially as nearly a short circuit [18].

Instead of a constant DC charging voltage, the output current of
the diode determines the charging rate. The diode current depends
exponentially on the voltage over the diode [19,20]. This accounts
for the large difference between the cases where the input voltage
to the diode is higher or lower. The charging profile can be
explained when examining the voltage over the diode: as the
supercapacitor is gradually charged, this voltage decreases. This,
in turn, reduces the current and slows down the charging.

3.3. Powering the regulator circuit

The voltage over the series supercapacitors when they are dis-
charged, as well as the output voltage of the ASIC, are presented
in Fig. 5. The regulator output remains constant at 1.2 V, corre-
sponding to an output current of 1.2 pA and output power of
1.44 pW, until the voltage over the supercapacitors reaches
approximately 0.78 V. The durations of operation are summarised
in Table 2.

The larger, 4 cm? supercapacitors can power the ASIC from 8 h
to over 10 h, whereas the 2 cm? supercapacitors can only provide
the necessary input to the ASIC for 4-5 h. In the quickly charged
(high input) supercapacitors, the initial voltage drop is much more
pronounced. In the slowly charged supercapacitors (low input), the
overall voltage decline is more uniform even in the beginning. The
difference between the voltages of the high and low input charged
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Fig. 4. Charging curves to 1.8 V for the two supercapacitors connected in series.

Table 2
The results of the harvesting measurements. High and low input refer to cases where
the harvester antenna was closer to and further away from the reader antenna.

Device area 4 cm? 2 cm?

Charging time

High input 22 min 11 min
Low input 2h 21 min 1h 4 min
Operation time
High input 7h 51 min 3h 57 min
Low input 10 h 39 min 4 h 59 min
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Fig. 5. Voltage over the supercapacitors (above) as it powers the regulator ASIC, and
the output voltage from the ASIC (below).

supercapacitors after 1 h of discharge is approximately 0.15 V with
both supercapacitor sizes.

An explanation to the observed behaviour is found in an equiv-
alent RC circuit model [21], where the supercapacitor is repre-
sented as at least three parallel branches of a capacitor and a
resistor in series, each branch with a different RC time constant,
along with another leakage resistance branch. When the superca-
pacitor is charged quickly, only the small-time-constant branches
are charged fully; as the external charging is stopped, charge redis-
tribution from the high time constant branches to the lower ones
takes place within the supercapacitor. This results in a decrease
in the observed voltage over the supercapacitor. When the sup-
ercapacitor is charged slowly, however, the slower branches are
also charged fully, resulting in a more steady voltage decrease as
power is drawn from the supercapacitor.

In addition to the branched RC model discussed above, several
other models have been proposed to describe the electrical behav-
iour of supercapacitors, as well as physical explanations for them
[22]. One such explanation is the cumulative increase of the elec-
trolyte resistance towards the bottom of an eletrode pore [7].
Based on this, a qualitative understanding of the charging behav-
iour can be described in terms of ion migration in the supercapac-
itor. Parts of the electrode surface, namely those deep inside the
pores, are not readily accessible to the ions of the electrolyte and
thus cannot initially participate in the double layer formation.
However, given enough time, the ions also migrate to these sur-
faces. The migration can occur from the already-charged surfaces,
near the pore opening, after the supercapacitor is charged
externally for only a short period. This corresponds to the charge
reorganization in the branched RC model.
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4. Conclusions

The use of printable supercapacitors as energy storage devices
in a harvester circuit using a printed RF antenna and diode rectifier
along with a voltage regulator ASIC was demonstrated. The two
series-connected supercapacitors can be charged to 1.8 V in a time
ranging from 10 min to over 2 h, depending on the supercapacitor
size and harvester antenna distance to the charging antenna. When
loaded with a 1.44 uW load, the output of the voltage regulator
was found to stay constant at 1.2 V for up to 5 or 10 h, depending
on supercapacitor size.

The charging time, controlled by the antenna distance, was
found to affect the discharge behaviour of the supercapacitor sig-
nificantly. Slowly charged supercapacitors provided a more steady
and long-lasting input for the regulator. The relatively rapid initial
drop of the voltage in quickly charged supercapacitors is attributed
to charge reorganization within the electrode pores. This important
effect will need to be considered in further work aiming to develop
harvester structures for different applications.
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Abstract—Fully printed radio frequency (RF) harvesters that
operate at HF RFID and ISM frequency of 13.56 MHz are
normally comprised of a small printed loop antenna. They
work at short ranges using inductive coupling mechanism. In
this paper, we present a novel screen printed large area E-field
antenna incorporated with a printed organic diode rectifier that
could provide close to 1 V dc voltage with 1 W input at a
distance of a few meters. The unique high bulk capacitance of
the printed organic diodes enables effective imaginary
impedance matching to the antenna without an additional
matching component. The results demonstrate the possibility
of fully printed RF energy harvesters for long range operation
at HF frequencies.

l. INTRODUCTION

Interest in harvesting and storage of ambient energy has
grown strongly in the last few years. Printed electronics has
been shown to be a promising way to add energy autonomy to
devices, and harvesting from mechanical [1], [2], light [3], [4]
and radio frequency (RF) radiation [5-9] using printed
harvesters have been reported. The available energy density,
especially thermal, mechanical, or RF, is usually quite low, so
that a combination of large area and novel design is essential to
capture as much energy as possible from the environment or
dedicated source. Printing is particularly well suited to such
large area devices.

RF energy harvesters typically comprise two functional
units: an antenna to gather RF energy and a rectifying circuit to
convert the received RF signals to dc voltages. At ultra-high
frequencies (UHF), a hybrid RF harvester combining printed
antennas with a rectifying circuit based on discrete surface-
mount technology (SMT) components [10-12] is widely used
for scavenging ambient RF radiation. At lower frequencies such
as the 13.56MHz industrial, scientific and medical (ISM) or
radio frequency identification (RFID) band, dedicated RF
sources such as RFID readers are commonly available. At these
frequencies, printed RF harvesters usually utilize small
inductive loop antennas together with rectifying diodes
featuring either polymer- or metal oxide- based printable
semiconducting materials [8, 9, 13]. In general, these printed
small inductive loop antennas, also known as inductive

couplers or coils, have the size of credit cards and operate in the
magnetic near field, which is typically under few tens of cm.
The short operation range limits the applicability of these
conventional printed 13.56 MHz RF energy harvesters.
Particularly it could become impractical to power numerous
sensors at such short range. By increasing the operation range
of printed 13.56 MHz harvesters from centimeters to a few
meters, it could finally enable advanced applications such as
smart homes with 10T (internet of things) sensors, detectors and
low-power devices.

For energy harvesting it is desirable to minimize losses in
individual components as well as the impedance mismatching
among them to optimize the efficiency of the system. This is
challenging for printed antennas and even more so for printed
organic diodes, whose electrical performance is affected by
both the printing process and the low charge carrier mobility
and density of printable organic semiconductors. Recently,
there has been a great deal of efforts toward improving ink
properties and printing processes. On the other hand,
impedance analysis is often overlooked in reports on printed
13.56 MHz RF harvesters. Here we report the fabrication and
characterization of a printed 13.56 MHz RF harvester utilizing
gravure printed organic rectifying diodes and a screen printed
large area antenna. The large screen printed antenna used here
is capable of operating at a range of a few meters without
significant performance drops. Both frequency tuning and
imaginary impedance matching of the antenna were achieved
simultaneously through the reactance of the printed organic
diodes. The nonlinear voltage-dependent resistive behaviors of
the printed diodes were investigated. With the extended
operation range the present printed harvester could easily be
integrated into wall papers, posters, etc., to realize, cost-
effective, thin, flexible and scalable indoor energy autonomous
solutions.

1. METHOD, DESIGN AND CHARACTERIZATION

A. Antenna Design and Simulations

The antenna has a double-element design with a total size
of 400 by 600 mm, which was defined by the maximum printing
area available on the screen printer. This design is distinctly



different from the more common small loop inductive antennas
used for near field communication (NFC) that operate using the
magnetic near field and are only capable of short range
harvesting. Considering that the wavelength A at 13.56 MHz is
22.12 m, this antenna is ultra-compact with an electrical size of
approximately A/40. As shown in Fig.1, the simulated S11
results for the 13.56 MHz antenna indicate that this antenna has
a high inductive reactance which needs capacitive reactance to
match the impedance to a 50 Q load. The projected gain pattern
of the E-field antenna (Fig.1.d) is toroidal in shape and omni-
directional. This performance is predicated on achieving good
conductivity and reasonable trace.
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Fig 1. Simulated parameters for the antenna a) Mesh points b) S11
Magnitude vs. Frequency c¢) Smith plot d) Antenna pattern at
13.56MHz. S11 or Su is the input reflection coefficient.

The antennas were screen printed on a Graficaindia
Flextonica Nano Print Plus flat-bed press with a 100-mesh
screen tensioned to 20 N using Novacentrix (PChem) ink, PSI-
219. The ink was cured using a DragonAir drying tunnel at 140
°C with a dwell time of 90 seconds. Each sheet was passed
through the drying tunnel twice to facilitate curing of the thick
ink deposit. The final thickness of the printed antennas was
about 5 um. The sheet resistance was about 30 m€)/square.

B. Diode and Circuit Characterization

The printed organic diodes have a vertical Cu-PTAA
(poly(triarylamine))-Ag sandwich structure, as reported
previously [14-18]. The organic semiconducting material
PTAA was chosen for its excellent stability in ambient
conditions. All characterization and measurements were
conducted in ambient conditions with no encapsulation. The
average thickness of the semiconductor layer in the diodes was
300 nm. This thickness is calculated based on the measured
geometric capacitance from the impedance measurement using
a vector network analyzer. As shown in Fig.2, the forward
current density of the diodes at 5 V was 0.03 A/cm? and the
reverse leakage current density at -5 V was 0.02 mA/cm?. The
resulting rectification ratio was about 1.5x10°.

In this work, the printed organic diodes had four different
active areas: 0.004, 0.006, 0.008, and 0.01 cm? designated as

Al, A2, A3 and A4 respectively, which were determined by
the cross section of the Cu-PTAA-Ag layers. The geometric
capacitance of the diodes is proportional to the size of the
active area. The capacitance values of diodes Al to A4 were
about 45 pF, 60 pF, 75 pF and 90 pF respectively. The diode
capacitance can be used to tune the resonant frequency, or to
match the impedance of the antenna at 13.56 MHz. In addition,
a smaller diode with active area of 0.002 cm? and
corresponding capacitance of 28 pF was used. However, due
to its relatively high parasitic and printing quality related to its

size, it was left out of analysis and discussion.
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I1l. RESULTS AND DISCUSSION

Because of the long wavelengths of incoming signals, it
often becomes impractical to utilize antennas of the physical
resonant length at MHz frequencies. Instead, a small inductive
loop antenna circuit is widely used in the MHz range [8, 9, 20].
These small loop antennas transfer voltage between the transmit
and receive loops through magnetic/inductive coupling.
However, the magnetic field strength of these small loop
antennas decays rapidly with transfer distance. As a
consequence, their operation range is limited to near field and
short range, typically in the range of centimeters. In this work,
a large area antenna with novel double-spiral design was
developed to effectively increase the operation range. The
unique dual-element design is composed of an outer loop
structure connected to an inner double-spiral as shown in Fig.
6.a). The inner double-spiral has an overall electrical length
close to 6 m, which is calculated from the feeding points to the
end of each spiral. While these spirals resemble an inductive
loop and its electrical length is close to a quarter of a
wavelength at operating frequency of 13.56 MHz, the unique
integrated outer loop structure makes the antenna an ultra-
compact far-field radiating antenna. That is, with the dual
element design, the antenna is no longer a spiral loop antenna
with the electrical length close to A/4 but an electrically-small
antenna operating at /40 defined by the outer dimension of the
antenna. In addition to decreasing the antenna electrical size,
the duel-element design increases the radiation resistance of the
antenna. Together with feeding arms, which slightly adjust the
impedance of the antenna, the overall design of the antenna
enables tailored complex impedance. Fig.3 shows the plot of
the S21 data (forward transmission gain) of a pair of matched
antennas with added discrete capacitors of 47pF and 56 pF on
each antenna. These added capacitors were chosen to resemble
the capacitance of the printed diodes to achieve optimal
impedance matching. At 13.56 MHz, the antennas have S21



values about -4 dB to -5 dB with the antennas positioned 1 m,
2 m 3 m and 4 m apart. The result indicates that the
performance of the antennas is maintained to a distance of
several meters, unlike inductive coupled loop antennas whose
efficiency drops dramatically with increased distance within
their operating range.
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Fig.3. S21 plot of a pair of matched antennas.
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In order to fully analyze the harvester system performance,
especially the impedance matching, a large signal nonlinear ac
model of printed diodes is essential. Previously we reported a
simple RC model covering diode ac behaviors (Fig.4.a) which

consisted of a voltage-dependent resistance and a diode
geometric capacitance (or in other word bulk capacitance) as
the equivalent circuit for the printed organic diode [17], [18].
The results indicated that the bulk capacitance of the diodes
remains reasonably constant over different bias voltages and
frequencies while the voltage dependent resistance is nonlinear
and difficult to determine. Here, the voltage-dependent resistive
behavior of the diodes was studied in more detail. Firstly, the
rectified dc output of a half-wave rectifier at 13.56 MHz with a
single printed PTAA diode and a filtering capacitance of 47nF
was measured as a function of input ac voltage. As shown by
the size of the error bars in Fig.4, at 13.56 MHz the diode
voltage outputs are very similar despite the variation of active
area from 0.004 to 0.01 cm? (A1-A4). With an input ac signal
of 10 Vyy (peak to peak), the average dc output of all diodes was
1.18 V. The input root mean square (rms) voltage was 3.54 V,
which results in a voltage loss across the diode of about 2.36 V.
When input voltages increased to 16 and 20 Vp, the
corresponding voltage losses were about 2.83 and 3.01 V,
respectively. Therefore, in contrast to conventional inorganic
diodes, the voltage losses across organic diodes are not constant
but increase with the input ac voltages as shown in Fig.4.c).
Since it has been demonstrated before [17] that the bulk
capacitance of the diode is fairly independent of the bias
voltages, the increment in diode voltage loss is likely owing to
the nonlinear voltage-dependent resistance of the diode.

Since the small signal impedance measurement cannot
adequately represent the large signal nonlinear behavior of the
diodes, we measure directly the output voltage of the diodes
with ac input voltages of 20 Vy, at 13.56 MHz, but without the
presence of the 47 nF filtering capacitor C in Fig.4.b). Based
on the measured waveforms in Fig.5, one can calculate the rms
voltage of diode output and the equivalent impedance of diodes
for both positive and negative cycles using the equation below

Vv V -V

rms.out __

z

rms.in rms.out

load Zdiode (1)

where Vimsout iS the rms voltage of the diode output, Vimsin is
the rms voltage of the input ac signal, Ziea is the internal
impedance of the measurement device. Due to the parasitic
reactance of the measurement setup, the load impedance Zjoad
became a complex impedance which makes the calculation in
(1) extremely difficult. However, if we neglect the parasitic
reactance of the measurement setup as well as the geometric
capacitance of the diode, the Zgiode in equation (1) becomes
purely resistive with roughly a few hundred kQ during the
positive cycles and few MQ during the negative cycles. These
values by no means represent in-depth behaviors of the voltage-
dependent resistor in the diode model, however, they indicate
that the printed organic diode has a significantly large forward
resistance and a relatively small reverse resistance compared to
conventional Schottky diodes. To sum it up, though the exact
values of the nonlinear voltage-dependent resistor are difficult
to obtain, the resistance of the organic diodes are determined to
be in the range of hundreds of kQ to few MQ for positive and
negative cycles based on the large-signal measurements at



13.56 MHz. To be clear, the impedance values obtained using
the vector network analyzer is the diode small-signal
impedance, which ranges from 3.5 kQ to 1.7 kQ. These values,
as mentioned before, cannot represent the nonlinear large-
signal behaviors of the printed diodes.

As mentioned above, one of the special properties of printed
organic diodes is their relatively high geometric capacitance;
the capacitance of organic diodes Al to A4 was about 45 pF,
60 pF, 75 pF and 90 pF respectively. These values are in the
range of the exact capacitance required for 13.56 MHz
customized tag antennas [20]. In other words, the printed
organic diodes can be effectively incorporated in the 13.56
MHz RF harvester to tune the resonant frequency and rectify
the input ac signal simultaneously. In this work, the measured
impedance of the antenna was about (56.5+j279) Q at 13.56
MHz. To ensure good antenna matching, the imaginary part of
the antenna impedance needs to be reduced to as close to zero
through organic diode with the most suitable capacitance.
Therefore, the diode with capacitance of 45 pF and a
corresponding reactance of —j260.8 Q was the closest.
Unfortunately, due to the high resistance of the organic diode,
the overall impedance matching between the diodes and the
antennas are not perfect.

To boost the dc output voltage, a double half-wave rectifier
was fabricated. This configuration delivered approximately
twice the dc output voltage of that shown Fig.4. In addition, the
ripples from each half-wave rectifier are in the opposite
directions and cancel each other out somewnhat, which enables
the use of a smaller filtering capacitor. It should be pointed out
that the total capacitance of a double half-wave rectifier is the
combination of two diodes at each branch. Therefore, to have a
56 pF matching capacitance two smaller diodes (A5) with
capacitance of 28 pF were used. In the double half-wave circuit,
two 1.5 nF capacitors were used; this capacitance can be printed
in a size of 1.3 cm? area, as previously demonstrated [19].
However in this work two surface mounted capacitors were
used due to time constraints. Fig.6 shows the antenna layout
including a multipurpose connector to accommodate the
matching double half-wave rectifier. An image of the portion of
the antenna with the attached rectifier is shown in Fig.6.b).

To demonstrate the 13.56 MHz energy harvesting system,
two screen printed antennas were used as a transmitter and a
receiver. The transmit antenna was fitted with a matched
capacitor of 56 pF. The 13.56 MHz harvesting antenna was
placed 1 m, 2 m, 3 m and 4 m from the transmit antenna in a
typical office environment. In addition to the harvester (seriesl)
with the optimal matching provided by the two A5 diodes with
capacitance of 28pF from each diode, a second harvester
(series2) with two Al diodes with 45pF from each diode was
fabricated for comparison. The input power was provided by a
signal generator. The dc output voltage of the harvester as a
function of distance is shown in Fig. 7. It can be seen that above
800 mV dc output from the harvester with two A5 diodes
(seriesl) was obtained using an input power of (1W) from the
signal generator fed to the transmit antenna. The output dc
voltage declined slightly with distance in this case. On one
hand, the impedance mismatch on the harvesting antenna end,
specifically the huge diode resistance, played a huge role to
limit the performance of the harvester. That is, the nonlinear

resistance of the printed PTAA diodes, in the range from kQ to
MQ depending on the input signal amplitude, makes the
impedance matching between the antenna and the rectifier
circuit very challenging. On the other hand, the capacitance of
the printed PTAA diodes has an effect on the imaginary
impedance (reactance) matching which, when done correctly,
could improve the performance of the harvester significantly.
As shown in Fig. 7, the harvester with better reactance matching
(seriesl) yielded much higher output dc voltage compared to
the harvester (series2) with non-optimal matching. It clearly
shows that the operating range of this fully printable large area
antenna harvesting system is in the range of a few meters with
reasonable dc output voltages to enable low-power 10T sensors.

C2

(a) ©

Fig.6.a) 13.56 MHz antenna design with the multipurpose connector.
b) zoomed in image of the rectifier circuit. c) circuit schematic.
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Fig.7. DC output voltage vs. input power of 13.56MHz printed
harvesting system.

IV. CONCLUSIONS

An entirely printable RF energy harvesting system
comprising a screen printed large area E-field antenna and a
printed organic diode double half-wave rectifier was
demonstrated. At 13.56 MHz, the organic diodes were carefully
selected based on their geometric capacitance to match the
impedance of the antenna. With 1W transmitted power the
printed harvester could generate close to 1V dc output at a
distance of a few meters from the source. This operating range
is significantly greater than near field small loop antenna
harvesters and indicates the possibility of long-range energy
harvesting.
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0.7 GHz Solution-Processed Indium Oxide
Rectifying Diodes

Miao Li, Mari Honkanen, Xianjie Liu, Chakra Rokaya, Andreas Schramm, Mats Fahlman, Paul R.
Berger, and Donald Lupo

Abstract— Solution-based deposition, with its simplicity and
possibility for upscaling through printing, is a promising process
for low-cost electronics. Metal oxide semiconductor devices,
especially indium oxide with its excellent electrical properties,
offer high performance comparable to amorphous Si-based rivals,
and with a form factor conducive to flexible and wearable
electronics. Here rectifying diodes based on amorphous spin-
coated indium oxide are fabricated for high-speed applications.

We report a solution-processed diode approaching the UHF
range, based on indium oxide, with aluminum and gold as the
electrodes. The device was spin-coated from a precursor material
and configured into a half-wave rectifier. The J-V and frequency
behavior of the diodes were studied, and the material composition
of the diode was investigated with Xx-ray photoemission
spectroscopy (XPS). The 3dB point was found to be over 700 MHz.
The results are promising for development of autonomously-
powered wireless Internet-of-Things systems based on scalable,
low-cost processes.

Index Terms—metal oxide semiconductors, high frequency
rectifying diodes, solution processed indium oxide.

. INTRODUCTION

RANSPARENT metal oxide semiconductor based devices

have attracted considerable interest for their applications in
thin film electronics, especially solution processed pathways
for large area electronics. For many years, they found their
applications in optoelectronics as transparent conducting oxide
[1-5]; the most known oxide is Sn-doped indium oxide, also
better known as indium-tin-oxide (ITO). Due to their high
carrier mobility and carrier concentration resulting in high drive
current, the performance of oxide semiconductor based devices
such as thin film transistors (TFT) has matched that of
amorphous Si-based counterparts and exceeded that of typical
organic semiconductors [6]. Among metal oxides, indium oxide
is a promising n-type semiconductor thanks to its high carrier
mobility and wide bandgap [7]. High quality indium oxide
grown from molecular beam epitaxy (MBE), or by sputtering,
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have been thoroughly studied from a semiconductor physics
perspective [8-13], which provides a better understanding of
contact properties and carrier transport properties of the
devices. However, such processes can be a major obstacle to
cost-effective  device manufacturing.  Solution-processed
deposition such as spin coating and various printing
technologies offers the advantages of simplicity, low-cost,
large-area and scale-up capability. There has been remarkable
progress in high-performance devices based on solution
processed indium oxide semiconductor in recent years [14-17].

Rectifying diodes and circuits are vital in modern electronics
with their widespread applications in radio frequency
identification (RFID) tags and wireless power harvesting
systems for the Internet-of-Things (IoT). The main function of
a rectifying diode circuit is to convert ac signals at a given
frequency range to dc voltages. Rectifying diodes with high
speed are therefore highly desirable and essential for utilizing
(ultra-) high frequency applications. Various solution-
processed diodes based on metal-oxide semiconductor [18-19],
organic  semiconductors  [20-22] and  conventional
semiconductors [23-25] have been reported to date. Solution-
based organic diodes offer flexibility and low temperature
processing, but have the lowest operating frequency range,
typically limited at tens of MHz. Nanoparticle semiconductor
inks are also a common way to realize solution processed
conventional semiconductors. Although they can potentially
reach GHz range, the major technical challenge is the
complexity of making the nanoparticle composites that
normally involve time-consuming process [25]. Solution
processed metal oxide semiconductor devices are mostly
reported in the context of TFTs, although a high-speed diode
without quantification of rectification efficiency was reported
in a nanogap configuration based on zinc oxide [19]. In
addition, the current voltage and impedance analysis of a
solution processed indium oxide/p-type Si Schottky diode has
been report in [18], but the frequency behaviors of the diodes
were not present.
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Here we report a rectifying diode based upon spin coated
indium oxide that operates up to at least the 0.7 GHz range.
Indium oxide is the n-type semiconductor, and Au and Al were
determined as Ohmic injecting anode contact and non-ohmic
rectifying cathode contact, respectively. The device parameters
were investigated using current density-voltage (J-V)
characteristics and the material composition was studied by
XPS. High frequency measurements demonstrate that these
solution processed indium oxide diodes operate up to the GHz
range with a 3-dB cutoff frequency over 700MHz.

Il. EXPERIMENTS

The indium oxide diodes were fabricated on a SiO; coated Si
wafer. A 25 nm thick patterned Al electrode was first
evaporated on the wafer through a mask, followed by three
iterative layers of spin coated indium oxide precursor to prevent
short circuits in the diode structure. The precursor, with a molar
concentration 0.2 mol/L, was made by mixing indium nitrate
hydrate with 2-methoxyethanol (both from Sigma Aldrich).
This precursor formula was first published by Technical
Research Centre of Finland (VTT) [26]. The first two layers
were cured at 300 °C in an oven under atmosphere for 5 minutes
and the last layer was cured for 30 minutes at the same
temperature. Finally, a 100 nm patterned Au electrode was
evaporated. To improve the wetting of the indium oxide
precursor, the Al electrode was subjected to UV-ozone
treatment for 15 minutes immediately before the deposition of
indium oxides.

The 1(J)-V characteristics were determined using a Keysight
B1500A semiconductor design analyzer. A Keithley 3390 50
MHz arbitrary waveform generator and a Hewlett Packard
ESG-DS300A 250 kHz to 3000 MHz digital signal generator
were used to provide input signal for frequency dependent
rectifying measurement. At higher frequencies, the power of the
input signal was boosted with a ZHL-2-12 high dynamic range
amplifier 10 MHz to 1.2 GHz from Mini-circuits. The rectifier
dc output was measured with a Tektronix DP0O4104 digital
phosphor oscilloscope. All the fabrication steps and the
measurements were carried out in ambient environments except
for electrode evaporation.

The cross-section of the diode was studied with a focused ion
beam scanning electron microscope (FIB-SEM, Zeiss,
Crossbeam 540) equipped with an energy dispersive
spectrometer (EDS, Oxford Instruments, MaxN) for elemental
analysis. The cross-sections were prepared with FIB-SEM by
depositing a Pt protection layer on the region of interest and
using Ga ions to mill the cross-section under the Pt covering
layer. Prior to FIB-SEM studies, the diode was carbon-coated
to avoid the sample charging during the milling process.

XPS experiments were carried out using a Scienta ESCA 200
spectrometer with a monochromatic Al Ka x-ray source
(hv=1486.6 eV) in ultrahigh vacuum with a base pressure of
1x107'° mbar. The XPS experimental condition was set so that
the full width at half maximum of the clean Au 4f7; line at 84.00
eV was 0.65 eV. All spectra were collected at room temperature
with a photoelectron takeoff angle of 0°, i.e., normal emission.

I1l. RESULTS AND DISCUSSION

Indium oxide is an undoped semiconductor; when
sandwiching between two metal electrodes, a metal-insulator-
metal (MIM) diode structure is formed. For this type of diode,
two metals with different work functions act as an Ohmic
contact and a non-Ohmic contact, respectively. The non-Ohmic
contact is sometimes referred to as a Schottky or rectifying
contact if the resulting diodes show rectifying behavior. Some
preliminary tests were conducted to determine the suitable
Ohmic and non-Ohmic contacts for indium oxide in this work.
Candidate metal electrodes such as Ag (4.64eV), Al (4.2eV),
Au (5.47eV), Cu (5.1 eV) and Cr (4.5eV) and Pd (5.6eV) [27],
have been fabricated to observe the contact effects. The test
devices include a spin coated indium oxide layer and a top metal
layer with a lateral gap structure fabricated on a glass substrate
as shown in Fig. 1. The I-V characteristics were measured to
briefly determine each candidate contact’s Ohmic behavior.
Among the low work function metal electrodes, as shown in
Fig. 1, Al contacts showed the highest current indicating the
formation of reasonable Ohmic contacts. We attempted to
measure contact resistance of indium oxide and different
contacts using the transfer length (TLM) method [28], however,
as the minimum gap on steel shadow mask was limited to 40-
60 um, the TLM results were not accurate. For Cr and Ag, initial
results showed lower current levels, likely due to high contact
resistance at the metal-semiconductor interface, perhaps
fromthe work function mismatching, within the measured
voltage range, therefore these metals were not considered
further as Ohmic contacts in this work. On the other hand,
between high work function metals Pd and Au , Au was chosen
here for the subsequent diodes, because of its overall reduced
chemical reaction to the indium oxide precursor and better
wetting properties. To sum up, the preliminary tests indicated
that Au and Al were suitable anode and cathode, respectively,
for the indium oxide diodes in this work. Due to poor adhesions
of Au on glass or on SiO; substrates, Al was deposited as the
bottom electrode and Au was on top to minimize fabrication
steps.
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Fig.1 A photo of the device and |-V plot of indium oxide with various metal
electrodes on top.
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Fig. 3. A photo of Al/In,Os/Al on glass and 1-V curves of Al/In,Os/Al diode.

As shown in Fig. 2a, the diode active area was varied from
0.002 to 0.01 cm?. The cross section of the diode was studied
by FIB-SEM as shown in Fig. 2b. Different layers were defined
by SEM-EDS. The SiO; layer was determined to be around 100
nm. The layer thickness of three indium oxide film was around
200 nm. Al and Au layers appeared to be uniformly deposited.
J-V characteristics of the Al/In,Os/Au diodes are shown in Fig.
2c. It is clear that the diodes demonstrate modest rectifying
behavior, i.e., different current levels for forward/reverse
voltages. The forward current of the diodes is higher than the
reverse current. However, since the measured input was at the
Al electrode, the J-V curve indicates that the Al-In,O3 contact
acted as the anode, i.e., a rectifying contact, whereas the 1n,0s-
Au contact became Ohmic-like.

One of the interesting properties of indium oxide is the
surface electron accumulation layer (SEAL) on MBE-grown
indium oxide single crystalline thin films, as reported in [8] and
fully reviewed in [7]. The immediate consequence of the SEAL
is to prevent the formation of rectifying Schottky contacts, but
instead causes the formation of Ohmic contacts despite using
high work function metals such as Pt. The J-V characteristics of
solution-based indium oxide clearly present similar surface
behavior, i.e., instead of forming Schottky contacts, high work
function metal Au acted as Ohmic contacts on top of indium
oxide. This result is in agreement with literature reports for
MBE-grown indium oxide layers. To further investigate the
rectifying behavior of the bottom Al-In,O3; contact, we
fabricated diodes with a Al-In,Os-Al (on glass) structure, as

shown in Fig. 3. Here, the measured input was at top Al
electrode. The evaporated bottom Al electrodes forms a thin
aluminum oxide coating layer in ambient air conditions before
the deposition of the indium oxide precursor atop. This native
oxide interlayer changes the contact properties between the
bottom Al and the indium oxide, which results in the formation
of rectifying contacts as shown in Fig. 3. To sum up, for the Al-
In,O3-Au diodes fabricated in this work, the bottom Al
electrode with a thin native oxide layer atop forms rectifying
contacts, whereas the top Au electrode establishes Ohmic-like
contacts to indium oxide as a result of behaviors similar to
SEAL in MBE-grown indium oxide. These unexpected contact
behaviors lead to non-optimal dc rectification and poor ideality
factor of the diodes.

For MIM diodes, the current characteristics can be divided
into three regimes, reverse current region (V<0), diffusion and
contact limited current region (0<V<Vy) and space charge
limited current (SCLC) region (V>Vui), where the built in
voltage Vy,i is defined as work function difference of the metal
electrodes [29]. In this work, Vi, was determined to be about
0.52 V based on the log-log plot of J-V characteristics of the
diode. In reverse bias, the current level is normally low due to
the junction barrier. The diffusion and contact limited current
can be determined by assuming an ideal Ohmic contact and
using a conventional thermionic emission model [29].
However, the ideality factor in this model which is based on
recombination of charge carriers at junctions is usually
inapplicable to MIM diodes. In addition, both Al-In,O5; and
In203-Au contacts are not perfect Schottky and Ohmic contacts,
respectively. Consequently, the value of bulk resistance and the
ideality factor of the indium oxide diode is calculated to be 1.76
MOhm and 8.93, respectively, when using Cheung’s function
[29].

The significantly high ideality factor witnessed here
indicates that the contacts do not fit well to a classic Schottky
contact model. When taking band bending at the interfaces and
the effect of a barrier at the cathode-semiconductor interface
into consideration, the diffusion limited current in MIM devices
becomes much more complicated [30]. At voltages higher than
the Vi of the diode, the current is no longer diffusion and

injection limited and follows SCLC assuming the
semiconductor is trap-free [31]:
] — 9£r£oH(V_Vbi)2 (1)

8L3

where the SCLC is proportional to the square of the applied
voltage, i.e., (1 a V?). However, due to the non-ideal interfaces
and trap states within the indium oxide semiconductor the
proportion becomes the form of | « V™, where m>2 [32]. The
value extracted here was around 2.47 as shown in Fig. 2d.

To understand the chemical composition of the diode, XPS
analysis was performed on diodes with a structure of Al-In,O3
on SiO; substrate. Fig. 4a shows the Al2p spectrum, which has
two peaks corresponding to neutral (AI°) and oxidized (Al*)
components when fabricated on SiO, substrate. After the
deposition of indium oxide layer on top, the Al signal



disappeared. This is indicative of a pinhole-free, homogenous
coverage of indium oxide on top of the Al. Fig. 4b displays the
In3d core level spectrum of the In,Os layer. Two peaks located
at 445 eV and 452.6 eV are clearly identified, which are
attributed to In3ds.and In3dsy2, respectively. This indicates that
the indium valence is mainly In®* in the lattice structure. Fig. 4c
shows the corresponding O1s peak which was deconvoluted
into three components (colored curves). The peak at the highest
binding energy can be assigned to the absorbed oxygen
residence on In,O3 surface. The peak at 530.2 eV comes from
the oxygen bond of In-O-In, and the peak at 531.9 eV originates
from the oxygen defects in the metal oxide [33] [34]. The
vacancy states of the oxygen have a huge effect on electrical
performance of the device [33] [34], and therefore to affect the
J-V characteristics of the diodes and contribute to
imperfections, i.e., m>2 in SCLC regions.

oscilloscope instrument. The filtering capacitor of the rectifier
is 47 nF. For comparison, a Si-based rectifying diode (1N4001)
was also included in the measurements.

The diode high frequency behavior depends mainly on the
semiconductor properties, electrode interfaces and parasitic
impedances of the devices. A simplified equation to determine
the diode maximum operation frequency, assuming perfect
electrode interface properties, can be found as [35],

Vin—Vac)
fmax = #L—ch (2)
where Vi, is input ac voltage amplitude, Vqc is output dc
voltage. Although the maximum frequency calculated with this
equation

50MHz
Signal
generator J,

=
% (a) Al2p
=
2 |ausio,
x T T T T T T T T T T T T T T T T T T T
80 78 76 74 72 70
> Binding energy (eV)
_‘qg: ( In3d,,, In3d
= In3d
£ N3dg,
[1}]
o
-1t 11T 1T
456 452 448 444 440
> Binding energy (eV)
2
5]
£1() O1s
[1}]
=
©
(3]
o
536 534 532 530 528 526

Binding energy (eV)

Fig. 4 (a) Al2p spectra of Al deposited on SiO, and In,O; deposited on
Al/SiO,. (b) In3d spectra of In,O; deposited on Al/SiO,. (c) Ols spectra of
In203 deposited on Al/SiO, and curving fitting of three peaks.

The frequency performance of the indium oxide diodes was
next investigated in a half-wave (HW) rectifying circuit. First,
for comparison reasons the HW rectifier was tested with a
standard signal generator and an oscilloscope without any
matching network circuit as shown in Fig. 5a. This set-up has
been commonly used in the past for measuring printed organic
diodes operating in the high frequency range, typically around
the HF standard of 13.56 MHz [20-23]. The output amplitude
of the signal generator was 10V with the maximum frequency
up to 50MHz. The load was a 1 MOhm internal load of the
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Figure 5. (a) The circuit diagram of the measurement and (b) frequency
response of the Al/In203/Au rectifier with a comprising to typical organic
diode and Si-diode rectifier up to 50MHz. (c) The circuit diagram of the
measurement and (d) frequency response of the Al/In203/Au rectifier up to
GHz range. The measured power after the power amplifier and its relative loss
vs frequency, with the diode circuit.

is overestimated, it indicates that a higher mobility and thinner
semiconducting layer thickness increase the maximum
frequency significantly. As shown in Fig. 5b, the rectifier with



the indium oxide diode exhibited similar rectified dc output at
low frequencies to that of an organic diode rectifier [20].
However, whereas the rectified dc output of the organic diode
rectifier started to decrease rapidly with increased frequency,
the output of the indium oxide diode rectifier remained constant
and only dropped slightly beyond 35 MHz. This voltage drop,
which also present in the commercial Si-based diode rectifiers,
was caused by the parasitic reactance within the measurement
set-up. Compared to commercial Si-based rectifiers, the indium
oxide diode rectifiers had a bigger voltage loss due to high
contact resistances and to trap states in the semiconductor as
witnessed from the J-V and XPS results.

In order to investigate the frequency performance beyond 50
MHz and to find the cutoff frequency of the rectifier, a 3 GHz
RF signal generator together with a power amplifier were used
to replace the standard signal generator as the power source. No
additional impedance matching circuits were included. The
filtering capacitor and load impedance was the same as that of
the previous 50 MHz measurement. The input power was 0 dB
from the RF generator. The power gain of the amplifier is 24-
29 dB from 10 MHz to 1.2 GHz based on the datasheet. The
actual output power of the amplifier as a function of frequency,
measured by a spectrum analyzer, is shown in Fig. 5d. The
output power of the amplifier started at 27 dBm at 10 MHz and
slowly dropped to below 24 dBm at GHz range.

Fig. 5¢c and 5d shows the rectified dc output of the rectifier
with the frequency swept from 20 MHz up to 1.2 GHz. The
waveform of the output dc voltage indicated that there were
standing waves between the diode and the power amplifier
causing by impedance mismatching. The solid line functioned
as a trend line of the measured data to help interpret the data
due to the standing waves. The cutoff frequency was
determined to be around 700 MHz when the voltage dropped
from 10 V to 7.07 V. Due to the significantly lower output
power of the amplifier at higher frequencies as present in Fig.
5d, the exact cutoff frequency of the rectifier is higher than 700
MHz.

IV. CONCLUSION

We have fabricated solution-processed indium oxide diode
with a structure of Al-In;Os-Au on SiO, wafer. The J-V
characteristics of the diode are studied at voltage upto 2 V. The
material composition of the diode is analyzed with XPS
demonstrating oxide defects. The suboptimal Ohmic and
rectifying contacts together with imperfections and the oxide
defects in indium oxide caused voltage losses when converting
ac signals to dc voltages regardless of the frequency band.
Thanks to the thin and pinhole free indium oxide layer, the cut-
off frequency of the diode was beyond 700 MHz given the
power losses caused by the cables.
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