ScuDo

Scuola di Dottorato - Doctoral School
WHAT YOU ARE, TAKES YOU FAR

Doctoral Dissertation
Doctoral Rogram in Physic§30" Cycle)

Hybrid Resistive Switching Devices
Based on Soft Nanocomposites

By

Krishna Rajan

*kkkk *

Supervisors:
Prof. C. FPirri
Prof. C. Ricciardi
Prof. A. Chiolerio

Doctoral Examination Committee:

Prof. Cicero. GiancarloRefereePolitecnico Di Torino

Prof. Daghero. DaripRefereePolitecnico Di Torino

Prof. lannotta Salvatore RefereeConsiglio Nazionale dellRicerche, Parma
Prof. Spiga. SabingRefereeConsiglio Nazionale delle Ricerch&grate Brianza
Prof. Truccato Marco, Referee, University ofurin

Politecnico di Torino
2018



Declaration

| hereby declare that, the dents and organization of this dissertation
constitute my own original work and doest compromise in any way thajints
of third parties, including those relating to the security of personal data.

Krishna Rajan

2018

* This dissertation is presented in partial fulfilment of the requirements for
Ph.D. degreen the Graduate Schoof Bolitecnico di Torino (ScuDo



| would like to dedicate this thesis to my loving parents



Acknowledgments

At the very outset, | would like to thank my parents who had given me the
mental and emotional strength and support for the tough journey called Ph.D. |
wish to thankProf Alessandro Chiolerio, my advisowho was instrumental
throughout my research programme. | have been very fortunate to learn a lot from
him during this short span of time. It has always been a great pleasure and
pleasant experience to have associated with Dr. Chiolerio especially when in
conversation on various aspects of life and science. | am also grateful to Prof.
Carlo Ricciardi for serving as my @visor. | would also like to take this
opportunity tothank Dr. Sergio Bocchini, Dr. Annalisa Chiappone, Dr. Ignazio
Roppolo, Dr. Denni®errone Dr. Katarzyna BejtkaDr. Marco Fontana and Dr.
Adriano Sacco for all thewonderfulsupport during my PhD.

| must thank Politronica Inkjet Printing S.r.l for helping me with inkjet
printing. The support that they have extended to me was imigdredpful. Some
of the results presented here are the results of collaboration with Prof. Joshua
Yangods team. I am grateful to Dr. Yang
Massachusetts. | would also like to acknowledge my gratitudes to Mr. Ye Zhuo of

ProfYangb6s team for teaching me some device

Last but not least, | would like to acknowledge my heartfelt thanks to my
husband Dr. Jijeesh Ravi Nair., who was always there with me throughout the
process and helping me by way of provglisignificant scientific inputs which

has tremendously helped me in achieving excellent results.



Abstract

This thesis investigates the preparation and characterization of organic Nano
composite(NC) based hybridResistive switching device (RSD) or memristor
The research in thiield has been going on for years, yet a proper device with a
unified working principle has never been developed in practical memory
application. The main aim of the research activity is to fabricafRSD based on
organic nanocomposite and to focus os iworking mechanism, material
properties and electrical characteristics in detail. Several experiments were
conducted to obtainneoptimizedhybrid devicemeasuringts endurance, memory
retention, memory window (On/Off) et@he initial stage of researatealt with
the development of a planar symmetric RSD based on Silver NC. Here the
resistive switching was explained in terms féld-induced formation of
conductive filament along the silver clusters. This work enables the assembling of
a logic device, with exhibits a bipolar nemolatile switching behaviour that is
controlled by means of the current compliance level. The work further progressed
with the use of silver salt along with lonic Liquid (IL) in various polymeric
matrices. This active matrix waell well both on symmetri@RSDs with identical
electrodesps well as on asymmetric RSRSDs with electrodes made different
metal) The addition ofroom temperature lonic Liquid plays an important role in
initiating permanent memory and reducing thevedtage range which was a real
eye opener in the present research work. The presence of well dispersed silver
ions in the polymer matrixvhich has a great diffusivity, help® maintain

reversible electrochemical states that store information or loginhit® form of
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recoverable conducting filament in our polymer based hybrid switching miatrix.

this work, we present a detailed study showing the interaction between the
polymer and the Nano particles by means of various techniues.hybrid
switching matrix basedRSDs discussed here, present some of the best results
obtained worldwide in the field of Polymer hybrid RSDEhe active switching
matrices prepared throughout our research enables an easy deposition onto various
substrates thus widening pia electronics potentialitieI.he final part of the

thesis deals with the fabrication and characterization of a low power, high speed

hybrid selector device.
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Chapter 1

Introduction

1.1 Thesis Organization

The thesis is organized as follows:

Chapter 1provides a brief overview on the existing memory technologies and
their limitations. This leads to our discussion on memristors or Resistive
Switching Devices (RSD). A detailed explanation on types of switching devices
and switching behaviors has beewegi. This chapter is concluded by discussing
the main applications and the present state of art of these devices.

Chapter 2describes the materials, methods and technologies used in the
present research work. This chapter deals with the experimental presed
setups and various technologies usedChhapter 3 we start discussing about the
different polymer NC used to develop RSDs. This section provides the
explanation on metallic silver nano particle based RSDs. The work gives a
detailed explanation onhé switching mechanism and electrical parameter
dependence on the switching behavior. This chapter also discuss about various
deposition techniques uséa deposit the switching matgiand the difference in
the switching behavior based on these technidCieapter 4deals with a slightly
different type of switching matrix. This consists of a polymer matrix and a
metallic salt. After further studies, it was observed that the addition of lonic
Liquid (IL) into this matrix, improved the device switching belor. Two
different device architectures have been explained here. The difference in



2 Introduction

switching behavior with respect to the device architecture has been presented and
explained.

Chapter 5deals with PEO, Silver salt and IL based switching matrix. RSD
basel on this switching matrix exhibits the best performance among all the
previously discussed devices. Here we have explained about the device electrode
symmetry and its dependence on the switching behavior. This particular polymer
composite that we have dpesized can be considered as an excellent switching
matrix for future organic RSD€hapter 6provides a performance comparison of
various RSDs based on different switching matrices. This chapter deals with the
switching performance of PEO, PVEMFP and RIMA based IL and AgN®@
embedded RSDs. The comparison study was performed on planar asymmetrical
devices. The major switching differences seen in the 3 devices were explained
based on the physical and chemical properties of the switching n@iaypter 7
deals with low power and high speed switching devices based on polymer NC.
The results that we have obtained with this device have been presented as they
display some interesting results which has not been previously repGhapgter
8, summarizes the reks presented in the entire thesihe final part of this
chapterconcludes the thesis and proposes future prospective applications

1.2 Overview of device technologies for storage devices

A simple prediction by Gordon Moore in the year 1965 opengubwaerful

economic cycle of investment$.hi s st at ement Anumber of d e
integrated on a chip of fi xd]dbecame¢tha woul d
driving force behind the dramatic reduction in the unit cost for high density

memory devices?].

Memory devices have always pkd/a significant role in the market of
electronic devices. Flash memory is one of the most important type of
electronically erasable programmable read only memory (EEPROM) which is
found everywhere including smartphones, digital cameras, PC etc. As thah ot
solidst ate technol ogi es, fl ash memor yos hi s
capacity, smaller physical sizes, and consgafdlling prices. This powerful
electronic economic industry based on flash is anticipated to run out of the road in
2020s due d scalability issues in underlying device physics and fabrication
processes 3. This pavesthe way for alternative technologies. The bigger
guestion which remainsinanswereds that if these new technologies could
actually integrate dynamic memory (RAM) and naslatile memory in a single
universal memory tech. Under these circumstances severalotedite memory
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technologies based on various concepts have been introduced like ferroelectric

random access memory, magneto resistive random access memory, Phase change
random access memory and Resistive switching random access mdrTory |

Resistive Switching memoriegan be genally viewe d

as

i 8@ mr |

Memristoror Resistive Random Access Memory (ReRAM)ich is supposed to
be an integral part of future computing devices is presently one of the most
interesting research fields.

1.3 The missing circuit element

It was during the yeard71 that Leon Chua, a circuit theorist conceived the idea
of a missing passivawo-terminalelectrical componen{8] and postulated its
existence mathematicallyAlthough in 1971 he showed that such an element had
many interesting and valualdécuit properties, itlidné gain its importance until
HP cane up with theirmiraculous development of the Mysterious Memristor

2008 .

Chua noted that there were six different mathematical relations

connecting the four fundamental circuit variables: currenbltagev, chargeq
and fluxd. Figure 1.1 provides these basic relations between the variables and the

circuit elements.

0

o—w»—:@‘

Resistor
dv = Rdi

Gp = vdt

Capacitor
dg = Cdv

o—(0—e

Inductor

dyp = Lodi

()

dg = idt

O

Lo

Memristor
dip = Mdg

Memristive systems

Figure 1.1: The four fundamental two terminal circuit elements: resistor, capacitor,
inductor and memristo@].

The missing element which is the Memristor is characterised by its
Memristance M, which provides a functional relation between charge and flux,

stor
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~

A - AN (1.1)

Memristor has originally been defined in terms of a-hoear functional
relation between flux linkagéi(t) and the amount of charge that has flowed
through the devicg(t):

Qe OMO n (1.2)

Wherel(t) andq are the time domain integrals of memrsttectric voltage
v and electric currerit

30 _ OOAO (1.3)
And
NO _ EOAO (1.4)

In this way a memristor is characterized bymniemristancdunction, which
describes the chargiependent rate of change of flux with charge:

~

- N — (1.5)

Substituting £.3) in (1.5) we get

~

- N6 — 2 N (1.6)
Similarly Substituting £.4) in (1.5) we get

-30 — ' 3 (1.7)

Here'Y 1 and’O ¢ are the Memresisitance and the Memductance at
chargeg and fluxe respectivelyY 1 has t he wunit "Oo« hadh ms
the unit of Seimens (S)

As explained by Chua, Memristors exhibit a distinctive fingerprint
characterized by pinched hysteresis loop which is completely confined to the first
and third quadrantsf the V-l plane, whose contour shape changes with both the

(Y)
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amplitude and frequency of any periodic sine wave like input voltage and current
source L0]. Figure 1.2 provides the basic pinched hysteresis loop of a memristor.

>

Current (A)

Voltage (V)

Figure 1.2: Pinched hysteresis loop of memristor (V v/s ).

Equation {.6) can also be written as:

60 - NOEO (1.8)

This is very much like a charge depend®himé law. In equation .8) if i(t)
= 0 then V(t) = 0. Therefore M(t) is a constant (Memory EffeLi).|

Table 11 sum up all the basic electronic compomenhcluding the
mysterious Memristor and their corresponding defining equations.

As mentioned earlier it was HP to come up with the first experimental
working model of a realistic memristor. This memristor was a simple two terminal
device. The structure oetituted of a TiQ thin film which was sandwiched
between platinum (Pt) electroddsdure 1.33).
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Table 1.2 Basic Circuit components atlgeir corresponding differential equation.

Component Unit Differential
Equation
Resistor Ohm (Y v Qo
QQ
Capacitor Farad (F) . Qn
o0
Qu
Inductor Henry (H) 5 Qe
QQ
Memristor Ohm (Y . Qe
oY,
Undoped:
—AMA—
A b) E |:> ROFF
ﬂ) < w N, Doped:

VD 1o —ww—
E [:> R ON
Doped : Undoped W o

VT

> — A\ \NN——"NN—s
D
R onwiD R oD

Figure 1.3 Two terminal memrsitor realised by HP. a) TiO2 based representation of
the Memristor. b) Coupled variable resistor md&él

Here the thin semiconductor film (T#D of thickness D (14B0 nm) is
sandwiched between the two metal contacts. The semiconductor layer has mainly
2 parts as seen fiigure 1.3a It has a region of width o&W
oxygen vacancies and thus it behaves as a semiconductor. Thepedmnédgion
has an insulating property. Therefore when W = D, the resistance of the device
can be denoted bydrand when W = 0, the resistance of the device will be=R
Thus the total resistance of this memristor can be denoted as the sum of the
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resisance of the resistances of the doped and undoped regions, whose value
depends on the value of W as showtiigrire 1.3b. By applying an external bias

V(t) across the devicéhe boundary between the doped and undoped regiors shift
due tothe drift in the barge dopants. By considering a simple case of ohmic
conduction and linear ionic drift in a uniform field with average ion mobility p

we get

60 2 — 2 p — EO (1.9)
— t —EO (1.10)
Thus we can write W(t) as:

70 t —NO (1.11)

Putting (.11) in (1.9) we obtain the expression for Memristance of this
system. Here by assuming®X ~  ‘orrViRe Obtain,

-N 2 p ——NO (1.12)

From equationX.12) we understand that as the film thickness D decreases or
as dopingincreses thereby increasing,pthe memristance of the device also
increases. Thus to sum up we can summariseath@mristor is a device whose
electrical resistance is not constant but depends on the history of current that had
previously flowed througkhe device.

The devel opment of memristor by HP and t
law and the fear of saturation that is about to reach in the microelectronic industry
spurred further research on this topic.

1.4 Memristors or Resistive Switching Devices

Resistive switching has been widely studied in recent years due to the potential
applications in nonvolatile resistive memory devicgd-15]. Nonvolatile
memories (NVMs) have become a major technology in storing of digital
information. This effect of resistive switching is also the base of the behaviour of
memristor devices. Restive Switching Devices (RSD) are two terminal nonlinear
dynamic electronic devices that can have broad applications in the fields of
nonvolatile memory, reconfigurable logic, analog circuits, and neuromorphic
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computing [L6]. Even thoughthe concept of two terminal RSDs became
significant after 2008, there were many studies reported way back which
explained resistance switching in three termindirtuyelectronic devicefl7-19].
Erokhin et al. 19] has demonstrated a 3 terminal hybrid device based on PANI
emaraldine bas€EO/LICl in which the transition in the resistancetestwas
observed due to the electrochemical control of the redox state of PB&Rre
explaining more about the RSDs, a detailed explanation of the resistance
switching and its differentypes is needed.

Resistive switching is the physical phenomenon that consists of a sudden and
nonvolatile change of thempedancedue to the application of electric stress,
typically voltage or current pulsing. This effect may allow the fabrication of
future novel electronic memory concepts, such asvatetile random access
memories (RAM), hence, it is also termed resistive RAM, RRAM, or ReRAM. In
the following part we will discuss about the main types of resistive switching.

1.4.1 Resistive switchingbehaviours

Resistive switching can be divided into two main categories: Switching assisted
by filament formation 20-23] and switching assisted by an interfac4]|
Filamentary switching is due to therfmation of local conductivdilaments,
which is formed as a result of redistribution of oxygen vacan@8p or the
diffusion of metal iong26]. For interface switching, different mechanisms have
been proposed, such as charge trapf@p or polarization switchingZ8g].

In most ofthe organic deviceswitching has beeattributed to filamentary
conduction mechanism. In polymbased systems, carbonaceous filaments can
arise from arrested degradation of the organic f@8] pr metal filaments might
form across organic laye2(, 30-32]. Filamentary conduction can also arise from
localized high mobility paths within the polymer material due to defects or field
induced electronic process&s]. In general the filamentary switching happening
in most of the devices takes place due to a local redox reaction. Thus this can also
be generalised as redox based switching. Redox based switching can be broadly
classified into four: Electro Chemical Metallization (ECM) which will be
explained further in detail, Valence change mechanism (VCM), Thehamical
mechanism (TCM) and Interfacial coupling mechanism (ICM). VCM occurs by
the migration of oxygen anions €ltio an applied field and because of the valence
change of the cation sublattic®4] 35. TCM as the name suggests is a
temperature assisted process. This process is related to a stoichiometric change in
the oxide due to a current induced increase in tempera&dyelCM which has
been observed by Chiolerio et aB6[ in polymer @mposite matrices is a
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switching effect where the switching is induced by electron transfer between the
polymer matrix and the ZnO particles which is assisted by the polymer secondary
bonds.

So far there is no unified switching meciism that has been eapied.
Mentioning about resistive switchingsually there are two main switching modes
observable in devices, bipolar and unipolar switching. In the former type of
switching, the set process (Transition from High resistance state to Low resistance
state) and Reset process (Transition from Low ta&ste state to High resistance
state) takes place at different polarit{igure 1.48. While in the latter the set
and reset happens at the same poléiigyure 1.4b), that is either they can happen
in the positive or in the negative cyclECM mecharsm which is cation assisted
and VCM which is anion assisted switching process generally exhibits bipolar
switching behaviour, whereas TCM which can be both cation and anion assisted
exhibits unipolar switching process34. While performing electrical
measurements compliance curréd€f is set in order to ensure the safe operation
of the device. The compliance level is set usually during the seatape This
ensures that the device current does not exceed the compliance level. Many
studies have shown the importance of compliance on the switching behaviour of
RSDs B8-4Q].

A A RESET
a) Current cc b) Current

HRS

HRS

Voltage

RESET

RESET

Figure 1.4 Types of esistive switching. a) Bipolar Switching. b) Unipolar Switching
[37].

1.4.2 Types of resistive switching devices

RSDs are classified into organic, inorganic and hybrid, according to the nature of
the active layer that is present between the two electrodes or leads.
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Inorganic RSDs represent the most widely studied case due to their simpler
switching matrix comparedtorganic and hybrid RSDg1-45]. Thin film based
RSDs are good examples of inorganic RSDs, where a careful control of the active
material thickness allows to electrically tune certain properties and to modulate
the currentflowing perpendicularly to the same filpd6]. The technologiesised
for thin film deposition is more matured, controllable and widespread aisd thu
inorganic RSDs are more probable to hit the market at the first place.
Nanocomposite (NC) RSDs, alternatively knowrhgbrid, features a matrix and
an active filler that do not share the same electronic behavior. NC RSDs are
normally characterized by a passive matrix contaimispergd active fillers in
the form of clusters or nanoparticles (NPs), which can be electrically activated
and can also produce current modulatidi-p1]. Extensive research and studies
were conducted on RSDs based on different switching matrices, eadhobf
has its unique properties. Organic RSDs exploit the intrinsic properties of organic
materials, including processabilitipw cost, good retention time, high endurance
and mechanical flexibility, when coupled with polymeric or natural flexible
substates p2-57]. In the present thesis,am focus is given to RSDs based on
polymers and Nano Composites (NC) or in other words Hybrid RSD.

1.4.2.1 Hybrid (Organometallic) RSD

Hybrid nanomaterials gained widespread interest due to their novel properties in
various fields of science includingptoelectronics, antiacterial, medicine,
environment applications etbg-62]. Nanometeisized materials feature quantum
confinement of charge o@rs and often result in amazing properties that could be
exploited to realize electronic devices enhanced with innovative functionalities
[63, 64]. NCs can be easily prepared by blending polymers with inorganic NPs
such as silver, gold et€&%]. Such devices offer several potential advantages like
reduced cost if compared to bafotocessed inorganic materials, ease of additive
manufacturing (i.e. printing) over large areas, high throughput processing, light
weight and flexible mehanical propertiessfl]. Nanomaterials used in this field
include metallic NPsg6] as well as nanotubes, nanowires, hanorods6&64).

The resistive switching process happening in these devices are mainly due to
1: formation of metallic filament 2: Interface switching. In the former, which is a
common mode of switching in hybrid memrist¢69-73] a metallic conductive
filament is formed between the two termindfs filamentary resistivewitching,
current in LRS flows through the confined local path in the insulating matrix
while aurrent in HRS flows through the films homogeneously. Although the
filamentary conducting path has been presented in many systems, the composition
of filamens vary from caseto case In case of devices with inert electrodes, the
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switching is activated once the nanopatrticle film exhibits controllable resistive
switching that depends on the operational parameters including the applied bias,
temperature, and sweep frequentyh e f i Il més resi stance beha
due to the famation and rupturingof nano filamentcausedmainly because of
electro migration effect which is the transport of the material due to the gradual
movement of ions, which in turn is due to a transfer of the momentum between
the electrons and the diffusingetal atoms 9, 74]. Sandouk et al.g9] has
explained an RSD based on inert electrodes, where the nanofilament formation
and destruction has been explained by means of electromigedfent. R. M.
Mutiso et al. [33] has described the resistive switching mechanism in a
Silver/Polystyrene/Silver nano gap device. They observed ichsmg due to
metallic filament formation. Here they used Polystyrene as the polymer composite
in which silver (Ag) nanowires were dispersed. By an increase in the applied
field, the resistance switching took place in the device near percolation threshold
The mechanism behind this resistance switching was explained by means of field
induced formation of Ag filaments which bridge adjacent nanowire clusters.
Similar explanation of resistive switching was also given by Rajan e3%(]

where the switching was explained by means of field induced filamentary
formation. Figure 1.5 provides a schematic representation of the field induced
filament formation in a nanoparticle incorporated polymer composite.

filament

|||..|

AT oroinee
il

Figure 1.5: Pictorial representation of field induced metallic filament formation in a
hybrid RSD.

Suppose that we have opolymeric matrix and we have some metallic
NPs/clusters dispersed in it. These clusters could actually exisadoteutral or
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ionized clusters. Once we apply a bias to the electrodes, and as the voltage reach
their threshold value, the metallic NPs on$ will gain enoughiriving force as

they get chargedh order to move. Then they move randomly in the polymer
matrix and a connection is formed between these particles. This metallic filament
allows the electrons to move freely through this and thusirgadlse device to
switch on. As the voltage or field decreases the ions or NPs may experience a
small repulsion from the formed filament but this filament still remains due to the
polymer matrix hindrance. Once the voltage reduces andessesdet thresbid,

we have a complete rupturing of the formed filament due to the movement of the
metallic NPs and ions from the formed filament which leads to the Off state of the
device.

Electrochemical metallization memory (ECM) devices are now gaining very
much resarch interest. These are the most commonly seen devices which exhibit
filamentary conduction 71]. The conduction mechanism happening in these
devieesis alittle different. In ECM cells, the filament is mediated by a REDOX
readion. ECM cells usually consisif an active and a passive electrodgdectro
Chemical Metallization (ECM) memories feature a filament compo$eeduced
metal (produced by migration of the metallic electrodes) through the polymeric
matrix, taking advantage of a fast read/write/erase process and a long retention
period [/5, 76]. Usually, the layout of RSDs consists of a stacked structure in
which the intermediate | ayer i ss)ofomposed
polymeric material. Active electrodes or polymers containing metal ions that can
be reduced by an applied voltage are used in order to create the conductive
filament across the polymer. The presence of polar atoms (e.g. oxygen or fluorine)
in the poymeric chain that can coordinate metal ions, regardless of their position
(side or principal chain), is essential for the production of metal filamég}s [
Figure 1.6provides a schematic representation of the formation and dissolution of
conductive filament in an ECMVhen an active bias (positive) is provided to the
active electrode (Ag, Cu, Ni etc), the metal oxidizes and the formed cations
migrate through the solid electrolyte towards the electrochemically inert electrode
(Au, Pt etc) where they are reduced by the electrons flowing from the cathode.
This process is representedigure 1.6a The precipitation of the active metals at
the cathode leads to the growth of metal protrusion which reaches the anode to
form a highly conductive filament. This step is shownfigure 1.6b. Finally
when a negative bias is provided to the active electrtoe,electrochemical
dissolution of the conductive filament takes place which is usually at the tip of the
filament protruding towards the active electroBeg(re 1.69.

(
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Figure 1.6: Pictorial representation of resistive switching mechanism in ECM. a)
Electrochemically active metal ions migrating to cathode. b) Precipitation of active metal
atoms at the electrochmically inert electrode and forms a conducting filament. c)
Electrochemical dissolution of the filament with change in applied polarily

ECM memories can be regarded as the next generation memory devices, due
to the possibility of scaling down almost to taemiclevel. One of the most
peculiar featte of filament type resistive switching is that $witchingdoes not
depend on the device ar&d].

In interface type switching, the conduction depends on the barrier height at
the interface of the active switching layer and the electrode. This interface barrier
can be modulated by apedl electrical stimuli{7]. Lin et al. has described well
the interface type switching where Gold nanoparticles are embedded in
Polystyrene T9]. The current transition happening in this device is explained by
means of trap filled space charge limited current model (SCLC). The SCLC
occurs wha the number of acceptor levels is smaller when compared to the
injected charge concentration. This forms a space charge cloud near the electrode
[80]. In SCLC model the current V/s voltage curve will have mainly 4 regions
which explains the entire switching process. At lower voltages the current
increases linearhas the bias voltages increagd This region is known as the
Ohmic region, where thdevice behaves as &ealresistor. Afterwards, current
shows a voltage square dependence. This region where the current shows a
voltage square dependence is the SCLC. This occurs when the equilibrium charge
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concentration (before charge injection) isgingible compared to the injected
charge concentration. This forms a space charge cloud near the injecting
electrode. As bias increases the traps gets filled and above a certain limit known
as the tragree voltage limit (MrL) the device enters the tréiee SCLC. The four

states mentioned can be simplified into 4 equations as:

Ohmic:
* 1t 6 (1.13)

SpaceCharge Limited Current (SCLC):
*x {6 (1.14)

Trap-Free Voltage Limited (VrL):
6 x A. (1.15)

Trap-Free SCLC:
* 16 (1.16)

Where J is the current density, V is the applied voltagés the carrier
mobility charge, d is the distance between the electrodes and Khe
concentration of trapped chargésgure 1.7 provides the Current V/S Voltage

plot which provides althe four states mentioned in the SCLC model.
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Figure 1.7: Four regions in the Current v/s Voltage [86}.
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1.5 Applications

Memristor has the ability to enhance several areas of Integrated Circuit design and
computing [L1]. One of the most widespread area where memristors are being
applied is in the field of Non Volatile memory devices. Other widely studied area
is in the field of neuromorphic computing where memristors are presentlyaised
emulate a neural synapse. In the following subsections we will see how a
memristor can be used in memory devices and how dtaeyfunction asan
artificial neural synapse, hopefully allowing us to emulate a human brain.

1.5.1 Memory Devices

As discussegreviously, the semiconductor industry has drastically increased the
number of components per chip according t ¢
also been achieved through various other technologies in electronic systems that
adds extra functionalitieg1]. In order to make progress in the semiconductor
industry in the same rate, further miniaturization is needed. There are several
alternate telenologies which have been put forward. Memristors and Resistive
random access memory (RRAM) are the frontrunners among@alsidering a
feasible application for memristors, the first suggestion would be in memory
devices because of thamall feature gie and this in turn could offer an increase
in memory density, requirg less power

In the present market there are mainly three types of memories: Dynamic
Random Access Memory (DRAM) which is the fastest and consumes energy
during refreshing cycles. Flasviemory or simply Flash which is nonvolatile but
with low cyclic endurance. And finally the Hard Disk Drives which has a really
high data storage capacity but slow access times and consumes large amount of
power. Imagine to have a single device which tmesbenefits of all the above
mentioned individual devices but none of the drawba@&&. [Memristors or
RSDs are strongly considered to be thplacement for the above technologies.
Thanks to the two terminal nature of these devices, they can be easily integrated
onto crossbar architecture that has the ability for heavy data storage. Presently,
RSDs or Memristors have been developed with hitgh switching speed~10
ns) and long retention time with large number of wrdaderasewrite cycles
[83-87].

There has been many ways proposed for reading and writing data using
memristor circuits §8-90]. Here a novel nondestructive read/write circuit
composed of memristors explained by M. Elshamy ei88] has been shown
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(Figure 1.8). This particular read/Write circuit exhibits faster access time, less
power consumption and a high storage density.

Flaating FloatinE
. M: o-Read Vi ry Vo
o Write -
Sw Sw
Vrea (q‘> Vin 1 z M2

T

Figure 1.8: Read/Write circuit for a memrsitor based merf@8ly

In this simple memristor based circuibnly two logic levels, 0 and 1 can be
stored. The write process can be implemented by connecting Switch 1(SW1) to
input voltage (W) andSW?2 to ground. The applied voltage magnitude and pulse
duration should be selected to have an acceptable writing speed with minimum
power consumption. In the case of read operation, the read voltage can actually
disturb the stored data due to the accunudagiroperty of memristors. In reading
process, initially SW1 is connected to read voltage and SW2 to the ¢iguieg
1.9). To read the stored data, the read voltage.d\Vs applied for a certain pulse
duration (Teagd. In reading process we have @sarios: One in which the read
data is fAl10 and the other when its A0O0.
memristor M1 will be in its On state, and voltage drop across it will be low. This
makes V equal to Veas Memristor M2 is the load res@tand the output voltage
across M2 indicates the data that is stored in M1. Voltage drop across M2 is given
by the below expression.

6 6 1 6 11— (1.17)

Where } is the diode On currentgsdl is the diode saturation current, n is the

ideality factor and VY is the thermal voltage (26 mV at rodemperature Thus

in the case when A10 is re@dVu Vulse voltag
designed as high as possible comparedto M the second case when the read

dat a i s 0 0Dstate Bt this sesults in a @ifh voltage drop across it

which makes the diode Off and thus the output voltageisvV.. The other

extended range of application as well as qualities when compared to current

memory is that they have the ability of being optically transparent and physically
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flexible [91-93]. While using memristors for creating large crossbar arrays for
potential memory applications, sneak path current is armsgoe. This is a
major problem in crossbar arrays that effects the reliable reading of data from
individual memory cells and increases power consumpt®f. [ By using
selector devices along with transistors or memristors, the problem of sneak path
current can be mitigated. Usually selector devices are tunneling diodes, threshold
switches, bidirectional varistors etc. Among these a simple tmairtal volatile

or otherwise threshold memristor or RSD can act as a very good selector device
which can mitigate the issue of sneak path current without compromising the
scalability and 3D stacking capability of memristor. The key requirements for
selecto devices are: high selectivity (High On to Off ratio between the current at
a particular voltage), steep turn on slope, high current density, fast turn On and
Off and high endurance. Many research teams are now working on selector
devices incorporated imgh density memory array8%98].

1.5.2 The artificial synapse

Memristors have been experimentally pnove be similar to our synapse. This is

a great step towards building neuromorphic chips using memristors. Finally they
can be used to emulate a working human brain, which is indeed a very
challerging result.

There hae been so many studies going on in the direction of memristors
emulating a biological synaps®q 99-101]. Neurons consist of axons and
dendrites and each neurd interconnected with junctions know as synapses.
Axons and dendrites are responsible for transmitting information while the
syngse controlghe signals 102. Synapses are junctions between the neurons
where the presynaptic terminal of one cell comes into contact with the
postsynaptic membrane of another. The neurons are excited at these junctions.
There are mainly two types of synapses: Electrical and Chemical synapse.
Electrical synapses occur when the gynapse is in electrical continuity with the
post synapse. Here éhelectrical changes in one cell are transmitted
instantaneously to the next. Chemical synaptic junctions are much more
complicated. In this case, the gap between the pre and post synaptic terminal is
larger and the information is carried by neuroactivestances released at the
presynaptic sle of the junction. Spik&ime-DependenPlasticity (STDP) is
known as one of the fundamental rules of learning and memory in the brain,
which can explain how synapse can adapt to the surrounding environment.
Memrista based models can emulate the STDP in neuronal communicafign [

10]. The STDP rule is one of the fundamental rules of learning and memory in the
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brain which actually explains how the synapse adapts to the surroud@ug [
Recently J.Yang et abp] has come up with a diffusive memristive device which
can mimic a real synapse. This could actually be used as a key element in next
generation computers that can emulate the human brain.

\/ﬂ%napse
\ I. S

Presynaptic
neuron

Postsynaptic
Pre I | Post neuron
—

| Diffusive I

Synapse

Figure 1.9: Memristor based circuit mimicking biological synd9ég

Figure 19pr ovi des the combined circuit el eme

up with. The circuit shows the combination of a diffusive as well as a drift

memristor which is connected to a voltage source. This set up is very similar to a

biological synapse which is connected to a pre and post synaptic neuron. The

circuit set up waslde to emulate multiple synaptic functions. To realize all these

benefits of memristive devices, they have to be implemented in a crossbar array
architecture which provides high density, random access and large connectivity.

There are several teams workiong the cross bar architecture as well as 3D

stacking of these device$(5 104 .

1.6 State Of The Art

As mentioned in the beginning of the thesis, even though the conéept o
memristor was mathematically postulated during 1971, it got its due attention
only in 2008 when HP came up with the first implementation of a memristor.
Since the Silicon era is almost approaching its end, memristors are believed to
take over the elegtal circuits and change electronics forever.
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The research taking place in this field is huge and rapid and extremely
competitive. Every day the field of memristors or RSDs come up with modified
design or devices based on optimized technology or minitdocharacteristics.

The field of memristors is not just something which is confined in the field of
memory devices. The main anticipated application of which is in the field of
neuromorphic applications. RSDs could potentially replace integrated electro
devices for advanced computing and digital and analog circuit applications
including neuromorphic network4(Q7].

DIGITAL

OD0TNNY

Figure 1.10Potential fields of applications of memristive devices

As mentioned earlier the first and fastest developing practical application of
memristors is in the field of nonvolatile memory for computingable 1.2
provides the features of already existing mgnaevices and the memristor based
device features. Memristors can be used in analog applications such as
programmable analog circuits, oscillators, analog filters €068 [ 109.
Memristors can be used in digital logic applications such as in memory computing
[110. Field Programmable gate array is one of the fastest and promising claim of
memristors in the field of digital applicatiod]1]. Even before the finding of
memristors, scientists have been trying to come up with brain like systems which
can function as close as human brains. But building a brain like massive parallel
system was alwayshallenging due to the lack of devices which can emulate the
neural synapsel[L?].
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Table 1.2: Specifications of already available commercial metachnologies v/s
Memristor devicg107)

Available commercial Technologies Transpiring
Technology
DRAM Flash Flash SRAM Memristor
(NAND) (NOR)
Cell Density 6-30 1-4 1-10 140 4
(F?)
Retention . 64ms  10years 10 Aslongas _ 10 years
Time years  voltage is
applied
Endurance 106 _10°  1Ccycles 10 _ 10%cycles
cycles cycles cycles
Read Time 2ns 0.1 ms 15ns 0.1t0 0.3 <2ns
ns
Feature Size 36 nm 16 nm 45 nm 45 nm <5nm

Promising experimental demonstrations of transistor free memristor based
circuits are beingarried outwhich canemulate human neural synapse &also
a great step towards complex memristive neuromorpleiwvorks which can
finally emulate a human brai@¢, 113.
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Chapter 2

Materials, Methods & Technologies

2.1 Introduction

The field of memristors is under vigorous research phase. Since there is no unique
memristors with unique switching properties which can be regarded as the device
to replace the silicon technology, a great deal of studies are being conducted on
the switching medium, switching mechanism, device structure etc. A number of
studies have beemported in this fieldeach of which displays good engineering
properties.

This chapter deals mainly with all the materials, characterizations and other
technologies used during the entire framework of research. Since the main focus
during the PhD programe was on polymer NC based RSDs, several polymer
based switching composites were synthesized and characterized. Several electrode
configurations have also been studied in order to understand the switching
differencesThis chapter gives a thorough undargting on how the polymer NCs
and corresponding switching devices were fabricated. All the electrical, optical
and chemical characterizations carried out on the switching matrix as well as on
the device will be discussed in this chapter.

2.2 Device Architecture

Device architectureplays an important role in the behavior of the RSD.
Architecture in this particular study refers to the electrode structure as well the
electrode symmetry. In the present work we have considered planar as well as
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stacked deviceRSDs very much depend on the electrode structure and symmetry
[1, 2].

2.2.1Planar Symmetrical Device based on Au electrodes

The use of planar devices are not common when it comes to real time
applications. But during the initial phase of any study, these device architectures
are always preferred due to tlp®ssibility for a clear visualization of what
happens in the matrix or the device itself while electrically probed.

A planar device structure with gold (Au) electrodes separated byuenifap
is the initial architecture of choice. The fabrication techeiga this particular
device is as followsElectron beam evaporator (ULVAC EBX4D) was used in
order to deposit the gold electrodas a (100) oriented Si wafer with a 200 nm
SiO; layer grown using dry oxidatiorA Ti layer (10 nm thick) was used to
promde adhesion of the Au layer (100 nm thick) to the substrate. Both layers
were grown using a deposition rate of 0.3 nm/s. Electrodes were patterned using
AZ5214E photoresist (Microchemicals) in a standard UV photolithographic
process, with the aid of a Neahix Quintel NXQ 4006 mask aligner. Au layer
was selectively etched using a solution madeoyne (12) and Potassium lodide
(KI) in water, with an estimated etch rate of 0.2 nm/s. The underlying Ti layer was
etched using a solution of Hydrofluoric AqiHHF) and Hydrogen Peroxide £8>)
in water. The final step involves the dicing of the substrates using a diamond
dicing saw, in order to obtain samples with an area of 5 mm x 7 mm, each with
three identical Ti/Au electrodes. The electrodes have a widdd®{um, and they
are separated by a 10 um gdge final switching matrix is then deposited onto
the planar device.

2.2.2Planar Asymmetrical Device based on Ag and Pt electrodes

The planar asymmetrical device structure used in our case is not mucbndiffe
from the planar symmetrical case. In this particular architecture, we use 2
different electrodes. Instead of inert electrode (Au), we use an active as well as a
passive electrode (Ag, Pt).

The use of a passive and an active electrode is the moshaomlectrode
designfor normal RSDs 3, 4]. The presence of an active metal like Ag, Cu etc
takes active part in the switching mechanism due to the REDOX process
happening in the device when biased. In our study we have fabricated a planar
device with Ag and Pt electrodes deposited on Si wafdr 1@ um gap between
them. The fabrication techniques are mostly same as that of the planar symmetric
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case, except for the Au electrodes, we have a Pt electrode (100 nm thick)
deposited using Eurt J. Lesker PVD 75 DC sputtering, at a deposition ratef 0
nm/s.A 20 nm thick Ta layer was used as the adhesive layer for Pt on Si. The
electrode was patterned using lift off process. DMSO was used as the solvent. The
Ag electrode (100 nm thickjvas patterned using the same image reversal
photoresist used fdPt and then 100 nm Ag wakeposited using an Ulvac EBX

14D electron beam evaporator, at a deposition rate of 2.0 nm/s. A 20 nm thick
titanium (Ti) adhesion layer was electron beam deposited before the Ag layer at a
deposition rate of 0.3 nm/s. Lififf in DMSO was the final patterning step.
Figure 2.1 provides the schematic representation of the planar device. During
electrical characterization, the active bias will always be provided to Ag and Pt
electrode will be grounded.

10um  Active Switching matrix

,/ Au/fAg electrode

Au/Pt electrode

Figure 2.1 Schematic represation of the planar device. Inset shows the image of
the real device with switching matrix deposited on the deice

2.2.3Stacked Device

Device architecture plays an important role while it comes to scaling in practical
circuit models. Since the active switching gap between the electrodes is much less
in this particular case, stacked structure is preferred over planar architecture. In
the present thesis work we have discussed mainly two stacked device structures.
One has symmetrical Au electrodes while the other has Au and ITO as electrode.
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2.2.3.1 AulITO based stacked device

The layered configuration set up is as follow$te bottom electrode (BE)
comprisa of a commercially boughglass substrate with an Indium Tin Oxide
(ITO) coating.The active switching matrix is then deposited onto the ITO BE.
Onee the active switching matrix is deposited onto the ITO based BE, the Top
electrode (TE) which is Au (100 nm) is deposited using a shadow mask. The TE
was in the form of circular disks which had diameters varying from 1 mm to 4
mm. Figure 2.2 provides theschematic representation of the stacked asymmetric
device.

Active switching matrix

e [T

Glass

Figure 2.2 Schematic representation of Au/ITO based stacked device. Inset provides
the real image of the stacked device.

2.2.3.2 Au/Au based stacked device:

The device design of the stack&gnmetrical device is more or less similar to
the stacked asymmetrical device. In this case the BE, that is Au is deposited onto
a Si substrate with 100 nm thermal oxide. The BE was deposited by evaporation
method @eposition rate 00.1 nm/9 using a shamlv mask. A dog bone structure
was used for the electrode. The BE was 20nm in thickness. Before the Au layer
deposition an adhesive layer of Ti (2nm) was deposited. After the BE deposition,
we have our active switching matrix deposited which will be digligs section
2.3.6 The TE (20 nm of Au) is deposited again using the same shadow mask
which was used for the BE using Evaporatiéigure 2.3 provides the SEM
image of the final device.
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Figure 2.3 SEMimage of BE deposited using dog bone shadow mask.
2.3Polymer NC based Switching Matrix Preparation

The preparation of various polymer NCs plays an important role in the present
work. Different polymer based matrices were synthesized along with Ag and Au
NPs. The coming subsections provide a detailedhsgs method of all the
switching matrices used throughout our research work.

2.3.1Ex-Situ Ag based Switching matrix

The preparation of a polymer NC by means of adding already synthesized NPs
into a polymer matrix provides an easy way of synthesizingtating matrix.

The ExSitu Ag NP based switching matrix preparation is as follows: Here Ag
NP solution is added directly to a polymer solution and mixed well inorder to
obtain a good NP dispersion in the polymer matiixthe present workPoly
vinylidene fluoride-hexafluoropropyleneRVDFHFP) was used as the polymer
matrix due to its high dielectric constant, good mechanical strength and due to its
chemical stability[5, 6]. The presence of HFP in PVDF reduces its crystallinity,
thus making it soluble in a wide range of solvents. The PYABP matrix acts as
a quassolid medium for the silver NPs and silver ions supporting their
movements when an electric field is appli@VDFHFP (10 wt. %)Kynar
Superflex 2500 (pellets) with 20 wt% of hexafluoropropylene and a dewisity
1.79 g cm?® was dissolved in DMF (Dimethyl Formamide) by vigourous stirring
for 20 to 30 minutes aB0°C. The final Ag NP suspensiorAg-NP Ethanol
suspension has Ag content of 6.8 wt%, with an average NP diameter of about 40
nm which includes a PVP coatihgras thenadded to the polymer solution such
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that the final composition of Polymer to Ag NPs was 50/50. It has to be noted that
in the present case we have also developed Ag NP and ¥PNAPFbased
switching matrix with DMSO (Dimethyl Sulfoxide) as solvent in theat)samilar

way as it was made with DMF. DMSO and

in the electrical behaviour of the device. The switching matrix used DMSO as
solvent when the switching matrix was deposited using inkjet printing method,
while DMF was used during spin coating methodlhe Ag NP used in our
experiments has an outer coatofd®VP, which avoids the agglomeration of these
NPs.Figure 24 provides the TGA plot of the commercially bought Ag NPs. The
protective PVP coating around the NP sthrte decompose frora50 °C up to

550 °C and a weightssof 5% was observed.
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Figure 2.4: TGA analysis performed on Ag NP suspension.

The Ag NP suspension and Polymer solution was well sonicated for 30
minutes so that a well dispersed Ag NP polymer matrix was obtdtigatte 2.5
provides the schematic representation of the Ag NP based switching matrix
preparationThe most important fa@about this switching matrix is that it is totally
compatible with flexible substrates, which widens its range of applications; in
fact, there is a great deal of microelectronic thrust that is focusing on the
development of new materials, which can bet cefectively deposited with
extreme ease on a variety of substrates like paper, fabrics and glgstnaking
them attractive componefdr printed electronics.

DMF
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Figure 2.5 Schematic representation of the finally prepared Ag NP based switching
matrix

Moreover,the formulation is processed at room temperature, which is one of
the foremost properties that allows the material to be deposited on the cheapest
flexible substrates, including paper. The achievable device unifo@iitythe
cheaper production method and the easy deposition technique along with the
advantage of room temperature processing make these NCs preferred in the field
of disposable device®[10]. Figure 2.6 provides the SEM image of the AG NP,
PVDFHFP based switching matrix.

Figure 2.6: SEM image of the switching composite
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The present Esitu Ag NP and PVDHHFP based switching matrix wanade
to undergo an impedanceeasurement and was observed tiagure 2.7) the
matrix clearly had an increase in its conduction or a clear reduction in the matrix
resistance with increase in frequency. This behaviour is something which is
foreseen in resistive switching matrices.

10'] § :
_10°f 3 ro-- .
s 10°] § e 20V bias :
210" .
- e

107 - %. 1

10’ T,

10" +—

0.0 50x10° 1.0x10° 1.5x10° 2.0x10°
Frequency (Hz)

Figure 2.7 Impedance measure performed on the Ag NO and PMBIF based
switching matrix.

2.3.2In-Situ Ag based Switching matrix

In the present research, we use a photochemical method for the preparation of
metallic NPs. This reaction is mainly based on the redudt@ppening to the
metal cation (M*). This direct photo reduction process helps in the formation of
MP°through the direct excitation of the metal source, usually a salt. In this case as
we discuss about the synthesis of Ag NPs by the UV induced redpctioess,

we can generalize this by the below reaction:

¢ (/7 °91¢ ( (r (2.2)
These Ag atoms then aggregates and form Ag NPs.
frtcorco (2.2)

Here, he basic idea is to use the electrically passive polymer matrix as an
active element forcontrolling the embedded NPs and thus the electronic
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properties of the NCA triple step methods employed for the synthesis process.
First, a precursor of metal NPs (i.e., silver nitrate) is disperdedtlie PVDF
HFP/DMF solution.Second, the system de@rgoes light exposure in the visible
range to activate photo polymerization, generating the polymeric matrix and
avoiding at the same time the precipitation of the silver phase. Finally, nucleation
and growth of Ag NPs ardriven at room temperature usiaguV light source

The presence of DMF also plays an important role in the reduction of silver or
gold salts.

The polymer matrix used in this case is same as the previous case. We use
PVDFHFP/DMF polymer solution. AgN®is added to the PVDHFP solutio
(AgNOs is 5% with respect to PVDHFP) and sonicated for 20 minutes. This
final mix of silver salt and polymer solution is then spin coated onto the ITO
substrate. The device with the coated switching matrix is then exposed to UV
radiation using an ultraiolet lamp at 250 nm with light intensity of 10 mW/&m
for 60 mts. This one hour of UV exposure helps in the reduction bfoAgg’.

2.3.3PVDF-HFP_AgNOs3_lonic Liquid

The PVDFHFP, AgNQG and lonic Liquid (IL) based switching matrix is similar

to the matix explained in sectior2.3.2 except that here we
photo reduction process, also the presence of IL also plays a major role in the
physical and chemical properties of the switching mattik1]. ILs are molten

salts at room temperature. The presence of IL helps in an increased ionic
conductivity.

The preparation of the switching matrix is as follows: 10 wt. % of PM&P

wasdissbved i n DMF and is well st jigtheed f or

added to the above polymer solution and sonicated for 20 minutes thus obtaining a
clear solution. Finally Butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (BMI TFSI) is aeld to the above PVDHFP

and AgNQ solution. The final composition (wt. %) d?VDF/AgNGS/IL is
65/5/30. The importance of IL can be understocaimf the following DSC
analysis.

dor

ak
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Figure 2.8 DSC thermograms of pure Poplymer (PVBIFP), PVDFHFP_AgNQG
and finally PVDFHFP_AgNQ_IL

As seen fromFigure 2.8 the pure PVDFHFP matrix has a melting peak
around 12BC. This peak reduces with the addition of AgN@ further addition
of IL to PVDFHFP and AgNQ@ matrix led to a further reduction in the melting
depth of the melting peak as well as a reduction in the melting peak value. The
melting peak of the PVDHFP_AgNQ_IL matrix broadenedOtherwise this
change in the matrix with IL tells us that there wagdasticizing effectwith the
addition of IL into the polymer silver salt based switching maBix.integrating
the melting peaks of PVDAFP, PVDFHFP_AgNGQ and PVDF
HFP_AgNQ_IL, it was observed that the area corresponding to the three matrices
were 10.5J/g, 4.935 J/g and 1.83 J/g respectively. This reduction in the area
corresponding tdPVDFHFP_AgNQ_IL indicates that presence of BMFSI
facilitates the polymer backbone softening, thus enhancing the segmental motion
of the polymer chairthus making itless crystallindg1]. Figure 2.9 provides the
SEM images of the present switching matrix with IL.
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Figure 2.9 FESEM image of the PVDHFP_AgNQ_IL matrix atdifferent
magnifications

Figure 2.10 provides the ATR FTIR plot of th®VDFHFP_AgNQ_IL
switching matrix.
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Figure 2.10ATR FTIR spectra of PVDIHFP_AgNQ_IL



2.3 Polymer NC based Switching Matrix Preparation 45

As seen fronfigure 2.10, we can see the main absorbance due to PMBF
from bands: 1406 crhfor the vinylidene CH wagging and CH scissoring
vibration while the wagging and rocking of the vinylidene bands are still at 880
and 837 cril. The other bands are partially superimposed with Hievirations
of IL. 1354 cm! band 1204 and 106€m* are associated to the presence ef C
and SQ stretching of bis(trifluoromethanesulfonyl)imide. The absorbance in the
2800 to 3200 cr region is mainly due to thé&-butyl-3-methyl imidazolium
cation (BMIM). The butyl chain attached to the imidazolium riniginates peaks
at 2968 and 2877 cinthe symmetric and antisymmetric stretching of:@#hile
the stretching antisymmetric of Glis located at 2938 ciithe other peaks in the
30502800 cmt' region are difficult to recognize unless the 3019'gmak thais
due to the Chlantisymmetric stretching of PVBAFP. Bands above 3050 ém
are from the €H vibrational modes of the imidazolium ring, peaks at 3120 and
3157 cmt are for antisymmetric and symmetric stretch vibrational modes of
HC(4)-C(5)H of BMIM andthe peak shown as the shoulder around 3108 ism
assigned to the stretch vibrational mode of €{23. Finally, in the 200600
cm! region, two peaks are present. The first at 1578 which is due to the €
stretching of the BMIM ring. While the secd at 1724 crhwhich ' probably due
to the presence of DMF solvent impurities that are difficult to eliminate being
miscible with the ionic liquid1].

The viscosity of the present PVEMFFP_AgNQ_IL based switching matrix
is 30 cP, which is an acceptable viscosity for inkjet printing in the case of heated
print head, making this switchingatrix suitable for flexible printed electronics.

2.3.4 PEO_AgNQ_lonic Liquid

The enhanced switching properties of polymer NC based switching matrices with
the additim of IL led to the usage of different polymers and study of their
switching behaviour.Poly (ethylene Oxide)PEO can be considered as an
excellent candidate teealizean RSD due to its high solvating properties for a
wide variety of salts throughteractionof the ether oxygens with catiofis 12].

2 wt% of PEO (average molecular weight of 1,000,0G@lution in deionized
water was prepadeby vigorous stirring for 10 to 12 houeg 40xC. AQNO3 was
then added to the PEO solution and sonicated for 20 minutes, obtaining a clear
solution.BMIM -TFSI was then added directind sonicated for 20 minutes. The
final composition was 45/20/35 dPEO/AgNQY/IL respectively. [The same
matrix has also been prepared with DMF as solvent instead of deionized water for
comparison studies.]
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Figure 2.11: Switching matrix characterization. a) FESEM image of the RGO _
NOs_IL matrix. b) Nyquist responsd BEO_AgNO3_IL matrix.

Figure 2.11aprovides the SEM images of the PEO based switching matrix
with IL. The impedance spectrum of the PEO_AgNIQ based switching matrix
(Figure 2.11 b provides a clear difference between the low and high frequency
region. The high frequency region sualizes a semicircular plot which can be
ascribed to the bulk resistance of the matrix, while the spike at the lower
frequency region can be attributed to the electroliftgure 2.12 provides the
DSC analysis of the PEO_AgndL based matrix and PEO_AgNCbhased
switching matrix. This plot provides a clear evidence that the addition of IL has
led to a reduction in the melting peak of PEO and IL based matrix, which further
signifies the reduction in the crystallinity of the sshitng matrix.
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Figure 2.12DSC thermograms of pure Polymer (PEO) and PEO_AgMNO
matrices.

2.3.5 PMMA_AgNOs_lonic Liquid

The switching matrix based oRoly (methyl methacrylate) was synthesized
similarly as that of PVDHFP. A solution of PMMA was prepared by
solubilizing PMMA (10 wt. %) in DMF for 2 hours at 40. AgNO; was then
added to the above PMMA solution and sonicated for 20 minutes obtaining a clear
solution.BMIM -TFSI was added directly to tlaove solutions and sonicated for

20 minutesThe exact composition dihal PMMA/AgNO3/ IL is 65/5/30.

2.36 PMMA . A2_Au NPs

The final Polymer based NC prepared in the current research includes PMMA A2,
which is a commercially available positive photoresist. The present PMMA
matrix (950 k moleculamweight) is dissolved in Anisole (2wt% of PMMA in
anisole).

The final switching matrix involves the initial deposition of PMMA A2
solution on Si wafer at a rotation speed of 6000RPM axQ%¢hich leads to a
final PMMA thickness of about 35 nm. The depadifgolymer matrix is then
heated at 10% for about 1 to 2 minutes. After the heating process, Au NPs are
deposited using dbeam evaporator at 0.1 nm/s. The deposited layer of Au is
about 4 nm. Once the 4 nm Au layer is deposited on the 35 nm PMMA layer an
intense heating process is performed afi Cifor 6 hours. This 6 hours heating
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process makes the Au NPs (Average diameter of 40 to 50 nm) to disperse in the
PMMA layer. After the complete preparation of this switching matrix, the TE is
deposited using eparation method.

2.4 Switching Matrix Deposition Techniques

So far we have discussed about various switching matrices used. These matrices
has to be deposited on to the RSD by means of some methods. Spin coating and
Inkjet Printing are the 2 techniques dse our work.

24.1 Spin Coating

Spin coating is one of the easiest, cost effective and the fastest way to deposit a
uniform and thin layer of film onto a flat substrate. Since this technique is one of
the easiest and cost effective methads have used this deposition technique for

all the above mentioned switching matrices.

All the matrices presented hdneve been deposited onto the devices by spin
coating method. The spin speed used to deposit the matrix based on the matrix
viscosity wil control the film thickness. In the present work, matrices discussed
from section2.3.1to 2.3.5have been deposited at room temperature at a speed of
3000RPM for 30 seconds. This particular rotation speed at this particular time led
to a film thickness babout 300 to 500nm. The polymer PMMA.A2 which is
discussed in sectioB.3.6 was deposited onto the substrate at 6000RPM for 60
seconds at 158C. This high speed led to a polymer film thickness of about 35
nm. Thus itbés cl ear toaterthat higher thevspmrkng,n g o f
lesser is the film thickness. Even though this deposition technique is easy and can
be performed on al most al |l flat substrat
technique.

2.4.2 Inkjet Printing

Inkjet printing is a techology considered suitable for printed electronics due to
the wide range of materials that can be deposited onto a wide range of substrates
on large scale. The major advantage of inkjet printing being the possibility to add
functionalities on a substratedt already has electronic structures and devices
fabricated using some other technologies.

The entire printing experiments were conducted using piezoelectric Inkjet
printing method JETLAB 4-XL). In this case the only switching matrix that has
been depoted using ink jet printing is the one discussed in se@i8rlbut with
DMSO as solventThe general working of a piezoelectric inkjet printer is as
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follows: A piezoelectric material is present in the ink filled chamber behind the
nozzle. When a voltages applied, the piezoelectric material will change shape,
generating a pressure on the ink or fluid causing the ink form a droplet and fall out
from the nozzle. The applied pulse waveform controls the drop created and
ejected from the nozzl®ulse shapparameters, pulsing frequency, trigger source
and trigger mode printing parameters are optomized for various r3®A4].
Figure 2.13 provides the waveform which was used to generate drops and the
inset provides the view of the ejected ink drop.
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Figure 2.13Voltage waveform applied to generate ink droplet. Inset provides the ink
drop ejected from the nozzle

2.5 Characterization Techniques

A lot of characterization techniques have been used inpthsent research.
Electrical, Optical and Physical characterizations are the most performed
characterizations on the devices and the switching matrix.

Electrical characterization includes DC cyclings performed on the Devices,

Pulse measurements and the penature based measuremerigithley 4200

SCS Semicoductor Characterization System and Keysight-1380A
semiconductor device parameter analyzer were used to perform the DC and pulse
measurementd he characterizatioof the devicewas carried out usingungsten

(W) micro probeswhich were directly placed in contact with the electrodes in
order to maintain electrical connectiorhe DC and pulseharacterizationwere

carried out in air at room temperatutta. the stacked case with asymmetrical
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electrodes(Au/ITO), the electrodeswere probed usin@ cylindrical structure
(both diameter and height were 2 mmhich was lept in contact with the gold

TE, and then th&V needle was kept on the cylinder thashieving connection
with the system (insetigure 2.14 ). The connection to the ITBE was made
directly through the W needle. In the stacked asymmetrical electrode
configuration, the active bias was provided to ITO, while Au electrode was kept
as the reference electrode (0 V). The electrical charactenaatis carried out in

air at room temperature.

Figure 2.14Probe set up for electrical measurement in stacked Asymmetrical device

The electrical measurement performed by varying the temperature was
performed by using an-80 HallVan-der Pauw controller (MMRTechnologies,
INC) under vacuumTemperaturewas controlled andtabilized by means of
gaseous nitrogen extraction cryostat.

Field Emission Scanning Electron Microscopy (FESEM, ZEISS Dual Beam
FESEMFIB Auriga) equipped with an EnergDispersive Xray spectrometer
(EDS, Inca XSight; Oxford Instrumentajs used to perform theorphology and
the compositional characterization of nanocomposite strucame$he devices.

Optical microscopy image was taken on the sample before and after electrical
characterization using Leica DFC295. Mat lplbgramwas used in order to
enhance the difference between the pristine sample (before electrical
characterization) and the stresse@ (after electrical characterizatidf) 10].

Differential Scanning Calorimetry (DSC) was carried outadinswitching
films. The resultswere acquired using DSC 204 H2hoenix® (Netzsch)
instrument undea continuous nitrogen flow of 20 ml/minut&he samples were
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cooled from room temperature 160 °C and heated ta maximum of250 °C at
the rate of 10 °C per minute.

FT-IR transmittance spectra were collected on a Tensor 27 FTIR
Spectrometer (Bruker). The samples were preparedsguycoating thetwo
formulations ona Si waferusing the same conditions of RSDshe averaged
signal was collected with a resolution ofratfrom 4000 to600 cm?.

X-ray photoelectron spectroscopy (XPS) studies were carried out by a PHI
5000 Versaprobe scanningrdy photoelectron spectrometer (monochromatic Al
K-alpha Xray source with 1486.6 eV energy, 15 kdltage and 1 mA anode
current) in order to investigate surface chemical composition. A spot size of 50
mm was used to collect the photoelectron signal for both the high resolution (HR)
and the survey spectra. All samples were analyzed using a combined electron and
argon ion gun neulizer system to reduce the charging effect during the
measurements. Spectra were analyzed udingpak 9.6 software.
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Chapter 3

Metallic Ag NP based RSD

3.1Introduction

Hybrid nanomaterials have gained widespread intetest to their novel
properties in various fields of science including optoelectronics;banterial,
medicine, environment applications .efthe current chapter deals with the role of
Ag NPs in a polymer matrix to induce resistive switching.

Themetallic NPs can be added into the polymer matrix either directigi{ex
method), where commercialr separately prepared NP alispersed into the
polymer matrix, or indirectly (isitu method), where metallic particles are formed
in the polymer matrixduring their synthesisl]. The preferencéor in-situ or ex
situ method depends on the particular application. Tis#unmethod contrglthe
properties of the composite by controlling the reactions conditions and by
choosing the appropriate route thus leading to a stable mafrikx-situ based
composite preparatioon the other hanig less difficult when compared to-gitu.

The incorporation of metallic NPs in an insulating matrix provides a conducting
path between the electrodes when the concentration of particles is ab®ee the
called percolation threshol@][ We will see that by using a dissipative (hence not
totally insulating) matrix enablinghe establishment o& certain current, tiis
possible to induce atom®hsto migrate and literally form aggregates of NPs that
create filaments bridging opposite electrodes. Use of NPs in polymer NC is an
interesting topic of research. The importance of NPs is connectecheitlstale,
bringing surface tension and ionic forces to that level of importance that allows a
play against gravity, giving stability to a suspension. But many other interesting
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phenomena occur: collective electron resonances, trealsa plasma waves
enabling surface plasmon resonance (SPR), and interactions with the
electromagnetic field45]; a huge enhancement of diffugw of the surface

at oms, enabling fAimeltingo (si6ptamso ng) at
on. In a world where nano engineered materials could have broad application,
from the consumer electronics market, building industry, pharmaceutical and
cosmetic products, to food and the environment,cam easily imagine that the

role of NP synthesis and modificatiactivities will be huge. The importance of

Ag among other metallic NPs is worth mentioning. Ag is a noble metal, featuring
undisputed advantages in terms of electrical conductivity, resistance to oxidation,
and providng interesting plasmonic and antibacterial properties. It is difficult to
imagine a future without the use of Ag, at least for certain critical systems that
cannot lose efficiency. The market share will be reduced in favour of other nano
engineered, lesexpensive materials, but it is not possibleaiwmid the use of
metals to transport electricity without losses. Once again the prominence of Ag in
hybrid NCs or metallic inks can be stated by its impressive properties like:
optimal electron conductivityral a lower affinity for oxygen if compared to
copper, it is 25 times more abundant than
expensive. Silver NPs and nanocomposites (NCs) possess interesting electrical,
optical, and chemical properties used in catalysurfaceenhanced Raman
spectroscopy (SERS), nanoelectronics, photonics, and biological and physical
sensing 7-10]. Shape and dimension of Ag NPs are easily cdatstd, resulting

in tunable propertieslp]. As mentioned earlier in this thesis, memory devices
with organo metallic components have unique advantages over inorganic devices,
including higher flexibility, low cost, 3D stacking caplyi solution
processibility etcPart of the work described in this chapter has been previously
publ i s Nieraelectramic Bngineering, 168, 2017, ¢(21) and in Flexible

and Printed Electronics, 2, 2017, (024002)

3.2 Nanoparticle Synthesis Methods

Nanoparticles or anocrystals can be fabricated using two different approaches:

the first,d@awownh asti litoes physical met hod
while the ot-bpd, apperodidblttom bghassed mai nl
chemistry and atsnamed wet chemistryl®, 13]. Physical methodasually allow

the production of a large quantity of nanocrystals, but is very difficult to control

geometry or have a uniform size. In contrast, wet chemical synthesis allows the

synthesis of nanocrystals with controlled patrticle size.
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The properties of # metallic NPs incorporated in the polymer NC is very
crucial since the size and shape of these NPs influence the NC. For these reasons
wet chemical synthesis is generally preferred. In this context, a wide variety of
wetsynthesis techniques have beeopmsed to produce metal nanocrystals and
in particular Ag nanocrystals, including chemical reductiod4-16],
electrochemical and photochemical reductidi-19], sonochemistry, and heat
evaporation 20,21]. The main method involves the bottamp synthesis, starting
from the silver salts antkadingto final nanocrystal. Three distinct steps are
involved in this process2P)]: clusterization of few atoms or ions, formation of a
seed through atothy-atom addition to the initial nuclei, growth of seed (shape
determined by the structure of the seed). In the case of Ag, the initial precursor is
in +1 oxidation state (Ag, and thus during the reaction Pafoms are produces
as metal nanocrystals. @& salts are usually insoluble in any solvent, and thus
the most used precursor for Ag nanocrystal production is silver nitrate (AgNO
which has good solubility in polar solvents. The preferential seed shapes from
silver salt reduction are icosahedrabdadecahedral, thermodynamically favoured
from the facecentred cubic lattice of metallic silver.

UV-induced synthesis of NPs is another important field wherein controlled
growth of NPs can be achieved. Since th® d@ntury, silver salts, silver halides,
have been used as photosensitive compounds for photography applications. In
fact, their light exposure leads to the gmtion of metallic particles that were
used in photography emulsio23. Thus, light radiation is a common way to
synthesize silver colloids and NFA=hotoreductionoccurs when photogenerated
free eletrons react with Agions, forming the erresponding A metal atom.

Ag" ions in solution and efficient photogeneration are the main issues to control in
order to have an effective production of Ag NBy. changing precursors and
electron donors, it is peible to control both the dimension atie shape of the

NPs synthesized. One of the first syntheses of silver NPs in aqueous and alcohol
solution was performed by Hada et al in the 1970s by ultraviolet-(bi\)ced
photoreduction using the photooxidation of water and alcohols under dJdeep
irradiation p4]. Nowadays, the most common used electron donors are aromatic
ketones: they undergo cleavage under UV irradiation, producing radiels
induce reduction of silve2p-27].

3.3 Ex-Situ Ag Based RSD

Embedding highly conductive nanofillers in polymer is a common strategy for
producing conducting polymer NCSilver conductive NCs were synthesized by
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embedding iver NPs of different shapes in diverse matrices, such asdaghity
polyethylene 28], polymethyl methacrylate?p)], polyvinyl alcohol BQ], bisphenol
F diglycidyl ether B1], polyvinylidene difluoride, and polydimethylsiloxang&?,
but also in inks and conductive polymers, such as pol(3,4
ethylenedioxythiopheneB§].

The working mechanism of RSD based orséx Ag NPs were studied. The
active switching matrix in the present case is composed-sit@synthesized Ag
NPs which is embedded Polyvinylidenefluoride-hexafluoropropylenéPVDF
HFP).PVDFHFP has aigh dielectric constant, good mechanical strengthaand
high chemical stability[34, 35]. The presence of HFP in PVDifeduces its
crystallinty, thus making it soluble ia wide range of solvent§he PVDFHFP
matrix acts as a quasolid medium for the silver ions, supporting their
movementswhen an electric field is applied.he formulation is processed at
room temperature, which is one of the foremost properties that allows the material
to be deposited on the cheapest flexible substrates, including paper. The cheaper
production method and ¢heasy deposition technique along with the advantage of
room temperature processing make these NCs very promising in the field of
disposable devices

3.3.1 Device Fabrication

The synthesis method of PVEHFP and Ag NP based switching matrix has been
descibed in section 2.3.1 The switching matrix synthesized by this direct
solution method is deposited onto the planar symmetrical device (explained in
section2.2.1) by means of 2 methods. Spin coating and InkJet printing.

3.3.1.1 RSD by SpirCoat method

In the present case, the Ag NP based polymer switching matrix is spin coated
onto the RSD at 3000RPM for 20 seconds. The coating process is performed at
ambient temperature. The schematic representation of the figure is given in
chapter 2 figure 2.1) The smple two terminal ExSitu Ag NP and PVDHFP
composite based RSD was initially made to undergo DC measurements which
gave the most important information about the device like its forming, volatility,
selectivity, working voltage range etEigure 3.1 provides the initial forming
which was observed in the device.
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Figure 3.1: Initial electroforming process taking place at 13, [

The presence of amvident forming step (Transition from HRS to LRS)
corresponds to a filament based switching in majority of the cases. Once the
forming step is observed in the device, the further operating voltage range can be
reduced Figure 3.2 a). As explained in prewus sections, the switching
mechanism in our RSDs are explained by means of the formation of a metallic

filament.
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Figure 3.2: DC cycling after electroforming Process. a) Consecutive set process after
electroformingb) Variation in Set voltage witbycles

Initially, the pristine device is at its HRS. By the application of a forming
field of 13 kV/cm, the device moves to its LRS. By providing such a high field the
Ag NPs in the polymer switching matrix move in order to form a connected
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filamentary pat which bridges the Au electrodes. The usual forming voltage in
stacked devices is much less compared to our case due to the much lower active
switching gap seen in dBe devices. In the present case we have an active gap of
10 micro meter which makes tlaoplied forming voltage also higher. Another
reason for the increase in this voltage can be related to the outer shell PVP coating
which is present on our Ag NPs. With a higher voltage, the PVP coating around
the Ag NPs move and the particles move.

After the electroforming process, we observe the following set process takes
place at a reduced field (9.8 KV/cm asfigure 3.2). This reduction in the set
field can be explained by the already created conducting channel between the
electrodes during formingrocess. The transition from LRS to HRS can be
explained by the dissolution of the formdéithment [36]. After the forming
process, the filament petrates into the polymer matrix creating a mechanical
stress, which in turcreates a preferable channel or path between the electrodes
even after the rupturing of the filamer@7], thus the clear reduction in the set
voltage with increased number of cycling can be observéidure 3.2 b. It was
found that the device behaviour had a strong dependence on the dlectrica
characterization parameters set, especially on the current compliance level.
Compliance current levels are generally set in order to ensure a safe operation of
the device
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Figure 3.3: Electrical characterization performed on RSD. a) Cyclic IV perfoomed
RSD in logarithmic scale at 10 YA current compliance. b) Cyclic IV performed on RSD
in logarithmic scale at 1 mA current compliari8€].

The application ofLlO pA compliance levelvas a reasonable current value
that ould be measured across the device by ensuring a continuous RS. It was



60 Metallic Ag NP based RSI

observed that in these opengficonditions, the device behaved exadike a
random access memoffygure 3.3 a) in which theinformation was lost when the
power wagurnedoff. The device was set at 4.8 V, and tlilea deviceremained

in its LRS until the voltage reached around 0.8 VisTbehaviour continueth
negative voltage range, where the device underwent a transgrarHRS to LRS

at around-4 V and back to HRS aroun@.8 V. This volatile behaviour of the
device can be explained by a roontinuous filament formed by the Ag NPs
between the electrod§l8]. This volatile nature of the device can be attributed to
the noncontinuous filament formed between the electrodes. The On resistance in
the volatile case is around 40 kwhich is more than the atomic point resistance

(a 91k@ ) Atomic point resistance is defined as the inverse of Quantum
conductance (G0),

'm — xxt O (3.1)

I n the above equation HAhoBasedorthis ponds t
Resistance based fact, we can infer one important point that if thie€stance
(Ron) is above 12.%q , the RSD can be grouped wunder
and the conduction can be attributed to tunnell®®}.[The reset process taking
place in this case can le&plained by the movement of the thermally induced Ag
NPs from the nostontinuous filament in order to attain its minimum interfacial
energy B9). Figure 3.3 bprovides a noivolatile switching behaviour at a higher
currentcompliance level of 1ImA. As it can be observed, the device showed a non
volatile bipolar switching behaviour. The device was set at a voltage of around 6
V, and then maintained the On state until it reached the negative polarity. The
device then moved tils HRS at arouné4 V. Theswitching, in this casesan be
explained by filamentary formation. The device, upon reaching its set voltage, led
to Ag filament formation between the Ag NPs that were well dispersed in between
the electrodes. This field indwtdilament was stable and remained between the
electrodes even when the device moved through zero voltagein Biis case is
4 kq, which is |l ess than 12.9 kq. Thus ac
nonvolatility in this case can be explainey the value of By which is less than
the atomic point resistance. Based on the above obtained results we can state the
finding by Liu et al Bf], the conduction mechanism can be governed by
tunnellingifFon® 12. 9 kg and fi | @@t OFigarghr i dge st
3.4 provides the SEM and the optical microscope images of the switching gap of
volatile and norvolatile case.
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Figure 3.4 Optical characterization performed on the RSD a) FESEM image of the
volatile characterized device b) Optical microscopy image of the characterized sample
(nonvolatile) after performing a mathematical algorithm to enhance the difference in the
active gapbefore and after electrical characterization(The region between the orange lines
constitute the active gap between the Au electrofiéd].)

From the previous eXgnation, where the volatility of the device was
explained by means of itsoR the conduction mechanism was described by
tunnelling. Thus considerinfgure 3.4 a, and the fact that the Ag NPs has
clustered, we will explain the conduction mechanism is tase by tunnelling.
Huang. X, et al40] has conducted a similar study on Ag NP and PVDF based
composite to assess the effect of tunnelling on conduction. Tunnelling model was
used to explain the conductiof].

Interparticle tunnelling conductivit§tu, can be given as follows:
A 6 Agb— (3.2)

Where ais the average distance between the centres of the INRsthe
average radius of the particles ahdenotes the typical tunnelling rangecan be
noted from the above equation thag the interparticle distance increases, the
conductivity decreases and vice versa. And hence the current in the LRS can be
atributed due to tunnelling current through the unstable silver filament formed
between the clusters of Ag NNow the reverse switching process (LRS to HRS)
can be explained by the fact that as the applied electric field between the
electrodes decreasesthermally induced diffusionf Ag NPstakesplacein order
to diffuse to its minimum energy position near the terminadsich leadsto a
rearrangement of the conductive filamevrttich finally leads to the movement of
the device back to its initial HRS4Z). Figure 3.4 b represents the optical
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microscope image of the nowlatie device which was taken after
characterization. Ais particular imagehas been subjected to a mathematical
algorithm to enhance the differences between two registered shots taken before
and after electrical characterizatipt3, 44]. The geometricakegistration process
allows to compensate fdahe eventual little misalignments of the two shots; a
histogram correction and a conversion to double floating point numbers assigns
numerical values to eagtixel and allows to algebraically sum the framéhke

false colour scale reports stronger differenicesed (green means no variation),
evidencing the agglomeration of material in three filameht&lging the Au
electrodes.

In order to clearly state the effect of the set compliance on the RSD
behaviour, thedevice was made to operate at different coamgle currents
(Figure 3.5).
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Figure 3.50n Resistance and Off current plotted as a function of set Compliance
current.

The device showed an increase in the Off state current with an increase in the
set compliance, and a decrease in the On resistartte imcreasing set
compliance. This relation is in accordance with the filamentary conduction model.
As it can be seen froriigure 3.5 the Off current for compliances of 10 pA and
100 pA are not much different, this proves that there was no stable filament
formation even with an increase in the compliance from 10 pA to 100 pA.
Finally, with an increase in compliance to 1 mA, a stable and thick filament was
formed, andhus,a higher reset or Off current was needed in orddmréakthe
formed filamentThus we can generalise that a stable and thick filament leads to a
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nonvolatile device while a nenontinuous not stable filament formed due to
thermodynamically more reactive nature of the steady stateclusterseads to
volatile nature of the device.

In order to check the stability of the nwolatile device, a pulse test was
performed on the planar RSD. Putsdurance test was performed on the sample
by making the device undergo a set and reset process and thereafter iprateng
particular red voltage.The device was made to set by applying a voltagesof +
and then read at +1 V. Similarly a reset voltage &V was applied and was
again probed at +1 \Figure 3.6 provides the result of the pulse endurance test
performed on the device. Thetsreset and the probing pulse had a time period of
500 ps. The device exhibitealvery stable respone. AQn/Off of about 65vas
seen forabout 60 cycles.
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Figure 3.6 Pulse characterization performed on the-wolatile device.

The pulse endurance in this case is not high enough to consider a practical
device. This is due to the planar structure with large switching gap (10 um) of the
device with symmetrical electrodes it has. Thus the spin coated RSD that is being
presented herghows both volatile as well as nonlatile behaviour based on the
current compliance set. A volatile switching behaviour can be related te short
term memory or working memory and a paolatile switching behaviour can be
related to long term memory inhich the brain stores and retrieves information
when needed.
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The spin coated Polymer NC was actually found to be a bit non uniform in
terms of its deposition thicknesBigure 3.7). Hence inkjet printing was the next
technique used to deposit the switghmatrix onto the planar RSD.

Figure 3.7 SEM image of the spin coated Ag and PVVBFP based switching
matrix (side view) on the RSD

3.3.1.2 RSD by InkJet printing method

As mentioned in sectiof.4.2 inkjet printing is a more sophisticated technology
used to deposit materials onto a substrate. The printer used in our case is a
piezoelectric inkjet printer whose general working mechanism has been explained
in Chapter 2Section2.4.2

The printer useé for our experiments is a Drop On Demand (DOD) inkjet
printing systemThe system is equipped with independent heaters for the printing
nozzleand the substrat@he piezoelectriciozzle is made of silica glass, with an
orifice diameter of 6@&m. Printing was carried out at room temperatahe ink
was stable at this temperature. The printed device was then drigdCan3&r for
about 15 to 20 minute3he ink used for printing is the Ag NP and P\:BIFP
based switching matrix. It was found thihis switching matrixservedas avery
good ink with a viscosity of 8.5 cP which is usually a preferred value for
piezoelectric inkjet printerslf]. As seen fronfigure 3.8, the present Ag NP and
PVDFHFP based ink exhibitedMewtonian fluid characteristic indicating a good
stability under shear stress
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Figure 3.8 Viscosity measurement carried out on the Ag NP and RMBPF based
ink

In order to analyse the mechanics of the drop formation, the Z number was
calculated usingpelowequation

z Z 8

(3.3)

Where,d, p, s and V are the orifice diameter, density of the liquid, surface
tension and the viscosity respectivele values corresponding th p, SandV
are 0.000060 m, 1330 kg#n0.03512 N/m and 0.0086 Pa.s which leads to the
final Z value of 6.The general acceptable Z value for DOD printing systems are
greater than 2. Thus the Ag NC based switching ink casobsidered apt for the
piezoelectric inkjet systemsFigure 3.9 shows a pictorial representation of the
inkjet printed sample. Two different printing techniques were used in order to
observe, if any, eventual effects were seen in the switdiehgviour Drop on
position (DOP) and Print On Fly (POF) were the two techniques used. Both
techniques are based on the same DOD principle, where a small volume of ink is
ejected from the nozzle by applying a pressure pulse to the liquid ink in the
channel #5]. DOP features a jetting performed dropwise onto a desired region
offering the user a complete control over the number of drops and the exact
location where the print has to be donEigure 3.9 a). POF method on the
contrary when executed, thmattern is printed on the sample in a continuous
manner until the set pattern is completgggre 3.9 b). In this type of printing,
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pressure waves are created witthe pressurized ink reservoir in response to
continuous application of periodically pulsedvoltage stimulus. Thus as in the
case of DOP, pressurization of the reservoir ensures a continuous jetting of the ink
passing through the nozzléq. The major difference between these two modes

of printing is that during a DOP job, both the priltad and the stage are
stationary while jetting. POF on tle®ntrary involves the movement of the stage
that moves continuously as a migmp is ejected at each array elemdm.[
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Figure 3.9 Schematiaepresentation of thiek jet printed planar deviceaising
different techniquesa) polymer NC being inkjet printed using DOP mode, inset: physical
device after polymer NC printing and b) polymer NC being inkjet printed in POF mode,
inset: physical devicafter Ag NC printing.

The device which was printed using the drop on position (DOP) technique
will be mentioned aBDOP RSD, and the other sample on which print on fly (POF)
technique was usedill be mentionedPOF RSD.In the following sectia the
electrical behaviour of DOP and POF RSD will be explained.

DOP RSD

As mentioned earlier, this technigimvolves the ejection of fixed number of
ink drops at a desired position. fiked amountof drops were ejected from the
nozzle of the printhead onto thesistive switching active gap (between the gold
electrodes).

The droplet density was set @ drops/mrin the DOP RSDCyclic -V
measurementaereperformed on the sample in order to understand the switching
behaviour Figure 3.10 aillustrates theforming of the RSD. Application of an
initial set or electroforming field of 32.5 kV/cm was needed to bring the pristine
device to LRS. The application stich ahigh field favouredthe movement of the
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silver NPs that were disperseddnthe polymer matrix, in order to make an
electrical connection between the gold electrod@s. per the previous
explanations regarding the dependence of electrical parameters and the device
behaviour, in the present case as it can be seen figure 3.10 b, at lower
compliancethe device behaved exactly as a random access memory in which the
information was lost when the power was switcbh&d This diode likebehaviour
exhibited by the device (Volatile) had a set process around 1.2 kV/cm due to the
formaion of a non-continuous field induced silver filament between the
electrodes. The reset process could be attributed to the destruction in the earlier
conductive path, due to a thermally induced movement of silver atoms
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Figure 3.10Electrical charactezation performed on DOP RSD a) Initial
electroforming at 32.5 V. b) CyclieV performed on DOP in logarithmic scale at 10 pA

set and reset current compliance. c) CyeNeperformed on DOP in logarithmic scale at
100 pA set compliance and 1mA reset caanpde[48].
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Despite the fact that the device was volatile, it can be observedFigure
3.10 b that it maintained a rectifying ratio of A@uring the cyclic 4V
characterization. The set process or the forming process can be induced by a high
field activatedprocessyhile theresetcan be attributed to high temperature (Joule
heating).A further increase in set and reset compliance to 100apd 1 mA
respectively, led to a complete change in the switchetgaviour Figure 3.10 ¢
displays the-V curve obtained after the cyclieM characterization performed on
the sampleat higher complianceAs it can be seen, the device showed a-non
volatile bipolar switchingpehaviour The device was set at a voltage of around 1.6
V, and then returned to HRS arow@d2 V. The device maintained a high On/Off
current ratio of the order of 1@luring the cyclic v characterization. The set
process can be phained by the formation of a field induced Ag filament along
the Ag clusters between the electrodesyclic endurance test was performed on
the sampléFigure 3.11) by probing the device at 0.5 V after setting and resetting
the device at +2V an@V regpectively. The set, read and write pulses were 30 ms
long. The device exhibited an average set resistance state of alSaytal@l a
reset resistance state of 40 Thus maintainingn Ror/Ron of about 18for about
45 cycles. The On and Off resistaneglues of pulse measurement cannot be
compared to the cyclic IV measurementBecause inpulse mode the
measurement is performed in dynamic regime (pulse period of 30 ms) which
introduces an inductive effect, leading to a higher set and reset resistance.

Figure 3.12 adisplays the silver NPs dispersed in tR¢DFHFP matrix
between the Au electrodes of an electrically characterized sample. As it can be
seen the silver cluster creates a conductive path between the Au electrodes.
Figure 3.12 brepresents thdifferential optical microscope image of the same
sample which is being characterized
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Figure 3.11 Pulse characterization performed on the-wolatile device.

Figure 3.12optical characterization performed on DOP RSD a) FESEM image of
the device with active switching matrix inkjet printed between the gold electrodes, after

electrical characterization b) Optical microscopy image of the characterized sample after
false colow mapping[48§].

The Ag NP and PVDIHFP based ink was found to be affected by ageing.
XPS measurement performed on a 6 month old device showed that the Ag was
oxidised which led to an inferior performancethe RSD.Figure 3.13 provides
the peaks corresponding to Agsaand Ag 3d/,, thedoublets corresponding to 3d
orbital. The chemical positioning of the peaks corresponding to Ag metal and
AgO along with the rough estimate of the area in which theypegsent are
provided in the XPS plot. As it can be seen, only 87.8% of metallic silver was
present on the surface while remaining 12.2% was in its oxidized Staite
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oxidation effect on the Ag NP led to a drastic change in the device electrical
behaviow. The oxidation effect on the silver NPs led to an additiorthe
resistance of the RSDn&etFigure 3.13 and a higher electric field of nearly 8
kV/cm, which is 6 times higher than the fisldisneededor the switching

Chem. Pos. Sep. %Area
AgO 367.04 0.00 7.29
2500 Ag 368.24 1.20 52.59
Ag0 373.04 6.00 1.88
ag 374.24 7.20 35.24
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380 378 376 374 372 370 368 366 364
Binding Energy (eV)

Figure 3.13High-Resolutionsurvey on A spectrum of the aged DOP RSD. Inset
provides the electrical characterization result carried out on the aged device

POF RSD

POF printing technique is defined by setting a printing pattern, and once the
print command is executed, the set @attis printed on the substrate under
continuous droplet generation. In our work we have printed several patterns and
one of the best results were obtained by printing a rectangular array ¢f.%.5
mm (Inset ofFigure 3.9 b). The array was printed suchatl®3 drops were ejected
on a single line. A total of 558 drops were ejected as 6 lines were printed in the
rectangular array. Thus in the POF case, we can generalise the presence of 172
drops/mn which is twice as that in DOP RSD. This kindpointing resulted in a
Write Once Read Many (WORMype of RSD §9], where once the device was
switched on, it maintained the ON state even after the reduction of the applied
field. Figure 3.14 ashows the high field transition of the device from HRS to
LRS. It can also be noted froriigure 3.14 L that in the initial voltage sweep
from O V to higher positive voltage, the device was found to be at HRS, but as the
voltage reached 25 V, there was a further decrease in the current level, which was
maintained til 45V, and then the entire device took its transition to LRS around
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50 V. This instability in the HRS can be explained by the complexity in the
available conductive paths between the electrodes. Once the device reached its
LRS, it maintained its high condting state until it reached a lower positive
voltage where it again had a transition to HRS. This state was continued.&ntil

V was reached, where the device made its final transition to LRS. The device then
had no further transitions. An LRS was maiméal for further applied fields.
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Figure 3.14Electrical characterization performed on POF RSD a) Initial Cye¥c |
measurement on the device. b) Plot showing the HRS of the first cycle in both polarities
(continuous line showing smoothing by means afi&ky-Golay filter). c) IV
measurement carried out at reduced voltage range



72 Metallic Ag NP based RSI

To confirm the WORMbehaviouy the voltage range was further decreased
(figure 3.14 c), and it was observed that the device maintained its LRS. This
permanent On state of tlikevice can be explained by the formation of multiple
conducting filaments or a highly conducting percolative path. While in the DOP
RSD, limited filaments in the order of 1 or 2 gave rise to the conducTios.
ageing effect was tested in this case. It wihserved that initially the switching
gap of the RSD was undisturbdéigure 3.15a). After electrical characterization
which was performed at high fields and th
exhibit WORM behaviour Kigure 3.15b), it was seen thathe electrode was
displaced. As it can be seen frdigure 3.15c, the Au was displaced from the
edge of the electrodes, thus increasing the effective switching gap. This migration
of Au is induced by electro migration happening due to the presence digicgh
which is stressing the device each and every time the cycling voltage is applied.
This destruction in the electrodes happen only with ageing and application of high
field in order to switch the device.

Current (A)

Voltage (V)

Figure 3.15: Tests performed on aged POF RFBEM image before
characterization b) Electrical characterization performed on the aged device. ¢) SEM
imaging performed after characterization

The difference in switching behaviour observed in DOP RSD and POF RSD
can be explained by means of a simgleesnatic representatioRrigure 3.16).
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b) POF RSD

Figure 3.16 Schematic representation of the active gap between the electrodes of a)
DOP RSD and b) POF RYA9].

As seen fronfigure 3.16 a, the number of conductive paths in the case of
DOP RSD is much less than in the case of POF RSD. The probability of having
multiple conductive paths in POF RSDhgyh (Figure 3.16 b). This causes a
higher electroforming voltage in the case of POF RSD. In POF RSD as it can be
seen fronfigure 3.16 b, there can be conductive filaments not just in the active
switching gap, but alsdue to complexractal dendritic geometries followed by
NPs throughout the printed matriXhis was observed in many similar systems

[3].

We can generalize the resigigwitching (regardless of the switching matrix
deposition technique) that we saw in all these cases using Ag NPs andHRIDF
as field induced filamentary process. By using a planar device structure, the set
field applied is high since the conductive filant has to cover a larger distance.
Figure 3.17 provides the schematic representation of the field induced switching
mechanism of the RSD. The pristine statehef device has the switching matrix
in which the Ag NPs are dispersed in the polymer matie fristine state of the
device is in its HRS. Once a patrticular set threshold field is applied the dispersed
Ag NPs move thus causing a metallic filament like connection which bridges the
adjacent NP clusters, leading to a percolative network thus redtiven bulk
resistivity of the device4?2).
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Pristine State Set Field Reset Field

Figure 3.7: Schematic representation of field induced filament formation and
destruction in ExSitu based RSD. Green circles represents the Ag NPs

Once the field reaches its reset thadhthe NPs present in the connected
filament moves due to thermal disordering and leads to the rupturinigeof
filament and leads to its initial HRS. The transition of the device from LRS to
HRS in the case of volatile device (Low compliance) can bé&grqu as follows:

As the field decreases and it goes to 0, the temperature drops as well as the NPs
slowly starts to diffuse to its minimum energy position near the terminals. Finally
most of the NPs might have merged to larger clusters signifying tbet eff
Ostwald ripening or in other words to minimize their interfacial enefgy. [

While with higher compliance, the formed filament is strong enough that the NPs
remain connected even at 0 bias. The device moves to HRS only when the field
reaches a reset threshold in opipe polarity during which the NPs diffuse from

their connected path due to thermal disordering.

From the experiments conducted on-BEXu Ag NPs and PVDIHFP based
switching matrix, we can summarize that the switching matrix when used on
planar symmetcal device led to resistive switching which strongly depends on
electrical parameters set. The mechanism behind the switching was found to be
filamentary which was supported by the FESEM imaging and the compliance
dependence switching. The device perfaioea (endurance) was not
commendable due to the fast oxidising nature of the Ag NPs present in the
switching matrix. The work was then carried forward by synthesizing the Ag NPs
by In-Situ method
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3.4 In-Situ Ag Based RSD

So far we have explained EBxtu based RSD. A small part of my work was also
made on developing 1situ based RSD. As mentioned previously, in-dix
synthesis the active fillers are directly added to the polymer matrix, while in In
situ method, the NPs are grown from the precursors wdrielrembedded inside
the polymer matrix. Even though the -Bitu method has the advantage of better
control over the NP size and distribution;ditu method has the advantage of a
better NP distribution within the matrix.

Here theln-situ growth of nanostictures is used to develop an innovative
strategy for customizing the electric properties of the corresponding RSD NC
material As explained irchapter2 section2.3.2we have synthesized a switching
matrix in which the Ag NPs has been generated by phatiog process. The
RSD used in this case is also different from the earlier discussed planar
symmetrical devices. The stacked structure here allows to have a smaller active
switching gap. The general switching behavior of theiin based RSD was
studiedis a brief manner.

DC analysis was performed on the stacked asymmetrical déumad 2.2
to study its switching characteristics. Active bias in this case was provided to ITO
electrode Figure 2.14). It was observed that the device exhibited a-valatile
resistive switching behavior.

T
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Figure3.18 DC characterization performed on®itu based RSD. Inset provides the
electroforming process.
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As seen from inset dfgure 3.18the device had its fming process at nearly
14V, and then there was a reduction in the following set process. -Bita mased
device showed an On/Off of about*1® 1. But this ratio was not stable. By
increased number of switching cycles, the device was moving towalols a
conducting state. And thus we saw a reduction in the On/iDi. switching
mechanism in irsitu generated Ag NP composite based RSD can be explained as
in previous Exsitu case. Since the polymer matrix used in this case is similar as in
previous Exsitu case, and since we have the set case which reaches the
compliance level, we can explain the switching in this case due to a field induced
filamentary formation.The application of a set field causes the Ag NPs in the
polymer matrix to move and form anterconnected network like path between
the electrodes which causes the conduction. This leads to a strong and stable
filament which can be ruptured or dissolved by the application of a reverse
pol arity. But with mo rstte peyadsiforlongedtsme t he c o
period and the filaments become more stable and robust, which makes the
recovery of the insulating state or the HRS of the polymer NC not possible.
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Chapter 4

lonic Liquid embedded Fluoro
polymer composite based RSDs

4.1 Introduction

Metallic salts especially AgN©are commonly used as precursor to many Ag
compounds. The use of AgNOnstead of commercial Ag NPs makes the
experimental process less expensive.

The presence of polymer and metal ions that can be easily reduced by
applying a voltage is used as switching matrix in many case studies. In the recent
research carried out, lonigquid (IL) is incorporated in the polymer ayNOs
based switching matrix. IL increases the ionic conductivity by increasing the
mobility of the metal ions. RSDs with presence of Silver salt and IL fall under
REDOX based resistive switching memot#y. [IL are usually used as nonvolatile
liquid electrolytes (liquids with low vapour pressure) in electrochemical
applications 2, 3] due to their excellent electrochemical stability and high ionic
mobility which makes them good electrolytdzart of the work described in this
chapter has been REEvAdvuahgepubbj sBedoin(EF¢

4.2 Planar symmetrical device based on PVDF
HFP_AgNOs_IL

The use of AgN® as a precursor for the NP generation has been studied in
Chapter 3, sectioB.4. While in this chapter we are not performing any direct
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photo reduction process on the polymer switching matrix. The matrix used in this
section is discussed in chapters2dion 2.3.3 In this subchapter we will discuss
about the electrical behavior and mechanism of the planar symmetrical device
(mentioned in chapter, 8ection2.2.1).

The switching matrix was spin coated onto the device at ambient condition.
Before discussip about the switching matrix with IL, a small test was also
conducted where the matrix was composed just with PMBP and AgNQ@
(Wt% of PVDFHFP/AgNG 95/5). This test was performed to clearly understand
the importance of the addition of IL into our polgnNC based matrix.

The switching matrix based on PVEHFP_AgNQ was coated onto the
planar symmetrical device and was electrically characterizigdre 4.1 provides
the electrical characterization resulffie pristine device was found to be at HRS.
As it can be seen frorRigure 4.1athe RSD had its initial transition from high
resistance state (HRS) to low resistance state (LRS) at a negative voltage-around
25 V, which corresponds to about 25 kV/cm. The current limit has been clamped
to 100 pA in bothpolarities to ensure the safe functioning of the device. The
initial set process happening in the present case can be easily explained by a
simple reaction where the Agpns are being reduced to Agtoms, which relates
to the change in the resistanceestaf the device from high to low. Since we are
not inducing the reduction of the Ag ions by any external means, the probable
reaction happening here will be the direct oxidation of oxygen that replaces nitrate
in the dissolution of AgN®in PVDFHFP.Thus the total conduction current can
be attributed to the contribution of 1) ionic conduction before switching and 2)
filamentary electronic conduction after switching. The present RSD considered
had a decrease in its switching voltage fr@% V to lower véues, in the range of
20 V after the initial switchingRigure 4.1 b).This is because the forming process
can be regarded as a soft breakdown happening in the switching matrix. This
means that the process can be partly reversed by an electrical stimaryde
processes might take place during the breakdown like ionic and electronic process
which are often mediated by Joule heating and thermal rearrangement. The device
was always exhibiting a unipolar or Random Access Memory (RAM) behavior.
This is obviosly due to the creation of a thin and unstable filament which was not
able to persist in the active switching gap when the power was switched off. This
reasoning can be proven by 2 facts. One being, the ON resistance observed in
figure 4.1 be x c e e d s thal B thuclk lqggher than the resistance of a single
at omi c point (12.9 kq), |l eading to the
observed is due to a dominant electron tunneling prodgsSdcondlyfigure 4.1
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c provides the FESEM image of the active gap after characterization. As seen, the
Ag NPs are homogeneously distributed within the matrix, between the gold
electrodes,and that there is no evidence of filament formation between the
electrodes after cyclicV characterization.
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Figure 4.1: Electrical characterization performed on the planar symmetrical device.
a) Initial set taking place a25V. b) Complete cyclic IV masure. Inset provideg®om
near-0.6 to +0.6 V, to understand the transition from LRS to HRS in both polarities. c)
FESEM image of the device with active switching matrix spin coated between the gold
electrodes, after electrical characterizatioeet:Magnified portion between the
electrodes.

Since the present switching matrix was not able to induce a memory effect,
nor was this matrix able to perform well as a unipolar device with a good
endurance, the matrix was modified by adding IL into it. It was found that the
addition of IL, made the et#rical response more suitable féow-power
electronic devices, leading to a sharp reduction in the forming and set voltage
range which is fundamental for a better energy managerf@nre 2.8 in
chapter 2 explains the effect of IL when added to therpetyand Silver salt
matrix. IL helps in the plasticizing effect of the polymer matrix, which helps in a
better ionic mobility. Figure 4.2 provides the electrical characteristics of the
planar symmetrical device with PVEHFP_AgNQ_IL as switching matrix.tlis
interesting to note that the initial switching took place -at2 V which
corresponds to a forming field of 2.2 kV/cm. As explained in previous chapter, the
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total concentration of AgN©is 5wt. % of the total switching matrix. As this
content is furtler increased we will have a further decrease in the initial set field
to 1.25 kV/cm and 0.6 kV/cmir(set Figure 4.2 B. But the increase in the
concentration of AgN®leads to a more conducting behavior of the device rather
than a switching behavior. Thike present concentration of 65/5/30 wt. % of
Polymer/AgNQ/IL is found to be the best measures of the constituents in the
switching matrix. Thus the set field of 2.2 kV/cm can be considered as the general
set field in our device. This value is 10 timewéw than the switching field in the
initial case without IL Figure 4.19. This 10 fold reduction can be explained
solely by the presence of IL. IL reduced the crystallinity of the polymer NC
switching matrix thus reducing dipetBpole interactions, find) disrupting the
transientcrosslinkagebonds among the polymer matriq [
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Figure 4.2: Electrical characterization performed on the planamsyrical device
with PVDFRHFP_AgNQ_IL as switching matrix. a) Initial set taking place2aRV. b)
Complete cyclic IV measure with 1@8 compliance Inset shows the further reduction
of initial set with increase in AgN§xoncentration c) Cyclic IV measure at higher reset
compliance. d) Behavior of a single cycle at 1mA reset compliance

Once the initial forming was observed in the device, the optimal voltage range
was examined, allowing to have a stable and repeatablechsvg. VY
characterization was performed between the voltage range of +0.2 \0.2nd.
Figure 4.2 cdisplays the noivolatile switching behavior of the device. The set
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states were always stable and the threshold voltage corresponding to set was near
0.1V; while the reset states had slight variations, the reset threshold was in the
range of-0.05 V. The different reset compliance, coupled with dpémised

voltage bias range and the jalectrical treatment, changed the memory state of

the RSD from volale to nonvolatile. The stability of the filament can be
explained by the resistance |Fgured2 observe:l
d), is lower than the LRS ifigure 42a( O 10 kq). The formati on
continuousfilament now enabled thelevice to set at a much smaller threshold
voltage (0.1 V) as ifigure 4.2 d. The increase of reset compliance along with the
reduction in voltage range led to the destruction of the formed filament when it
reached a negative threshold voltage(®5 V.Since the voltage was swept only

till -0.2 V, there was no further filament formation, which made the desroain

in its HRS until it reached its positive set threshold. Thus, maintaining its HRS
until the device reached a positive set threshold. Thiehiionic conduction
provided by the IL based switching matrix when compared to the initial matrix
can also be stated right by the impedance result obtained from the 2 matrices.
Figure 4.3 provides the Nyquist plot obtained from the impedance spectra
analzed in the frequency range [1 kHz, 10 MHz]. The figure provides a limited
range of the impedance spectra in order to understand the difference in behavior
of PVDF-HFP_AgNQ (Matrix1) and PVDFHFP_AgNQ_IL (Matrix2) based
switching matrices. Data pointsreesponding to Matrixl showed an impedance
behavior that was dominated by simple diffusion processes. Mateiavior, on

the contrary,was more complex: in thdéow-frequencyregime, a negative
differential resistance was seen which took place from 1hdowt kHz, while in

the high-frequencyregime the behavior recovered the same features of the device
with Matrix1. Thus,the data corresponding to Matrix2 was in support of a higher
ionic conduction 4.
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Figure 4.3: Nyquist response of the Matrix 1 and Matrix 2 analyzed from 1 kHz to 10
MHz [4].

Figure 4.4 provides the SEM images where a clear evidence of the
percolative conducting path made by the polymer NC (PVABIP_AgNQ _IL)
between the electrodes is given.

Figure 4.4: FESEM image of the characterized sample. a) Image of the switching gap
with spin coatedPVDFHFP_AgNOsand IL after electrical characterization.Ndggnified
portion between the electrodes with percolation paths (evidenced by orange hand drawn
lines) and Ag NPs (coloured in green) that bridge the two electfdides

As it can be seen frorfigure 4.4athata selfestablished network is found
between the gold electrodes, suggesting the potentiality of our system to realize
artificial neuron networks. This peculiar morphology is due to the shrinkage
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during drying and the partial demixing of the polymer aneesisalt.Figure 4.4 b
provides a clear visualization of the dendritic growth of silver NP filaments
(evidenced manually in green) between the gold electrodes, three of which are
percolating and connecting opposite electrodes (orange lines manually drawn
close to those NPs which were seen in contact from highly magnified FESEM
images). The formation of dendritic filaments can be related to diffusioted
aggregation of the Ag ions. A similar work has been carried out by Krishnan et al
[1, 6], where a similar planar device was fabricated with symmetric naiati
electrodes and AREO was usedas the polymer composite. To understand the
retention of this device, a constant read voltage (0.05V) was probed at set and
reset conditions. As observed frdigure 4.5, the device maintained constant set
resistancelede f or more than 6000 s. The set
The reset state was unstable till 1500 s. Later it turned stable and the device
maintained this level till 6000s. The average reset resistance measured by the
device during the retentiohe st was about 7 kaq. The
restarted in order to confirm neslatility. It can be seen that the resistance
values before and after the interruption (at 3.6 ks for the set state marked with red
ellipse and 3.2 ks for the reset stateich is marked with black ellipse figure

4.5) recovered the previous resistance value. This confirmed theatatility of

the device.
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Figure 4.5: Retention characteristics of the device read at 0.05V.
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As seen from the switching matrix based BX-Situ Ag NPs,how it was
affected by ageinguek to the oxidation of Ag NPs, here an XPS was performed in
order to understand the surface chemistry of the device. Since the switching
matrix in planar device is more exposed to atmosphere we have a higie dfa
metallic oxidation. To clearly understand the effect of ageing , XPS was
performed on 1) fresh planar device with PVBFP_AgNQ_IL deposited (but
not tested)[Fresh: not tested], 2) electrically characterized planar device [Not
Aged], 3) one monthld characterized planar device [Aged] and 4) commercially
available AgNQ@ powder for reference [Commercial AghIO Figure 4.6
provides the XPS plofhe presence of C, O, N, Ag, F and some impurities due to
precursor residues (Si and CI) can be clearlyeustood from the survey spectra
(Figure 4.6 9. To understand if Nitrogen was still bonded to Ag, N1 peaks were
checked figure 4.6 b). The three devices showed signals made up by two bands
at ~399 and ~401 eV respectively due tdNB> and GNHs, found inlIL. No
peaks were detected for typical nitrate chemical shift, which should be located at
binding energy higher than 403 eV. While in the commercial AQNO3 powder,
N1s signal features two separated peaks at 403 and 406.4 eV, which are due to
nitrates[7]. Figure 4.6 cshows the Ag3d doublet colevel emission collected
from the three devices. As it can be seen in the fresh sample, that has not been
electrically characterized, thpeakis made upf two bands the first one at 367.8
eV (40.4%) and the second at 368.5(89.6%).
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Figure 4.6: Xray photoelectron spectra collected from NC based RSD prepared with
PVDFHFP_AgNQ_IL on planardevice. a) Survey Spectra. b) High Resolution (HR)
spectrdor N1s. ¢) HR spectra fakg3d peaks (experimental data denoted by blaxds|
fitting curves denoted by dashed black line and reconstructed signal dengregy
line). The analyses are madefoeshuntested sample (Fresh: not tested), sample after
electrical characterization (Not Aged), on a-onenth-aged sample submittéd
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electrical characterization (Aged), which was kept at ambient conditions, and finally on
commercial AQNQ powder (a and b graphs only).

The first value is typical of A@ [8], while the second, which is shifted
towards higher binding energies respect to reference value for metallic Ag (368.2
eV), has been assigned to Ag metal NBE {vhich means that during the
deposition the Ag was partially reduced, forming metal NPs with a thin layer of
silver oxide on the surface. The sample after electrical chawmatien (not aged)
presents the same peak for thee®g44.2%) chemicashift, while the peak at
higher energy is located at 368.2 eV (55.8%), which is the Ag metal foil reference
value. Thus it can be stated that electrical characterization changedeheaf sie
Ag filler. The latter graph ifFigure 4.6 cis related to the oamonthold tested
sample (Aged). In this case, the Ag3geak is composedf two curves which
are at 366.5 eV (8.3%) and 367.4 eV (91.7%). The first value is not common for
Ag, since it is at very low binding energy. Thomas et &b [explained this
chemical shift with the exposure of the composites to the ambient aing taki
origin from AgO. The peak at high@nergy, in this casés due to AgO 10]. So,
we can state that the sample whighsleft for one month at ambient conditions
(Aged) had gone through ageingprocess which thickened the oxideger,since
no Ag metal component esent in the peak deconvolution.

4.3 Planar Asymmetrical device based on PVDF
HFP_AgNOs_IL.

So far we have just been using planar symmetrical and stacked asymmetrical
device. In the present section we will be using planar asymmetrical device
(Section2.2.2). The electrode structure is same as that of the planar symmetrical
case, just with the exception that instead of Au electrodes we use Ag and Pt
electrodes. Ag being an active metal and Pt being a passive metal, the
combination of these two metals il'5Rs are well appreciated.

The switching matrix here which is PVEHFP_AgNQ_IL is spincoated
onto the device under ambient conditions. As seen figare 4.7 the device
exhibits excellent switching behavioiThe electroforming process, in which the
device moves from its pristine HRS to LRS usually takes place at a higher voltage
bias when compared to set voltage. In the present case, it was found to be around
2.29 V Figure 4.7 g which corresponds to an electric field of 2.29 kV/cm.
Figure 4.7 b shows the consecutive switching cycles after the electroforming
process. As it can be noted from the figure, there is a clear reduction in the applied
field. The overall switching voltage range has now been optimised to + 0.5V.
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Figure 4.7: Electrical Characterization performed on planar asymmetrical device with
PVDFHFP_AgNQ_IL as switching matrix. a) Initiadlectroformingaking place at 2.29
V. b) Cyclic IV behaviour after forming.

The device exhibits a continuous switchirfgld00 cycles with a very small
On/Off of 10. These many large number of cycles has been obtained mainly
because of the use of asymmetric electrodes. Here along with the contribution
from the Ag ions and atoms in the switching matrix, the metal catioat dahe
ejected from the anode also plays an important role in switching. With the
application of active biagnetal cations (Agions in this case) migrate to the
counter electrode, wherney are reduced by the electrons flowing from the
cathode The pregitation of the active metals at the cathode leads to the growth
of metal protrusion which reaches the anode to form a highly conductive filament
between the electrodes which leads to a bistable state. Thus here we have
combined effect of both Ag from thelectrode as well as from the switching
matrix while switching.More study on this device will be conducted in chapter 5
and 6 where the endurance, mechanism, and other physical and chemical aspects
of the device will be explained in detalil.

4.4 Stacked Aymmetrical device based on PVDF
HFP_AgNOs_IL.

To understand the dependence of device structure on the switching behavior, a
stacked structure was realized with the above used switching matrix. As
mentioned in chapter 2, secti@2.3.1 the BE wadTO-made and the TE was
fabricated in gold (4 mm diameter). The matrix was spin coated onto the BE and
then TE was deposited. The thickness of the spin coated matrix was in the range
of few 100s of nm. Active bias was provided to ITO.
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The electrical charaerization carried out on the device exhibitetipolar
nonvolatile switching behaviorF{gure 4.8. The On resistance and Off
resistance at a read voltagedf V i s 50 kq and 7 Mq r esfj
exhibiting an On/Off of 150. As in the previous case,the initial testing
conditions,a compliance current level of 1 mA and 100 p A was set in the
negative and positive polarities respectively. In the earlier case, where same
matrix was coated onto thplanar device with symmetrical gold electrodes,
different switching mechanisms were observed according to the electrical
parameters set, especially, the compliance current.
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Figure 4.8: General IV behavior of the stacked device.

In the stacked device, the compliance levels dint effect the switching behavio
The device always exhibited nonvolatile switching behavior. Unlike other cases,
where the set voltage reduced drastically
that phenomena. Thus the switching in this case can be explained by means other
than filamentary conduction. Switching in this case can be explained by charge
confinement within the NPs: initially, the chargetstrapped in the NPs and as

the applied field is increased and reaches a certain set thresh@l#\(/cm), the
conductivity of the plymer NC is dramatically increased due to the easy
movement of the charge through the polymer matrix which leads to the On state
of the device. This state is maintained, until the applied field reaches a particular
reset threshold (1.6 kV/cm), at whichipobthe charges gets depped thus
making the device move back to its initial HR& 11]. In order to understand the
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switching stability of the stacked device, a pulse test was performed where the
device was probed at 1V after setting and resetting the devveand 2V
respectvely. Figure 4.9aprovides the input pulse aridure 4.9 b provides the
output. As it can be seen, device read almost constant values for about 70 cycles.
An average set current of about 250 pA and average reset current of about 2 pA
was read at 1V, thusaintaining anOn/Off of 100. The HRS showed a slight

drift in the current with anncreasein cycles: this is because the device had a
tendency to move to a permanent Sateas the cycles proceeded, and thus the
current in HRS was slightly increasinghis case, where the stacked structure is
considered, explains the fact that device engineering controls the device
properties.
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Figure 4.9: Pulse test carried on the stacked device. a) Input pulse signal applied. b)
Output obtained

The present switchingatrix based on PVDHFP, AgNQ and IL proves to
be an excellent switching matrix. The presence of IL in the matrix makes this
polymer NC a better switching candidate than the one explained in chapter 3. The
device dependence is a major factor in this. As seen from the switching iehavio
the planar device with asymmetrical electrodes shows the highest number of
switching cycles. The importance of IL now makes it an unavoidable ingredient in
the coming switching devicgd].
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Chapter 5

PEO Based Smart Hybrid Devices

5.1 Introduction

The urge for developing an organeetallic RSD is always at its peak due to the
incredible features they exhibit like low cost, good retention time, processability,
high endurance and mechanical flexibility, when coupled with polymeric or
natural flexible substrateg]|

The polymer NC based switching devitkat we have studied so far provide
the perfect example for a cost effective and easily processable device fabrication
technique The performance of these devices may not be commendable in terms of
its endurance or retention. PVBHFP which is a thermallgtable polymer has
been used in many applications including memory devices, Li batteries, fuel cells,
solar cells etc 3-6]. PEO is another polymer matrix that is widely used as
electrolyte in many applications like Li ion batteries, Dye sensitized solar cells etc
like PVDFHFP [7-9]. The characteristics of the polymer matrix playimportant
role in the transport of cations and anions in the switching matrix. PEO is well
known for its enhanced ionic conductivity. The sstembled polymer structure
in our RSD will have a great influence on the formation of conducting filaments
as well as on the ion transport behavidl.[In this chapter we will discusthe
functionality and performance of PEO_AghIdL based planar RSD with
electroanalytic methods and microscopy. Throughout the thesis, we have given
importance for planar devices since ttievelopment of wearable, eventually
printed, soft smart systems are more feasible with planar dewigds]. Part of
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the work described in this c¢Boupa @r has
Material Chemistry C, 5, 2017, (614455) 0

5.2 PEO based planar symmetrical device

The PEO PolymeNC based switching matrix preparation has been discussed in
chapter 2, sectio2.3.4 The PEO based matrix is spin coated onto the planar
symmetrical device (Section2.2.]). Planar devices usually allows a
straightforward implementation.

Figure 5.1 provides the results of the electrical characterization performed on
the planar symmetrical devic€he electroforming process took place at a voltage
bias around20 V (Figure 5.1 g which corresponds to an electric field strength of
20 kV/cm. An electricallydriven movement of Ag ions in the PEO matrix,
forming a percolative path between the electrodes, finally leads to an increase in
conduction of the devicelf]. This is the reason behind forming proceAs.
compliance was set to 1mA in both polarities after the electroforming process.
Figure 5.1 bshows the subsequent set and reset after the forming. The overall
working power has reduced as expectedreHve have a drastic reduction in the
operating field. This can be attributed to the already createdhamnel for the
formation of a metallic path between the electrodés, [17]. After the
electroforming process, once the metallic filament penetrates into the switching
matrix, a mechanical stress is cezhtvhich in turn induces a preferable channel
in the matrix which remains even after the rupturing of the filament. This channel
then forms a physical template for the following switching eveth&. [The
switching from LRS to HRS is by the dissolution of the formed filamAst.
observed fronfigure 5.1 ¢ the set process took place at around 0.8 V and the
reset at0.6V. The On/Off of this system is quite Iq®). As presented ifigure
5.1 d the On/Off throughout the 80 cycles is not quite stable. On current remains
constant throughout the working cgs| while the Off current varies a lot
throughout the working cycles.

To understand the difference in the switching gap before and after the switching
process, FESEM imaging was performed on an untested sample and on an
electricallycharacterized samplEigure 5.2shows a clear difference between the
tested and fresh devices. The active gap between the electrodes in the case of
freshdevice Figure 5.2 g showsno evident connections between the electrodes.
After electrically characterizing the sampleeth was a clear netwotike
connection between the electrod€sg(re 5.2 b. This connection network is
evident in multiple points and can be ascribedfitament formed by the
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movement of the silver ionskigure 5.2 b has been subjected to a color

enharement to color the conducting network growing in the active gap between
the electrodes.
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Figure 5.1: Electrical Characterization performed on PEO_AgNO3_IL based planar
symmetrical device. a) Forming Process. b) Behaviour of individual cycle in logarithmi

scale. ¢) Subsequent cycles after formingddjOff current at aeadvoltage of 0.5V
throughout continuous cyclic sweeps

2)] Before

Figure 5.2: FESEM imaging on the RSD. a) Fresh device with switching matrix
coated. b) Electrically characterized sanifd/g.

Generally, planar symmetric electrode structures compared to asymmetric
ones are found to be less performing in terms of On/Off ratio and cyclafility [
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Thus we have used the same switching matrix on planar asymmetrical device with
Ag and Pt electrodes.

5.3 PEO based planar Asymmetrical device

The perfemance of an RSD is highly associated to the electrode materials used
[19-21]. In this regard, a planar asymmetric electrode structure was used to
improve the properties pscially in terms of its cyclability ahOn/Off ratio. An

active and a passive material were used for the fabrication (Chapter 2 section
2.2.2.

In the present case where planar asymmetrical electrode is used, 2 switching
matrices with slight variation armade. The first one is the matrix which is
discussed in sectio®.2, which involves PEO_AgN®IL. The second one
involves a matrix without AgNQ. It has just PEO and IL. This PEO and IL
matrix was tried in order to realize a complete EQI, p2] device in which the
switching is caused by the movement of thgated metallic cations from the
active towards the passive electrode where these cations get reduced thus forming
a conducting filament.

5.3.1 Planar asymmetrical device based on PEO_AgNQL

The switching characteristics of the PEO_AgNI on planar asymmetrical
device is well studied in this sectiorkigure 5.3 provides the electrical
characterization results obtained from the device.

The device had its forming at 3.25 Wigure 5.3 g which corresponds to an
electric field of 3.25 kV/m. This forming field is four times lower than in the
symmetrical caseFH{gure 5.1 3. The resistive switching in the symmetrical case
was exclusively due to the action of the active switching matrix, while in the
asymmetrical device, the silver electraaleng with the Ag ions in the switching
matrix have an active role in the switching of the resistance. The application of
positive bias caused the electrically driven movement of the silver ions in the
matrix and the oxidation of the edge of the silvecttale (active electrode) to
Ag' [18]. After the initial cycling process, the device maintained a continuous
resistive switching for the next 530 adgs figure 5.3 b. This so far is the
highest number of reported cycles for a planar device with an active gap in the

range ofmicrometers Pl anar devices with micrometr.i

of cycles.

C
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Figure 5.3: Electrical Characterizatiparformed on PEO_AgNQIL based planar
asymmetrical device.)&orming process.)iContinuous resistive switching taking place
throughout the 500 working cycle9.@n and Off current read at 0.1V throughout
continuous cyclic sweeps. Retention test cagd out on the device. e) Set and reset
voltage levels throughout the cyclic sweeps.

This is due to the degradation of the electrolyte matrix during switching,
which often causes irreversible changes. With PEO based polymer switching
matrix the long rangég* transport can be hindered due to its limited amorphous
phase. While in the present case, the device exhibits a good switching behaviour.
The presence of IL can be the reason behind this upgraded performance. As
mentioned in previous chapters, IL paweay for a facile path for the ionic
movement and, moreover, it reduces the crystallinity of the polymer composite.
This is the main reason for the large number of switching cycles in the present
case.Figure 5.3 cillustrates the On and Off currents dedvéom the cyclic
switching characteristics at a read voltage of 0.1 V. The ability of the device to
maintain an On/Off of 1Vthroughout the working cycles makes this a promising
hybrid device Retention isan important factor to be considered while desng
RSDs. Thepresentdevice remainedh its On state for almost 3 h, while the Off
state was not as stable as the On state. After maintaining a certain reset current
level for about 1 h, the reset current was slightly increastigyi(e 5.3 d. When
consdering a device for practical applicationsther factors should also be
considered such as variation in set and reset voltages during the cycling. As
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observed fromFigure 5.3 ethe set voltage throughout the cycles remains the
same, while a slight varian in the reset levels (voltage distributed betwe®mh
and-0.4 V) can be seen, which could be mainly due to the structural instability of
the formed filament in the switching matrix which is common in crystalline
polymer matricesq,17,23).

In order to confirm that the device switching is due to filamentary conduction
and also to analyse if the formed filament is a metallic one, two different
experiments were performed. Initially to confirm the filamentary conduction a
compliance based testaw performed. As it can be seen frbgure 5.4 g the On
resistance of the device decreases with increasing compliance. This means that at
higher compliance current, the filament that is formed is more thick and stable and
thus a higher On current is prated and a higer off current is needed to bkea
that filament. An electrical way of knowing the constituents of the formed
filament is by conducting a temperature based electrical test, in which we can get
an idea about the nature of the formed filamést.seen fronfigure 5.4 b, the
increasing trend of the On resistance of the device with temperature explains that
the device exhibits a metallic conduction till 300 K. An increasing weight of the
ionic conduction channeRfl] can be seen after 300 K which can be explained by
the slight flattening of the curve.
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Figure 5.4: Electrical characterization carried out to study about the formed filament
a) On Resistance and Off Current plotted as a function of Compliance current. b) On
Resistance plotted as a function of Temperature.

FESEM and optical microscopy imagingmeperformed on the device before
and after characterization to understand the diffexen the active switching gap.
The pristine device is always in its HRS and no evident conductive path between
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the electrodesvas present Figure 5.5 g. After electrically characterizing the
device and setting it, a clear filamdike pattern was preserfFigure 5.5 b).
Figure 5.5 cprovides the corresponding FESEM image. A clear percolative path
connecting the 2 electrodes can be present from the figure.

E) Ag Pt b] Ag

10 pm 10pm

Figure 5.5:0ptical microscopy and FESEM imaging performed on a single BSD.
Optical micrograph of pristine device) Device imaged after switching on the device
(inset shows the corresponding IV swee)-ESEM image corresponding to panel b

[17].

FESEM imaging was performed on tlsampleswhich were electrically
characterizedfor different numbero f switching cycl ebs
understand about the filament formation. There was a significant difference in the
active gap with annicreasing number of characterization cycles. The pristine
device shows a clear gapigure 5.6 g, while after 10 cycles the sample shows a
gap with some connections between the electrdéigsire 5.6 b). By increasing
the number of cycles to 10the actve gap between the electrodes shows higher
number of connectiong-igure 5.6 9. Finally, the switching gap after 500 cycles
of cyclic sweeping is also shown figure 5.6 d The conducting paths and the
regions from where the silver ions were displac&dnaw obvious.



104 PEO Based Smart Hybrid Devict

Figure 5.6: FESEM image planarasymmetrical device showing the evolution of
formed filament with aincreasen numberof cycles. a) RSD before electrical
characterization. b) After 10 cycles of cyclic sweeps. ¢) 100 consecutive cyclic sweeps. d)
500 consecutive cyclic sweeps. (The red colored connections between the electrpdes is
a mathematical algorithm performedaohance the difference in the active gap after
different number of cyclic sweepg)7].

To understand the real time development of the filament due to silver ions
diffusion, in situ electrical stress was made inside the PEO_AgiN(bhased
switching matrix using Tungsten probes. A continuous cyclic sweep was applied
from -10 V to 10 V. The formation and dissolution of a filamentary structure near
the active probe wbh is marked in gray can be seen frdigure 5.7 (right
panel). This image has been subjected to a mathematical algorithm to enhance the
differences between the real FESEM images taken before and after Kigass (

5.7 left pane). The eventual little nsalignments of the two shotsan be
compensated by the geometricajistration process; a histogram correction and a
conversion to double floating point numbers assigns numerical values to each
pixel and allows to algebraically sum the frames. The falder scale reports
stronger differences in yellow/orange evidencing the creation of the filament, and
finally pink/magenta evidencing the annihilation of the filame.[ Initially a

cyclic bias was provided. As the voltage reach&dV, a clear filament was
observed. This is due to the fact that at negative voltages, the Ag ions gets
reduced forming silver atoms, thus forming a filamefiggre 5.7 3. As the
voltage sweeps fromlOV towards +2V, the filament dissolveSiqure 5.7 b).

Figure 5.7 ccorresponds to the further filament formation as the voltage sweeps
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from the positive to negative voltagehe real switching mechanism from HRS to
LRS and back to HR will be explained in detail isection5.4.

As seen fronfigure 5.3 b, the device after setting, resets n€aBV. And the
process of switching On and Off is explained by the formation and dissolution of
conducting filament. The reset process that happe the negative polarity is
actually not a straightforward process as it seems to be. This switching On and
Off process that is happening in a particular memory window are the values that

we have found after so manyctivwe glectroden g 6 s .

(Ag), moves from positive to negative, there are three processes happening: 1) the
oxidation reaction taking place on the formed filament, 2) joule heating effect
which is one of the most important thermal effect leading to reset in most of
RSDs, and 3) removal of the silver ions (Agil@ the formed filament due to

the effect of electric field.

Total annihilation
(negative difference)

= = < Neutral (no difference)

B Total creation
. (positive difference)

Figure 5.7Realtime observation of the filament formation and annihilation. In the
left we have the real FESEM images and the correspondinigsitte panels are the
images that have been subjected to a mathematical algorithm to enhatifferdneces
between the real FESEM images taken before and after @regsarea corresponds to
tungsten nano probe). a) Filament formation at set threspkllament dissolution at
reset threshold c¢) Further filament formation.

On
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Figure 5.8: Cyclic curve showing reset process a) negative polarity cycledail
b) after further increasing the negative sweep voltagg\to

These combined effects cause a destruction in the earlier formed filament.
This is the general case. Usually the cyclic voltage range of an electroformed
device is optimised in order to maintain continuous switching cycles. This
optimisation is very impaant especially in such cases where organic switching
matrices are used. As seen fréigure 5.3 b, the working voltage range of the
device has been optimien the range of +0.6 te.6V, in whichcase we have
the set of the device in positive and rasehegative. As seen frofigure 5.8 g
the device was at its LRS while passing from 0 to negative values. Ones the
voltage reach0.3 V, the device moves to HRS. As it can be observed figure
5.8 b when the negative voltage was increased frOré V to -2 V the device
again moves to LRS at arourl6 V. This set process taking placé dt6 V can
in no way be attributed to silver based filament conduction. Thus in this case
where we see a set process taking place at higher negative voltage can be
attributed to Q vacancies. We have a filament like connection formed by the
oxygen vacancies which helps in the conductlsimilar observation has been
made by Liu et al.J5], where both Copper nanobridge and oxygen vacancy
filament were presenwhen positive and negative forming voltages were applied
to thePtelectrode respectivelyrhus optimising the working voltage range is very
important iNRSDs.

5.3.2 Planar asymmetrical device based on PEO _IL

To further understand the ability of the PEO and IL matrix to enable the formation
of a conductive filament without the contribution of Ag ions from the switching
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matrix, another test was performed $pin coating just PEO and IL (50% each)
on the planar asymmetric device.

This case where the switching matrix is just composed of PEO and IL, falls
under the category of ECMrigure 5.9 provides the electrical characterization
result performed on this dee.
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Figure 5.9: Electrical characterization performed on the planar asymmetric RSD
with PEQO_IL as switching matrix. a) Forming process bp#&haviorof a single cycle
shown in logarithmic scale. c) On/Off current ratio read at 1.5 V throughout gonsin
cyclic sweeps. diRetention test performed on the device.

The present device discussed had a forming at 16.7V which corresponds to a
field of 16.7 kV/cm Figure 5.9 g. This increase in the forming voltage compared
to the case with PEO_AgNQOIL as swiching matrix can be attributed to the fact
that, here the switching is solely due to the movement obxidized Ag ions
from the active Ag electrodé comparatively higher field is needed to move the
device from the Off to On state. The following switty after forming took place
at a lower voltage around 12 ¥igure 5.9 b and the reset took place arouicb
V. Figure 5.9 cshows the On/Off current ratio read at 1.5 V throughout the 75
cycles. As it can be seen, the device does not maintain aobretio throughout.
The ratio varies from ¥Qo 20. The lack of stability in this particular case cannot
be explained in a systematic way, although the micrometric switching gap and the
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absence of Ag salt can be a main reason. A retention test perfomtled device

showed that a constant set state was maintained for about 1000 s, while the reset

state was quite unstable athé devicemaintained t 6 s of f st ate only f
s, afterwhichit movedto a high conducting stat€igure 5.9 d.

Figure 5.10a provides the FESEM image of the electrically characterized
RSD with PEO and IL switching matrix. As seen, evident filaments are present
between the electrodes. These filaments begin fronPtheectrode and move
towards the countefAg electrode. Whn the reset happens, they rupture or get
disconnected from the upper side (from the Ag electrode).

(2]
—

Counts (a.u.)

Position (pm)

Figure 5.10: FESEM imaging and EDX carried on RSD with PEO and IL as
switching matrix a) FESEM image of the asymmetrical RSD with the entire switching
gap. b) Individual Silver filament between the electrodes. c) EDX line profile concerning

the silver intensity in the active gap.
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The observed filaments are thinner close to the inert electrode (Pt) and are
broadening towards the active electrode (Ag).sTisi due to the fact thdhe
optical lithography process induces the formation of random waviness along the
electrodes. Locally, the geometricalhomogeneitieslook like triangles that
enhance the electric field and act to initiate the filament growtiss T an
important intimation for future engineering of the electrodes, where we can
completely control and initiate the filament growfthe small holdike regions
on the silver electrodeonfirm the movement obxidized Ag ions from the Ag
electrode 17]. EDX line measurement was performed to confirm the compaosition
of the filament formed in the RSD with PEO and IL switchimgtrix. The
filamentformed in between the electrod€sgure 5.10 b can be confirmed to be
silver conductive filament. The filament consideredignire 5.10 bis one among
the filaments infigure 5.10 a The line profile Figure 5.10 ¢ confirms the
presence of silveboth in the gapand penetratethto the edge of thelatinum
electrode.

Thus considering the PEO based switching matrices in sécaband5.3.2
we can state that in order to observe a continuous resistive switching in planar
device architecture with aarctive gap distance of around tensro€rometersit is
always better tancorporate ionic liquid in the polymer matrix along with active
metal ions or metal NPShe effective cross section area of the Ag filament
formed in the PEO and IL based matriancbe obtained using a simple model
developed byGuo et al. 26]. Figure 5.11 agives a schematic representation of
the Ag filament growth The Ag seed refers to the Ag ion which has migrated
from the Ag electrode towards the Pt electrode leamtjot redwed. Asseenfrom
figure 5.11 h the device is in its HRS till 250 seconds, and as time increases the
current builds up indicating the growth of Ag filament induced by a constant
voltage (3V in this case).
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Figure 5.11: Represents the metallic Ag filatngrowth in PEO_IL matrix based RSD.
a) Schematic representation of the Ag filament growth. b) Cutiraetplot of the RSD

Based on this, we can say that the volume of the Ag filament can be
calculated from the charge that is under reduction

l AE6nr) AO (5.1)

Where t is the time until which the voltage is applied on the device, h is the
effective length of the Ag seedenlis the ionic current that passes through the
PEO_IL matrix between the Ag seed and the Ag electrode with effective cross
section area A and effective length-hQ VO is the volume of the Ag metal
reduced from Ag cations by 1 C charges. VO can be written as

61 - T (5.2)

Where M is the mole mass of Ag,is the density of Ag, e is the electron
charge and Nis the Avogadro number.

Based on Ohms law, the ionic currentdan be written as
) 5 — (5.3)

Here U is the applied voltage on the device, is the ionic conductance of
the PEO_IL matrix.
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The normalized growth rate of Ag filament daa written from Equations 5.1
and 5.3 as

— P p ¢—O (5.4)

As mentioned earlier, once the applied l@aseeds aertaintime, the current
in the device increasemnormously This means that the filament now connects
the bottom and the toglectrode. Which means h/h0 = 1.

According to Ohms law, the effective cross section area of the formed
filament from a currentime plot can be written as,

o] (5.5)

! — P ¢

Where G is the overall conducladeshnce of
ionic as well as electronic conductanc&ran be obtained from the curreithe
plot (Figure 5.11 B. The area that we are obtaining in this equation is an effective
cross section area of the Ag dendrites with time. Thus by Substituting the values
at time t= 450sec (device moves to LRS at this point) in (5.5), we obtain the
effective area as 3 a.u.

5.4 Switching Mechanism of PEO based smart hybrid
RSDs

So far we have seen a detailed electrical characterization and a basic idea on how
the device wdts. In this section we see in detail the working mechanism of these
devices.

We will see the working mechanism of the planar symmetrical device with
PEO_AgNQ _il as switching matrix. It should be noted that the same mechanism
can also be explained for thweorking of PVDFHFP_AgNQ_IL based planar
symmetrical device which has been explained in chaptsctiond.2
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Figure 5.12: Schematic representation of the switching mechanisiamiar
symmetric devicea) Pristine deviceb) Devicein On statec) Devicein Off state. [Gray
circles corresponds to Ag ions from the AghlRed circles corresponds to Nitrate ions,
Circles with A and C corresponds to the anion and cation part of the IL. All these are
dispersed in the polymer matrix]

Figure 5.12providesthe schematic representation of the working mechanism
of the planar symmetrical devices with PEO_AgNI as switching matrix.
Figure 5.12 arepresents the fresh untested device with the matrix spin coated on
it. With the application of a positive biaBigure 5.12 b, the silver ions move in
the switching matrix leading to the growth of a silver filament, which causes the
switching On of the device. The reversal of the bias leads to the dissolution of the
formed filament, which brings to the Off statéqure 5.12 9.

As mentioned earlier, in the case of asymmetrical device, the conduction
mechanism is not exactly similar to the above case. Here along with the
contribution of the metal ions from the matrix, the electrodes also play a major
role in the switbing of the device.Figure 5.13 represents the schematic
representation of the switching mechanism happening in PEO_AdN®ased
planar asymmetrical device.
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Figure 5.13: Schematic representation of the switching mechanjsliamiar
asymmetric deviced) Pristine deviceb) Devicein On statec) Devicein Off state. [The
red circle corresponds to the region on the Ag electrode from where the Ag ions have
been oxidized and diffused into the switching matrix]

As it can be seen frorRigure 5.13 a,in the pristine device the switching
matrix (PEO_AgNQ@ IL) is spin coated on the planar gap. With the application of
a positive biasKigure 5.13 b, along with the Ag ions from AgNg) we can also
see the silver ions from the silver anode oxidizing and movirg tim matrix
towards the platinum electrode. Thus, the combined effect of movement of silver
ions in the matrix along with the oxidation reaction of the silver electrode causes
the switch On of the device. With the reversal of biegre 5.13 9, the
opposite reaction takes place, which is the dissolution of the formed continuous
path along with the formation of voids in the silver electrode (circle shown in
red). This leads to the off state of the device. Once the active electrode polarity
changes from @sitive to negative, there are 3 processes happening: 1) the
oxidation, reaction taking place on the formed filament; 2) the joule heating
effect, leading taesetin most of theRSDs P4]; and 3) the removal of the silver
ions in the formed filament due the effect of electric field. These combined
effects cause a destruction in the earlier formed filanmefjyt These explanations
have also been validated by tRESEM images that we have obtained.

Finally the switching mechanism in the case of planar asymmetrical device
with PEO_IL as matrix. In this case the switching is mediated only by the
oxidized metal ions from the anoddsigure 5.14 shows the schematic
representation of the switching mechanism in this chggure 5.14 arepresents
the untested device.
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Figure 5.14: Schematic representation of the switching mechanisiamiar
asymmetric device with PEO _IL as switching mataXPristine deviceb) Devicein On
state.c) Devicein Off state. [The red circle corresponds to the region on the Ag electrode
from where the Ag ions have been oxidised and diffused into the switching matrix]

As explained in previous cases, the application of a particular posititzge
should trigger the oxidation of the silver electrode and lead to the movement of
silver ions towards the counter electrode. Once they reach the counter electrode,
they reduce at the cathode (platinum electrode) and lead to the switching of the
device (Figure 5.14 B. The reversal of the applied bias leads to the breakage of
the formed filament. Note that this rupturing occurs at the top of the filament
(near the silver electrodeffigure 5.14 Q.























































































