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Abstract

The research work reveals the engineering of ZrO, & polymer-based sandwiched
structures for resistive switching applications. The fabrication of devices was
performed by electrohydrodynamic printing (EHDP) and spin coating techniques.
The jetting mode of the EHDP was used for the patterning of bottom and top
electrodes. The atomization mode of EDHP and spin coating techniques were used
for the deposition of thin sandwiched layers between bottom and top electrodes.
Fabrication of the resistive switches was done on glass, polyethylene Terephthalate
(PET), and polyimide (PI) substrates. Electrically conducting material including
indium tin oxide (ITO) and silver (Ag) were used as electrodes, while zirconium
dioxide (Zr0O»), poly(4-vinylphenol) (PVP), poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and poly[2-methoxy-
5-(2’-ethylhexyloxy)—(p-phenylenevinylene)] (MEH:PPV) were wused for the
deposition of sandwiched layers between bottom and top electrodes. Full organic
resistive switches (FORS) were also fabricated with the sandwiched structure of
PEDOT:PSS/PVP/PEDOT:PSS on a PI substrate. The fabricated resistive switches
were morphologically characterized with field emission scanning electron
microscope (FESEM) and focused ionic beam (FIB) techniques. Chemically
composition was confirmed using x-ray diffraction (XRD) and x-ray photoelectron
spectroscopy (XPS) techniques. Electrically characterization of the fabricated
devices was done using semiconductor device analyzer. The sandwiched structures
exhibited at least two distinct states when were being forced with opposite polarity at

its electrodes. The change in the resistance was then exploited for the electrical
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switching and memory applications. Characterization results showed high degree of
uniformity in deposited structures. The fabricated devices performed exceptionally
well in bipolar resistive switching regime with a reasonable high OFF/ON ratio,
endurance test, and retention time. Effect of compliance current was examined to
measure the electrical switching capability of the fabricated resistive devices.
Resistive switching mechanisms were also investigated for reliable application of the
fabricated devices in printed electronics. The obtained results show the promising
feasibility of the fabricated switches for electrical switching and memory
applications in printed electronics. Current conduction mechanisms in the fabricated
resistive switches were concluded based on slope calculation and were supported

with the governing physical current conduction laws.
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1. Introduction

Electronic industry is growing day by day. It is progressing not only in its processing
capability, but also in device density per area. Electrical switching is one of the most
important phenomena for data process in all the processing units. After the
processing of data, the results must be saved to be used for further calculations. In
current semiconductor technology, transistors have been employed as the basic
instrumental part of the circuit design for the electrical switching. Transistors have
been used for designing processing units and flash-memory/capacitors have been
employed for storing the information. So, two different kinds of devices are being
needed for performing two different tasks.

All the processing and storage capabilities in modern electronic devices are still
based on elementary charge. When the feature size continues to shrink, charge
leakages would become prominent in transistor-based processing units and capacitor-
based memory devices. Nevertheless, according to the Moore’s law, the number of
transistors doubles almost every two years. So, the current semiconductor technology
is approaching its limits. To overcome the forthcoming challenges and bottlenecks,
engineers and scientists have always been looking for some cutting-edge

technologies and alternative devices.

1.1 Resistive Switching

Resistance-based processing and storage technique is the only hope to counteract the
upfront challenges to the electronic industry. Resistive switches considered as a
justified replacement for the memory devices and electrical switching elements have
been researched productively for many years (Asamitsu et al. 1997, Beck et al. 2000,
Schindler et al. 2007, Strukov et al. 2008, Chua 2011, and Wang et al. 2011). Solid
electrolyte sandwiched between two electrodes is considered to be the preeminent
composition to elucidate the reversible resistive switching characteristics. The
sandwiched structures exhibit at least two distinct states when are being forced with
opposite polarity at its electrodes. The change in the resistance is then exploited for
the electrical switching and memory applications. The resistive switching devices are

fabricated by simply sandwiching some metal oxide, polymer-based material,



perovskite material, or even a vacuum nano-gap etc between two conducting
electrodes as shown in figure 1.1. So, it is a simple capacitor type or metal-insulator-

metal (MIM) type structure.

Top Electrode

Switching
Medium

Bottom Electrode

(a) (b}

Figure 1.1 Resistive switching device structures: (a) Simple device (b) Cross-bar array.

Resistive switching device is known with many names in literature, for example
resistive switch, memory resistor, memristor etc. The basic phenomenon behind the
resistive switching function is negative differential resistance (NDR) effect. NDR
switching has been reported since 1962 in many oxides in a sandwiched MIM
structure (Hickmott 1962).The NDR switching in the sandwiched structures has
attracted much attention, for its application in resistive random access memory
(ReRAM) devices. Different switching layers including polymeric and non-
polymeric materials have been employed to fabricate NDR switching devices
through different deposition techniques (Bozano et al. 2004, Du et al. 2012, and
Shang et al. 2006). In fact two groups of researchers are working on this device with

different nomenclatures as shown in figure 1.2.
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Figure 1.2 History of resistive switching devices.

One group is working on this device with the name of resistive switch/resistive
switching memory and the other group is working on this device with the name of
memristor (memory resistor). The former group is older than the later one. The latter
group is lead by Professor Leon Chua. The concept of memristor was found in 1971
by Leon Chua (Chua 1971). He argued that there are four fundamental variables
(current, voltage, charge and flux). So, there should be six possible relationships
among these four fundamental variables. Five out of six relationships have already
been sorted out. The 6™ relationship was yet to be discovered before 1971. He
hypothesized that the only missing relationship was between charge and flux as

shown in figure 1.3.



Figure 1.3 Hypothetical concept of Memristor by Leon Chua.

So, memristor is a 4™ mystery passive two-terminal circuit element that maintains a

functional relationship between the time integrals of current and voltage.

dp = Md M =
P = i 1M =—
dq (1.1)

Where M is the memristance of the system.

(1.2)

And (13)



The device shares many properties of resistor and shares the same unit as Ohms (Q).
In an ordinary resistor, the resistance of the device is fixed but in contrast to an
ordinary resistor, the resistance of the resistive switching device/memory
resistor/memristor can be programmed and switched to some specific value based on
the history of the applied voltage. So, it is just like a variable resistor or
programmable resistor whose resistance changes over time based on the amount of
current that has passed through it. If M is a constant then it is identical to resistance
but if it is a function of q then it yields a nonlinear element because no RLC (Resistor
(R), Inductor (L) and Capacitor (C)) circuit can duplicate the behavior of memristor.
At higher frequencies, memristor behaves like a resistor but at lower frequencies it

just behaves like a nonlinear resistor.

The resistive switch provides great data storage density due to its simple device
structure. The sandwiched type structures are more reliable because these devices are
resistance based so they keep their state unchanged even when the power is
interrupted in data centers. They combine the job of processing unit and memory in a
single unit. These devices use less energy so produce less heat. Conventional devices
work on only 0 and 1, these devices can use anything between 0 and 1 (0.1, 0.2. 0.3
etc) so capable of performing both analog and digital electronic functions depending
on the particular switching material. It is also possible to change the behavior of
these devices by just changing the speed and strength of the current. Transistor is
three-terminal device but resistive switch is a two-terminal device. It is scale able by

just reducing its thickness of the switching material between two counter electrodes.

1.2 Types of Resistive Switching

As mentioned in the previous section that in contrast to an ordinary resistor, memory
resistor can be programmed or switched to different/specific resistance state based
upon the history of the voltage signal applied to the device. This phenomenon can be
understood in a current-voltage (I-V) graph. Resistive switching are categories into
two types based upon the voltage polarity needed to derive the device operation. The

two types of resistive switching are listed below:



1.2.1 Unipolar Resistive Switching

If switching of the resistive switch is independent of the polarity of the
voltage/current source and is dependent on the amplitude of the voltage/current then
the switching is categorized as unipolar resistive switching as shown in figure 1.4. As
noticed in the I-V graph, setting and resetting of the device is happening irrespective
of the polarity of forcing node. A device in an OFF-state/high resistance state
(HRS)/Rorr can be switched to ON-state/low resistance state (LRS)/Ron by a
threshold voltage (V) and the current is limited by compliance current (CC) to
avoid hard break down in the switching layer of the device. Resetting back to ON-
state happens at a same polarity below its Vrg. A much higher current can be
observed in retting state of the device. Application of CC in not needed in retting of
the device. So, both the transition of setting and resetting are possible on both sides

of the polarity.

Current {A)
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2
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Figure 1.4 Amplitude dependent unipolar resistive switching.

1.2.2 Bipolar Resistive Switching

The behavior of the device in which setting and retting of the device appeared at
different sides of the polarity is termed as bipolar resistive switching. In this type of

resistive switching, ON-state of the device occurs at some Vry and OFF-state of the
6



device occurs at some specific Vry on the opposite side of the voltage polarity as
shown in figure 1.5. Bipolar resistive switching is also called polarity dependent
resistive switching. Current observes in bipolar resistive is much lower as compared

to that of unipolar resistive switching.
Current{A)
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Setting at Vqy,
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Figure 1.5 Polarity dependent bipolar resistive switching.

1.3 Resistive Switching Mechanisms

Several studies have been conducted for resistive switching mechanisms involved in
metal oxides and polymers based sandwiched structures (Waser and Aono 2007,
Sawa 2008, Akinaga and Shima 2010, Lee and Chen 2012, Cho et al. 2011, and Ling
et al. 2008). Broadly, the purposed mechanisms are categories into two classes: the

bulk effect and the interface effect.

1.3.1 Bulk Effect

The resistive switching effect that is caused by formation and rupturing of the
conductive filaments due to joule heating in the sandwiched material between the
two electrodes is termed as bulk effect or thermal effect. Bulk effect is observed
common in unipolar resistive switching devices. Forming voltage is usually needed

in these types of resistive switching. The filaments are formed by the voltage induced
7



partial dielectric breakdown. These filaments may be composed of electrode material
transported into the sandwiched layer, local degradation of the organic film or
decomposed insulator material such as sub-oxides. During the resetting state of the
device, the filaments are undergone into the rupturing phase hence the device change

its LRS into HRS.

1.3.2 Interface Effect

Interface effect is common in bipolar devices. Different models are involved to
explain the interface effect in bipolar resistive switching devices. Some common
models are explained with the charge injection and trapping of charges in the traps in
the insulator/oxide switching material. Traps play important rule when the interface
between metallic/conducting electrode and insulator/oxide is schottky. When
external potential is provided then the injected charges are trapped in the interface
between conducting electrode and insulator. When sufficient number of charges are
gathered in the trap site eventually the scenario overcomes the barrier between metal-
insulator interface and large current starts to flow through the interface. Contrary
when the biasing is reversed then again the schottky barrier establishes and changes

the device state to its original HRS.

1.3.3 Redox Process Induced Cation Migration

This model is based on the redox reaction of the metallic electrode. When one of the
electrodes is chemically reactive while the other conducting electrode is inert then
cations migrate in the ionic conductor. Chemically reactive electrode (Ag or Cu etc)
undergoes oxidation reaction when force with some potential. The drift of cations
(such as Ag" or Cu’ etc) in the ion-conducting layer and their discharge at the
counter electrode form a highly conductive path results in setting the device into the
ON state. When the polarity is reversed, the conductive path undergoes into the

electrochemical dissolution and resetting the device into the OFF state.

1.3.4 Redox Process induced Anion Migration

Anion migration model is based on the chemical redox reaction of insulator/oxide.
This is the mechanism in which resistive switching takes place by the migration of
anion/oxygen ion towards anode or better described by the migration of oxygen

8



vacancies towards cathode. This model is also termed as oxygen vacancy migration
resistive switching model. The migration of anion (oxygen ion) or oxygen vacancy
leads to the change in stoichiometry and a valance change of the cation sublattice.
Eventually the state of the device changes to the LRS by the change in the electronic

conductivity of the oxide/insulator.

1.3.5 Formation and Disruption of Metal Oxide

In some of the reports, the resistive switching effect was attributed to the formation
and disruption of the metal oxide between the metallic electrode and oxide interface.
When a potential is applied to the device, metal oxide formed due to the

electrochemical reaction between the electrode material and sandwiched layer.

1.4 Research Goal

Resistive switches have vigorously been researched for many applications including
random access memory, electrical switching, neouromorphic applications, digital
logic application, and computational applications etc. The resistive switches are well
thought-out to be the realistic replacement of MOSFET (metal oxide semiconductor
field effect transistor) in electronics industry due to their fast switching speed, small
size, and simple device structure. Nevertheless, these devices combine the job of
working memory and hard drives into one tiny device thus having the ability to

create computers that never has to boot up.

Printed electronics has revolutionized the world and is leading to new innovations on
a quasi-daily basis. The term “printed electronics” refers to the application of
printing techniques for the fabrication of electronic structures, devices, and circuits
by using a variety of functional materials (printing inks) and substrates. It bestows
many advantages of cost-effectiveness, mechanical flexibility, and low fabrication

cost over their semiconductor technology counterpart.

The motivation of this research is to realize the magic characteristics of the resistive
switch with printed electronics techniques. So, the fabrication of resistive switches
has been done by wusing two printing techniques including EHDP

(electrohydrodynamic printing) and spin coating. The switching materials used in



this research work are zirconium dioxide (ZrO;), poly(4-vinylphenol) (PVP),
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), and poly|[2-
methoxy-5-(2 -ethylhexyloxy)—(p-phenylenevinylene)] (MEH:PPV). The conducting
materials used for the fabrication of the resistive switches are indium tin oxide (ITO)
and silver (Ag). The substrates used for the fabrication of the devices are glass,
polyethylene terephthalate (PET), and polyimide (PI). The fabricated devices were
characterized morphologically with field emission scanning electron microscope
(FESEM) and focused ionic beam (FIB) techniques. Chemically composition was
confirmed using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) techniques. Electrically characterization of the fabricated devices was done
using semiconductor device analyzer. The resistive switches were checked with
different robustness tests, mechanical flexibility tests, and endurance tests. The
fabricated sandwiched structures were also characterized with different CCs to
elucidate their behavior for electrical switching purposes. The devices showed
excellent feasibility to be used in random access memory and electrical switching
applications with high OFF/ON ratio. Resistive switching and current conduction

mechanisms were investigated by the analysis of I-V curves.
The thesis is organized into five chapters as under:

Chapter 2 deals with the fabrication of ZrO,-based resistive switches on ITO-coated
PET, glass and PI substrates with EHDP technique. Resistive switching properties
and resistive switching mechanism are investigated in the fabricated devices. This

chapter also describes the fabrication of flexible resistive switch.

Chapter 3 deals with the realization of the organic resistive switches with the printing
techniques. The organic materials used for the fabrication of sandwiched structures

are PVP, PDOT:PSS, and MEH:PPV. The last section of this chapter deals with the

fabrication of full organic resistive switch and its current conduction mechanism.

Chapter 4 presents the executive summary of the thesis work and Chapter 5

concludes the research work with future suggestions.
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2. Resistive Switching in ZrQO,

ZrO, (Zirconium Dioxide) is one of the best switching metal oxides that has
meticulously been researched for resistive switching characteristics. Resistive
switching has been observed in ZrO, for many years (Wu et al. 2007, Guan et
al.2008, Chen et al. 2010, Long et al. 2011, Liu et al. 2005, Lin et al. 2007, Lin et al.
2012, Lin et al. 2006, Liu et al. 2008, Guan et al. 2007, Wang et al. 2011, Choi and
Awais 2012, Awais et al. 2013, and Awais et al. 2013) due to its unique properties:
including high ionic conductivity, multiple stable oxidation states, low electron
affinity, work compatibility at high temperature, and fabrication friendliness. In this
chapter, the realization of ZrO,—based resistive switches has been discussed on
different substrates using printing technology. The fabricated devices were

characterized to elucidate their reversible resistive switching characteristics.

2.1 Fabrication of Printed ZrO, Resistive Switches on I'TO-coated PET

Nano-fabrication of ZrO; (Zirconium Dioxide) thin film as an insulating layer has
been researched in the MIM (Metal-Insulator-Metal) sandwich for the scalabity of
the resistive switches. Resistive switching device was explored that memristive
(resistive) switching is more prominent as the thickness of the insulting region shrink
to nano-scales (Strukov et al. 2008). So scalabity of the memristor depends a lot on
the nano-fabrication of the insulating region. Different nano-fabrication technologies
are available for the insulating region in the MIM sandwich like atomic layer
deposition (Choi et al. 2005), sputtering (Yang et al. 2009), sol-gel method (Hackett
et al. 2009), and anodization (Miller et al. 2010). Some fabrication technologies are
matured and some are being researched nowadays. Apart from the deposition of high
quality insulating layer they have some inherent limitations like high capital cost,
high temperature environment, infeasible for mass production, radiation effects on
human life and long fabrication time (Mitzi et al. 2009, Muhammad et al. 2011, and
Prodromakis et al. 2010). The need of a nano-fabrication technology has been felt to

deposit a high quality thin film for the MIM sandwich.

EHDA (Electrohydrodynamic Atomization) is a cost effective, ambient temperature

deposition, feasible for mass production, free of harmful radiation and short
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fabrication time deposition technique. EHDA printing technology is an emerging
direct printing and deposition technology in which the ink is pumped through a
nozzle at some appropriate flow rate with the positive potential at the nozzle and
grounding the substrate. The induction of the surface charges on the pendent
meniscus emerging at the nozzle outlet, results in an electric stress over the liquid
surface. If the electric field and flow rate are in some operating range then this will
overcome the surface tension stress over the liquid surface and results in deformation
of the droplet at the orifice of the nozzle into a conical shape. Due to the tangential
electric field acting on the surface of the liquid cone, a thin jet emanates at the cone
apex which further breaks up into a number of small droplets under the effect of
coulomb forces. Different spraying modes exit in EHDA technology like dripping,
microdripping, spindle, cone-jet and multi-jet mode but stable cone-jet is most
important spraying mode because of the generation of the monodispersed droplets
with few micrometer diameters (Muhammad et al. 2011). A complete detail and
phenomenon of the EHDA process can be explored in (Hartman 1998 and Jaworek
2007). Thin film deposition through EHDA has been researched for a lot of
applications. The EHDA technique has been used for the deposition of the CIS
absorber layer [13]. Gold films have been deposited with the EHDA on silicon wafer
substrate (Samarasinghe et al. 2008). High quality zinc-oxide layers have been
successfully deposited by EHDA for printed electronics application (Muhammad et
al. 2012).

EHDA has been deployed in this work to electrohydrodynmically atomize the ZrO,
layer on the ITO PET and discuss its operating envelope under different flow rates
and voltages. This research work also describes the resistive switching in the
deposited ZrO, film with ITO as a bottom electrode and Ag as a top electrode. No
one else has used the said technique to show the memristive behavior in the
electrohydrodynamically atomized layer of ZrO, on the ITO coated PET substrate.
The technique deployed in the current research work provides the cost-effective,
rapid processing and friendly environment fabrication of the memristive devices. The
deposited thin film has been characterized through SEM, XRD and XPS analysis.
Electrical characterization has been done with semiconductor analyzer to show the
reversible resistive switching through deposited ZrO; thin film.
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2.1.1 Experimental Details

The experimental setup used for the ZrO, layer deposition is shown in the figure 2.1.
The equipment consist of metallic capillary, high-voltage power supply, ink supply

section, X-Y stage control, Z-axis control for nozzle, high speed camera and light

source.
Ink Supply
Unit
High Voltage
Suppl
Taylor Cone i
. < Nozzle
— ConelJet
Spray — 5
%
Camera j ——— Light Source
I z 7~
Digital Control Unit
for Stage Motion — Stage
and Camera —

Figure 2.1 Experimental Setup for EHDA Printing Technology.

For electrohydrodynamic atomization of ZrO,, the ink containing nanoparticles
(Sigma Aldrich) is pumped through a nozzle at some appropriate flow rate with the
positive potential at the nozzle and grounding the substrate. The movement of the
substrate is controlled through the X-Y stage control and Z-axis control is used to
control the nozzle to substrate distance. The high speed camera with the light source
is used to observe the EHDA phenomena during the cone jet mode. The experiment

was performed at standard room temperature and pressure.

ITO (Indium-Tin Oxide) coated PET (Polyethylene Terephthalate-Sigma Aldrich)
was used as a substrate for the deposition of the ZrO, layer. ITO was used as a
bottom electrode for the MIM structure. The substrate was rinsed with ethanol and
processed with ultraviolet light for around 10 minutes. Prior to the deposition process,

5% weight ratio ZrO, (Sigma Aldrich) dispersion containing nanoparticles less than
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100 nm was mixed in ethanol with 1 : 1 volume ratio. After mixing, the nanoparticle
solution was sonicated for 15 minutes and no segmentation was observed for a longer
period of time than the experiment time. To deposit oxide layer, ZrO, dispersion was
pumped to a metallic nozzle having the inner diameter 110 pm and outer diameter
210 um. Atomization of the ZrO, was attempted with the flow rate from 25 pl/hr to
100 pl/hr. Different spraying modes were observed by varying the voltage during the
experiment. Dripping mode, unstable cone jet mode, stable cone jet mode and muti-
cone jet mode are shown in the figure 2.2 as observed during the ZrO, deposition

process.

Figure 2.2 Different Spraying Modes in the EHDA of ZrO,: (a) Dripping (b) Unstable
cone-jet (c) Stable cone-jet (¢c) Multi cone-jet.

Figure 2.3 shows the operating envelope of each mode observed during the

experimental process.
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Figure 2.3 Operating Envelope of the EHDA of ZrO, on the ITO Coated PET.

The experiments were performed with the nozzle to substrate distance as around 1.5
mm. The reported ZrO, layer was deposited during the stable cone jet mode with the
flow rate of 50 ul/hr and with the applied voltage of 3.09 kV. The substrate speed
was kept as 2.6 mm/s throughout the experiment. After the deposition of the ZrO,
layer the sample was cured at 135 °C for 1.5 hours. Ag drop was used to make the

top electrode to complete the structure for the MIM sandwich.

2.1.2 Layer Characterization of ZrO; Resistive Switches

To check the surface morphology the sample was analyzed with a scanning electron
microscope (SEM), Jeol JSM-7600F. The average grain size was observed to be 45

nm as shown in the figure 2.4.
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Figure 2.4 SEM Image of ZrO, Layer Deposited through EHDA.

Film thickness plays a vital role in memristive behavior. Different samples were
prepared to check the optimum film thickness for the memristive behavior. The film
thickness can be varied by varying the spray time by adjusting the substrate speed.
The small substrate speed has more deposition time, consequently thick layer could
be obtained and large substrate speed provides small deposition time so thin layer
will be obtained in this case. The film thickness was measured with the thin film
thickness measurement system K-MAC ST4000-DLX and was observed to be
around 67 nm. This was the optimum film thickness achieved through our

experiments showing consistent bipolar reversible resistive switching.

The X-ray diffraction pattern (XRD) analysis of ZrO, nanoparticles was also carried
out as shown in the figure 2.5. All the diffraction peaks of the pattern could be

indexed to monoclinic or tetragonal phase of zirconium oxide.
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Figure 2.5 XRD Analysis of ZrO, Nanoparticles.

Figure 2.6 shows the x-ray photoelectron spectroscope (XPS) graph of ZrO; film. All
the peaks in the graph indicate the presence of Zr and O elements. The presence of C

peak in the graph is attributed to the environmental contamination.
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Figure 2.6 XPS Analysis of ZrO, Film.
2.1.3 Resistive Switching Characterization

Agilent B1500A Semiconductor Device Analyzer was used to carry out all the
electrical characterization of the samples. The voltage was applied on the Ag top
electrode and grounding the ITO bottom electrode in all the measurements. Polarity
dependent bipolar switching was used to characterize the memristive behavior.
Double voltage sweeps were applied from +3 V to -3 V with different current
compliances initially from 100 pA to 1 mA and then up to 5 mA. Before starting
resistive switching operation in a virgin sample an appropriate positive or negative
voltage was applied to establish the conducting paths and to get a soft breakdown
which is necessary for the stable reversible resistive switching operations (Choi et al.
2005, Yang et al. 2009, and Hackett et al. 2009). The sample was electroformed and

soft breakdown was occurred at around 5 V in our experiment.

After initial electroforming process the sample was biased with a double voltage

sweep from +3 V to -3 V with a current compliance of 100 pnA. The sample showed a
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lissajous figure ‘8’ with two distinct states: Ron and Ropr as shown in figure 2.7

which can be exploited to use the fabricated switch for binary switching purposes.
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Figure 2.7 Resistive Switch (Memristor) IV Curve with Current Compliance: 100 pA.

The Ron state shows the resistive switch in low resistance state and Rogr state shows
the switch in high resistance state. The upper loop of the figure ‘8’ indicates the
transition of the resistive switch from Ron to Ropr and lower loop illustrates the
transition state from Roprto Ron. The device can be used in binary switching around
+1 V. The fabricated switch started operating in Ropr state from +1 V to -1 V and
from -1 V to +1 V it switched to Ron state. The resistance during the ON state of the
device was observed to be around 1.07x10° Q and during the OFF state it was
observed to be around 1.59x10* Q. The reading voltage of £0.12 V could be used for
measuring high or low state of the resistive switch. The inset of the figure 2.7 shows
the ON to OFF ratio of the device that is more than 1 : 10. This ratio is quite

reasonable to distinguish between the two states of the device.
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The sample was further analyzed with different current compliances from 200 pA to
ImA. It was observed that with the increase of the current compliance the voltage
requirement, to observe the bipolar resistive switching, increased and provided more

reading voltage range in the IV curve of the switching device as shown in figure 2.8.
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Figure 2.8 Resistive Switch (Memristor) IV Behavior during Different Current
Compliances.

The variation in resistance was also measured for the current compliance from 100
LA to 1 mA: in the high/ON state of the switch, the variation in resistance was
measured to be less than 3 Q and in the low/OFF state of the device, it was measured
to be less than 5 Q. The resistance distribution in the OFF state is little bit larger than
that in the ON state of the resistive switch. Restricting the operation of the device at
different current compliances has two reasons: one is to switch a wide range of
electrical circuit elements with different current compliances, second is to avoid hard
breakdown of the resistive switch. Just above 1 mA current compliance, bipolar

reversible resistive switching collapsed and simple ohmic behavior appeared. But
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when the device was tested with the current compliance of 5 mA, the device showed

stable bipolar resistive switching with high ON/OFF ratio as shown in the figure 2.9.
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Figure 2.9 Resistive Switch (Memristor) IV Curve with Current Compliance: 5 mA.

The average resistance during the ON state of the device was measured to be 224 Q
and during the OFF state, the average resistance of the device was 2558 Q at 5 mA
current compliance. Such sort of resistive switches could be used as switching
elements in the printed electronics in place of transistor or with memristor-
transistor/diode hybrid integrated circuits. The resistive switch was tested under

multiple voltage sweeps as shown in the figure 2.10.
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Figure 2.10 Resistance Vs Multiple Voltage Sweeps for the Printed Resistive Switch.

Stable ON/OFF ratio of more than 1 : 10 was observed. The reading voltage of 0.12
V has been used for measuring the current. It was observed that the resistance during
the ON state was more stable than that of the OFF state because of the wide
distribution of the OFF state of the device. The resistance during the ON state was
changed from 176 Q to 467 Q and the resistance change in OFF state was observed
from 2050 Q to 3141 Q. The cumulative probability of the HRS/Rorr and LRS/Ron
of the fabricated switch for 50 cycles has been depicted in figure 2.11.
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Figure 2.11 Cumulative Probability of HRS/ROFF and LRS/RON of the Cell for 50
Switching Cycles.

Both the switching states are properly distinguishable as evident from the graph. The
data presented in the graph proves the feasibility of the EHDA technique by the
distribution of the resistance in HRS and LRS against different switching cycles.
Moreover it was also concluded that at some low current compliances, from 100 pA
to 500 pA in our devices, almost linear conduction was observed during the ON state
of the device that depicts the Ohmic or electronic conduction during the high state of
the device and nonlinear conduction was observed during the OFF state of the device
showing ionic conduction during low state of the device. In contrast to the low
current compliance, setting high current compliances, above 500 pA in our devices,
leaded to the non-linear or ionic conduction during both the high and low states of
the device but at the current compliance of 5 mA linear conduction was observed in
the ON state of the device and non-linear conduction was observed during the OFF

state of the device. So both electronic and ionic conductions exist in the fabricated
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device during its switching operations. Further analysis is required, which is in

progress, to deeply investigate the switching mechanism of the fabricated devices.

. .. . 6
The retention endurance of ZrO, resistive switches were measured over 10° seconds

as shown in the figure 2.12.
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Figure 2.12 Retention time: Resistance Vs Time Stresses for the Printed Resistive
Switch.

The resistive switches keep their ON/OFF ratio constant with no significant change
in the resistance of the ON and OFF states of the device. The resistance distribution
in both the ON and OFF states is depicted in the figure 2.11 as well. It was observed
that the ON state was more stable than the OFF state of the resistive switch.

More than 30 devices were fabricated in consecutive two experiments; over 90%
devices showed bipolar resistive switching. As mentioned earlier 67 nm thickness of
ZrO, showed stable reversible resistive switching. This is due to the large particle
size around 45 nm. Devices having less than 67 nm switching-layer thickness get

short and larger than this thickness collapsed their resistive switching operation after
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small number of voltage sweeps. So the operational probability of devices with the

switching layer thickness of 67 nm is maximum.

2.1.4 Resistive Switching Mechanism in the Fabricated Switches

The switching characteristics among these sandwich structures are commonly
attributed to the formation and dissolution of the active material bridges in the solid
electrode. The reliable resistive switching characteristics in the ZrO, electrochemical
cells have been contributed to a wide range depending upon chemical nature of
electrode material, compliance current and stoichiometric properties of ZrO, layer.
Different switching mechanisms have been suggested for the reversible transition
behavior of ZrO, between its high resistance state (HRS) and low resistance state
(LRS). Reproducible unipolar resistance switching in stoichiometric ZrO; films is
ascribed to the contribution of the joule heating effect by the external current (Wu et
al. 2007). Formation and rupturing of the reactive electrode is one of the popular
mechanisms nominated to the stable bipolar resistive switching of ZrO,-based
resistive switches (Guan et al. 2008, Chen et al. 2010, Long et al. 2011, and Lin et al.
2012). Resistive switching memory effect of ZrO, films with Zr' implanted is
explained by the trap-controlled space charge limited conduction (Liu et al. 2008).
Charge trapping in the inherent defects of the ZrO; is also the admired mechanism
operating these switches to show reversible resistive characteristics (Guan et al.
2007). ZrO, electrochemical cells are also researched being exhibiting reversible
characteristics based on ohmic conduction and Frenkel-Poole emission (Lin et al.
2012, Liu et al. 2008, Guan et al. 2007, Liu et al. 2005, and Lin et al. 2006).
Sufficient work has been done for this metal oxide to investigate its reversible
resistive switching characteristics but quite a few co-relationships have been made
among the concluded mechanisms with the chemical reactions take place inside the
switching layer, modulation of electrical contacts with respect to the transition from
one state to another and physical current conduction laws governing the charge

transportation inside the solid electrolytes among different states of the device.

In this research work, resistive switching mechanism of the Ag/ZrO,/ITO resistive
switches have been analytically concluded and correlated with the electro-chemo-

physic phenomenon behind its transition from one state to the other. Reversible
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resistive switching of the Ag/ZrO,/ITO devices has successfully been revealed in our
previous work (Awais et al. 2013). The Ag/ZrO,/ITO resistive switches were
engineered by depositing the ZrO, switching layer with the thickness of 67 nm on the
indium tin oxide (ITO) coated polyethylene terephthalate (PET) through
electrohydrodynamic-atomization (EHDA) technique and the top electrode was
established through Ag with the diameter of around 500 pm.

The fabricated devices showed reversible bipolar resistive switching behavior when
biased the top Ag electrode of the device with the forcing node and grounding the
bottom ITO electrode. Figure 2.13 shows the current voltage (IV) switching
characteristics of the device with the double sweeping voltage of -3 to +3 with a

current compliance of 5 mA.
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Figure 2.13 IV curve of the Ag/ZrO,/ITO resistive switching device during the double
voltage sweep of -3 V > +3 V. The inset shows the biasing of the device.

The pristine devices showed low resistance state when biased with the voltage source.

The low resistance of the fabricated devices is attributed to the diffusion of the Ag
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metallic electrode into ZrO, switching layer due to the annealing process of the
device after the deposition of the top electrode. When the voltage was swept from -3
V to +3 V, the device initiated resetting around +0.5 V and completely changed its

high state to low state about at +1 V as shown in figure 2.14.
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Figure 2.14 IV curve of the Ag/ZrO,/ITO resistive switch during the voltage sweep of -3
V2> +3V.

The resetting process of the fabricated switch is attributed to the electrochemical
dissolution of the diffused Ag particles into the ZrO, switching layer. The rupturing
process started in the Ag metallic bridge into the weak points near ITO bottom
electrode due to the chemically reactive nature of the Ag metal. Chemically the

dissolution of the Ag filament can be described by the following oxidation process:
Ag> Ag +¢ (2.1)

The Ag’ cations produced during the oxidation reaction remain there near the

rupturing zone into the ZrO, layer. During the voltage sweep from -3 V = +3 V,
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before around +0.5 V, the current was passing through the Ag metallic particles
diffused into ZrO; layer that contributed the ohmic contact between top Ag electrode
and bottom ITO electrode. But as the voltage exceeded +0.5 V towards positive side,
electrochemical dissolution of the Ag filament occurred and eventually modulating
the ohmic conduction into schottky conduction between of the electrodes. As the
voltage was swept reversibly from +3 V = -3 V, schottky behavior continued to

appear until around -0.7 V as depicted in figure 2.15.
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Figure 2.15 IV curve of the Ag/ZrO,/ITO resistive switching device during the voltage
sweep of +3 V> -3 V.

After -0.7 V the setting process appeared changing the HRS of the device into the
LRS. The setting process came into picture by virtue of the reduction of the of the
Ag" cations induced during the earlier oxidation reaction and now hosted through the
electrons by the forcing (negative potential) node on the top electrode. The Ag"
cations went through a reduction process eventually reforming Ag conducting

filament in the ZrO, switching layer according to the following chemical reaction:
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Ag +e > Ag (2.2)

In this way the complete cycle of resetting and setting of the resistive switch
accomplished. In the LRS state of the device, the conduction is through the Ag
filament thus forming ohmic contact between top and bottom electrodes. While in the
case of HRS of the fabricated device, the charge conduction is dissimilar to that of

the LRS of device involving ZrO; nanolayer apart from the electrode material.

The analysis revealed that the HRS of the device is more complex desiring more
intuitive insight to research the mysteries hidden in it. The schottky behavior
exhibited by the device is different in the positive side of the voltage polarity as well
as negative polarity on the top electrode. The asymmetric schottky conduction on
both sides of the voltage polarity concluded that the rupturing of the Ag filament
occurred only near the weak area at ITO bottom electrode. Electrochemical
dissolution of the Ag conducting bridge should have led to a symmetric schottky
conduction either in the case of rupturing in any point in the middle of Ag filament
or between the Ag top electrode and filament itself. Thus electrochemical damage in
the Ag filament modulated the ohmic contact into two opposite schottky barriers
inside the ZrO, layer: one with Ag top electrode and ZrO, layer while the other
between ITO bottom electrode and ZrO, layer. Thus asymmetric schottky behaviors
on both sides of the polarity in the high resistance state led two opposite schottky
barriers. The impendence of the reverse biased barrier dominated in the whole sweep
from +3 V = -3 V. The above discussion directed to the schottky conduction above
+1 V and in the reverse direction of the voltage polarity as well until reformation of

the Ag conduction bridge between both electrodes.

2.1.5 Current Conduction Mechanism

The concluded current conduction mechanisms are validated through straight line

fittings in IV graphs.
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Figure 2.16 In(J) vs. E'? graph showing schottky emission in the HRS of the device
during positive polarity.
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Figure 2.17 In(J) vs. E'? graph showing schottky emission in the HRS of the device
during negative polarity.
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Figure 2.16 and figure 2.17 show the HRS of device in positive and negative polarity

respectively, almost fitted with straight lines through schottky emission model as

follows described by the equation (2.3):

J=A"1 T2 exp[C1q(@.B 1 fAEY) /KT ]
(2.3)

Where J is the current density, A" is the effective Richardson constant, 7 is the
absolute temperature, ¢ is the electronic charge, ¢p is the barrier height, f is the
schottky coefficient, £ is the electric field and k is the Boltzmann constant. The
graph between In(J) vs. E 12 exhibited a linear relationship in the HRS of the device
showing that the conduction mechanism in the HRS is governed by the Schottky

emission model reinforceing the concluded conduction mechanism as described

above.
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Figure 2.18 IV graph in double logarithmic scales showing ohmic current conduction in
the LRS of the device during positive polarity.
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Figure 2.19 IV graph in double logarithmic scales showing ohmic current conduction in
the LRS of the device during negative polarity.

Figure 2.18 and figure 2.19 elaborate the IV graphs in double logarithmic scales in
the LRS of the device in positive and negative polarity respectively. Slope
measurements remain around 1 through straight line fitting indicates the ohmic
conductions as concluded above. The ohmic current conduction in the LRS of the
device is due to the thermally excited electrons hopping from one isolated state to the

next. In high state of the device, the current density J can be described by the
following equation (2.4):

I

I = 2.4)

Where J is the current density due to Ohm’s law, ¢ is the electronic charge of the
carriers, ng is the density of free carriers in thermal equilibrium, p is the electronic

mobility in the oxide, V is the applied voltage and d is the thickness of the switching

layer.
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2.2 ZrQO, - Resistive Switches on Glass Substrate

Miniaturization of the electrode dimensions of resistive switch is as important as its
thickness for the scalability of the device. A number of electrode deposition
techniques, such as standard photolithography, focused ion beam nano-machining,
electron-beam lithography and nano-imprint lithography, etc. are reported in the
literature (Jung et al. 2004, Prodromakis et al. 2010, Li et al. 2003). Apart from the
better performance of the existing technologies, they have some inherent limitations
such as high fabrication cost, lack of suitable for mass production, long fabrication
time and destruction of the molecules in organic and biological entities (Prodromakis
et al. 2010, Xu et al. 2004, and Samarasinghe et al. 2009). Thus, a cost-effective
fabrication technology is needed to address the shortcomings for the deposition of

electrodes for crossbar resistive switching devices.

Electrohydrodynamic (EHD) printing is a direct writing deposition technique that
takes short time to cover large area substrates at room temperature. EHD printing is
capable of depositing high resolution patterns without complex processing of wet
etching and harmful chemical processing. EHD printing requires the pumping of the
liquid by the ink supply section through a nozzle. The nozzle is forced with the
positive potential and the substrate is grounded. Pendent emerges at the orifice of the
nozzle due to the continuous flow of liquid. The electrical stresses between the
nozzle and substrate overcome the surface tension of the liquid. The pendent
appearing at the orifice of the nozzle deforms into a conical shape and consequently
a thin jet emerges at the orifice of the conical shape. EHD printing can be used in
different printing modes: dripping, micro-dripping, spindle, multi-spindle, cone-jet
and multi-cone jet etc but stable cone-jet mode is the most useful mode among the all.
Printing in a cone jet or taylor-cone mode provides large neck down ratio which can
be exploited to achieve nano-scale device dimension without miniaturization of the
nozzle diameter. By adjusting the distance between nozzle to substrate, the jet
emanating at the cone apex can be disintegrated into a number of small droplets
under the effect of coulomb forces. The purpose of increasing the distance between
nozzle to substrate fulfills two advantages: one is to the breakage of the jet into small

droplets and other is to provide sufficient flight time to the small droplets so that

33



most of their solvent be evaporated before collected at the substrate. This feature of
EHD technique could be used to atomize nano-layer over wide area. EHD printing is
a versatile deposition technology that could be used for high resolution patterns and

thin film deposition as well.

EHD jetting has successfully been used to deposit Ag electrodes for the memristor
(Choi et al. 2011) in our previous work, but the feasibility of its use for the
fabrication of the memristor-electrode with other conducting materials like ITO, Pt,
Au, Al etc. for the fabrication of resistive switches (memristors) and for the
fabrication of crossbar resistive switches with a structure of ITO/ZrO,/Ag on a glass
substrate has not been proven. This research work elucidates the engineering of a
low-cost resistive switching device (memristor) with a structure of ITO/ZrO,/Ag on a
glass substrate by EHD printing. A colloidal solution containing ITO nanoparticles
was used to deposit the ITO bottom electrode with EHD jetting because ITO is one
of the promising candidates for a memristor-electrode conducting materials due to its
transparent nature in visible light, improved reproducible functionality, reversible
non-volatile memory characteristics and sensor application (Kavehei et al. 2011).
ZrO; has been atomized with EHD printing as an active layer for resistive switching
operations. Finally, a colloidal solution containing Ag nanoparticles was used to
pattern the top electrode with EHD jetting to complete the crossbar memristive

device.

The surface and morphology characterizations were carried out through microscopic
images and SEM (scanning electron microscope) analyses. A BI500A
Semiconductor Device Analyzer was used for the IV measurements. The fabricated
device could be operated at different voltage levels less than + 10 V with an excellent

high ON/OFF ratio of 100000:1.

2.2.1 Experimental Details

The setup for EHD printing is shown in figure 2.20.
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Figure 2.20 Experimental setup for EHD printing technology.

The setup includes a metallic capillary, a high-voltage power supply, an ink supply
section, an X-Y stage control, a Z-axis control for the nozzle, a high-speed camera, a
light source and a digital control unit to control and monitor all the operations [19, 33,
34]. ITO (in-lab developed) and commercially available Ag (NPK 02) nanoparticle-
based inks were used for the bottom and the top electrodes respectively. A ZrO,
colloidal solution, 5%, containing nanoparticles of less than 100 nm in size available
at SigmaAldrich was used for the deposition of the active layer for the MIM structure.
The ITO bottom and the Ag top electrodes were deposited through EHD jetting, and
the active layer of ZrO,, sandwiched between the electrodes, was deposited through

an EHD atomization technique at normal room conditions.

The device fabrication process started with the pre-processing of the glass substrate
with acetone, ethanol, followed by UV treatment for 5 minutes. First of all, the ITO
bottom electrode was deposited on the glass substrate with EHD jetting; then, the
ZrO; layer was atomized with an EHD atomization technique. Lastly, the Ag top
electrode was patterned over the already-deposited ITO/ZrO, layers in a crossbar
fashion. Curing was done after the deposition of each layer. To deposit each of the
three layers for the crossbar memristive device, we put ink-containing nanoparticles
in the ink supply unit (Hamilton, Model 1001 GASTIGHT syringe), and we pumped
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the ink through a Teflon tubing to a metallic nozzle (Harvard 33G - internal diameter
of 110 um and outer diameter of 210 um) by using a Harvard PHD2000 infusion
pump. High voltage was applied on the metallic nozzle by using a NanoNC power
supply, and the substrate was grounded throughout the experiment. A stage was used
for the X-Y movement of the substrate, and a camera and light source were used to
capture and monitor all the operations during the deposition processes. A digital
control unit was used to control the X-Y movement of the stage and the image
capturing and processing during the experiment. The pendent generated at the orifice
of the nozzle deformed into a conical shape, called a taylor cone, due to the electric
field between the tip of the nozzle and the substrate, and a thin jet emerged at the
apex of the metallic capillary. To deposit ITO and Ag solutions for the bottom and
the top electrodes, respectively, the jet was collected on the substrate before it
disintegrated into small droplets, but to deposit an active layer of ZrO,, the electrified
jet was first disintegrated into small droplets by increasing the distance between the
nozzle and the substrate so that small droplets containing nanoparticles were

collected on the substrates. The experimental parameters are listed in Table 1.

The device fabricated using the experimental parameters given in table 2.1 in the
current research work has larger physical dimensions due to the limitations of the

experimental setup available to us.

Table 2.1 Experimental parameters for spraying the active layer and patterning the top
& the bottom electrodes.

Printing Spraying | Printing
Parameters

dTO) (Zr0Oy) (Ag)
Flow Rate 35 nl/h 35 nl/h 15 pl/h
Voltage 1.7 kV 2.3 kV 1.5 kV
Nozzle Size 110 pm 110 pm 110 pm
Nozzle-to-Substrate Distance | 500 pm 3 mm 500 pm
Curing Temperature 450 °C 120 °C 120 °C
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A reduction in the nozzle diameter and a faster stage speed could provide high-

resolution patterns (Park et al. 2007).

2.2.2 Layer Characterization of ZrO; Resistive Switches

Figure 2.21 shows a microscopic image of the ITO bottom electrode, and the width

of the bottom electrode was measured to be around 100 um.

Figure 2.21 Microscopic image of the ITO pattern with a pattern width of around 100
pm.

Figure 2.22 shows a microscopic image of the top electrode, and the Ag top electrode
width was measured to be around 100 um. Both electrodes were quite smooth and

sharp. The thickness of the electrode was measured to be around 670 nm.
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Figure 2.22 Microscopic image of the Ag pattern with a pattern width of around 100
pm.

The surface morphology of the ZrO, layer was analyzed using a scanning electron
microscope (SEM, Jeol JSM-7600F), as shown in figure 2.23. The film’s thickness
was measured by using a non-destructive, thin film-thickness machine (K-MAC

ST4000-DLX) to be 110 nm.
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Figure 2.23 SEM image of the ZrQO, active layer.
2.2.3 Resistive Switching Characterization

The upper inset in figure 2.24 shows the crossbar structure of the fabricated device
with a biasing polarity during the IV measurements. A forcing voltage was applied to
the top Ag electrode, and the bottom ITO electrode was grounded in all the
measurements. Figure 2.24 demonstrates the initial forming process for stable
reversible resistive switching as reported in the literature. The device started in a
high resistance state (HRS) and electroformed around 10 V to switch into a low

resistance state (LRS).
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Figure 2.24 Forming IV curve. The sample was electroformed around 10 V. A crossbar
device structure is shown in the upper inset with its biasing polarity.

Figure 2.25 shows a single cycle of the IV measurement. Voltage-amplitude-
dependent bipolar switching was adopted for the reversible resistive switching for the
fabricated device. After the initial electroforming process, the device was operated
within = 8 V. A voltage sweep was applied from + 8 V to — 8 V and was then swept
back from - 8 V to + 8 V. During an on-state/LRS of the device, the resistance was

measured to be around 1 x 10° Q, and in an off-state/HRS of the device, the

. 11
resistance was measured to be around 5 x 107" Q.
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Figure 2.25 One cycle of the IV measurement. A double voltage sweep of +8 Vto-8V
was applied to the crossbar device.

Figure 2.26 shows another IV measurement of the same sample in which a double
voltage sweep of +4 V to - 4.5 V was applied, and the device was observed to show
stable reversible resistive switching. Thus, we can conclude that the device can be
operated at multiple voltage levels with stable reversible resistive switching. Multiple
voltage sweeps were also taken to check it robustness and consistence. The inset of

the figure 2.26 shows consistent resistive switching for multiple voltage sweeps.
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Figure 2.26 One cycle of the IV measurement curve for the same device. A double
voltage sweep of + 4V to — 4.5 V was applied to examine the IV curves. The inset shows
multiple, reproducible, reversible, resistive switching cycles.

Figure 2.25 and figure 2.26 show incremental changes in its resistance. The
incremental setting (HRS to LRS) and resetting (LRS to HRS) mechanisms in the
device offer an incredible advantage in that the device can be used for neuromorphic
applications. Such devices can be used in integrated analog memristor-CMOS neuron
circuits that can map a number of synaptic functions such as spike timing dependent

plasticity (STDP) (Lu et al. 2011 and Jo et al. 2010).

Figure 2.27 shows the resistance in the on- and the off-state of the device versus the
number of switching cycles. The plot shows consistent reversible resistive switching
behavior with multiple voltage sweeps. The resistance during the on-states of the
device was within the range of 2 x 10° Q to 6 x 10° Q and during the off-states of the
device, it was within 2 x 10" Q to 8 x 10"" Q. The ON/OFF ratio was observed to be
around 100000 : 1. This high ON/OFF ratio provides a sufficiently high margin

between the on- and the off-state of the device. The device was operated with over
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100 multiple voltage sweeps for different voltages and exhibited reproducible

resistive switching.
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Figure 2.27 Resistance vs switching-cycle graph. The plot indicates a high ON/OFF
ratio of 100000 : 1. The reading voltage was around - 1 V for the measurements.

The retention time was measured to be over 3 days, with the device showing
unchanged resistance. A reading voltage of around - 1 V was used to measure the

resistance of the device in the on- and the off-states.

2.3 ZrQO, - Resistive Switches on Flexible Substrate

Cost-effectiveness and mechanical flexibility of flexible electronics have opened up
new vistas in electronics industry. The role of flexible electronics has been advancing
day by day in our daily life replacing its rigid substrate counterparts in some of the
applications. Before the invention of memristor (Memory Resistor), transistor was
the only basic switching element available with us for flexible electronics

applications.
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Different fabrication technologies have been used for the fabrication of a flexible
memristor or flexible resistive switching memories. Thermal and e-beam evaporation
through shadow mask have been used for the deposition of electrodes and for the
active layer deposition a number of processes have been deployed including spin-on
sol-gel process, radio-frequency magnetron sputtering and spin coating (Hackett et al.
2009, Lee et al. 2009, Jeong et al. 2010, Hong et al. 2010 Wang et al. 2011, and
Wang 2012). In some literature device electrodes were deposited using radio-
frequency sputtering and lift-off process and the active layer was fabricated by
plasma-enhanced atomic layer deposition process (Kim et al. 2011). The previous
literature reveals that different fabrication technologies have been employed for the
complete fabrication of the flexible device: device electrodes and active layer
deposition. Furthermore some processes have inherent limitation: thermal
evaporation is a costly process, not suitable for many compounds with poor material
usage and requires heat generation in the deposition system thus producing harmful
radiation effects where as magnetron sputtering process is also a high capital cost
process and requires long time deposition processing. These factors limit the
production of less expensive flexible memristors or resistive switch. So a demanding
technology is needed and this consequently has opened the gate to explore new

technologies for the cost effective memristor fabrication.

The current research work elucidates the engineering of a flexible memristor by
using EHD printing technology: jetting mode of EHD printing has been used to
deposit top and bottom electrodes and its atomization mode has been deployed for
the thin film deposition between the top and bottom electrodes to complete the MIM
sandwich structure on a polyimide (PI) substrate. Silver (Ag) metal has been used for
both the top and bottom electrodes and ZrO, has been used as an active layer for

resistive switching operations.

The fabricated device has been morphologically characterized by microscopic
images, Scanning Electron Microscope (SEM) and Focused Ionic Beam (FIB)
analysis. X-ray Diffraction (XRD) analysis was also carried for the ZrO, layer. The
device has been electrically characterized with the semiconductor analyzer to

evaluate the Current-Voltage (IV) characteristics in order to illustrate the memristive
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behavior. Physical endurance of the device has been tested, after being physically
flexed, for flexible electronics applications. The researched device can be used in
flexible resistive non-volatile random access memories and can be used in binary
switching purposes as well. So the current research provides a low cost, low power,
portable and flexible non-volatile memory and having the potential to revolutionize

the electronic industry regarding switching operations.

2.3.1 Experimental Details

The system used for the device fabrication is shown in figure 2.28. The system
includes metallic capillary, high voltage power supply, ink supply section, X-Y stage
control, Z-axis control for nozzle, high speed camera, light source and digital control

unit to control and monitor all the operations during the fabrication process.
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Figure 2.28 Experimental setup for the EHD printing.

The memristor’s fabrication process was started with the pre-processing of PI
substrate with ethanol and then ultra violet treatment around 5 min. Commercially

available Ag nanoparticle based solution from Harima Company (60 wt %) was used
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for the top and bottom electrodes and dispersion of ZrO, commercially available at
Sigmaaldrich (5 wt %) was used to deposit the active layer for the device. The device

was fabricated in a three layer cross-bar structure as shown in figure 2.29.

Figure 2.29 Cross-bar structure of Ag/ZrO,/Ag device on PI substrate.

The Ag bottom electrode was deposited with the jetting of EHD printing in cone jet
mode on the PI substrate. To deposit the oxide layer, ZrO, was atomized with EHD
printing on the bottom electrode. The atomization of the ZrO, was done by adjusting
the distance between the nozzle and the substrate. Comparatively large distance
between the nozzle and the substrate broke the continuous jet into small number of
droplets. Most of the solvent in these small droplets was evaporated during their
flight time before impinging on the substrate. Consequently a high quality thin layer
was deposited on the bottom electrode. Finally the top electrode was deposited
through EHD printing (similar to the bottom Ag electrode) on PI/Ag/ZrO, in a cross-
bar fashion to the bottom Ag electrode to complete the MIM structure as shown in

figure 2.29.

The device dimension could be controlled by controlling the width of the bottom and
top Ag electrodes and the thickness of the sandwich ZrO, layer. The width of
electrodes can be increased or decreased with increasing or decreasing the flow rate
of the solution containing nanoparticles and stage speed of the system. The thickness
of the switching layer can be increased or decreased with increasing or decreasing
the spray time. The stage speed during the deposition of both the top and bottom
electrodes was 5 mm/s. The spray time for the ZrO, layer was around 3 min. The

experimental parameters for spraying the active layer with ZrO, ink containing
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nanoparticles and patterning the bottom and top electrodes with Ag ink containing
nanoparticles are given in table 2.2. After the deposition of each layer the sample

was subjected to heat treatment.

Table 2.2 Experimental parameters for patterning the top and bottom electrodes (Ag)
and spraying the active layer (ZrQ,) for the MIM structure.

Parameters Bottom Electrode | Active Layer | Top Electrode
Patterning Spraying Patterning
(Ag) (Zr0Oy) (Ag)
Flow Rate/ Pressure 0 kPa 100 pl/h 0.3 kPa
Voltage 1 kV ~9kV 1.25 kV
Nozzle Size 30 pm 410 pm 30 pm
Nozzle to Substrate Distance ~200 pm 5 mm ~200 pm
Curing Temperature 150 °C 150 °C 150 °C

2.3.2 Layer Characterization of ZrO; Resistive Switches

The as-fabricated memristor was characterized to check the dimensions and surface
morphology of the device. The deposited width for the conducting electrodes was

around 100 pm as analyzed by the microscopic as shown in figure 2.30.
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Figure 2.30 Microscopic image of the memristor electrode (Ag) deposited with EHD
jetting on PI substrate. The inset of the figure shows the array of 3 Silver patterns.

Small irregular shapes (almost squares) came into sight along the deposited electrode
through EHD technique. These shapes are formed due to the basic attributes of the
EHD process as the jet impinges a flat surface it undergoes two processes similar to
an impinging droplet: initially it spreads to a maximum width and subsequent motion
which dissipates the impact inertia by viscous effect and then retracting process
emerges resulting from the evaporation of the solvent (Poon 2002 and Kim and Chun
2001). The inset of figure 2.30 shows the array of the Ag electrodes on the flexible
substrate that depicts the uniformity of the deployed EHD printing technique. The

achieved dimensions of the cross-bar printed device were around 100 pm x 100 um.

To check the surface morphology of the ZrO; layer on the PI flexible substrate, the
sample was analyzed through SEM system (JSM-6700F, JEOL Ltd, Japan) with the
operating voltage of 40 kV. The SEM analysis shows smooth surface of the
deposited ZrO, sample after sintering temperature of 150 °C. The average grain size

was observed to be 45 nm as shown in figure 2.31.
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Figure 2.31 SEM image of the ZrO; active layer on the PI flexible substrate after
sintering temperature of 150 °C.

The XRD analysis of the deposited sample on the PI substrate was performed with
the X-ray diffractometer system (D/MAX 2200H, Bede 200, Rigaku Instruments C,
Japan) using a Cu K, radiation source of wavelength (A=1.541). All the diffraction
peaks of deposited sample after sintering at 150 °C are indexed to monoclinic and
tetragonal phase of zirconium oxide as shown in figure 2.32. The reported diffraction
peaks of ZrO, are coinciding with the reported literature (Jayakumar et al. 2011). The
substrate (PI) peak appears in the angle (20) range of 15 to 25.
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Figure 2.32 XRD analysis of the ZrO, active layer on the PI flexible substrate after
sintering temperature of 150 °C.

High Resolution Scanning Ion Microscope SMI2050 Focused Ion Beam System was
used to check the cross-sectional view of the device with the main chamber pressure
of 1.5%x10™ Pa and ion acceleration voltage of 30 kV. FIB process of scanning was
deployed by three steps: vapor deposition of carbon particles, slope cutting of the
active area at the angle of 45° and lastly etching the active area with gallium ions.
FIB image as shown in figure 2.33 shows smooth three layered structure of the
device. The average thicknesses of the bottom electrode, sandwich layer and top

electrode were around 230 nm, 680 nm and 420 nm respectively.
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Figure 2.33 Figure shows the FIB image for the cross-sectional view of the MIM
structure on PI substrate.

2.3.3 Resistive Switching Characterization

The IV measurements of the depostited sample were performed with Agilent
B1500A Semiconductor Device Analyzer. During all the IV measurements the
sample was forced with the top electrode while the bottom electrode was grounded as

shown in the inset of figure 2.34.
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Figure 2.34 The figure shows the forming IV curve of the device. The device was
completely electroformed at around +5.5 V. The inset of the figure illustrates the cross-
bar structure with its biasing polarity during IV measurements.

Before operating the device in a reversible bipolar resistive switching (BRS) the
device was electroformed. The initial forming voltage was applied on the top
electrode by sweeping the voltage from 0 V to +6 V without setting any current
compliance as shown in figure 2.34. During electroforming process the device started
operating in the high resistance state (HRS) or OFF-state with an average resistance
of 7.25 x 10° Q and then fluctuating into low resistance state (LRS) or ON-state from
+3 V to +5 V. The complete forming process was observed at around +5.5 V with an

average resistance of 1.28 x 10’ Q as shown in figure 2.34.

After initial electroforming process, double voltage sweeps of = 3 V were applied to

the device to observe the bipolar reversible switching as shown in figure 2.35.
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Figure 2.35 One cycle of IV measurement of the flexible memristive device. A double
voltage sweep of £3 V was applied to the cross-bar device. The upper loop shows the
SET process and lower loop illustrates the RESET process of the device.

The double voltage sweep was applied from +3 V to -3 V. During the 1* half (+3 V
to -3 V) of the voltage sweep the device was in the LRS and in the 2™ half (-3 V to
+3 V) of the voltage sweep the device was in the HRS. The resistance of the device
during the ON-state was around 5 x 10° Q and during the OFF-state it was observed
to be around 1 x 107 Q. The reading voltage used to calculate the resistance during
the analysis of the above discussed sweep was 1.75 V. The SET process from OFF-
state to ON-state was observed at around +3 V while the RESET process from ON-
state to OFF-state in the fabricated device was indicated at -3 V. The bipolar
reversible resistive switching operation analyzed during the operation of the
fabricated device is the indicative of the basic memristive or resistive behavior. The
distribution of the ON-state of the device is wider than the OFF-state as indicated in
figure 2.35. The positive bias cycle of the pinched hysteresis loop is larger than that

of the negative bias cycle.
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The robustness of the as fabricated device is shown in figure 2.36. The figure shows
the behavior of the device resistance against multiple voltage sweeps. The device
was forced over 100 double voltage sweeps. The graph indicates a sufficient large
OFF/ON ratio of the device larger than the two orders of magnitude by maintaining a
wide gap between its ON-state and OFF-state of the device during its reversible
switching operations. The reading voltage for the graph is 1.75 V. LRS is more stable
than the HRS of the device.
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Figure 2.36 Resistance vs multiple switching sweeps graph. The plot indicates a high
OFF/ON ratio of 100 : 1. The reading voltage was around 1.75 V for the measurements.

The device could be flexed to examine its robustness and to check its feasibility for
the flexible electronics applications. The fabricated device was flexed from flat to
almost semi-circle as shown in figure 2.37. The device showed stable bipolar
switching operation even over 500 times physical flexes. Over 500 time physical
flexes the change in the resistance in the ON-state of the device was observed from
around 5 x 10° Q to 3.6 x 10° Q and in the OFF-state of the device the resistance
change was observed from around 1 x 107 Q to 3.3 x 10° Q. The reading voltage of
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1.75 V was used to measure the current after each bending state. The as-fabricated

device kept its OFF/ON ratio as 1:100 over 500 physical flexes.
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Figure 2.37 IV data and linear fits for the HRS and LRS of the flexible memristive
device.

Apart from the need of deep investigation to analyze the switching mechanism, the
results presented in the above discussion prove that the current research work
provides an alternative to fabricate fully flexible printed ZrO, memristor for the
flexible electronics applications. So EHD printing process has full potential to be
used for flexible memristive devices even at nano-scale by improving the

experimental setup.

2.3.4 Current Conduction Mechanism

To find the current conduction mechanism for the HRS and LRS of the device, the
IV graph in figure 2.35 has been redrawn in double log scale. The linear lines have
been fitted in the IV characteristics for the HRS and LRS of the device as shown in

figure 2.38. Some non-linearity appeared because of the non-ideal measurement
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conditions. The slopes in HRS and LRS are calculated to be around 2 and greater
than 2 (around 3) respectively that shows that the current conduction in the device is
dominated by the space charge limited current (SCLC) conduction in the HRS and
trap charge limited current (TCLC) conduction during LRS of the device (Bajpaia et
al. 2010). The BRS phenomenon in the case of symmetric devices (same top and
bottom electrodes) is probably due the formation and rupturing of the multiple
conductive paths only at the top interface at different locations not in the entire active
layer of the device as indicated in the literature (Jeong et al. 2010) or the BRS
phenomenon can be attributed to the change of trap distributions in the top interface
layer originated from the motion of oxygen ions due to the biasing voltages (Kim et
al. 2011). Further investigation of the switching mechanism of the device is in

progress for future work.
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Figure 2.38 Schematic representation (not to scale) and photograph of the bending of
the memristive sample.
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3. Resistive Switching in Polymers

This chapter describes the resistive switching characteristics in polymer-based
sandwich structures. The devices were fabricated using different polymers and were
characterized to explicate their resistive switching characteristics. The organic
resistive switches have the advantages of simple device structure, low fabrication
cost and printability over their inorganic counterparts (Tee et al. 2012, Ling et al.
2008, Paul et al. 2006, Ha and Kim 2010, Ji et al. 2010, and Awais and Choi 2013).
Different switching layers including polymeric and non-polymeric materials have
been employed to fabricate memristors through different deposition techniques.
Polymeric switching layers for the fabrication of the memristor bestow many
advantages to the memristors such as cost-effectiveness, room temperature process
ability, and mechanical flexibility over their non-polymeric counterparts. Structurally,
organic memories or resistive switches can be categorized into four classes: (1)
single-layer structure without nanoparticles (NPs) (2) bilayer structure containing
two kinds of polymers (3) structure with nanotraps buried in the middle of an organic
layer and (4) polymer-NP composite with NP traps randomly distributed throughout
the entire host polymer (Ling et al. 2008). Polymer electronic memories have been
reviewed in literature, emphasizing the organic material, device structure and the
resistive switching phenomenon involved in polymers (Tee et al. 2012 and Ling et al.

2008).

3.1 MEH:PPYV based Resistive Switches

Poly[2-methoxy-5-(2'-ethylhexyloxy)-(p-phenylenevinylene] (MEH:PPV) is one of
the popular photoactive polymers that is commonly used in the organic light emitting
diodes (OLED) and solar cells (Manoj et al. 2003, Ferrance et al. 2010, and Malliaras
et al. 1998). MEH:PPV based tunneling diodes have been successfully implemented
for the NDR switching effects as reported in the literature (Yoon et al. 2005, Reed et
al. 2001, Collier et al. 1999, Lauters et al. 2006, and Thurstans and Oxley 2002).
MEH:PPV based NDR switches have also been researched for the alternatives to

memory and logic circuits (Reed et al. 2001 and Collier et al. 1999). Due to
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enormous interests of the researchers and scientists in the MEH:PPV based NDR
devices, a room-temperature deposition technique is being employed to fabricate the
MEH:PPV based resistive switches in the current research work. EHDA technique
has been employed for the fabrication of the MEH:PPV sandwich layer of the
memristor on the indium-tin oxide (ITO) coated polyethylene terephthalate (PET)
with a structure of ITO/MEH:PPV/Ag.

Electrohydrodynamic atomization (EHDA) is one of the cost effective room
temperature deposition techniques, that promises its feasibility for the deposition of
temperature sensitive materials like polymers. In the current work the
electrohydrodynamically atomized layer of MEH:PPV on the ITO coated PET for the
memristive device has been morphologically characterized with the field emission
scanning electron microscope (FESEM) analysis. X-ray photoelectron spectroscope
(XPS) analysis of the fabricated layer was also taken to confirm the existence of the
polymer. Finally memristive sandwich has been fabricated with a structure of
ITO/MEH:PPV/Ag and IV characterization of the memristive behavior has been
done in the sandwich of ITO/MEH:PPV/Ag through semiconductor device analyzer.

3.1.1 Experimental Methods

EHDA deposition of the MEH:PPV was done with the help of the experimental setup
shown in figure 3.1. The setup contains XY-stage for the substrate movement, light
source and camera to observe EHDA phenomenon, ink supply section containing
syringe, syringe pump and Teflon tube for ink supply, high power voltage source to
supply electric potential, nozzle to deposit the thin layer on the substrate and control

unit to monitor and control all the deposition process during the experiment.
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Figure 3.1 Experimental setup for EHDA of MEH:PPV on ITO coated PET.

In-house prepared ink of MEH:PPV (0.3 % by weight) in N,N-dimethyl-formamide
(DMF) and di-cholorobenzene (DCB) was filled in the ink chamber and MEH:PPV
ink was supplied to the nozzle through ink supply section. Electric potential was
applied to the nozzle through the high voltage source. Different modes (dripping,

unstable cone-jet, stable cone-jet and multi cone-jet) of atomization were observed as

shown in figure 3.2.

Figure 3.2 Different EHDA modes of MEH:PPV deposition: (a) Dripping (b) Unstable
cone-jet (c) Stable cone-jet (d) Multi cone-jet.

Metallic nozzle used for the deposition of the MEH:PPV has the internal diameter of
200 pm and outer diameter of 310 pm. The distance from nozzle to substrate was

kept at 4 mm during the experiment. The operating envelope of MEH:PPV ink was
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explored with respect to different flow rates and potential differences on the ITO

coated PET as shown in figure 3.3.

5.0 -
Muti cone-jet
4.5 -
=l Stable cone-jet
-
o
o
2
§ B Un-stable cone-jet
i —
3.0 - /
Dripping
2.5 T | T I T I T I L) l 1
50 100 150 200 250 300

Flow Rate (ul/h)

Figure 3.3 EHDA operating envelope for the MEH:PPV deposition on the ITO coated
PET with respect to different flow rates and potential differences.

Thin layer of MEH:PPV was deposited on the ITO coated PET under cone jet-mode
with flow rate of 100 pl/h and electric potential of 4.3 kV. The MEH:PPV layer was
deposited for 5 min. The sample was cured at 110° C for 1.5 h after the deposition
process. Finally Ag drop was deposited to complete the ITO/MEH:PPV/Ag sandwich

structure.

3.1.2 Layer Characterization of MEH:PPV Resistive Switches

The thickness of the as-fabricated layer of MEH:PPV was measured through film
thickness measurement system K-MAC ST4000-DLX and it was found to be 168 nm.
The FESEM analysis shows the deposited thin layer of MEH:PPV on the ITO PET
through EHDA technique as shown in figure 3.4.
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Figure 3.4 FESEM Images of MEH:PPV Film on the ITO coated PET.

Some hill-type structures and minute dots can be seen on the FESEM image, that is
because of the preferential landing of the droplets on the substrate. When a strong
electric field is created between the nozzle and the substrate eventually the substrate
gets oppositely charged with respect to that of nozzle and droplets. The distribution
of charge density is not uniform on the substrate surface. This non-uniformity in
charge distribution is by virtue of the relative position with respect to the nozzle and
local curvature of the substrate surface. Hence the electric field is strong at the
concentrated charged areas ultimately droplets are more attractive towards these
charged populated areas compared to the others. The preferential landing of the
droplets to some specific areas is inherent property of the EHDA phenomena
(Muhammad et al. 2012). XPS spectra confirms the presence of MEH:PPV polymer
as shown in figure 3.5. The prominent peaks of C and O elements were observed in

the graph and can be attributed to C 1s and O 1s respectively.
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Figure 3.5 XPS spectra of MEH:PPV Film on the ITO coated PET.
3.1.3 Resistive Switching Characterization

The electrical characterization was done with an agilent B1500A semiconductor
device analyzer for the as-fabricated memristive switch with a structure of
ITO/MEH:PPV/Ag. During all the measurements the top Ag electrode was forced
with the applied potential and bottom ITO electrode was grounded. Bipolar voltage
was applied as biasing voltage for its characterization from + 5 to — 5 V and then — 5
to + 5 V with a current compliance (CC) of 10 mA. The CC was applied to avoid the
break down in the switching layer of MEH:PPV.

I-V measurement of the ITO/MEH:PPV/Ag NDR device is shown in figure 3.6.
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Figure 3.6 IV curve of the ITO/MEH:PPV/Ag sandwich device in linear scale.

On the application of the biasing voltage the sample started operating in the high
resistance state (HRS). During positive to negative voltage sweep, the memristor
kept its HRS unchanged around - 3.8 V and the sample changed its state from HRS
to low resistance state (LRS) at around - 4 V. During negative to positive voltage
sweep the memristor kept its LRS state unchanged until + 4 V. At + 4 V the switch
changed its LRS into HRS. After going through the complete cycle of biasing
voltage the memristor was in LRS. Here it can be noticed that on both sides of the
polarity the graph passes through zero current that defines the memristive behavior

as evident from the semi-log graph as shown in figure 3.7.
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Figure 3.7 Semi-log graph of the IV curve of the ITO/MEH:PPV/Ag sandwich device.

During the LRS/ON/high state the resistance of the MEH:PPV based memristor was
found to be 249 Q and during the HRS/OFF/low state the resistance was calculated
to be 714 Q. The reading voltage used to calculate the resistance of the switch was 1
V. The resistance of the OFF state of the switch is almost two times higher than that
of the ON state that concedes a sufficient ground to distinguish between the two
states of the fabricated NDR switch. Normally the OFF/ON ratio of the single
polymeric materials are quite less that could be improved with the mixing of the
other polymers or metallic particle (Ling et al. 2008). The memristive devices having
small OFF/ON could be implemented in printed electronics in the areas of

neuromorphic applications (Verbakel et al. 2007 and Erokhin et al. 2010).

Endurance test of the fabricated device has been depicted in figure 3.8. The
robustness of the as-fabricated switch has been checked against 50 biasing voltage
cycles. The switch exhibit reasonable endurance against multiple voltage sweep

stresses. As noticed in the endurance test, LRS of the fabricated device is more stable
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as compared to the HRS. The change in LRS during the endurance test has been
noticed from around 241 to 294 Q and the change in HRS is found to be from 469 to
769 Q. Voltage of 1 V has been used as reading voltage for the resistance calculation

in the graph.
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Figure 3.8 Endurance test of the ITO/MEH:PPV/Ag sandwich device with respect to
resistance Vs voltage.

The non-volatility of the ITO/MEH:PPV/Ag fabricated device was measured over
one and half days, and no prominent resistance change was found during both the
states (HRS and LRS) of the device under test. The above discussion and testing
leads towards the proliferating applicability of the fabricated device for the next

generation printed electronic applications.
3.1.4 Resistive Switching Mechanism in the Fabricated Switches

Switching mechanism in the fabricated resistive switch has been explained with the
help of slope fitting in IV graph. The IV graph has been drawn in Log-Log scale for

the HRS as shown in figure 3.9. The fitted slope has been shown to be around 1 that
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depicts the ohmic conduction during the HRS/OFF state of the device. Figure 3.10
shows the IV graph in log-log scale for the LRS of the device. The calculated slope
after fitting the linear line is around 1 that also demonstrates the ohmic mechanism in
the fabricated device. Hence both the states of the fabricated device are governed by
ohmic conduction. As noticed in the current voltage performance of the fabricated
resistive switching device, almost symmetric IV behavior has been elucidated instead
of the asymmetric top and bottom electrodes. These symmetric characteristics are
ascribed to the bulk conduction instead of the interface conduction. This symmetric
bipolar behavior might be due to the electrochemically formation of the carbon
conducting channels in the LRS of the device and the dissolution of the carbon

conducting paths in the HRS of the MEH:PPV based resistive switch.
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Figure 3.9 IV graph in Log-Log scale of the ITO/MEH:PPV/Ag sandwich device in its
HRS.
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Figure 3.10 IV graph in Log-Log scale of the ITO/MEH:PPV/Ag sandwich device in its
LRS.

3.2 PVP based Resistive Switches

Poly(4-vinylphenol)(PVP) is one of the most common polymers being used in
dielectric applications for thin-film transistors (TFTs), cross-linking agent
applications, and write once read many (WORM) memories and also has been
employed in resistive switching memory applications. PVP has shown memory
effects after mixing with molecules as the charge-storage medium for resistive
random-access memory applications (Paul et al. 2006). PVP was employed in an 8 x
8 WORM memory cross-bar array (Song et al. 2011). High OFF/ON ratio with long
retention time was reported for the composite structure of PVP. Thin films of PVP
between Al and Au electrodes have been fabricated for WORM memory applications

(Mamo et al. 2010).

In the current study, PVP has been used to fabricate organic resistive switches with
the simplest sandwich structure of ITO/PVP/Ag. Electrohydrodynamic atomization
(EHDA) has been utilized in the current research work to fabricate the thin layer of

PVP between two electrodes.
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In the current study, the technique is used for fabrication of a thin layer of PVP on
ITO-coated PET and the resistive switching properties are reported for the insitu
fabricated nanolayer. The layer was characterized using FESEM and XPS analysis
and the results confirmed the presence of PVP polymer. Bipolar switching was used
to characterize the fabricated ITO/PVP/Ag sandwich structure. Bipolar resistive
switching is a kind of inherited switching property of the material in which active
material changes its resistance from one state to another state for one direction of
voltage sweep, while for the reverse direction of voltage polarity, the resistance of
the active resistive material transition again from the second to the initial state. The
effect of current compliance (CC) on resistive switching in PVP nanolayers has been
demonstrated. The setting of different CCs plays a vital role in the resistive switching
of different active materials. In this study, the CC provided stable resistive switching
of the fabricated device and granted the window to modulate the resistive switching
behavior of the fabricated device regarding its OFF/ON ratio and switching voltage
for both polarities. Endurance test and retention time results are reported to confirm

the application feasibility of the fabricated device.

3.2.1 Experimental Details

The experimental setup used for the PVP atomization is shown in figure 3.11.

Ink Supply Section

High Voltage
Power Supply

< Metallic Nozzle

Taylor Cone
Cone Jet
Atomized droplets
—
y

Light Source —> Q Camera

= o

—— XY Stage

Digital Control Unit for Stage Motion and Camera

Figure 3.11 Experimental setup for EHDA printing.
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The experimental setup includes an X-Y stage, a metallic nozzle, an ink supply
section containing a syringe, a syringe pump, a teflon tube, and connectors, a high-
voltage power source, a camera to capture all the events during the experiment, a
light source, and a digital control unit to monitor and control all the events during the
experiment.

PVP (average M,,~25000) polymer and ITO-coated PET (thickness around 100 um)
were purchased from Sigma-Aldrich. The surface resistivity of the ITO on the PET is
60 Q/sq with the thickness of 1000 A. 10 % PVP polymer dispersion was filled in the
syringe. The ink was then pumped through a nozzle by a syringe pump. The metallic
nozzle was forced with the positive potential and the substrate was grounded during
the experiment. Electric stresses were generated between the nozzle and the substrate
due to the applied potential. The meniscus appeared at the tip of the nozzle deformed
into a conical shape due to the electric stresses between the nozzle and the substrate.
Consequently a thin jet was found to emerge at the apex of the cone. The jet was
further disintegrated into small droplets by adjusting the distance between the nozzle
and the substrate. The stand-off distance was adjusted in such a way that most of the
solvent was evaporated during the flight time of the droplets resulting in tiny droplets
containing PVP polymers and small amount of solvent left on the ITO-coated PET.
The sample was then cured to remove the solvent and to enhance the adhesion of the
PVP with the substrate.

The reported sample was deposited by a metallic nozzle having an internal diameter
of 110 pm, the flow rate of 100 ul/hr, applied potential of 2.9 kV, and stand-off
distance of 1 cm. PVP polymer film on the ITO-coated PET was deposited in 3
passes with the stage speed of 3 mm/s. The deposited sample was cured at 110 °C for
1 hour. Finally circular top contacts with the diameter of around 365 pm to 735 pm
were established with Ag conductive epoxy (Circuit Works-CW2400) to complete an
ITO/PVP/Ag sandwich structure. The measured thicknesses of the top electrodes

were around 32 um.

The thickness of the deposited layer was measured using a non-destructive thin film-
thickness measurement machine (K-MAC ST4000-DLX). PVP nano-layers were

electrically characterized with Agilent B1S00A Semiconductor Device Analyzer.
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3.2.2 Layer Characterization of PVP Resistive Switches

The surface morphology of the prepared sample was characterized through the
FESEM analysis. Figure 3.12 shows the FESEM images of the prepared sample in
low and high resolution. The FESEM images show very smooth and uniform surface
of PVP on the ITO-coated PET substrate. The FESEM images show homogeneous
deposition of the PVP layer on the ITO-coated PET substrate through an EHDA
technique.

Figure 3.12 FESEM images of PVP film on ITO-coated PET.

The XPS analysis is also given to confirm the composition of the PVP on the ITO-
coated PET. Figure 3.13 shows the XPS graph. The graph shows that the prominent
peaks are ascribed to C (carbon) and O (oxygen) elements. C 1s peak was observed
at the binding energy of 285 eV and O 1s peak was detected at the binding energy of
533 V.
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Figure 3.13 XPS analysis of PVP film on ITO-coated PET.

Different atomized PVP samples were taken for the thickness measurement. The

average thickness of the fabricated layer was measured to be 110 nm.

3.2.3 Resistive Switching Characterization

To analyze the electrical current-voltage (/-V) characteristics of the in situ fabricated
ITO/PVP/Ag sandwich, the top Ag electrode of the device was connected to the
driving terminal while the bottom ITO electrode was grounded in all the /-7
measurements.

Initially, the forming voltage necessary for stable resistive switching operation was
applied. The electroforming process was performed by applying 0 V to 7 V with CC
of 5 mA as shown in figure 3.14. The device started in a high-resistance state (HRS)
and electroformed at around 1 V from HRS to a low-resistance state (LRS). The
current was limited in the LRS by setting a CC to avoid hard breakdown. The
resistance during the HRS/OFF state of the device was measured to be 5x10* Q and it
was calculated to be 6x10° Q during the LRS/ON state.
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Figure 3.14 I-V curve of the electroforming process of an ITO/PVP/Ag sandwich device
with CC of 5 mA.

After performing the electroforming process, double voltage sweeps were used to
analyze the resistive switching within the sandwich device. The device was
examined from a high CC to a low CC. At the high CC the device did not exhibit
remarkable stable resistive switching, but as the CC was lowered, the device showed
excellent stable resistive switching behavior.

At CC of 75 nA, a double voltage sweep was applied from +1.5 V to -1.5 V as shown
in figure 3.15 a. The device started in the LRS, switched into HRS at around 0.5 V,
and remained in the HRS until the application of the reverse voltage sweep at around
1 V. After 1 V the device changed its state from the HRS to LRS. The average
resistances in the LRS and HRS were measured to be 1.58x10” Q and 5.48x10'° Q,

respectively.

72



(a)

80
704 }
] O]
60 ]O
< 50- fo
£ 1 |
t 404 RON to Rorr / ROFF to RDN
) |
£ 30 )
o 1 o
20- j ]
10 o4
1 £
04 T
'10 T T T T T T T T
15 10 05 00 05 10 15 20 25
Biasing Voltage (V)
(b)
50
|
O]
40 R
O]
= 30 O
:=_-" Ron 10 Rog: CP Ry to Ry
§ 20 (,D
5
© 104 {
0-
-10 1T T T * 7 T T YT T 1T "7 1 T
-25 -20 15 1.0 -05 0.0 0.5 1.0 1.5 20 25
Biasing Voltage (V)
(c)
25 - 0))))0]
20 ? '
©)
E‘ 15 - ] o
:t':'— RON to ROFF (0] /f Rorr to Rou
£ 104 ]
5 O
3 o
5 3
|
O Q
0
T ] T

a 2 4 0o 1 2 3

Biasing Voltage (V)
Figure 3.15 I-V curves of an ITO/PVP/Ag sandwich device with different CCs: (a) 75
nA (b) 50 nA (c) 25 nA.

73



The I-V behavior is shown in figure 3.15 b for the case of a 50 nA CC with a double
sweeping voltage of +1.5 V to -2 V. The curve is almost the same as in the case of a
75 nA CC. The resistances during the ON and OFF states of the device were found to
be 2.39x10" Q and 5.13x10'° Q, respectively.

The I-V behavior of the device was the same with a CC of 25 nA as in the previous
cases shown in figure 3.15 c. In this case, double voltage sweeping was applied from
+1.5 V to -3 V. The average resistances in the LRS and HRS were observed to be
4.65x10" Q and 2.68x10'° Q, respectively.

When the device was driven with increased negative bias, Schottky behavior became
prominent, as is evident from figure 3.16 a. When the voltage was swept from +3 V
to -7 V with CC of 15 nA, a pinched hysteresis loop appeared showing the /-V
characteristics of the sandwich device. The behavior of device on the positive cycle
was found to remain the same as it was in the previous case but during the negative
sweep, the transition from one state to another state also occurred. The transition
from a HRS to a LRS occurred at around -6 V and from a LRS to a HRS at around -4
V. During the positive half of the voltage sweep, the average resistances for the LRS
and the HRS were 1.15x10° Q and 1.39x10'" Q, respectively while during the
negative half of the voltage sweep, the average resistances for the LRS and HRS
were 3.72x10°Q and 7.81x10'° Q, respectively. When the CC was set at 13 nA and
the same double voltage sweep was used to analyze the /-J behavior of the device,
the device exhibited almost same behavior as in the case of a CC of 15 nA shown in
the figure 3.16 b. The transition from a HRS to a LRS shifted to -5 V and the
transition from a LRS to a HRS shifted to around -3.5 V. With the decrease in CC,
the 7V loop on the positive side shortened but the noise disappeared as compared
with the previous case of 15 nA. At CC of 15 nA, the average resistances during the
positive half of the voltage sweep for the LRS and HRS were measured to be
1.56x10° Q and 7.48x10° Q, respectively while in case of the negative half of the
voltage sweep, the average resistances for the LRS and the HRS were observed to be

4.15x10°Q and 7.83x10'° Q, respectively.
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Figure 3.16 I-V curves of an ITO/PVP/Ag sandwich device with different CCs: (a) 15
nA (b) 13 nA.
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Figure 3.17 shows the /-7 behavior of the device at a very low CC of 3 nA. A double
voltage sweep of +6 V to -7 V was applied in a case of 3 nA CC. The resulted IV
pinched hysteresis loop was similar to that appeared in the case of CC of 13 nA. The
transition from a HRS to a LRS occurred at -6 V and transition from a LRS to a HRS
appeared at -4.5 V. At the very low CC of 3 nA, the average resistances during the
positive half of the voltage sweep for the LRS and HRS were 1.08x10° Q and
1.04x10" Q, respectively while in the case of the negative half of the voltage sweep,
the average resistances for the LRS and the HRS were 1.96x10° Q and 6.66x10"°Q,

respectively.
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Figure 3.17 I-V curve of an ITO/PVP/Ag sandwich device with CC of 3 nA.

In situ fabricated virgin samples were also analyzed by driving only in the positive
cycle (or small voltage on the negative side) of the double voltage sweep without
performing electroforming process. When a double voltage sweep was applied from
0 V to +3 V with a CC of 5 nA, the device showed the hysteresis looping behavior

consisting of two distinct states, as shown in figure 3.18.
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In the forward voltage sweep from 0 to 3 V, the device started operating in a
HRS/OFF state, and after reaching a voltage of around 1.6 V, it switched into a
LRS/ON state. The average resistance of the device in the HRS was found to be
2.24x10" Q. In the reverse voltage sweep from 3 to 0 V, the device remained in the
LRS unchanged until around 0.5 V. After 0.5 V, the device started a transition into
the HRS. The average resistance in the LRS of the device was measured to be
3.92x10° Q. A sudden transition was observed from Ropr to Ron where a gradual

transition was observed from Ron to Rorr.
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Figure 3.18 I-V curve of a virgin ITO/PVP/Ag sandwich device with CC of 5 nA.

Both the electroformed and virgin samples showed two distinct states according to
different CC values. The memory window could be chosen depending upon the
sweeping direction and polarity. Resistive switching of the device on the positive
voltage polarity side could be observed at low voltages, while on the negative
polarity side it took relatively higher voltages. The samples did not show prominent
resistive switching at higher CC, in contrast to inorganic resistive switches. Inorganic
resistive switches usually exhibit resistive switching behavior at higher CC, while

sometimes setting a different CC changes their unipolar resistive switching into
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bipolar resistive switching, or vice versa. The fabricated sandwich device has full
potential to be implemented in the considered memory application, or as a switching
element in electronics applications by setting different CCs.

The endurance of the fabricated switch was tested by applying multiple voltage
sweeps. Figure 3.19 shows the endurance test results of the fabricated device with a
reading voltage (Vreap) of around 0.5 V. Figure 3.19 shows a consistent OFF/ON
ratio of more than 100:1. The average resistance during the OFF state was measured

to be 2.03x10'' Q and the average resistance during the ON state was calculated to
be 1.41x10° Q.
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Figure 3.19 Resistance versus voltage sweeps for the fabricated resistive switch.

The retention time of the fabricated memristor was measured to be over 100 min, as
shown in figure 3.20. The variation in resistance during both the OFF and ON state
was observed to be negligible. The average resistance in the HRS after 100 min was
observed to be 1.97x10" Q, and it was found to be 1.16x10® Q in the LRS of the
device. Although over 100 min, retention time is comparable with the organic
resistive switches but the fabricated devices are expected to retain their states

unchanged for a longer period of time.
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Figure 3.20 Resistance versus time for the fabricated resistive switch.

Twenty-one devices were fabricated during two different experiments. More than
80 % of the devices showed consistent switching behavior with respect to their
endurance testing, retention time, and reliability. The fabricated devices exhibited

resistive switching behavior irrespective of their device area (top electrode diameter).

3.2.4 Resistive Switching Mechanism in the Fabricated Switches

The resistive switching mechanism in the ITO/PVP/Ag sandwich has been explained
using some theories from the literature, supporting the resistive switching in the
fabricated sandwich device. On both sides of polarity, Schottky conduction was
observed in the fabricated samples. In the positive sweep from 0 to 3 V, the
fabricated device showed high resistance inside the PVP layer until 3 V, then
suddenly the high resistance turned into low resistance and high current started to
flow, limited by the CC. This might be explained by formation of carbon-rich
filaments due to local degradation of the PVP layer surrounding the breakdown
region, as supported in the literature (Tee et al. 2012, Ling et al. 2008, and Pender
and Fleming 1975). The switching phenomenon might also be associated with
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formation of metallic bridges by the migration of the top electrode, since Ag is a
chemically reactive material (Tee et al. 2012, Ling et al. 2008, and Pender and
Fleming 1975). Because ITO is almost inert (stable) in nature, formation of
conductive bridges/filaments can only result from local soft breakdown of the
switching material or from the reactive electrode. When the polarity was applied in
the reverse direction from 3 V to 0 V, the carbon/Ag-rich metallic filaments
underwent a rupturing phase. The filaments remained until the voltage dropped to 0.5
V, when suddenly complete rupture of carbon/Ag-rich metallic filaments occurred
inside the PVP layer, and the device transitioned into the HRS. Similarly for negative
polarity of the voltage source, during the voltage sweep from 0 to -6 V, the device
was in the HRS and after reaching 6 V the formation of filaments started to increase,
setting the device into the LRS and consequently generating high current limited by
the CC. In the reverse direction of polarity, rupturing of the filaments occurred at -
3.5 V and the device changed its state from a LRS to a HRS. As noticed, the
switching voltage required with negative biasing is higher than that of the positive
biasing, which is once more ascribed to the reactive nature of Ag and the inert nature
of the ITO electrode. Keeping the ITO bottom electrode at the same potential, during
the positive biasing of the Ag top electrode, it took a small voltage to generate the
electrical field to obtain soft breakdown for the formation of conductive carbon/Ag
bridges, while a sufficiently large voltage was needed in the case of negative biasing
of the top Ag electrode to generate the conductive paths. Regarding the Schottky
conduction mechanism, positive biasing of the Ag electrode provided forward
biasing of the device, whereas negative biasing established the reverse biasing
provided that the ITO electrode was at the same electric potential. However, further
investigation of the switching mechanism in the fabricated device is needed, the

details of which are left for future work.

3.3 PEDOT:PSS based Resistive Switches

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is a
conjugated polymer consisted of two polymeric chains:  poly(3,4-
ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate) (PSS). PEDOT:PSS

has acquired prominent position in polymeric science due to its versatile features of
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transparency and conductive in nature with high ductility. PEDOT:PSS has been
widely used in a lot of device-based applications such as write-once-read-many
(WORM) memories, organic thin film transistors (OTFTs), organic light emitting
diodes (OLEDs) and solar cells (Moller et al. 2003, Moller et al. 2003, Sirringhaus et
al. 2000, Li et al. 2007, and Peumans and Forrest 2001). PEDOT:PSS has proven its
feasibility as a switching layer in the resistive random access memory applications.
Polarity independent unipolar resistive switching has been observed in the
PEDOT:PSS-based devices (Ha and Kim 2009). Polarity dependent bipolar resistive
switching has also been studied in the switching layer of PEDOT:PSS in the
sandwiched devices (Ha and Kim 2008). The resistive switching mechanism in
PEDOT:PSS based resistive switches has been investigated in both the unipolar and
bipolar biasing regimes for the organic non-volatile memory device applications (Ha

and Kim 2009, Ha and Kim 2008, Ha and Kim 2010, and Lai and Chen 2011).

By virtue of the massive benefits and interests of the researchers in PEDOT:PSS
polymer, the conjugated polymer was used in the fabrication of the polarity
dependent bipolar NDR devices in the current research work through
electrohydrodynamic atomization (EHDA) printing technique. Atomization of the
PEDOT:PSS has been done in our previous work for the solar cell applications
(Duraisamy et al. 2012). In the current work, the EHDA was performed to atomized
the PEDOT:PSS switching layer on the ITO coated PET for the NDR device
applications. The deposited layer of PEDOT:PSS polymer was morphologically
characterized through the field emission scanning electron microscope (FE-SEM).
Raman spectra was used to analyze and validate the chemistry of the as fabricated
PEDOT:PSS polymeric layer. Finally ITO/PEDOT:PSS/Ag(silver) NDR devices
were fabricated by deploying Ag metallic contacts. The resistive switching behavior
of the NDR devices was analyzed through the semiconductor device analyzer by
employing bipolar sweeping voltage. The effect of the current compliance (CC) on
the NDR switching of the ITO/PEDOT:PSS/Ag sandwiched structures was examined.
The endurance and non-volatility tests were also performed to inspect the application
feasibility. Resistive switching mechanism in the fabricated device was explained

based upon the redox behavior of PDEOT:PSS material.
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3.3.1 Experimental Details

Figure 3.21 shows the EHDA experimental setup for the atomization of the
PEDOT:PSS on the ITO coated PET.
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Figure 3.21 Experimental setup for the EHDA of PEDOT:PSS conjugated polymer.

The deposition setup consists of X-Y stage, metallic nozzle with internal diameter of
400 pm and outer diameter of 680 pwm, ink supply unit containing syringe, syringe
pump, Teflon tube and connectors and high voltage power source. High speed
camera and light source are used to monitor all the events during the deposition
process. The entire experimental process is controlled through the control unit.
Chemically modified PEDOT:PSS ink with isopropanol and deionized water was
utilized for the EHDA process (Duraisamy et al. 2012). PEDOT:PDD ink was filled
in the syringe that was connected to the syringe pump. Polymeric ink was pumped to
the metallic nozzle through Teflon tube by the syringe pump. Under the absence of
electric field from nozzle to the substrate only dripping of the conjugated polymer
came into happened due to the gravity. When the metallic nozzle was forced with the
positive potential through high voltage source and the substrate was grounded, the

meniscus appearing at the apex of the nozzle deformed into dripping, micro-dripping,
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unstable cone-jet and finally into a conical shape according to the voltage level
supplied by the high power source. The conical shape (Taylor cone) appeared
because of the electric stress overcome the surface tension of the liquid (PEDOT:PSS
ink) and thin liquid jet came out of the Taylor cone. The jet emerging at the apex of
the Taylor cone was given a sufficient flight time by adjusting the distance from
nozzle to substrate so that it disintegrated into uniform small droplets and collected

over the ITO coated PET substrate. During the flight time of the droplets most of

solvent evaporated. Further increase in voltage resulted into a multi cone-jet mode of
the EHDA process of the PEDOT:PSS ink. All the EHDA modes appeared in the
deposition of the PEDOT:PSS ink are shown in figure 3.22.

Figure 3.22 EHDA modes of PEDOT:PSS Ink: (a) Dripping (b) Unstable Cone-Jet (¢)
Cone-Jet (d) Multi Cone-Jet.

PEDOT:PSS operating envelope was also investigated with different voltages and
flow rates of the polymeric ink as shown in figure 3.23. The shaped area in the graph
indicates the cone-jet mode of the EHDA of PEDOT:PSS ink that is needed to
deploy a uniform nano-layer of PEDOT:PSS polymeric ink.
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Figure 3.23 Operating envelope of the EHDA of PEDOT:PSS ink.

The reported sample of the PEDOT:PSS ink was deposited in the cone jet mode
under the flow rate of 1000 pl/h and with the supply voltage of 5.2 kV in the current
research work. The distance from nozzle to substrate was kept at 1 cm. The sample
was deposited in a single pass with the substrate speed during the deposition process
was kept as 2 mm/s. The deposited sample was cured at 110 °C for 1 h to remove the
remaining solvent in the droplets and to achieve a smooth polymeric layer of
PEDOT:PSS on the ITO coated PET. To complete the sandwiched structure for the
NDR devices, finally Ag drops were deposited on the cured layer of the PEDOT:PSS.

3.3.2 Layer Characterization of PEDOT:PSS Resistive Switches

The reported layer thickness of PEDOT:PSS was measured through film thickness
measurement system K-MAC ST4000-DLX and recorded to be 74 nm. The surface
morphology of the PEDOT:PSS sample was characterized through the FESEM
images taken by SEM, Jeol JSM-7600F. FESEM images of the PEDOT:PSS film on
the ITO coated PET in low and high resolution are shown in figure 3.24. As evident
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from the FESEM images, very smooth and uniform surface of PEDOT:PSS was
deposited on the ITO coated PET substrate through EHDA technique. The hard and
soft segments are shown as bright (PEDOT) and dark (PSS) regions respectively (Na
et al. 2009). Where PEDOT is the conductive chain and PSS is the insulating chain
of the conjugated PEDOT:PSS polymer.

Figure 3.24 FESEM images of the PEDOT:PSS layer on the ITO coated PET.

The chemistry of the deposited sample was confirmed as PEDOT:PSS conjugated
polymer through the Raman spectroscopy analysis taken by FT-IR/Raman
Spectrometer (IFS 66/S, FRA 106/S) with excitation wavelength of 1064 nm. The
Raman spectra validates the presence of the PEDOT:PSS polymer as shown in figure
3.25. In the Raman spectra of PEDOT:PSS, a band with a strong intensity was
centered at around 1426 cm™ which corresponds to the symmetric stretching mode of

the aromatic C=C band as reported in the literature (Nguyen and Vos 2004).
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Figure 3.25 Raman spectra of the PEDOT:PSS layer on the ITO coated PET.

3.3.3 Resistive Switching Characterization

Current-Voltage (I-V) characterization of the as-fabricated ITO/PEDOT:PSS/Ag
sandwiched device was done with the help of Agilent BIS00A Semiconductor
Device Analyzer. During the entire process of I-V analysis, the top Ag electrode of

the fabricated device was connected with the driving potential while the bottom ITO
electrode was grounded.

NDR effects were examined in the ITO/PEDOT:PSS/Ag sandwiched switches by

setting different current compliance (CC). The pristine samples of the

ITO/PEDOT:PSS/Ag sandwiched structures were examined under different CC to
investigate the resistive switching. The samples were forced with the CC of 500 pA,
1 mA, 3 mA, 5 mA, 10 mA, 15 mA and 20 mA. It was found that at low CC the
samples did not exhibit resistive switching up to 5 mA but as the CC was set larger
than 5 mA the resistive switching within the ITO/PEDOT:PSS/Ag sandwiched

devices come into picture as shown in figure 3.26. It was also observed that as setting
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the CC larger than 20 mA the hard break down occurred in the fabricated devices of
PEDOT:PSS that results in simple ohmic behavior in the PEDOT:PSS nanolayer.
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Figure 3.26 I-V analysis of the ITO/PEDOT:PSS/Ag sandwiched device with different
CC: (a) 500 pA (b) 1 mA (c) 3 mA (d) 5 mA (e) 10 mA (f) 15 mA (g) 20 mA.

To exempt the PEDOT:PSS resistive switches from hard break down within the
nanolayer of PEDOT:PSS, the fabricated switches were operated under the CC of 15
mA and within the voltage of £ 5 V as shown in figure 3.27. Bipolar DC voltage
sweep was applied from + 5 V to — 5 V on the Ag top electrode. The I-V behavior of
the fabricated device is indicated with arrows in the graph in accordance with the

sweeping voltage direction.
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Figure 3.27 I-V curve of the ITO/PEDOT:PSS/Ag sandwiched device with 15 mA CC.
The shaded areas denote the setting and resetting of the device. The arrows indicate the
sweeping direction of the device.

During the forward cycle of the voltage sweep the fabricated switch started operating
in the low resistance state (LRS)/ON-state (Ron) with the average resistance of
around 211 Q. As the voltage reached over — 3 V, the transition from ON-state to
OFF-state (Ropr)/high resistance state (HRS) occurred called resetting of the device.
The reset region is highlighted in the graph with a circular block. The circular region
shows NDR characteristics in an I-V trace (-3.25 to -3.75 V) of the fabricated device
due to the decrease of current with increase of applied voltage. In the NDR region,
the device resistance was translated from a LRS to a HRS. During the reverse cycle
of the sweeping voltage, the fabricated device kept its OFF-state unchanged over + 2
V and around + 3 V the device undergoes into the transition phase from HRS to LRS.
This is called setting of the device indicated in the shaded circular block in the graph.
The average resistance during the OFF-state of the device was observed to be around
266 Q. The memory window observed in the current work is around 55 Q that could

be widened by deploying the other materials containing metallic nanoparticles into

88



the PEDOT:PSS layer. The low OFF/ON ratio is required for some specific
application like neuromorphic applications. The low resistance in both states of the
PEDOT:PSS based resistive switches is due to the conductive nature of the
conjugated polymer. The fabricated switch passes through 0 on both directions of the
sweeping voltage as shown in figure 3.28 (semilog graph of figure 3.27). The setting

and resetting of the device is indicated with the shaded circular blocks in the semilog

graph.
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Figure 3.28 Semilog I-V curve of the ITO/PEDOT:PSS/Ag sandwiched device with 15
mA CC passing through 0 on both directions of the polarity. The shaded areas denote
the setting and resetting of the device. The arrows indicate the sweeping direction of the
device.

High degree of uniformity and robustness was observed against the multiple
sweeping voltage stresses in the fabricated switches. I[-V behavior of the
PEDOT:PSS device is shown for the multiple sweeping voltage over 100 cycles in
figure 3.29.
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Figure 3.29 Multiple I-V curves of the ITO/PEDOT:PSS/Ag sandwiched device with 15
mA CC over 100 cycles indicate the high degree of uniformity. The arrows indicate the
sweeping direction of the device.

Sweeping voltage direction is shown in the graph with arrows. As noticed, the NDR-
effect appeared only once in the I-V measurements as shown in the inset of figure
3.29. In fact, this phenomenon is due to the application of CC. The NDR
phenomenon appeared only once at some specific CC in the fabricated device. After
first I-V trace, the device drew comparatively more current in the subsequent traces.
So at a CC of 15 mA, the NDR behavior disappeared in I-V measurements after first
I-V trace. During the application of CC, the I-V measurements are changed from
voltage driven to current driven mode. When the resistive switch under test attained
some specific current amplitude with respect to its switching voltage needed to
switch from LRS to HRS, the device switched its Ron into Ropr. Thus, the NDR
phenomenon did not come into picture because the semiconductor device analyzer
limited the current at its set value (15 mA in figure 3.29). When the CC was
extended to some other value, again an NDR effect appeared at that CC as evident

from figure 3.26 (f) and (g).
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Sweep endurance test is shown in figure 3.30 that depicts the endurance of the
fabricated device against multiple sweeping voltages. Over 100 bipolar DC voltage
sweeping cycles were applied from + 5 V to — 5 V to check the robustness of the
device. The writing voltage for the fabricated device was observed to be +3 V and

erasing voltage was observed to be -4 V. The reading voltage (Vreap) used for the

graphis—2 V.
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Figure 3.30 Sweep endurance test for the ITO/PEDOT:PSS/Ag sandwiched device at a
reading voltage (VREAD) of -2 V over 100 cycles.

The graph shows sufficient margin between two states of the device that is necessary
to distinguish ON and OFF-states during the application phase of the sandwiched
device. As noticed, an uptrend was observed in the endurance graph that might be
attributed to the inherited traps present in the PEDOT:PSS film due to the printing
process. These traps were filled after biasing the sample at some sufficient number of
sweeps. The sample was tested at around 400 voltage sweeps and it was observed

that the mentioned uptrend disappeared at around 90 voltage sweeps.
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The retention test of the device was performed over 2500 s. The device kept its state
unchanged over 2500 s as shown in figure 3.31. The reading voltage (Vreap) used

for the retention test is same as in endurance test as —2 V.
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Figure 3.31 Current Vs time stresses graph for the ITO/PEDOT:PSS/Ag sandwiched
device at a reading voltage (VREAD) of -2 V over 2500 s.

3.3.4 Resistive Switching and Current Conduction Mechanisms in the
Fabricated Switches

The resistive switching mechanism in the electrochemical metallization resistive
switching devices could be attributed to the migration of Ag atoms into the
PEDOT:PSS film due to the reactive nature of Ag metal. The switching
characteristics are also attributed to the trapping and detrapping of Ag atoms at the
organic layer but NDR switching mechanism in the PEDOT:PSS based resistive
switches is believed to be the redox behavior of the PEDOT:PSS film as reported in
literature NDR switching mechanism in the PEDOT:PSS based resistive switches is
believed to be the redox behavior of the PEDOT:PSS film as reported in literature
(Moller et al. 2003, Sirringhaus et al. 2000, Li et al. 2007, and Peumans and Forrest
2001). When the positive voltage was applied on the Ag top electrode, the PEDOT
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chains of the conjugated polymer oxidized to PEDOT" chains by the injection of
hole-carriers through the top electrode. Consequently, the current paths were build up
and setting the device into ON-state. Conversely, when the top Ag electrode was
applied with the negative potential while the bottom ITO electrode was grounded, the
current paths were destroyed by the injected carriers and setting the device into OFF-
state. In the OFF-state of the device, the PEDOT" chains were reduced to PDOT’
chains. The above suggested switching mechanism in the as-fabricated device was
analyzed in the I-V curve with a log-log scale. The current conduction mechanisms
were concluded on the bases of slope calculation in a log-log scale. In the positive
cycle of the voltage sweep, the device started operating in the ON-state. Because the
injection of the carriers was done by the positive potential during the CC-region of
the biasing voltage, injection behavior was not observed in the forward direction of

the voltage sweep as shown in figure 3.32.
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Figure 3.32 Double log I-V graph of the ITO/PEDOT:PSS/Ag sandwiched device in a
positive cycle of the sweeping voltage.
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During the forward direction of the voltage sweep, the PEDOT chains were oxidized
into PEDOT " chains and current paths were established in the PEDOT:PSS thin film.
When the voltage sweep entered into the negative side of the voltage polarity, the
device kept its LRS unchanged at around -3 V. Above -3V, the device changed its
LRS into HRS due to the injection of carriers by the negative potential as observed in
figure 3.33 during the forward direction of the voltage sweep. The injected carriers
reduced the PEDOT" chains into PEDOT chains and setting the device into HRS. In

the reverse direction of the voltage sweep, the fabricated device exhibited HRS in the

negative biasing as shown in figure 3.33.
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Figure 3.33 Double log I-V graph of the ITO/PEDOT:PSS/Ag sandwiched device in a
negative cycle of the sweeping voltage.

When the positive biasing was applied on the top electrode, the device kept its HRS
unchanged at around +1 V. Above +1 V, the PEDOT' chains oxidized into PEDOT"

chains and setting the device again into LRS as observed in the reverse direction in
figure 3.32.
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It can be noticed in figure 3.32 and figure 3.33 that at lower voltages (below -3 V and
+1.5 V) on both sides of the voltage polarity, I-V curve shows linear behavior (I a V)
with a slop of 1. So at lower applied voltages, I-V characteristics follow Ohm’s law
because the density of thermally generated free carriers inside the film is
predominant over the injected charge carriers. At higher voltages (above -3 V and
+1.5 V) during both the forward and reverse direction of voltage sweep, the current
conduction was mainly due to the injection carriers by the top forcing electrode.
During the reverse direction of voltage sweep in positive cycle, the I-V curve follows
quadratic behavior (I a V) with a slope of around 2 showing space charge limited
(SCL) conduction due to the injection of negative carriers as shown in figure 3.32.
While the currents reduces with increasing voltage above -3 V in the forward
direction of voltage sweep in negative cycle that shows NDR regime due to the
injection of positive carriers as shown in figure 3.33. Ohmic and SCL conductions
are bulk dominated mechanisms as reported in literature (Shang et al. 2006 and Shen
et al. 2004). Thus the carrier transport mechanism in the fabricated device is bulk

dominated inside the PEDOT:PSS film.

3.4 Full Organic Resistive Switches

Metallic electrodes limit the promising feasibility of the organic resistive switches to
be employed in electronic industry at their full potential regarding the perspective of
organic material advantages. So, engineering of the full organic devices has always
been demanded in electronic applications by virtue of their simple device structure,
low fabrication cost, printability, and flexibility.

In this research work, the fabrication of full organic resistive switch (FORS) was
realized with all of its layers (electrodes as well as switching layer) as organic as
opposed to the conventional organic resistive devices in which the electrode-
materials were inorganic (metallic or ITO etc). Although hybrid resistive switches
(structure containing organic as well as inorganic materials) have been reported in
literature but to date, no one has reported FORS devices for resistive switching and
memory applications. The fabricated FORS device has full potential to revolutionize
the electronics industry by shifting the inorganic/hybrid devices to their organic

counterparts. In consequence, the electronic devices would not face fabrication
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limitations such as high temperature deposition, high capital cost, lack of printability
and flexibility etc. This research work reports the fabrication of FORS devices by
spin coating of two polymers: poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) = (PEDOT:PSS) and  poly(4-
vinylphenol) (PVP) on a polyimide (PI) substrate. PEDOT:PSS is a conjugated
polymer consisted of two polymeric chains: poly(3,4-ethylenedioxythiophene)
(PEDOT) and poly(styrenesulfonate) (PSS). PEDOT:PSS has been known as
transparent and conductive in nature in polymeric science (Duraisamy et al. 2012,
Alemu et al. 2012, Kim et al. 2011, and Kymakis et al. 2006). PEDOT:PSS was used
as conducting top and bottom electrodes for the FORS fabrication in this study.
Poly(4-vinylphenol) (PVP) is another common polymer being used as a dielectric, a
cross-linking agent and also has been used as a switching layer in resistive switching
memory applications (Paul et al. 2006, Song et al. 2011, Mamo et al. 2010, Liu et al.
2009, and Awais and Choi 2013). PVP was employed as a switching layer between
two PEDOT:PSS electrodes for the fabrication of the FORS.

The resistance of the PVP layer, sandwiched between two conducing PEDOT:PSS
electrodes, was modulated by the semiconductor device analyzer to elucidate the
resistive switching behavior in the fabricated FORS. The robustness of the stable
resistive switching was evidenced through stressing the device with multiple voltage
sweeps. Resistive switching mechanism was described in the fabricated FORS
devices. The current conduction behavior governing the device resistance was
concluded based on slopes calculation in the double logarithmic graphs. The current
conduction mechanisms were validated through physical current conduction laws.
The suggested resistive switching mechanism was correlated with the concluded

current conduction behavior in the fabricated FORS.

3.4.1 Fabrication of Printed FORS
Chemically modified PEDOT:PSS ink with isopropanol and deionized water

(Duraisamy et al. 2012) was used to deposit the top and bottom conducting
electrodes. The switching layer between two PEDOT:PSS electrodes was deposited
by the PVP polymeric ink purchased from Sigma-Aldrich.
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The reported FORS device, as shown in figure 3.34, was fabricated by spin coating

process.

| PEDDT:FEEI

PVP
PEDOT:PSS

Figure 3.34 Schematic diagram of the FORS device with the sandwich structure of
PEDOT:PSS/PVP/PEDOT:PSS.

Initially the bottom electrode was deposited by spin coating the PEDOT:PSS ink on
the PI substrate at 700 rpm. The sample was cured at 110 °C for 1 h. After curing
process, the sandwich layer was deposited by spin coating the PVP polymeric ink on
the PEDOT:PSS bottom electrode at the same parameters listed above. Again the
curing of the deposited sample was performed at 110 °C for 1 h. The top
PEDOT:PSS electrodes were deposited on the PVP layer by drop casting in a circular
shapes with a diameter of around 1500 pm. Finally, the samples were subjected to

heat treatment for 110 °C for 1 h.

3.4.2 Layer Characterization of FORS

Cross-sectional image of the fabricated device on the PI substrate was taken by using

SEM system (JSM-6700F, JEOL Ltd, Japan) as shown in figure 3.35.
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Figure 3.35 Cross-sectional FESEM image of the FORS device with the sandwich
structure of PEDOT:PSS/PVP/PEDOT:PSS.

In the field emission scanning electron microscope (FESEM) image, PEDOT:PSS is
the first layer on the PI substrate that was used as a bottom electrode. The second
layer in the image is the PVP layer on the PEDOT:PSS layer acts as an active layer.
The top layer is the PEDOT:PSS layer on the PVP layer serving as a top electrode in
the FORS sandwich structure. The thickness of each of the three layers: PEDOT:PSS
layer (bottom electrode), PVP layer (switching layer), and PEDOT:PSS (top
electrode) is around 1 um, so the total thickness of the fabricated FORS is around 3

pum as shown in the inset of figure 3.35.

3.4.3 Resistive Switching Characterization

Current-voltage (I-V) measurements of the fabricated devices were performed by an
Agilent BI5S00A semiconductor device analyzer. All of the electrical characterization
was done by forcing the top electrode with the voltage source and grounding the

bottom electrode. Figure 3.36 shows the I-V measurement of the FORS device.
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Figure 3.36 IV analysis of the PEDOT:PSS/PVP/PEDOT:PSS sandwich device. The
inset shows the semi-log graph PEDOT:PSS/PVP/PEDOT:PSS sandwich device.

I-V curves were obtained by double sweeping the voltage from -20 to +30 V. In the
forward direction of the voltage polarity, the device exhibited low conductivity
state/high resistance state (HRS)/OFF state. At around +20 V, the device changed its
OFF state into ON state/low resistance state (LRS)/high conductivity state. In the
reverse direction of the voltage sweep, the device started in the ON state and
switched back into OFF state at around -20 V. The exhibited I-V hysteresis with two
distinct states can be exploited to use the fabricated FORS for bistable memory
applications. It can be noticed that the device offers different memory window on
both the positive side and negative side of the voltage polarity. This feature can be
utilized to use the fabricated device in two different scenarios. PEDOT:PSS contact
is known as an efficient hole injection layer due to its work function (~ 5.1 eV)
where as it acts as a high barrier for the electron transport. So, the switching
phenomenon in the fabricated FORS could be attributed to the hole injection by the
top PEDOT:PSS electrode into the PVP layer and the trapping of mobile carriers
(holes) within the PVP layer. As noticed the top electrode was forced with negative
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as well as positive polarities, while the bottom electrode was grounded during all the
measurements. During the application of negative polarity on top PEDOT:PSS
electrode, only small amount of current was flown into the FORS device because
PEDOT:PSS is not efficient electron transport material. While in the application of
positive potential on top PEDOT:PSS electrode, significant current was flown due to
the hole injection role of PEDOT:PSS contact as compared to that of negative
potential. So, the discussed phenomenon bestowed different current intensity on both
sides of the voltage polarity and produced asymmetric I-V characteristics in the
fabricated FORS even though both the electrodes are of same material as evident in
figure 3.36. The semi-log graph is shown in the inset of figure 3.36 that shows
OFF/ON ratio around 10 : 1 which provides sufficient margin to distinguish between
two states. It can also be noticed in I-V curve that there is off-set current for both
voltage polarities. This is due to the charge trapping in the polymeric layer as noticed
in literature (Kim et al. 2008). In the fabricated FORS device, the carriers were
injected through PEDOT:PSS top electrode and were trapped within the PVP layer
due to the presence of trap sites in it, that produced off-set effect in the I-V curve.
Due to the off-set effect, the current did not drop to zero at zero voltage as noticed in
the inset of figure 3.36.

Effect of sweeping rate was checked in the I-V characteristics of the fabricated
FORS. It was found that the sweeping rate has no noticeable effect on the I-V
characteristics: neither on the switching voltage nor on the OFF/ON ratio. Sweeping
rate was defined by the delay time during I-V measurements. The delay time was
varied from 10 ms to 100 ms with the voltage step-size of 300 mV. A lower delay
time resulted in higher sweeping rate and vice versa. The robustness of the device
was tested against multiple voltage stresses, the device performed exceptionally well

over 100 voltage sweeps as shown in figure 3.37.
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Figure 3.37 Multiple IV curves of the PEDOT:PSS/PVP/PEDOT :PSS sandwich device
over 100 cycles. The arrows indicate the sweeping direction of the device. The inset
shows the resistance Vs voltage graph for the PEDOT:PSS/PVP/PED sandwich device
at a reading voltage (Vgreap) of +15 V over 100 cycles.

Initially, the resistance of the device in its HRS fluctuated but it settled down after 40
voltage sweeps. It can also be noticed that the LRS is more stable than the HRS
throughout the endurance test as shown in the inset of figure 3.37. The fluctuating
trend in the endurance test might be attributed to the inherited traps sites and defects
created in the PVP film due to the printing process. The fluctuation in I-V curves
settled down after 40 voltage sweeps. The average resistances in ON and OFF states
of the device were calculated to be 3x10° Q and 1.1x10° Q respectively. The reading
voltage (Vreap) used to find the OFF and ON state of the device was around +15 V.

The fabricated switch took a large voltage to elucidate resistive switching behavior
because of low conductivity of the PEDOT:PSS electrode. The conductive materials
having low work functions usually take large voltage for charge injections. This

shortcoming could be downplayed by doping the PEDOT:PSS polymer or employing
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other techniques to enhance its conductivity (Alemu et al. 2012, Kim et al. 2011, and
Kymakis et al. 2006).

5.5 Resistive Switching and Current Conduction Mechanisms in the Fabricated
Switches

As noticed in I-V curve of the fabricated FORS device as shown in figure 3.36, the
negative polarity on top electrode resulted in a minute current. As compared to that
of negative potential, the positive potential on top electrode produced a sufficient
high amount of current due to the efficient hole injection role of PEDOT:PSS top
electrode. So, the current conduction mechanisms were analyzed only for the positive
potential on top electrode.

The current conduction mechanisms in the fabricated FORS were analyzed based on
slope calculation by straight line fitting in double logarithmic scale as depicted in
figure 3.38, and were supported by the physical laws governing the current
conduction mechanism. Four different current conduction mechanisms were

suggested underlying bistable resistive switching in the fabricated FORS.
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Figure 3.38 Double logarithmic IV graph of the PEDOT:PSS/PVP/PEDOT:PSS
sandwich device in a positive cycle of the sweeping voltage indicating different current
conduction mechanisms in the forward and reverse direction of the voltage polarity.
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In the HRS of FORS device, the conduction mechanism of current is attributed to the
space charge limited current (SCLC) conduction up to 15 V (region 1 in figure 3.37).
As the holes were injected by the positive potential on top electrode and thereby the
accumulation of carriers near the electrode resulted in a space charge buildup.
Mutual repulsion among the injected charges limited the further injection of charge
carriers into the sample, the resulting current is known as SCLC. Carrier injection
electrode (PEDOT:PSS top electrode) is one of the main reasons that arises the
SCLC. The injected current in the fabricated sample decreased by several orders due
to the presence of traps in the polymer layer (PVP sandwiched layer). The observed
phenomenon is quite in line with the reported literature (Ling et al. 2008). The SCLC
trap limited regime is controlled by the traps in the PVP layer via thermally activated
hopping conduction as reported in literature (Kim et al. 2008, Lampert and Mark
1970, Lin et al. 2007, and Arif et al. 2007). In this regime, the current density is
obeyed by the Mott-Gurney law as described below in equation (3.1):

98,1012
PE (3.1)

Where ¢ is the dielectric constant of the switching polymer, &y is the permittivity of
the free space, p is the hole carrier mobility, ® is the trapping fraction, V is the
applied potential, and d is the thickness of the switching polymeric layer.

Once sufficient amount of traps were filled by the mobile carriers, eventually carrier
were trapped within the switching PVP polymeric layer. Then, the current in the
switching layer was injected due to the trap-charge limited current (TCLC)
conduction. Above 15 V (region 2 in figure 3.37) in the HRS of the FORS, TCLC
conduction mechanism was found to be the governing conduction mechanism for
charge injection into the polymeric layer. In the TCLC conduction, the current
increased exponentially and the onset of the trap-filled voltage resulted in the density
of traps as observed in literature (Bajpaia et al. 2010 and Brutting et al. 2001).
Assuming the trapped hole carrier density >> free hole carrier density, the J-V

characteristic is given by the following governing equation (3.2):
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(3.2)

Where J is the current density, V' is the applied potential, g is the elementary charge,
d is the thickness of the material film, p is the hole carrier mobility, &, is the
effective density of states, € is the dielectric constant of the material, g is the
permittivity of the free space, H}, is the density of traps at the edge of valance band,

and / determines the distribution of traps in the band gap.

In some of the reported literature, an abrupt jump of current by several orders of
magnitude was reported after SCLC trap limited regime in the I-V curves which is
not considered as normal behavior in SCLC conduction (Kim et al. 2008, Carbone et
at. 2005, and Carbone et at. 2006). In contrast to the reported literature, an
exponential increase in current was observed after SCLC trap limited regime in the

fabricated FORS device that is termed as TCLC conduction.

In the reverse direction of the voltage polarity, the fabricated FORS was operated in
the LRS and it was found that the conduction mechanism was dominated by the
ohmic conduction (region 3 in figure 3.37) because of the thermal excited mobile
carriers hopping from one isolated state to the next as reported in literature (Kim et al.
2008, Lampert and Mark 1970, Lin et al. 2007, and Arif et al. 2007). In this region

the current density J can be described by the following governing equation (3.3):

_qngpV

f=— (3.3)

Where ¢ is the elementary charge of the carrier, ny is the density of free carriers, p is
the carrier mobility, V is the applied voltage, and d is the thickness of the polymeric
layer.

In the LRS of the FORS, below 20 V (region 4 in figure 3.38), the fabricated device
followed exceptionally well the proportional regime of 7 to V2. So, the fabricated
FORS device followed trap free SCLC conduction because of the filling of traps
through mobile carriers. Trap free SCLC conduction mechanism is usually common
after TCLC conduction as reported in literature (Kim et al. 2008, Lampert and Mark
1970, Lin et al. 2007, and Arif et al. 2007). So, the current was injected in the
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switching layer of PVP during the LRS of FORS due to the trap free SCLC

conduction mechanism.

Based upon the above analysis, the fabricated FORS exhibited reversible resistive
switching in the forward direction of the voltage polarity in the HRS of device due to
the transition from trap-limited SCLC to TCLC conduction mechanism, and then in
the reverse direction of the voltage polarity during the LRS of device from ohmic
current conduction to the trap-free SCLC conduction mechanism. So overall, the
fabricated FORS exhibited the reversible resistive switching effects due to the
transition from the trap-limited SCLC (during HRS) to the trap-free SCLC (during
LRS). The non-ideal measuring conditions and more than one current conduction
mechanisms involved for charge injection into the PVP polymeric layer ultimately
led to the existence of some non-linearities in the perfect line fitting of both the HRS

and LRS of the fabricated FORS.
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4. Executive Summary

This chapter concludes the discussion of the thesis by providing the summary of

chapter 2 and 3 in this thesis.

4.1 Chapter 2

Chapter 2 deals with the fabrication of the ZrO,-based resistive switches on an ITO-
coated PET, glass and PI substrates.

4.1.1 Fabrication of Printed ZrQ, Resistive Switches on ITO-coated PET

Electrohydrodynamic atomization (EHDA) has been used in this research work to
deposit an active layer for the printed resistive switch (memristor). A thin liquid jet
of solution containing ZrO, (Zirconium Dioxide) nanoparticles was generated
through a metallic capillary with a constant flow rate under the electrical forces.
Liquid jet was further disintegrated into small droplets, containing nanoparticles,
under the influence of electrical stresses and were collected on the ITO coated PET
(Polyethylene Terephthalate) to form uniform layer of ZrO, nanoparticles. A smooth
thin film was observed with an average thickness of 67 nm. Resistive (memristive)
behavior was observed in the deposited thin film with ITO (Indium-Tin Oxide) as a
bottom electrode and Ag as a top electrode. Bipolar reversible resistive switching
was analyzed by setting different current compliances. Results reveal that EHDA has

full potential to fabricate the active layer in resistive switches for printed electronics.

4.1.2 Resistive Switching Mechanism in the Fabricated Switches on an ITO-
coated PET

This research work analytically demonstrates the resistive switching mechanism in
the printed Ag/ZrO,/ITO structures. The switching between two states (OFF and
ON) is attributed to the modulation of ohmic contact into opposite schottky barriers
follow-on from the electrochemical dissolution of the Ag filament from the weakest
point near the ITO electrode during the transition from ON to OFF state and

alteration of the schottky barriers into an ohmic contact consequential from the
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reformation of the Ag filament during the transition of OFF state into ON state.
Physical current conduction governing laws verify the concluded transition between

ohmic contact and schottky barriers.

4.1.3 ZrO, - Resistive Switches on Glass Substrate

This research work demonstrates the promising feasibility of electrohydrodynamic
(EHD) printing technology for the fabrication of a crossbar resistive switch
(memristor) through the patterning of ITO as a bottom electrode and Ag as a top
electrode. An ITO/ZrO,/Ag sandwich exhibiting reversible resistive switching
(memristive) behavior has been demonstrated on a glass substrate. A physically
layer-wise, electrical current-voltage (IV) characterization was done for the device
fabricated using EHD printing. The device dimensions achieved in the current
research were around 100 um x 100 pum. The as-fabricated device showed a high
ON/OFF ratio greater than 100000 : 1 with multiple operational voltages less than +
10 V. The measured retention time of the fabricated device was over 3 days. Results
reveal that the current research work provides for the fabrication of a relatively low-

cost memristive device with reversible resistive switching properties.

4.1.4 ZxO, - Resistive Switches on Flexible Substrate

Electrohydrodynamic (EHD) printing technique has been deployed to fabricate
flexible printed resistive (memristive) switch in a Metal-Insulator-Metal sandwich
structure of Ag/ZrO,/Ag on a polyimide substrate under normal room conditions.
The top and bottom electrodes were deposited through the jetting of EHD printing
and the active layer of ZrO, between two electrodes was deposited through the
atomization of EHD printing process. The achieved dimensions of the printed device
were around 100 pm x 100 pm with the thickness of the bottom electrode, switching
layer and top electrode were around 230 nm, 680 nm and 420 nm respectively. The
fabricated device showed stable bipolar memristive switching behavior around + 3 V.
The reversible resistive switching behavior was measured with the high OFF/ON
ratio of 100 : 1. The device kept on exhibiting memristive characteristics after being
physically flexed over 500 times that shows its viability for flexible electronics

applications.
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4.2 Chapter 3

Chapter 3 describes the fabrication of polymer-based resistive switches with printing

technology.

4.2.1 MEH:PPV based Resistive Switches

Poly[2-methoxy-5-(2'-ethylhexyloxy)-(p-phenylenevinylene|(MEH:PPV) based
organic memristor (Memory Resistor) has been fabricated on the Indium-Tin Oxide
(ITO) coated Polyethylene  Terephthalate (PET) substrate by the
Electrohydrodynamic Atomization (EHDA) technique. Thin jet containing
MEH:PPV polymer was generated through a capillary under electrical stresses. The
jet was broken into small droplets by adjusting the distance from nozzle to substrate
and collected over the substrate under normal room conditions, consequently a high
quality layer of MEH:PPV was achieved with an average thickness of 168 nm. The
layer was morphologically characterized by Field Emission Scanning Electron
Microscope (FESEM) analysis. X-ray Photoelectron Spectroscope (XPS) analysis
was also carried out to confirm the chemistry of the deposited material. Electrically,
ITO/MEH:PPV/Ag fabricated memristor was found to be switchable between high
state and low state between + 4 V. The research work provides the memristive
behavior in electrohydrodynamic atomized layers of MEH:PPV to be used for the

next generation printed electronics application.

4.2.2 PVP based Resistive Switches

Resistive switching in organic resistive switches fabricated with a sandwich structure
of indium tin oxide (ITO)-coated polyethylene terephthalate (PET)/poly(4-
vinylphenol) (PVP)/silver (Ag) is reported. A single layer of PVP was used as an
active layer in the sandwich structure between the two electrodes. The active layer of
the polymer was atomized with the electrohydrodynamic atomization technique on
the ITO-coated PET. The film thickness of the PVP polymeric layer on the ITO-
coated PET was measured to be 110 nm. The surface morphology was characterized
by field emission scanning electron microscopy and the purity of the film was
examined by x-ray photoelectron spectroscopy analysis. Electrical current-voltage (/-

V) measurements confirmed the memristive behavior of the sandwich device. The
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effect of the current compliance (CC) on resistive switching in the fabricated
sandwich structure was also explored. The PVP-based organic resistive switch
showed a CC-dependent OFF/ON ratio and memory window. Resistive switching
memory effects were prominent at low CC up to nanoamps. The as-fabricated device
was operated with low operational voltages for both polarities with OFF/ON ratio
greater than 100:1. The robustness of the fabricated memristor was checked with

multiple voltage sweeps, and the retention time is reported to be over 100 min.

4.2.3 PEDOT:PSS based Resistive Switches

Polymeric negative differential resistive (NDR) switching was explored based on the
sandwiched structure of indium titanium oxide (ITO) coated polyethylene-
terephthalate(PET)/poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)/silver(Ag)  through
electrohydrodynamic atomization (EHDA) printing technique. A nanolayer of
PEDOT:PSS was being atomized on the ITO coated PET through EHDA technique
with the average thickness of around 100 nm. The deposited layer of PEDOT:PSS
was morphologically analyzed through field emission scanning electron microscope
(FE-SEM) and chemically identification of the sample was carried out through raman
spectroscopy analysis. The NDR switching in the fabricated device with the structure
of ITO/PEDOT:PSS/Ag was analyzed through semiconductor device analyzer under
polarity dependent bipolar sweeping voltage of less than + 5 V. Effect of the current
compliance (CC) in the NDR switching of the fabricated switch has been
demonstrated. Multiple resistive switching sweeps were taken to scrutinize the
robustness of the fabricated device over 100 cycles. The non-volatility of the as-
fabricated device was checked against different time stresses over 2500 s. The
switching mechanism is proposed due to the transition between PEDOT" and
PEDOT’ chains. The current conduction mechanism involved in the PEDOT:PSS
based NDR switches is attributed to the ohmic conduction at lower voltages while
space charge limited conduction and NRD effects were prominent due to the

injection of carriers at higher voltages.
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4.2.4 Full Organic Resistive Switches

The research work reported the fabrication of full organic resistive switch (FORS)
with the sandwich structure of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)/poly(4-
vinylphenol)(PVP)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS). The fabricated FORS
elucidated reversible bipolar resistive switching behavior at higher operational
voltage between -20 V and +30 V. The switching mechanism in the FORS device
was attributed to the hole injection through PEDOT:PSS electrode and filling of trap
sites in the PVP sandwiched layer by the limited injection. Current conduction
mechanisms were concluded and supported by the charge transport governing
physical laws. The dominant current conduction mechanism in the fabricated FORS
was attributed to the transition from trap-limited space charge limited current
(SCLC) conduction to trap-free SCLC conduction mechanism. The robustness of the
fabricated FORS was tested over 100 multiple voltage sweeps.
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5. Conclusions and Future Work

This chapter describes the conclusions of this thesis and future work.
5.1 Conclusions of the Thesis

5.1.1 Fabrication of Printed ZrQO, Resistive Switches on I'TO-coated PET

Electrohydrodynamic atomization has been successfully deployed to fabricate the
active layer of ZrO, for bipolar resistive (memristive) switching. ZrO, thickness
achieved through EHDA is around 67 nm. The fabricated switch could be applied
with current compliance from 100 pA to 1 mA and then up to 5 mA. Bipolar
resistive switch fabricated in the current work can be used in electrical switching in
place of transistors in printed electronics applications. It is successfully demonstrated
that EHDA is cost-effective, time saving and direct deposition thin film technique for

the active layer of resistive switches at normal room temperature and pressure.

5.1.2 Resistive Switching Mechanism in the Fabricated Switches on an ITO-
coated PET

Analytic study has been performed to investigate the switching mechanism in the
Ag/ZrO,/ITO resistive switches fabricated through EHDA printing technique. The
high state of the device is achieved owing to the formation of the Ag filament in the
ZrO; layer and low state is attained through the electrochemical dissolution of the Ag
conductive bridge. The switching from LRS to HRS of the device is attributed to the
modulation of the ohmic contact into two opposite schottky barriers and vice versa in
the transition of HRS to LRS. Finally the concluded conduction mechanisms are
validated by straight lines fitting in IV curves of the device both in its low as well as

high states.

5.1.3 ZrO, - Resistive Switches on Glass Substrate

A relatively low-cost, fabrication friendly and low-power resistive switching
(memristive) device was fabricated with EHD printing at normal room conditions.
Ag as a top electrode and ITO as a bottom electrode were deposited through EHD

jetting. The device was fabricated with device dimensions of 100pm x 100pm.
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Further reducing the nozzle diameter and improving the stage speed could achieve
nanoscale dimensions. The fabricated device showed a high ON/OFF ratio greater
than 100000 : 1. The researched device has full potential for neuromorphic
applications due to incremental change in its resistance and for non-volatile memory

applications.

5.1.4 ZrO, - Resistive Switches on Flexible Substrate

EHD printing, an alternate fabrication process, for the flexible memristor or resistive
switch has been demonstrated for the MIM structure of Ag/ZrO,/Ag on a PI substrate
to show its memristive behavior. A high degree of smoothness and uniformity was
observed in all the three layers of the device as evident from the FIB image. The
device fabricated with purposed technique could be operated within low operational
voltage of £3 V. The as-fabricated device exhibited high OFF/ON ratio of two orders
of magnitude. SCLC and TCLC conductions were observed to be the governing
current conductions during the HRS and LRS of the fabricated device respectively.
Finally the resistive switch also demonstrated reversible resistive switching over 500

times physical flexes to prove its utility in the flexible electronics applications.

5.1.5 MEH:PPYV based Resistive Switches

Fabrication of the MEH:PPV based printed memristive device though EHDA
technique has been demonstrated. The achieved thickness of the MEH:PPV for the
switching layer of the memristor was 168 nm. The FESEM image shows smooth and
uniform surface morphology of the deposited layer. IV characterization of the
fabricated device promises the memristive behavior in the sandwich structure. The
switching mechanism in the fabricated device is attributed to the ohmic conduction
during high and low states of the ITO/MEH:PPV/Ag sandwich. Endurance test and
non-volatility of the fabricated sandwich device has been examined as well for its

application feasibility and found to be satisfactory.

5.1.6 PVP based Resistive Switches

ITO/PVP/Ag sandwich devices were fabricated with the simplest structure amongst

the organic resistive switches by using a cost-effective EHDA technique. The

influence of the CC on the resistive switching in the ITO/PVP/Ag sandwich was
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demonstrated. The fabricated devices have the potential to be operated at low CC on
both sides of the voltage polarity. Setting of a lower CC results in better resistive
switching in the fabricated ITO/PVP/Ag sandwiches. The fabricated device has the
potential to be used as memory or switching element in organic electronics

applications.

5.1.7 PEDOT:PSS based Resistive Switches

Negative differential resistive switching effects were demonstrated in the printed
organic ITO/PEDOT:PSS/Ag sandwiching device through electrohydrodynamic
atomization technique. The modulation of the resistive switching in the fabricated
device with different current compliance was presented. The device was tested over
100 voltage sweeps for the endurance description. The fabricated device was
checked over 2500 s for the retention test. The switching mechanism in the
fabrication device was suggested to the formation of current paths due to the redox
behavior PEDOT film. The current conduction mechanism in the fabricated device
was attributed to the injection carriers at higher voltages (above -3 V and +1.5 V)
which caused SCL conduction at positive cycle and NDR effects at negative cycle of
the voltage sweep. While Ohmic conduction was prominent at lower voltages due to

the thermally generated free carriers inside the PEDOT:PSS film.

5.1.8 Full Organic Resistive Switches

Bistable resistive switching effects were demonstrated in the FORS with the
sandwich structure of PEDOT:PSS/PVP/PEDOT:PSS. Robustness of the fabricated
device was scrutinized over 100 voltage sweeps. Four different current conduction
mechanisms were found and analyzed through slope calculation. Overall the
fabricated resistive device exhibited bistable resistive switching in the transition of
trap-limited space charge limit current conduction during the OFF-state of the device

to the trap-free space charge current conduction during its ON-state.
5.2 Future Work

ZrO; based resistive switches were fabricated by printing technique on different glass,

ITO-coated PET and flexible substrates but there integration with the exiting CMOS
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technology 1is still an issue for real time printed electronics applications.
Conventional CMOS technology is based on three-terminal transistor while the
resistive switch is two-terminal device that needs different circuit design strategy.
ZrO, based resistive switches were still not realized on stretchable substrates that is
one of the forthcoming needs in printed electronics applications. Analytical study of
the switching mechanism in ZrO, based resistive switches with different electrodes’
materials is still left for some potential applications where specific material-

electrodes are mandatory.

Organic resistive switches were fabricated based on different organics switching
materials. FORS devices were also realized with all the layers in the fabricated
device as organic materials. But the switching voltage and OFF/ON ratio is still an
issue. Fabrication of FORS devices were done only with the structure of
PEDOT:PSS/PVP/PEDOT:PSS material. To date, FORS devices were not fabricated
with other polymer materials combinations. That shortcoming in the fabricated
device needs some work with respect to the electrode material with high conductivity.
Realization of the organic-resistive switches on stretchable substrates will also add-

on the advantages of the organic resistive switches over their inorganic counterparts.
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