creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

&’ HZFEety SAEA

JEN NATIONAL UNIVERSITY LIBRARY



A THESIS
FOR THE DEGREE OF MASTER OF SCIENCE

All Printed Resistive Switching Memory Devices
Based on Solution Processed Materials for Wearable

Electronics

Muhammad Umair Khan

Department of Ocean System Engineering

GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY

November 2018



All Printed Resistive Switching Memory Devices
Based on Solution Processed Materials for Wearable

Electronics

Muhammad Umair Khan
(Supervised by Professor Jinho Bae)

A thesis submitted in partial fulfillment of the requirement for the degree of Master

2018.11

The thesis has been examined and approved.

Pr Ik, K ARTH Tk £ o) LO l&}&r?; lg“T N\YQ

Thesis director, Karthikeyan Krishnamoorthy, Research Professor, D\epﬁa/rt]'n;lt of

Mechatronics Engineering,

‘_,m\,\r Rugt’ (\_j_v\\r& l@&»ﬁ/

Jinho Bae, Professor, Department of Ocean System Enginee;"gl/g
¢

. Hassan [

—
Gul Hassan, Poét—Doctoral Research Fellow, Divisior’t of Materials Sciences and

Engineering, Hanyang University Seoul, South Korea.

e
Department of Ocean System Engineering
GRADUATE SCHOOL

JEJU NATIONAL UNIVERSITY
REPUBLIC OF KOREA



WDedtioated to my beloved founily without whom 5
Wméew%mfmh@mmﬂym



“Life consists of two days, one for
you one against you. So when it's
for you don't be proud or reckless,
and when it's against you be
patient, for both days are test for

”n

you.

Hazrat Imam Ali Ibn Abu-Talib A.S



https://www.goodreads.com/author/show/7275101.Hazrat_Ali_Ibn_Abu_Talib_A_S

Acknowledgements

In the name of ALLAH, the Most Gracious, the Most Merciful. All praise to
Almighty Allah for blessing me with strength, courage, and knowledge; and helping
me out constantly to achieve this honor. He has never left me helpless and has
always guided me in the right direction throughout this long journey. Without His
help and blessings, | would not have been able to complete a single step. | pray to
Him to make the path of my future easy and help me in doing something good for

humanity.

My sincerest gratitude is towards my parents, brother and sisters, who have always
supported me at all steps of my life. They have provided me with everything in their
power and beyond. Without their love and constant support, this journey would have
ended far earlier for me. It was their encouragement and motivation that kept me
going and | am indebted to them forever. They have always inspired me to become a
better human being and put others before myself. I would also like to thank my

sisters.

The day | joined Department of Ocean System Engineering (OSE), | was nothing but
now the day | am leaving, | am feeling that I learnt a lot during my stay to start my
career in research and technology and can use my potential for the wellbeing of
humanity. This is all about the training of Prof. Jinho Bae who polished my skills
with novel ideas and ground-breaking thoughts. | would like to pay my heartiest
thanks with best regards to Prof. Jinho Bae, who put his full efforts to give me
confidence, access over all the resources in the laboratory and hire external resources
as well to accomplish the task. During my M.S studies, Prof. Bae provided me
shelter against all kind of crisis from morally depraved conditions to financial

problems.

I am especially grateful to Shawkat Ali who introduced me to my supervisor Prof.
Jinho Bae for M.S studies at OISE Lab, Jeju National University. | would like to
thanks my colleagues in OSE Lab and friends in the Jeju University as well. Few of
the names are coming in my mind including Dr. Gul Hassan, Dr. Shawkat Ali, Dr.
Arshad Hassan, , Muhammad Asim Raza, Jung-Min Kim, Hina Ashraf, Sehrish



Malik, Wafa Shafgat, Dr. Memom Sajid, Dr. Irshad, Yuhan Choi, Dr. Afaq, Dr.
Mugeet, Dr. Wagar, Dr. Siddiqui, Dr. Afag Muhammad, Afaque Maznzoor soomro,
Faiza Jabbar, Shahbaz Raza, Adeel Rafig, Adeel Faroog, Mutee, Asad, Muhsin,
Imran, Fiza, Igra, Jahanzib, Israr, Shabeer, Asif, Tahir, Ali, Faisal, Sajad, Zeshan,

Tahseen Elahi Chattha, Muzahir and many more.

I would love to present my tribute to my Grandfather, Father, loving Mother, Sisters,
and Brother (Dost Muhammad, Jahanzeb Khan, Dilshad bibi, Shaista Jahanzeb, Sidra
Shahzad, Saadia Nabeel and Muhammad Uzair Khan, Dost Muhammad). All of my
family has always been a source of appreciation and admiration throughout my life
either in my professional career or student life. I would like to disclose that Almighty
Allah bestowed me such a noble and dominating Figures in my life, without whom 1

could not have predicted myself to accomplish this task.

In the end, I would like to acknowledge and promise myself to be bind by the golden

tips of life as positive thinking, hard work and consistency in execution of the idea.

Muhammad Umair khan



DMF
FESEM
HRS

ITO

-V

LRS
Memristor
MOSFET
PET

PVP

TPD
PEDOT:PSS

ReRAM
SCLC
TCLC
Z2rO,
Rorr
Ron
PVOH
Zn0O

Abbreviations

N,N-dimethyl-formamide

Field Emission Scanning Electron Microscope
High Resistance State

Indium Tin Oxide

Current-Voltage

Low Resistance State

Memory Resistor

Metal Oxide Semiconductor Field Effect Transistor
Polyethylene terephthalate

Poly(4-vinylphenol)

N, N ' -Bis (3-methylphenyl)-N, N ' -
diphenylbenzidine
Poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)
Resistive Random Access Memory

Space Charge Limited Current

Trap Charge Limited Current

Zirconium Dioxide

High Resistance State

Low Resistance State

Poly (vinyl alcohol)

Zinc Oxide



List of Figures

Figure 1.1 (a) Spin coater schematic diagram. (b) Simple spin coating process......... 4
Figure 2.1 The diagram shows the six possible binary relations between the four
fundamental CIrCUIt BlEMENTS. ......ooviiiiiie e 7
Figure 2.2 Amplitude dependent unipolar resistive SWitching. ..........cccccceverininennnn 9
Figure 2.3 Polarity dependent bipolar resistive SWitChing..........c.ccoccovvvivieiiiciiciinnns 9
Figure 2.4 a) Fabrication process of memory device and the Cross sectional image of
ITO/ZrO2: PVP/Ag resistive memory device with 200 nm magnification. .............. 16

Figure 2.5 Surface morphology of (a) Ag, (c) ZrO2, and (e) PVP film are uniformly
deposited through a spin coater. EDS spectra of (b) Ag and Structural
characterizations of (d) ZrO2 and (f) PVP.......ccoiiiiiiie e 18
Figure 2.6 (a) SEM of ZrO2:PVP Nano-composite. (b) EDS spot profile of ZrO2:
PVP Nano-composite, EDS layered image of ZrO2: PVP Nano-composite showing
(d) zirconium, (e) oxygen and () carbon..........cccocov i 19
Figure 2.7 (a) Electrical characterization of the proposed resistive memory device
ITO/ZrO2/Ag, (b) semi log image. TCSCLC mechanism, of (c) positive voltage side,

(d) negative voltage side, (e) Energy band diagram of ITO/ZrO2/Ag. .....c.cccevvennnne 20
Figure 2.8 (a) Roff/Ron ratio analysis of ZrO2:PVP (b) I-V curve of blending ratio
IR0 022 - T o 0 OSSPSR 21

Figure 2.9 (a) I-V curve of ITO/ZrO2: PVP/Ag Nano-composite, (b) Semi-
logarithmic I-V curve, which illustrates a stable bipolar resistive switching of
memory device. The charge trapping mechanism is explained using double log I-V
curve of (C) POSItiVe VOITAGE SIUC.........coiiriiieiceee e 24
Figure 2.10 (a) Semi-logarithmic 1-V curve showing the stability of the proposed
memory device for 1st, 100th, and 200th switching cycles. (b) The memory device
switching between HRS and LRS during dual biased voltage of +1.5 V, and it shows
a stable SWItChING DENA ..........ooiiiii e 25
Figure 2.11 The Mechanical robustness of memory device is tested by using bending
machine on (a) flat surface, (b) bending diameter of 30 mm and (c) bending diameter
of 10 mm. (d) Beyond 10 mm, it become an open Circuit............cccccvevveveereeiesnnennn. 26
Figure 2.12 Fabrication process of the proposed memory device
(ITO/TPD/(PEDOT:PSS/PVOH)/Ag) through the spin coater and the insert image
Shows the Cross SECtioNal IMAGE. ........ooveiiiiiiiiiiieeee e 30
Figure 2.13 Surface morphology of polymeric materials are analyzed by scanning
transmission electron microscope (STEM) TESCAN MIRA 3 with high
magnification, (a) TPD, (b) PEDOT: PSS, (c) (PEDOT:PSS/PVOH) composite. The
structural characterization of (d) TPD and (&) ......ccoevvereiereniieiieecee e 32
Figure 2.14 (a) I-V curve of ITO/TPD/Ag structure. (b) 1-V curve of
ITO/PEDOT:PSS/Ag structure.(c) 1-V curve of ITO/TPD/PEDOT:PSS/Ag structure.
(d) Semi-log I-V curve of the fabricated device of the ITO/TPD/PEDOT:PSS/Ag
structure shows the bipolar resistive SWILChI ............cccoveiiiiiiiiiiicecce 33
Figure 2.15 TCSCLC mechanism of ITO/TPD/PEDOT:PSS/Ag (a) positive and (b)
negative  voltage side. (c) Electron flow potential diagram  of
ITO/TPD/PEDOT:PSS/AQ SIIUCIUIE. ....vevieieeie ettt 35
Figure 2.16 (a) Effect of Roff/Ron ratio of the PEDOT:PSS/PVOH blending ratio. (b)
Resistive switching property of (PEDOT:PSS/PVOH) blending ratio (3:2 and 3:3).36
Figure 2.17 (a) I-V curve of ITO/TPD/(PEDOT:PSS/PVOH)/Ag structure, (b) Semi-
log curve showing bipolar resistive switching. Read voltage of (c) positive voltage
side and (d) negative VOItage SIOE. .........coeiiriiiiieieee e 37



Figure 2.18 TCSCLC mechanism of the proposed memory device showing (a)
positive and (b) negative voltage region, (c)The energy band diagram of organic
resistive memory device showing the HOMO and LUMO of TPD and
(PEDOT:PSS/PVOH) used as an active layer along ITO @S .......cccccecvvevveveivennnnens 40
Figure 2.19 (a) The memory device with ITO/TPD/(PEDOT:PSS/PVOH)/Ag shows
the stable switching function between HRS and LRS for more than 300 switching
cycles. (b) The stability of the memory device for 300 cycles. (c) The retention time
curve of the MEMOIY AEVICE........ccveii e 42
Figure 2.20 Fabrication process of the proposed ITO/ZnO/PEDOT:PSS/Ag
heterojunction memory device. Here step 7 and 8 are cross sectional image of the
memory device and chemical Interaction of p-type and n-type materials, respectively.
................................................................................................................................... 46
Figure 2.21 (a) SEM image of PEDOT:PSS and (b) the EDS spot profile of
PEDOT:PSS, which shows the presence of C, O and S. (¢c) SEM image of ZnO and
(d) EDS spot profile showing Zn and O peaks.(e) SEM of Ag and (f) EDS map of Ag.

................................................................................................................................... 48
Figure 2.22 SEM of ZnO with 10 um is used to study, (b) the EDS mapping of ZnO
with (€) Zn L series and (d) O L SEIIES. .....ccueiiriiiiieieiesiese s 49
Figure 2.23 (a) SEM of the PEDOT:PSS with 100 um is used to analyze the, (b) EDS
layered mapping based on, (c) C K series, (d) O K series, and (e) S K series. ......... 50
Figure 2.24 Raman shift of (a) PEDOT:PSS and (b) ZNO ..., 52

Figure 2.25 Current and voltage analysis of (a) I1TO/ZnO/Ag and (b)
ITO/PEDOT:PSS/Ag with biased voltage of £3 V. (¢) I-V curve of the ZnO and
PEDOT:PSS heterojunction. (d) double log I-V curve. (e)The effect of Roff/Ron
ratio with read voltage and () reSiStanCe-ClU.........cccevvvvevieiieeiiie s 54
Figure 2.26 TCSCLC mechanism of the proposed hero junction memory device (a)
positive voltage region and (b) negative voltage region. Ag ions migration
mechanism showing (C) set and (d) reSet ProCESS.......courverererererinieiere e 56
Figure 2.27 (a) Schematic illustration of the schottky diode base memristor with p-n-
heterojunction. (b) Operating principle of the device using energy band diagram. .. 58
Figure 2.28 (a) HRS and LRS state of the resistive switch for 500 endurance cycles.
(b) Endurance stability of the proposed device of for more than 500 cycles. (c)
Retention time of the proposed device. (d) Retention stability of the memory device.

................................................................................................................................... 59
Figure 2.29 The mechanical testing setup (a) on flat surface and (b) 4 mm diameter.
(c) Bending test results from 50 mm t0 4 MM ..o 60

vii



Contents

L« - T ot TP ix
Chapter 1 1314 e Te [ 1o JRU RSV PAR S 1
1.1 Solution Processed Printed EI€CtroniCs........coouiriiriienieenieneciicneeeeeeee e 1
1.2 Flexible Printed El@CtroNICS .......ueivveeiiiieniee et 2
1.3 Technologies Utilized for Printed El€ctronics .......cccceeveiveeiiiciees e 2
1.4 Objective Of the ThESiS....ccciiiiiiie e e e 4
141 OULIINE OF theSiS e e 5
Chapter 2 IVIEMIFISTONS.....c.ceeueeceecerseerreennsseeseesnsseessesssssessssssssssessasssssseessessssssessassssssnesssssessasnn 6
2.1 History and background .............ouviiiiiiii e 6
2.11 V=10 0T 1] (o ] PR PTPRR PP 6
2.1.2 TYPES Of MEMIISTONS weeiiiiiiiieiiiiiie ettt s e e e s s ere e e s s naeeeean 8
2.1.3 Memristors MeChaniSMS .......c.ceevieiieiiinieri e 10

2.2 ZrO2: PVP Nano-composite based MemriStor......cccccieeeicciireeeeeeeeeeiciireeeeeeeeeeeennns 12
221 Material and Fabrication........c.cccoceeiieiiinieeeee e 14
2.2.2 Characterization .......ooeeeeiiieee e e s 16
2.2.3 SUMIMIAIY ettt e e e e et e e e e e e e eeeasa e s e e e eeeeeasaaasseeeeensssannsseaanns 26

2.3 Bilayer resistive switching device based on N, N'-Bis (3-methylphenyl)-N, N'-
diphenylbenzidine (TPD) and Poly (3,4-ethylenedioxythiophene) poly (styrenesulfonate) /

Poly (vinyl alcohol) (PEDOT:PSS/PVOH) COMPOSILE. ...ccveeerieeiieeereeeeiree et 27
2.3.1 Materials and Fabrication .........ccocceiiieiiieeie e 29
2.3.2 Characterizations .......c.eeecieieiieeeie ettt ettt et e e s e sbee e 31
2.3.3 Y U101 4 a1 1 VPP PPPPPPPPPPPPPPPPPPPPPPPRE 42

2.4 Schottky diode based resistive switching device based on ZnO/ PEDOT: PSS

heterojunction to reduce sneak current problem. .......cccccoeiiiiiiiiiiii e, 43
241 Materials and Methods........cooveiiiiiiiiee e 45
2.4.2 Characterization .......ooueeiiiieiiee ettt sre e s 46
243 ReSuUlt and DiSCUSSION ......eivuiierieieiiieniie ettt ettt e st esbe e e e s as 52
244 Y U101 4 a1 1 VPP PP PP PPPPPPPPPPPPPPPPPRE 60

Chapter 3 Conclusions and FUtUre WOorK.........ccueeiuecinneinnecnnnonnesnssenssnsssasssnsssssssssssesases 62
3.1 Overview and General CONCIUSIONS .......ccoveieiiieriiieiiee e 62
3.2 FUBUIE WOTK ..ttt ettt et sttt sabe e s be e e sareesneeens 64

ANNEX-A JOUINAI PAPEIS......ccueeereeereeieirreeseenneesasessseesasassssessssssassssesssasssnssssassnssssassses sssasssassnsass 66

REFEIENCES... .ottt s s s s s s s s st s e sassa s s et sas sh ses snases 68



Abstract

In recent, wearable and printed memory devices have got tremendous attention
because it is highly desirable for the next-generation technologies and customized
applications. Printed electronics have the potential to revolutionize the spread of
electronic applications and can be easily interfaced with human machine interface
devices and systems. In this thesis, we address the solution processed based flexible
printed resistive memory devices through a spin coating technology. These devices
can be mounted on any desire surface. To realize these devices, we utilize a spin

coating technology to fabricate memory device on ITO coated flexible PET substrate.

To summarize, we fabricated three printed resistive switching devices using PEDOT:
PSS, ZnO, PVP, ZrO,, TPD and PVOH. We also optimized the memristor design
and materials for high Rore/Ron ratio, long retention time, high stability and
endurance cycles. We also investigated different memristor mechanisms to support
its performance. Different structures were investigated based on heterojunction and
composite of two different materials to optimize following parameters like device
stability, memory device with high charge density and to control the sneak current
problem in cross bar array of memory devices as given in section 2.2, 2.3 and 2.4.

In section 2.2, initially we propose a stable non-volatile resistive switching based on
nano-composite of inorganic and organic materials, Zirconium dioxide (ZrO,) and
Poly (4-vinylphenol) (PVP), respectively. We improved the stability of the memory
device by mixing different blending ratios of PVP with ZrO, and we achieved a
stable memory function. The novel heterojunction junction memory device is
proposed in section 2.3, which is based on  N,N'-Bis (3-methylphenyl)-N,N'-

diphenylbenzidine (TPD) and Poly(3,4-ethylenedioxythiophene)-



poly(styrenesulfonate)/ Poly(vinyl alcohol) (PEDOT:PSS/PVOH) composite. This
memory device is highly stable and at some instant and we reduced the sneak current
in negative axis. In order to completely block sneak current in memory device and to
realize an asymmetric function, we propose a novel schottky diode resistive
switching  device based on zinc oxide (ZnO) and poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) heterojunction in
section 2.4.

For high density integrations of nonvolatile memory devices, crossbar arrays with
single bit memristor cells are demonstrated. However, those crossbar designs incur
severe sneak currents problems, which are resulted in high read/write error and large
power consumption during the individual cell access. In a passive crossbar resistive
array, each row-column pair is connected by a resistor that can be either in the HRS
or the LRS corresponding to the logic value stored in the cell. The sneak path
problem occurs when a memory cell in the HRS is being read, while a series of cells
exist in parallel to it, if the neighboring cells are in LRS the sneak current issue is
more exacerbated thereby causing it to be erroneously read. The sneak currents not
only make the data erroneous but also dissipate extra power because the currents are
flown through the neighbor memristors and added to the element current at the same
terminal. Especially, in large size arrays, the sneak currents problem becomes more
pronounced, thus individual bits cannot be explicitly accessed. As techniques to
overcome the sneak currents problem, a set of different approaches have been
reported in the literature including a rectifying element connected to a memristor in
series at each cross-point and anti-serial memristors complementary resistive
switches. All these attempts would minimize the sneak currents, but until now the

sneak current problem in a passive crossbar array has not been addressed



satisfactorily. So this research opens a way to next-generation printed and flexible
resistive switching devices and its customized applications. Hence, the proposed
schottky diode based memory device can be applied in flexible resistive switching
devices to blocking sneak current problem. The fabricated resistive switching devices
were tested for their electrical, optical, chemical, structural and mechanical behavior

to conform and verify the solution processed based device fabrication approach.

Xi
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Chapter 1 Introduction

1.1 Solution Processed Printed Electronics

Solution processed printed electronics is a new stem of electronics engineering where
printable and functional materials are directly fabricated through printing
technologies on desire substrates to make customized electronic devices and systems.
Printable electronics is quickly grooming because of its plenty advantages over
conventional rigid type electronics such as Silicon or Gallium Arsenide, which are
fabricated in clean-room environments and complicated processes. Rigid type
electronics have the limitation and can’t be used or satisfy the growing demands
forced by new applications such as mechanical flexible or compatible with biological
systems. To full-fill these missing gapes, printed electronics plays an important role
with more energetic style including low temperature, easy to fabricate,
environmental friendly, low cost and ambient conditions processing. Both organic
and non-organic materials are used for printed electronics as substrates or active
layers. But printed organic electronics have attracted more attention as some of the
printed organic electronic devices have already commercialized in electronics market
for large-area applications such as, organic thin film transistors (OTFTs) or
especially organic LEDs (OLEDs) and they are already used in modern displays and
TVs. In the organic electronics, mostly the polymers are used for substrate as well as
active layer. Using polymers substrates for electronic systems is opening new
gateway in the field of micro engineering. Polymers materials have the potential of
making electronics environmental friendly, disposable, biocompatible or
biodegradable and very low-cost. Some of the polymers are stretch or deform into

subjective shapes without losing their properties. Some of the applications of printed
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electronics are shown in Figure 1.1 Printed electronics is further divided into flexible

and stretchable electronics based on the materials and its nature.

1.2 Flexible Printed Electronics

Flexible printed electronics market is fastly growing as they can be used in thousands
of customized flexible application and systems Mostly the flexible electronics can be
wearing and are used for day-to-day application such as flexible sensors for human
motion detection, flexible electrodes and displays, and for biological applications.
For the realization of flexible electronic devices, mostly flexible substrates are used
such as PET, PDMS, polyurethane and flexible bio substrates Etc. Printed stretchable
electronics are also called elastic electronics. It is the technology of depositing
stretchable electronic devices onto a stretchable substrate or embedded them entirely
in the stretchable materials such as PDMS, Polyurethane and many others. In such
stretchable electronics, mostly the polymers are utilized because of its long chain
structure and stretchable properties.

Stretchable electronics is now considered as the branch of electronics which is
sometimes called elastronics that is, a new emerging class of electronics. Stretchable
electronics are expected to enable a new gateway towards customized electronic
applications such as human skin, sensors for monitoring real time deformations,

biological applications, stretchable energy storage devices and many more.

1.3 Technologies Utilized for Printed Electronics

In recent years there is a great progress in the field of printed electronics because of
their environment-friendly, light weight, ease of fabrication, low-cost manufacturing

and the availability of inexpensive substrates such as plastics, papers and textiles,
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which formulate flexible electronics an eye-catching candidate for the next

generation of customized electronics.

To fabricate the printed electronic devices and system, different variety of fabrication
technologies are available in which some are commercialized whereas some of them
are still under research. Main concern of the printed electronics technologies is to
fabricate the functional materials on a desire substrate with precision, high accuracy
and maintaining the uniformity and thickness of the thin film. Different printing
technologies are used, including chemical bath, spin-coating, dip coating, doctor
blade, metering rod, slot casting, spray coating, screen printing, inkjet printing and
aerosol jet. All fabrication techniques have their disadvantages and advantages, some
of them need vacuum chambers or special environment to process the fabrication of a
device. Fabrication techniques are adopted according to materials because different
materials require different environment such as specific temperature, pressure,
humidity, light and vacuum. In this thesis, spin coating is used for the fabrication of

devices

Spin coating has been used for several decades for the fabrication of thin films. A
typical process involves depositing a small puddle of a fluid resin onto the center of a
substrate and then spinning the substrate at high speed (typically measured in
revolution per minute rpm). Centripetal acceleration will cause the resin to spread to,
and eventually off, the edge of the substrate leaving a thin film of resin on the surface.
Final film thickness and other properties will depend on the nature of the resin such
as, viscosity, drying rate, percent solids, surface tension, etc. and the parameters
chosen for the spin process. Factors such as final rotational speed, acceleration, and

fume exhaust contribute to how the properties of coated films are defined. Schematic
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diagram of a spin coater along with main components is shown in Figure 1.5a and a very
simple process of spin coating flow chart is shown in Figure 1.5b.
Pressure

(a)

Drops

Substrate holder

Control
And

Monitoring
Vacuum generator Unit
and spinning motor

Figure 1.1 (a) Spin coater schematic diagram. (b) Simple spin coating process.

1.4 Objective of the Thesis

Printed electronics is new emerging field that allow lost cost, large area, flexible and
environmentally friendly applications. Some devices are matured and already have
been used in electronic applications such as OLED display, RFID tags and humidity
sensors etc. Since printed electronics is new field there is big room yet in the
advancement of the printed electronics. Among the recent challenges of the printed
electronics are: the fabrications techniques, encapsulation and reliable materials. The
main objective of thesis is to address these challenges by exploring new functional
materials to fabricate the resistive memory devices. Organic and inorganic materials
are synthesized to make them printable with different printed techniques that enable
large area fabrication. Spin coating is used for the fabrication of resistive devices,

which is low cost and required ambient condition. The optical, chemical, mechanical
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and electrical characteristics and statistical analysis has been carried out to make sure

the reliability and direct printability of the electronic devices.

1.4.1 Outline of thesis

Chapter 2 deals with the memristor working, fabrication and characterization of
Heterojunction based and composite based resistive memory devices. These devices
are fabricated with spin coater technique. Resistive switching properties and resistive
switching mechanism are investigated in the fabricated devices. This chapter also

describes the fabrication of flexible resistive switches.
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Chapter 2 Memristors

2.1 History and background

2.1.1 Memristor

In the conventional electronics, there are only three fundamental two-terminal
passive circuit elements named resistor, inductor and capacitor. Based on simple
symmetry arguments Leon Chua claimed that a fourth fundamental two-terminal
passive circuit element is necessary to complement the other three. More specifically,
Chua realized that out of the six possible pair wise combinations between the four
fundamental circuit variables, namely, the current, voltage, charge, and flux-linkage,
only five had been identified. He therefore postulated mathematically the memristor
as the element relating the charge and the flux-linkage in order to establish the
missing link as shown in Figure 2.1. In 2008, HP lab demonstrated the first physical
memristor based on resistive switching in doped TiO,. In 2010 Chua confirmed that
every resistive switching device is a memristor. Memristor can be switched between
two resistive states, low resistance state (LRS) and high resistance state (HRS)
through external voltage bias. This particular feature makes it a transistor less switch
that can be fabricated in very small size. Since that, it researched widely in the

electronics field for the future non-volatile memory applications.



Chapter-2 Memristors

Figure 2.1 The diagram shows the six possible binary relations between the four fundamental circuit elements.

Resistive crossbar passive memories (ReRAMs) based on resistive switching is
considered the next generation non-volatile memory (NVM) because of its ample
advantages over the flash memory. As CMOS technology is reaching its limits in
sense of materials, device size, fabrication plants and economics, ReRAM is the only
hope to counteract the upfront challenges to the electronic industry. Resistive
switches (transistor less) considered as a justified replacement for the memory
devices and electrical switching elements have been researched productively for
many. Solid electrolyte sandwiched between two metallic electrodes is considered to
elucidate the reversible resistive switching characteristics. The sandwiched structures
exhibit at least two distinct states when are being forced with opposite polarity. The
change in the resistance is then exploited for the electrical switching and memory
applications. The resistive switching devices are fabricated by simply sandwiching
some metal oxide, polymer-based material, perovskite material, or even a vacuum
nano-gap etc between two conducting electrodes. The resistive switch provides great
data storage density due to its simple device structure. The sandwiched type
structures are more reliable because these devices are resistance based so they keep

their state unchanged even when the power absence.

7
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2.1.2 Types of Memristors

As described in the previous section that as compare to an ordinary electrical resistor,
memristor can be programmed or switched in different resistive states based upon the
history of the voltage signal applied to the device. This phenomenon can be
understood in a current-voltage (I-V) curve. Resistive switching are categories into

two main types based upon the voltage polarity needed to the device operation.

2.1.2.1 Unipolar Memristors

If switching of the resistive switch is independent of the polarity of the
voltage/current source and is dependent on the amplitude of the voltage/current then
the switching is categorized as unipolar resistive switching as shown in Figure 2.2.
As noticed in the 1-V curve, set and reset of the device is happening irrespective of
the polarity of forcing node. A device in an HRS state can be switched to LRS state
by a threshold voltage (V1) and the current is limited by compliance current (CC) to
avoid hard break down in the switching layer of the device. Resetting back to ON-
state happens at a same polarity below its Vt4. A much higher current can be
observed in retting state of the device. Application of CC is not needed in retting of
the device. Therefore, both the transition of setting and resetting are possible on both

sides of the polarity.
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Figure 2.2 Amplitude dependent unipolar resistive switching.

2.1.2.2 Bipolar Memristors

The behavior of the device in which setting and retting of the device appeared at
different sides of the polarity is termed as bipolar resistive switching. In this type of
resistive switching, ON-state of the device occurs at some Vry and OFF-state of the
device occurs at some specific Vty on the opposite side of the voltage polarity as
shown in Figure 2.3. Bipolar resistive switching is also called polarity dependent
resistive switching. Current observes in bipolar resistive is much lower as compared

to that of unipolar resistive switching.

Current (A)
cc
O"" T Setting
- Resetting at -V, _—
= . . OFF
1)
&
s OFF %+

/' Setting at Vi,
o
Resetting

Figure 2.3 Polarity dependent bipolar resistive switching
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2.1.3 Memristors Mechanisms

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

effect and the interface effect.

2.1.3.1 Bulk Effect

The memristive effect that is caused by formation and rupturing of the conductive
filaments due to joule heating in the sandwiched material between the two electrodes
is termed as bulk effect or thermal effect. Bulk effect is observed common in
unipolar resistive switching devices. Forming voltage is usually needed in these
types of resistive switching. The filaments are formed by the voltage induced partial
dielectric breakdown. These filaments may be composed of electrode material
transported into the sandwiched layer, local degradation of the organic film or
decomposed insulator material such as sub-oxides. During the resetting state of the
device, the filaments are undergone into the rupturing phase hence the device change

its LRS into HRS.

2.1.3.2 Interface Effect

Interface effect is common in bipolar devices. Different models are involved to
explain the interface effect in bipolar resistive switching devices. Some common
models are explained with the charge injection and trapping of charges in the traps in
the insulator/oxide switching material. Traps play important rule when the interface
between metallic/conducting electrode and insulator/oxide is schottky. When

external potential is provided then the injected charges are trapped in the interface
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between conducting electrode and insulator. When sufficient number of charges are
gathered in the trap site eventually the scenario overcomes the barrier between metal-
insulator interface and large current starts to flow through the interface. Contrary
when the biasing is reversed then again the schottky barrier establishes and changes

the device state to its original HRS.

2.1.3.3 Redox Process Induced Cation Migration

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

electrochemical dissolution and resetting the device into the OFF state.

2.1.3.4 Redox Process induced Anion Migration

Anion migration model is based on the chemical redox reaction of insulator/oxide.
This is the mechanism in which resistive switching takes place by the migration of
anion/oxygen ion towards anode or better described by the migration of oxygen
vacancies towards cathode. This model is also termed as oxygen vacancy migration
resistive switching model. The migration of anion (oxygen ion) or oxygen vacancy
leads to the change in stoichiometry and a valance change of the cation sub lattice.
Eventually the state of the device changes to the LRS by the change in the electronic

conductivity of the oxide/insulator.
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2.1.3.5 Formation and Disruption of Metal Oxide

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

electrochemical reaction between the electrode material and sandwiched layer.

2.2 7Zr02: PVP Nano-composite based Memristor

For the first time, theoretical concept of fourth missing component of electronic
circuits named as memristor was invented by Lean Chua in 1971 [1] Later on in
2008, HP group realized it physically using TiO2 material [2]. Memristors can
sustain its high or low resistance state even after disconnecting the external power
supply [3]. Due to this nonvolatile behavior and simple structure, memristor is
considered as a proficient candidate to replace the main building block of electronic
circuits named as transistor. Memristors have the wide range of applications and can
be used in logic gates [4], Neuromorphic [5], and frequency selective circuits [6]. In
expect of device stability, active layer material between two metal electrodes is very
decisive for resistive memory devices. For this purpose, many researchers are
working on different kind of materials for resistive memory devices like oxides [7],
organic [8, 9], inorganic [10], nano-composite [11] and heterojunction [12]. Among
these, the memory devices based on organic-inorganic nano-composite have great
advantages due to hybrid properties, longer life time, high conductivity, and thermal
stability [13]. Inorganic materials are widely used in realization of memory devices
[14] but use of inorganic materials for memory devices have certain disadvantages as
compare to organic material, as inorganic material requires high temperature

processing for sintering [15]. On the other hand, the organic materials are flexible
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due to long chain structure, longer life time in term of device stability, easy solution
processing, and device fabrication at low temperature [16]. The properties of
inorganic materials can be enchased by making organic-inorganic nano-composite
materials [17]. Organic-inorganic nano-composite has a wide range of applications,
due to its tunable optical, hybrid, electronic, and magnetic properties for electronic
devices [18-20]. Hence, researchers are more focusing to fabricate resistive memory
devices with nano-composite materials of organic-inorganic materials, which have
properties of both organic and inorganic materials [21]. Addition of organic materials
reduces the curing temperature and also no need for the high sintering temperature as
we can fabricate the uniform film with composite materials.

In our work, we propose a resistive switching device with organic-inorganic nano-
composite of Poly (4-vinylphenol) (PVP) and zirconium oxide (ZrO,). Uniform film
fabrication and the ease of processing is the key aspect of the proposed memory
device using ZrO,: PVP nano-composite with simple spin coating technology. The
ZrO, is a metal oxide and exhibits bipolar resistive switching [22-23] and PVP has
been selected to form nano-composite with ZrO, for many reasons: PVP is an
organic polymer with insulator properties which helps in the fabrication of uniform
film due to its long chain structure which also makes it highly transparent and
flexible in nature. It is reported in different electronic devices [24-25]. The stability
of memory device is an important feature, and we mixed ZrO,: PVP in different
blending ratios 1:0, 1:0.25, 1:0.5, and 1:1 to study the effect of adding PVP on the
switching properties of ZrO,. The PVP restricts the agglomeration of ZrO, in the
solution that results in a uniform deposition of thin film using spin coater. The
resistive switching mechanism of ZrO,: PVP is explained with the help of controlled

space charge limited current (SCLC) model. The higher resistance state (HRS) and
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lower resistance state (LRS) are recorded as following 11.438 kQ and 263.25 Q,
respectively. The surface morphology of memory device is analyzed by Jeol JSM-
7600F FE-SEM, and a chemical Investigation of active layer is performed with Lab
Ram HORIBA spectrometer, elemental composition can be confirmed by using
energy dispersive X-ray spectroscopy (EDS) and electrical characterization is
performed with KEYSIGHT B2902A source measuring unit. In the paper, the
material and fabrication process is given in section 2, device characterization is given
in section 3, result and discussion is given in section 4, and conclusion is given in

section 5.

2.2.1 Material and Fabrication

Fig. 1 shows the layer by layer layout schematic of resistive memory device, which
consists of Ag as top electrode and ZrO,: PVP as an active layer, and ITO as a
bottom electrode. For the fabrication of memory device, we required following
materials Zirconium oxide (ZrO,) nano-particles 5% dispersion in water (H,0), Poly
(4-vinylphenol) (PVP) average Mw ~25,000, Poly(acrylic acid) partial sodium salt
solution average Mw~5,000, Ag ink with 50% dispersion in tripropylene glycol
mono methyl ether (TGME), Dimethylformamide (DMF), and Indium tin oxide (ITO)
coated PET with surface resistivity of 60 Q/sq were purchased from sigma Aldrich,
South Korea. The conductive Ag epoxy CW2400 purchased from circuitsworks to
fabricate top electrodes. The ZrO, nano-particles ink with 5% dispersion of in H,O is
mixed with DMF in 1:1. The 0.1% PAA was used as dispersant. The ZrO, ink was
probe sonicated for 10 min with frequency of 19.8 kHz, which was magnetic stirred
for 8 hrs at rate of 1200 rpm at 60 °C. Then it was bath sonicated for 30 min. It
results in the formation of white dispersion of ZrO, nano-particles and it was filtered
by using 2 um filter paper. Then, we prepared another solution which contain 10 ml
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of DMF and 0.1 g of PVP, it was placed on magnetic stirring for 2 h at the rate of
1500 rpm, bath sonicated for 30 min, probe sonicated for 10 min and centrifugation
for 2 min at 3000 rpm. We performed experiments with different blending ratio of
ZrO, and PVP, we got best result with the blending ratio of 1: 0.5 by using spin
coating technique.

The fabrication process of proposed memory devise is shown in Fig. 2.4. Prior to the
fabrication process, ITO coated PET was cleaned with acetone and de-ionized water
and placed in UV treatment box for 10 min. The fabrication process consists of
following steps; (i) fabrication of active layer and (ii) fabrication of top electrode. In
first step, using ZrO,: PVP nano-composite, an active layer is fabricated through spin
coating technique on ITO coated PET substrate at 2500 rpm for 35 sec and cured at
120 °C for 2 h. In the second step, 100 um thickness Ag as top electrodes are

patterned by using Ag epoxy and cured at 60 °C for 60 min.
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Figure 2.4 a) Fabrication process of memory device and the Cross sectional image of 1TO/ZrO2: PVP/Ag
resistive memory device with 200 nm magnification.

2.2.2 Characterization

The surface morphology of active layer and top electrode were analyzed by scanning
electron microscope (SEM) Jeol JSM-7600F, structural and chemical investigation of
PVP, ZrO,, and ZrO,: PVP nano-composite films were tested by Raman
spectroscopy

(Lab Ram HORIBA spectrometer), elemental determination was analyzed on an
energy dispersive X-ray (EDS) spectrometer attached to the FESEM. The samples
were coated by platinum (Pt) sputter coater and |-V characteristics of device were
also recorded with KEYSIGHT B2902A precision source/measure unit.

Fig. 2.4 shows the cross sectional image of the fabricated device with thickness of

200 nm. It ensures that the active layer is properly fabricated through a spin coater.
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The SEM image of Ag, ZrO2, PVP and ZrO,: PVP nano-composite are shown in
Figs. 2.5 a, 2.5¢c, 2.5e and 2.6a, respectively, which indicate that all layers are
uniformly fabricated with a spin coater. The elemental compositions of the Ag and
ZrO,: PVP nano-composite were obtained using energy dispersive X-ray
spectroscopy (EDS) analysis during SEM as depicted in Figs. 2.5 b and 2.6b. EDS
spot profile of the silver shows the sharp peak of Ag as shown in Fig. 2.5a. Fig. 2.6b
show the EDS spot profile for the ZrO,: PVP nano-composite, which clearly show
peaks of Zr, O, and C, where the C peak is from PVP, while Zr and O peaks are from
ZrO,. Raman spectroscopy was carried out to confirm structural and chemical
investigation of PVP and ZrO, as shown in Figs. 2.5d and 2.5f. The deposited PVP
film through a spin coater has two characteristics as broader peaks around 500 cm™
and 800 cm™ as Raman spectrum shown in Fig. 2.5d, while there indicate few
medium and narrow peaks at different Raman shifts [26]. In Fig. 2.5f, ZrO, exhibits
characteristic a narrow peak at 150 cm™, broader peak at 265 cm™, medium and
weak peaks at 315 cm™, 460 cm™, and 650 cm™ [27, 28].

Fig. 2.6¢c shows the EDS mapping of ZrO,: PVP nano-composite, which illustrate the
element composition of Zr, O, and C. The C peak is from PVP, while Zr and O peaks
are from ZrO,. The content of zirconium with their corresponding amount of
oxygen and carbon are 42.99 wt%, 34.06 wt%, and 22.94 wt% as shown in Fig. 3b,

which indicate proper incorporation of PVP into ZrO; in Figs. 2.6d, 2.6e, and 2.6f.
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Figure 2.5 Surface morphology of (a) Ag, (c) ZrO2, and (e) PVP film are uniformly deposited through a spin
coater. EDS spectra of (b) Ag and Structural characterizations of (d) ZrO2 and (f) PVP.
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Figure 2.6 (a) SEM of ZrO2:PVP Nano-composite. (b) EDS spot profile of ZrO2: PVP Nano-composite, EDS
layered image of ZrO2: PVP Nano-composite showing (d) zirconium, (e) oxygen and (f) carbon.

For electrical characterization, we placed the fabricated device ITO/ZrO,/Ag in a
Probe station for current and voltage (I-V) characterization by using software
controlled KEYSIGHT B2902A source measuring unit. The samples were biased

with voltage sweep of £1.5 V as shown in Fig. 2.7a.
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Figure 2.7 (a) Electrical characterization of the proposed resistive memory device ITO/ZrO2/Ag, (b) semi log
image. TCSCLC mechanism, of (c) positive voltage side, (d) negative voltage side, (e) Energy band diagram of

ITO/ZrO2/Ag.

The ITO/ZrO2/Ag memory device exhibits stable resistive switching and Fig. 2.7b

shows the bipolar resistive switching behavior and device endurance shown in Fig.

2.7c. The energy band diagram mechanism based on HOMO and LUMO of ZrO; is

explained in Fig. 2.7d, where HOMO and LUMO are -3.2 eV and 8.7 eV,

respectively. The charge trap controlled space charge limited current (TCSCLC)
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mechanism of ITO/ZrO2/Ag is explained in Fig. 2.7e and 2.7f with double log
current and voltage graph. The high resistance state (HRS) 1446.12Q and low
resistance state (LRS) 212.76 Q with the Rq/Ron ratio of the memory device ~ 6.79
at voltage read of 0.05 V and the detection margin between HRS and LRS is very
low. In order to improve the RofRon ratio of memory device we prepare nano-
composite of ZrO, with PVP with different blending ratios like 1:0, 1:0.25, 1:0.5,
and 1:1 as shown in Fig. 2.8a and 2.8b. We optimized the blending ratio of
ZrO,:PVP by using 1:0.5 and we fabricated the resistive memory device

ITO/ZrO2:PVP/Ag and it was biased with £1.5V.
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Figure 2.8 (a) Roff/Ron ratio analysis of ZrO2:PVP (b) I-V curve of blending ratio 1:0.25 and 1:1.

During dual voltage sweep from -1.5 to 1.5 V as shown in Fig. 2.9a, the proposed
memory device remains in HRS under 1.4 V, but after threshold voltage current is
abruptly increased and the state is shifted from HRS to LRS (SET). Similarly, under
reverse voltage sweep of 1.5 to -1.5 V, the resistive memory device remains in LRS,

and memory device shift from LRS to HRS (reset) at -1.4 V, and decrease in current
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is observed and memory device comes back to HRS and It is maintained until reverse
voltage sweep is not applied. The proposed memory device repeats the same process
in each cycle. Fig. 2.9b shows the semi-log scale 1-V curve of ITO/ZrO;: PVP/Ag
memory device and it insures that memory device is passing through zero volts and
exhibits the bipolar resistive switching behavior at dual bias voltage £1.5 V. As
shown in Fig. 2.9b, during voltage sweep of -1.5 to 1.5 V, the memory device has
HRS and very less amount of current passes in HRS. Over the threshold voltage
device, it goes in set process from HRS to LRS and current is abruptly increases.
During reverse voltage sweep of 1.5 to -1.5 V, device under goes in LRS. The
current is abruptly decreased at negative threshold voltage and the memory device is
shifted from LRS to HRS (RESET). The HRS and LRS are recorded as following
11.438 kQ and 263.25 Q, respectively and the Rqs/Ron ~ 44.

The mechanism of the proposed device can be explained with the help of log-log I-V
graph as shown in Figs. 2.9c and 2.9d. These results are comparable with other
reported resistive switching mechanism in inorganic [29], organic [30], and nano-
composites [31]. LRS shows the ohmic behavior with a slope value of ~ 1. However,
HRS as off state shows the two different values of slopes (i) green marked region and
(i1) red marked region as shown in Figs. 2.9c and 2.9d. To describe the current in
HRS state, we need TCSCLC mechanism. The TCSCLC is divided into two regions
as following; (i) due to thermionic emission, small electric field is created in linear
ohmic conduction region (I o« V) (green marked region) and (ii) the electrons present
in electrode get enough energy and these charges start entering toward active layer of
ZrO,: PVP nano-composite in child’s law region (red marked region). After that
resistive memory device switches from HRS to LRS in orange marked region

represents the state transition region, it follows by the relation of current and applied
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voltage (I o« V") as shown in Figs. 2.9c and 2.9d. The conduction filaments are
formed in ZrO,: PVP nano-composite due to the migration of the induced charge
carriers from Ag electrode and ZrO, nano-particles act as a charge trapper and PVP
act as a charge blocking material as shown in Fig. 6¢. This process can be explained
using the energy band diagram based on the highest occupied molecular orbit
(HOMO) and lowest unoccupied molecular orbit (LUMO) based on ZrO, and PVP
as shown in Fig. 2.9e. The HOMO and LUMO values of PVP (-06.4 eV and -2.4 eV)
[32] and ZrO, (-8.7 eV and -3.2 eV) [33], respectively. The work function of ITO
and Ag are -4.7 eV and -4.2 eV, respectively. For the applied voltage less than the
threshold voltage, low current passes through the active layer due to an insulator
property of PVP with energy band gap (Eg) of ~4.0 eV, which corresponds to the
HRS state of memory device. The induced charge carriers from the Ag electrode are
trapped inside the ZrO nano-particles. Due to the high band gap of ZrO, E4is ~ -5.5
eV, and reduces the available traps, due to the high band gap difference of HOMO to
HOMO of ~2 eV between ZrO, and PVP as compare to LUMO to LUMO difference
~1 eV. Depending on the polarity of the applied voltage, the density of free electrons
increases due to trapping of charge carries. Hence a conduction channel will form
and electrons will move from HOMO of PVP to HOMO of ZrO, or HOMO of ZrO,

to HOMO PVP.

Fig. 2.9f shows the temperature dependency of memory device from 300 K to 350 K,
which can be clearly seen that with increase in temperature LRS of memory device
increases due to filament formation and positive temperature coefficient of metals.
The HRS of resistive memory device decreases with increase in temperature due to
negative temperature coefficient of semiconductor nature of material in an active

layer [34-35]. When the power source is turned off, the high dielectric and insulator
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property of PVP enhances the capping effect on ZrO, which does not allow the
charge carrier to move back to their normal energy state with low conductivity by

restricting them in trapped state.
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Figure 2.9 (@) I-V curve of ITO/ZrO2: PVP/Ag Nano-composite, (b) Semi-logarithmic I-V curve, which
illustrates a stable bipolar resistive switching of memory device. The charge trapping mechanism is explained
using double log I-V curve of (c) positive voltage side
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The memory device is continuously tested for more than 200 endurance cycles, and it
shows a stable memristor function with any invariable changes in resistance state
(HRS and LRS) at room temperature 300 K (26.85 °C). As the semi-log graph of I-V
shown in Fig. 2.10a, it shows the continuity of memristor for 1%, 100", and 200"
cycle. The HRS and LRS are tested for more than 200 voltage sweep as shown in Fig.
2.10b, which show stable memory functions. The time duration for which device can
hold its data without any power is called retention time. To evaluate the retention
time, the fabricated device was set under observation over 30 days, and its retention
time were tested as shown in Fig. 2.10c, which show a stable bipolar resistive
switching behavior. The stability of the proposed memory device without any

significant changes in HRS and LRS was observed for more than 30 days as shown

in fig 2.10d.
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Figure 2.10 (a) Semi-logarithmic I-V curve showing the stability of the proposed memory device for 1st, 100th,
and 200th switching cycles. (b) The memory device switching between HRS and LRS during dual biased voltage
of 1.5 V, and it shows a stable switching beha
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The mechanical properties were analyzed by bending it on flat surface (see Fig. 2.11a),
and diameters of 30 mm (see Fig. 2.11b) and 10 mm (see Fig. 2.11¢) with indigenously
made bending setup as shown in Fig. 2.11. Here, the minimum bending diameter is 10
mm as shown in Fig. 2.11d and it is open circuited beyond 10mm, due to micro carks

appear on the top of the active layer.

A Al v v

25 20 15 10
Bending diameter (mm)

Figure 2.11 The Mechanical robustness of memory device is tested by using bending machine on (a) flat surface,
(b) bending diameter of 30 mm and (c) bending diameter of 10 mm. (d) Beyond 10 mm, it become an open circuit

2.2.3 Summary

We have fabricated the non-volatile resistive switching memory device based on
ZrO,:PVP organic-inorganic nano-composite on ITO coated PET substrate and Ag
epoxy was used as top electrode. Active layer was fabricated through Spin coater.
The proposed memory device operates at voltage sweep of voltage +1.5 V. The SEM
image indicated that active layer of ZrO,:PVP nano-composite was uniformly
fabricated through spin coating technology. The EDS spot profile and mapping of

nano-composite have confirmed the presence of ZrO, and PVP in organic-inorganic
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nano-composite. The mechanism of the fabricated device was explained by space
charge limited current and energy band diagram mechanism based on HOMO and

LUMO. We have achieved Rqn/Rofs ratio ~44.

2.3 Bilayer resistive switching device based on N, N'-Bis

(3-methylphenyl)-N, N'-diphenylbenzidine (TPD)
and Poly (3,4-ethylenedioxythiophene) poly

(styrenesulfonate) / Poly (vinyl alcohol)
(PEDOT:PSS/PVOH) composite.

In 1971, Leon Chua for the first time presented the mathematical model of memristor
[36] and later it was physically realized by HP group in 2008 [37], which is also
called resistive switching device. After that, the memristor is considered as a fourth
component of electronic circuits that directly relates the relationship of charge and
flux [38]. It exhibits the non-volatile resistive memory behavior, due to the
movement of the charge carrier in an active layer [39]. Nowadays, the resistive
switching device has got tremendous attention due to its wide range of applications
such as non-volatile resistive memory [40, 41], computing [42], data logic [43],
frequency selective circuits [44, 45], and synapses [46,47]. In this expectation, it is a
competent candidate to replace the main building block of the electronic circuits
named as transistor [48].

There are many challenges to fabricate resistive memory devices like switching
speed, Rqi/Ron resistance ratio, current density, stability, and retention time. To
overcome these challenges, many researchers are utilizing single material like metal
oxides [49-52], bio materials [53, 54], composite materials [55, 56], organic
materials [57, 58] based on electroforming [59], filament formation [60], and ion

migration [61]. To design an active layer, organic materials are more preferred due to

27



Chapter-2 Memristors

device stability, long chain structure, easy material processing, low cost, longer life
time, and low temperature processing [62-64]. Many researchers are exploring new
materials for non-volatile resistive memory with a bilayer structure of two different
materials based on ion migration and defects [65-68]. Based on different type of
materials, the bilayer structures are proposed for the fabrication of the various
memory devices like Ag/PMMA/MEH:PPV/Ag, Pt/BiFeO3/Nb-doped SrTiO3
heterostructure and Ag/PEDOT:PSS-PVP/Methyl red/Ag bilayer structure [69-71].
To improve the current density and Rys/Ron ratio of a bilayer resistive memory
device [72], new materials are required to be explored.

To explore a new bilayer non-volatile resistive switching device, this paper proposes
the resistive switching device with a bilayer stacked structure based on N,N'-Bis(3-
methylphenyl)-N,N’-diphenylbenzidine (TPD) and Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)/ Poly(vinyl alcohol)
(PEDOT:PSS/PVOH). Here, the TPD is an organic photo conductor polymer having
the semiconductor property with a high hole mobility of 1 x 10* cm?Vs, and it is
widely used in solar cells as photoconduction and laser devices [73]. TPD is applied
for first time for the resistive switching device in this paper. The PEDOT: PSS is a
conducting polymer with conductivity >200 S/cm [74] with positive charge Poly
(3,4-ethylenedioxythiophene) (PEDOT), which is cationic polythiophene derivative
and negative charge poly (styrenesulfonate) (PSS). It is well known as polyanion and
it is widely used in OLED [75] and transparent electrode [76] due to charge
transport property [77]. Due to a high band gap of PVOH, it offers a high dielectric
and insulator property [78]. The Roi#/Ron ratio of the proposed device can be
improved by using PVOH and PEDOT:PSS composite. Utilizing the composite, the

high resistance state (HRS) value can be increased; hence we can design the
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difference between HRS and low resistance state (LRS) to increase the Rys/Ron
ratio. The proposed bilayer resistive switching memory device based on the TPD and
the (PEDOT:PSS/PVOH) composite is fabricated with a spin coating technique on
indium tin oxide (ITO) coated PET substrate, and top electrode are patterned by
using silver (Ag) epoxy. The Ry/Ron ratio of the proposed memory device is ~28.7
at voltage read of 0.58 V with HRS (97.23 kQ) and LRS (3.38 kQ). It maintains
stable resistive switching for more than 300 cycles and retention time of more than
10* sec. For the device characterizations, several techniques are utilized to

investigate its surface morphology, chemical and electrical characterizations.

2.3.1 Materials and Fabrication

For the fabrication of the resistive memory device, the TPD with Mw ~516.67 and
PEDOT:PSS with 3% solid content in water (H,0), PVOH with Mw 9,000, Ethanol,
Toluene, De-ionized water, ITO coated PET with surface resistivity of 60 Q/sq were
purchased from Sigma Aldrich, South Korea. The ink of the TPD is prepared as: the
10 wt% TPD was dissolved in toluene. The PEDOT: PSS with 3% solid content was
mixed with 10 wt% in de-ionized water. Then, we prepared another solution using
PVOH of 5 Wt% in de-ionized water. All prepared inks were placed on magnetic
stirrer for 2 hr at 1000 rpm and bath sonication was run for 30 min. For a high
Rori/Ron resistance ratio, a high resistive material is required, but the PEDOT:PSS is
less resistive material in itself. For this reason, we added the PVOH material used as
an insulator in nature, and the resistivity of the (PEDOT:PSS/PVOH) composite is
increased. To get a best composite, we performed experiments with different
blending ratios of PEDOT:PSS and PVOH, and its optimum blending ratio is 3:1.
The proposed resistive switching memory device is fabricated by using spin coating
technology as shown in Fig. 2.12. Before starting a fabrication process, an ITO
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coated PET was cleaned with ethanol and washed with de-ionized water to remove
the traces of ethanol and its substrate was placed in UV treatment equipment for 10
min to create surface roughness. The TPD film was fabricated through a spin coater
at 1200 rpm for 30 sec and cured at 100 °C for 1 hr. Similarly, the
(PEDOT:PSS/PVOH) layer was fabricated using the spin coater at 2000 rpm for 40
sec and cured at 100 °C for 2 hr. The top electrode was deposited on the active area
of 100 um by using Silver (Ag) conductive epoxy CW2400 purchased from circuits

works. It was cured at 30 °C using heating furnace.

Step;| UV teetmentof 519p2 Step3: | Curing at 100°C Step4 Step5:| Curingat 100°C
PET substrate
Spin coating of TP ilm Spin coating of PEDQT:PSS :PVOH Filr
Step6:

PEDOT-PSS/PVOH
i Placement of Ag TPD Cross Sectional
) top electrodes ITO coated PET image

Figure 2.12 Fabrication process of the proposed memory device (ITO/TPD/(PEDOT:PSS/PVOH)/Ag) through
the spin coater and the insert image shows the cross sectional image.

The surface morphology of the TPD and the PEDOT:PSS were analyzed by
TESCAN MIRA 3 scanning transmission electron microscope (STEM) as shown in
Figs. 2.12, 2.13(a), 2.13(b), and 2.13(c). The structural and chemical investigation of
the TPDS and the PEDOT:PSS were tested with HORIBA spectrometer as shown in
Figs. 2.13(d) and 2.13(e). Elemental composition of the (PEDOT:PSS/PVOH) can be

confirmed by using energy dispersive X-ray spectroscopy (EDS) as shown in Fig.
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2.13(f). The current and voltage (I-V) analysis of the proposed device was recorded

by using KEYSIGH B2902A source measuring unit as shown in Fig. 2.14.

2.3.2 Characterizations

The surface morphology of TPD, PEDOT:PSS, and (PEDOT:PSS/PVOH) are
uniformly fabricated with a spin coater as shown in Figs. 2.13(a), 2.13 (b), and 2.13
(c) with magnification level of 500 nm, respectively. Fig. 1 shows the cross sectional
image, which ensures that the fabricated films are properly fabricated through a spin
coater. Raman spectroscopy is a powerful tool to characterize thin films. The TPD
and the PEDOT:PSS samples were characterized by using LabRam HR Evolution
Raman spectrometer (Horiba Jobin-Yvon, France). This Raman spectroscopy was
carried out to confirm chemical and structural investigation of the TPD and the
PEDOT:PSS films, and both spectra were carried out between Raman shift ranges
between 400 to 1800 cm™ as shown in Figs. 2.13(d) and 2.13(e). As shown in Fig.
2.13(d), Raman spectrum of TPD film is dominated by several distinct peaks
between 1000 and 1600 cm™ due to plane elongation of phenyl rings, and few
characteristics peaks are below 500 cm™. The bands at 1600 cm™, 1300 cm™, and
1200 cm™ are attributed to carbon-carbon(C-C) intra-ring stretching, C-C inter-ring
stretching, and carbon-hydrogen (C-H) bending mode [79, 80]. Whereas, the Raman
spectrum of the PEDOT:PSS shown in Fig. 2.13(e) indicates most prominent peak
between 1400 and 1500 cm™. The peaks at 151icm™ and 1568 cm™ are
characteristics of asymmetric Ca = CP stretching, while the peaks at 1444 cm™ are
symmetric Co. = Cp stretching. The bands at 1258 cm™ and 1373 cm™ are attributed
to Ca— Co inter ring stretching and Cp— CP stretching. Bands at 905 cm™and 582
cm™ are attributed to oxy-ethylene ring deformation. The peaks at 1040 cm™, 708
cm™, and 446 cm™ are characteristics of C-O-C deformation, C-S-C deformation, and
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SO, bending, respectively [81]. The elemental composition of the
(PEDOT:PSS/PVOH) composite was obtained using energy dispersive X-ray
spectroscopy (EDS) analysis during SEM as depicted in Fig. 2.13(f). A spot-profile
EDS of the (PEDOT:PSS/PVOH) composite clearly shows peaks of C, O, and S. The
C and O peaks are from PEDOT:PSS and PVOH while S peaks are from the

PEDOT:PSS.

SEMHVISOKY WO 505mm MIRAS TESCAN| SEMHV: 50KV WD: 5,01 mm MRAS TESCANL semmv 150k | WO: 1048 mm

—PEDOT. PSSS

—TPD

B \‘\Hil‘:\\\‘ \:;]:\l\\\;r:‘\?:

400 600 800 1000 1200 1400 1600 1800400 600 800 1000 1200 1400 1600 1800

Raman Shift cm”) Raman Shift(cm”! KeV

Figure 2.13 Surface morphology of polymeric materials are analyzed by scanning transmission electron
microscope (STEM) TESCAN MIRA 3 with high magnification, (a) TPD, (b) PEDOT: PSS, (c)
(PEDOT:PSS/PVOH) composite. The structural characterization of (d) TPD and (e)
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To characterize TPD with KEYSIGHT B2902A source measuring unit, we applied
voltage sweeping of £2 V as shown in Fig. 2.14(a) with ITO coated PET as a bottom
electrode and Ag as top electrode as the structure of ITO/TPD/Ag. However, it has
not a resistive memory function. Similarly, we applied voltage sweeping of +3 V for
the structure, ITO/PEDOT:PSS/Ag as shown in Fig. 2.14(b), and it just shows an

ohmic behavior.
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Figure 2.14 (a) I-V curve of ITO/TPD/Ag structure. (b) 1-V curve of ITO/PEDOT:PSS/Ag structure.(c) I-V curve
of ITO/TPD/PEDOT:PSS/Ag structure. (d) Semi-log I-V curve of the fabricated device of the
ITO/TPD/PEDOT:PSS/Ag structure shows the bipolar resistive switchi

However, we demonstrated that the bilayer of the TPD and the PEDOT:PSS can

achieve the resistive switching behavior. The demonstrated device was biased with -
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15to +1 V and +1 to -1.5 V with a current compliance of 5 mA. The positive
voltage was applied to the Ag as top electrode in contact with the PEDOT:PSS film
and a ground was applied to the ITO coated film as a bottom electrode in contact
with the TPD film. The I-V curve and semi log graph of the absolute current and
voltage (I-V) are given in Figs. 2.14(c) and 2.14(d), respectively. However, the
Rosf/Ron resistance ratio is ~4, which is very low. OFF and ON state detection margin
between HRS (1044.57 Q) and LRS (266.58 Q) is also very low and its current is
very high like positive voltage side is ~5 mA and negative voltage side voltage is ~3
mMA as shown in Figs. 2.14(c) and 2.14(d).

The conduction mechanism of ITO/TPD/PEDOT:PSS/Ag can be explained using
trap-controlled space charge limited current (TCSCLC) model and with electron flow
diagram based on HOMO and LUMO of TPD and PEDOT:PSS [82] as given in

Figs. 2.15(a), 2.15(b), and 2.15(c).
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Figure 2.15 TCSCLC mechanism of ITO/TPD/PEDOT:PSS/Ag (a) positive and (b) negative voltage side. (c)
Electron flow potential diagram of ITO/TPD/PEDOT:PSS/Ag structure.

However, we think the improvement of these results is required. In order to improve
the Ro/Ron ratio of the memory device, we make a composite of the
(PEDOT:PSS/PVOH) to increase the resistance of PEDOT:PSS with different
blending ratios 3:1, 3:2, and 3:3 as shown in Figs. 2.16(a), 2.16(b), and 2.17(a). We
optimized the blending ratio of the (PEDOT:PSS/PVOH) by using 3:1. Using the
blending ratio 3:1, we fabricated the bilayer resistive switching device based on the
TPD and the (PEDOT:PSS/PVOH) composite, and the proposed device was biased

with 1.5 V.
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Figure 2.16 (a) Effect of Roff/Ron ratio of the PEDOT:PSS/PVOH blending ratio. (b) Resistive switching
property of (PEDOT:PSS/PVOH) blending ratio (3:2 and 3:3).

Fig. 2.17(a) shows the I-V characteristics of the ITO/TPD/(PEDOT:PSS/PVOH)/Ag
structure, and the current of positive and negative voltage side is decreased from 5
mA to 300 pA and 3 mA to 150 PA, respectively. The proposed memory device was
initially remains in HRS from negative to positive voltage sweeping -1.5 to +1.5V,
and the memory device under goes at threshold voltage +1.07 V in SET process and
changes its state from HRS to LRS. During SET process, abrupt increase in current is
observed. Similarly, during reverse voltage sweeping +1.5 to -1.5 V, the memory
device will remain in LRS state and the memory device under goes at -1.07 V in
reset process. Abrupt decrease in current is observed and the memory device shifts
from LRS to HRS. As the semi-log graph of absolute I-V shown in Fig 2.17(b), the
curve insures the bipolar resistive switching and the memory device is passing from
origin at 0 V. As shown in Fig. 2.17(b), the memory device will remain in region 1

and 2 as an off state. It changes its state (HRS to LRS) at threshold voltage in region
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3 (SET). Similarly, during reverse voltage sweep, it remains in region 4 and 5 as an

on state and in region 6 and changes its state (LRS to HRS) at threshold voltage

(RESET).
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Figure 2.17 (a) 1-V curve of ITO/TPD/(PEDOT:PSS/PVOH)/Ag structure, (b) Semi-log curve showing bipolar
resistive switching. Read voltage of (c) positive voltage side and (d) negative voltage side.

We increased the Ro/Ron ratio of ~28.7 at a read voltage of 0.58V (positive voltage
side) as shown in Fig. 2.17(c) with HRS of 97.23 kQ and LRS of 3.38 kQ. It is
increased 7 time of the previous device (ITO/TPD/PEDOT:PSS/Ag). Fig. 2.17(d)

shows the Rgs/Ron ratio at negative voltage side. The forward current of LRS is
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greater than the backward current of LRS, it can observed that, this function can
reduce a little bit sneak current as shown in Fig. 2.17(a).

The operation reason of the proposed resistive switching device is due to the donor
acceptor mechanism [83] (It is also called as a charge transaction mechanism) is
occurred in between the n-type organic material PEDOT:PSS [84] composite with
PVOH and the p-type organic material TPD. We can control the electron donation
effect of PEDOT:PSS by making composite with PVOH, which have high band gap
and insulator property and as result we can control the flow of electrons in
PEDOT:PSS which have conductivity >200 S/cm and the hole mobility of TPD is
~1 x 10* cm?/Vs. At the interface of TPD/(PEDOT:PSS/PVOH) free electrons in
PEDOT:PSS attracts the holes from TPD and p-n junction is formed between two
materials. At the interface of TPD/(PEDOT:PSS/PVOH) free electrons in
PEDOT:PSS attracts the holes from TPD and p-n junction is formed between two
materials. At an initial stage, the proposed device is at HRS state, and by applying
voltage from -1.5 to +1.5 V, its HRS state not changes up to 0 V, but the electrons
and holes move towards the p-n junction over 0 V. Operating mechanism of the
device on forward bias, such that electrons flow from the Ag electrode to the ITO
and donor acceptor based barrier between p-n junction decreases. The memory
devices switch at threshold voltage 1.07 V and device under goes in SET process,
and the device is switched from HRS to LRS. At the same stage, the electrons from
Ag electrode also move into the films and support the conductive paths. During
reverse bias, by applying the voltage sweep from +1.5 V to -15 V, the positive and
negative charges move away from the junction, and donor acceptor based barrier
between p-n junction increases and the current going to decrease and resistance is

going to increase. Here, the switching of the device is changed from LRS to HRS at -
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1.07 V and memory devices under goes in RESET state. That is, at -1.07 V, due to
the p-n junction becomes so wide, it cannot cross the junction and the device comes
to its initial stage (HRS) [85].

The conduction mechanism of an organic bilayer memory device can also be
explained with help of charge tapping [86-88]. According to the charge trapping
mechanism, HRS active layer have very less amount of charge carriers, which do not
allow the flow of current. During positive voltage sweeping, charge carriers start
trapping in an active layer at threshold voltage +1.07 V. The active layer have
maximum number of trap charge carriers and the memory device shifts from HRS to
LRS state as shown in Fig. 2.18(a). In order to bring back the memory device in HRS,
a reverse voltage will be applied and at threshold voltage -1.07 V, the decrease in
trap charge carriers and emptied at the end as shown in Fig. 2.18(b) [89].

The described mechanism is well supported with absolute current and voltage
(double logarithmic) I-V graph. The HRS has three different values of slopes values,
which ensures that conduction is due to the TCSCLC model. The LRS have orange
marked region with slope ~1 and HRS consists of three slope regions as orange,
green, and red colors marked in Figs. 2.18(a) and 2.18(b). The orange marked region
has slope ~1, which indicates the ohmic conduction region, the green marked region
corresponds to child’s law, and the red marked region represents the state transition
region (HRS to LRS) with sharp increase in current.

At a low applied voltage, the HRS shows the ohmic behavior (I « V) due to
thermally generated charge carriers (orange marked region). With increase in applied
voltage, trap charges also increases (the green marked region). Trap charges
continuously increases with applied voltage, at threshold voltage 1.07 V, all empty

traps are filled with charge carriers and exponential increase (I o V™) in current is
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observed and the memory device shifts from HRS to LRS. After this, the memory
device in LRS shows the high mobility of charge carrier, where it again governs by

the ohmic conduction with slope ~1 (the orange marked region).
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Figure 2.18 TCSCLC mechanism of the proposed memory device showing (a) positive and (b) negative voltage
region, (c)The energy band diagram of organic resistive memory device showing the HOMO and LUMO of TPD
and (PEDOT:PSS/PVOH) used as an active layer along ITO as

The TPD and PEDOT:PSS/PVOH can be presented in the form of potential diagram,
which consist of highest occupied molecular orbit (HOMO) and lowest unoccupied
molecular orbit (LUMO). Each material has different depth of potential barrier
owing to different in energy level of HOMO and LUMO values of TPD,
PEDOT:PSS, and PVOH. The difference in work function of each material plays an

important role in creating energy barrier, which retains the electrons in their energy
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state, hence we have resistive switching behavior. As shown in Fig. 2.18(c), the
HOMO and LUMO values of TPD (-5.5 eV and -2.3 eV), PEDOT: PSSS (-5.0 eV
and -3.5 eV), and PVOH (-928 eV and -1.36 eV) [90]. The PVOH is an insulator
material and has a high band gap. Hence, it increases HRS of bilayer memory device.
In order to increase the resistance of PEDOT:PSS,, we added PVOH with
PEDOT:PSS. PEDOT: PSS acts as a donor and TPD act as an acceptor. The
PEDOT:PSS has a lower work function of -1.5 eV as compared to the TPD -3.2 eV.
Depending on the polarity of the applied voltage, electrons will move from HOMO
of the TPD to HOMO of the PEDOT:PSS/PVOH or HOMO of the
(PEDOT:PSS/PVOH) to HOMO of the TPD.

Fig. 2.19(a) shows the stable switching between HRS and LRS. The proposed
memory device was continuously tested for more than 300 cycles as shown in insert
Fig. 2.19(b). The time duration for which resistive switching device can retain its
data (HRS and LRS) without any power is called retention time. The fabricated
bilayer resistive switching memory device was set under observation for 10* sec to
observe its stability in term of retention time, and the memory device has shown a
stable switching as shown in Fig. 2.19(c). The organic polymers are extremely
flexible and very light in weight. The mechanical robustness of the fabricated device
was tested through manual control bending machine. The bending of the memory
device is shown in insert Fig. 2.19(d), and tested from 50 mm to 10 mm to ensure the
device stability of both HRS and LRS. The robustness of the device under bending
measurement without any prominent changes in obtain result makes it an extremely

useful choice for a flexible memory device.
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Figure 2.19 (a) The memory device with ITO/TPD/(PEDOT:PSS/PVOH)/Ag shows the stable switching function
between HRS and LRS for more than 300 switching cycles. (b) The stability of the memory device for 300 cycles.
(c) The retention time curve of the memory device

2.3.3 Summary

In this paper, we have proposed the novel resistive switching device based on the
bilayer of the TPD and the (PEDOT:PSS/PVOH) composite, and the ITO coated
PET substrate was used as a bottom electrode and Ag as a top electrode. The
ITO/TPD/(PEDOT:PSS/PVOH)/Ag was operated at + 1.5 V and HRS and LRS were
recorded as, 97.23 kQ and 3.38 kQ, respectively. Its Rq/Ron resistance ratio shows
~28.7. The endurance of the memory is recorded more than 300 cycles and the
retention time of more than 10* sec were tested, and the resistive memory device
showed bending stability till 10 mm. The surface morphology of the fabricated
device was analyzed through TESCAN MIRA 3 (STEM).The chemical and
structural analysis of the active layer were also analyzed by using LabRam Horiba
evolution Raman spectrometer and the elemental composition was obtained using
EDS spectrometer. The mechanism of the bilayer stacked structure
ITO/TPD/(PEDOT:PSS/PVOH)/Ag was explained with the charge tapping
mechanism using n-type, p-type materials, and the TCSCLC model, and the electron
flow potential diagram based on HOMO and LUMO of each material.
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2.4 Schottky diode based resistive switching device
based on ZnO/ PEDOT: PSS heterojunction to
reduce sneak current problem.

The memristors is a simple passive circuit element, which memorize their internal
resistance state on the basis of applied voltage [91]. Especially, a memristor is an
element that links between charge and magnetic flux [92]. The theoretical concept of
memristor [93] is explained by Lean Chua in 19 71, which is applicable as a
transistor less switch device [94]. In 2008, Hewlett Packard (HP) group has given
physical inception of a memristor fabrication [95]. After this breakthrough, it has
been widely explored in numerous applications such as digital non-volatile memories
[96], neuromorphic analog computation [97], and circuit applications [98].

In order to improve resistive memory performance, many researchers are exploring
new materials to fabricate memory devices by using an active layer based on a single
insulator such as metal oxide [99], metal sulfide [100], phase change material [101],
nonmetal oxide [102] and composite materials [103] based on ion migration, redox
reaction, or electrode metallization. However, to find a desired performance of a
memory device, researchers are optimizing following parameters like Roi/Ron ratio,
current density, switching speed, stability, and retention time [104,106]. These
characteristics have strong dependency on material of electrode and active layer
[107,108]. Researchers are working to enhance the performance of resistive memory
device with memory structures like heterojunction of p-type and n-type materials,
which have been utilized to fabricate a novel multifunctional resistive switching
devices [109]. For examples, a resistive switching device with heterojunction of two
materials [110] based on ion migration and defects was realized [111], and
heterojunction memory devices based Pt/n- Type TiO2/p- Type NiO/Pt [112] and
WO,/AlOy [113] have been also demonstrated.
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The read current error and sneak current is required to be minimized for
commercialization of resistive switching device. Due to this reason, several
researchers have been exploring one diode one resistor based memory device [114]
and asymmetric memory function devices [115] to control sneak current [116].
Hence, we explored a novel Schottky diode based a high charge density resistive
switching device using n-type Zinc Oxide (ZnO) [117] and p-type
poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [118]. The
Schottky diode behavior of ITO/ZnO/Ag [119] is utilized to fabricate memory
function by using bilayer of n-type ZnO and p-type ZnO/PEDOTPSS heterojunction.
There are different schottky diodes are investigated [120,121] in which ITO/ZnO/Ag
based schottky diode is preferred due to a high forward and reverse current ratio
[119]. The high electron concentration in ZnO [122] is the main reason of schottky
diode behavior with ITO and the high band gap Eg ~ -3.2 eV of ZnO with HOMO -
7.5 eV and LUMO of -4.3 eV [123,124], where barrier height between ITO and ZnO
is -2.8 eV, which help to provide a high rectification ratio. The p-type PEDOT:PSS is
a T conjugated organic polymer, which is consist of two ionomers, which has highly
trnasparent. The PEDOT is based on poly thiophene and has positive charge, while
PSS is based on syrene sulfonate and it carries negative charge [125]. Due to the
presence of PEDOT as a p-type charge carrier [126] in PEDOT:PSS. It enhances the
hole mobility, and the high band band gap difference of PEDOT:PSS with ZnO Eg
~2.3 eV helps to enhance the schottky diode function into resistive memory function.
The proposed memory device is fabricated by sandwiching the active layer based
ZnO/PEDOQOT:PSS heterojunction between ITO coated PET as bottom electrode and
Ag as top electrode through printing techniques. Here, the heterojunction layer was

fabricated on ITO coated PET substrate through the spin coater and silver (Ag)
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epoxy top electrodes were manually deposited. The fabricated devices were
characterized for electrical properties on Agilent Semiconductor Device Analyzer
(B1500A). For evaluation of mechanical properties, flexibility tests were analyzed on
indigenously developed bending setup. It is also analyzed for surface morphology
through field emission electron microscopy (FE-SEM), and for chemical interaction
Raman spectroscopy was used. The energy dispersive X-ray spectroscopy (EDS) was
analyzed to predict element composition of Ag, ZnO, and PEDOT:PSS. From these
characterizations, the HRS and the LRS of proposed memory device are
531047870.8 Q and 1001636.011 €, respectively at voltage read of ~1.28 V in
forward current with Res/Ron ratio is recorded as ~530. In reverse current the HRS
and LRS are recorded as 153081392.6 Q and 19034020.25 Q, respectively at voltage
read of ~ -1.28 V with Re/Ron ratio ~8.04. From these results, we realized the

resistive switching device with the asymmetric function to reduce the sneak current.

2.4.1 Materials and Methods

Flexible indium tin oxide (ITO) coated polyethylene terephthalate (PET) substrate of
surface resistivity 60 €/sq, high-conductivity grade PEDOT:PSS with (3-4 wt.%
solid content, conductivity > 200 s/cm, viscosity 10-30 cp, density 1.011 g/cm®), 40
wt.% ZnO dispersionin ethanol (particle size < 130 nm, density 1.25 g/mL),
deionized water, N,N-Dimethyl formamide (anhydrous 99.8%), Ethanol were
purchased from Sigma-Aldrich(South Korea). While Ag epoxy having (specific
gravity = 4) was purchased from circuitworks..For the fabrication of memory device
inks were prepared as following: Intially 10 wt.% PEDOT:PSS ink was prepared by
diluting PEDOT:PSS in 10 ml deionized water and40 wt.% ZnO dispersion in
ethanol and both inks were placed on magnetic stirrer for 2 h at 1000 rpm and bath

45



Chapter-2 Memristors

sonicated by for 10 min, and centrifuged at 3000 rpm for 2 min.Before proceeding to
the fabrication process: a substrate was cleaned by using isopropyl alchol (IPA) and
acetone for 20 min, and then rinsed with deionized water and dried by hot air to
eliminate moisture content. Surface roughness of the substrate was generated by
ultraviolet (UV) treatment for 7 min. The ZnO layer was deposited by using the spin
coater (EJD Tech (JSPA4)) in pulses, at 500 rpm for 9 s and 3000 rpm for 30 s, then
annealed for 4 h at 120 °C. The PEDOT:PSS ink layer was also deposited by using
the spin coaterin in pulses, at 500 rpm for 9 s and 3000 rpm for 30 s, then annealed
for 4 h at 100 °C. Finally, the fine top electrodes of the silver (Ag) epoxy were
deposited on the fabricated active film and cured at 60 °C for 30 min as shown in Fig.

2.20.
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Figure 2.20 Fabrication process of the proposed ITO/ZnO/PEDOT:PSS/Ag heterojunction memory device. Here
step 7 and 8 are cross sectional image of the memory device and chemical Interaction of p-type and n-type
materials, respectively.

2.4.2 Characterization
Active layers surface morphology was analyzed by the field emission electron

microscopy (FE-SEM Jeol JSM-7600F, Japan) at accelerating voltage of 5 kV. As
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the cross sectional image shown in Fig. 2.20, the proposed device ensures that all
layer are properly fabricated with the spin coater with a magnification level of 200
nm. The Surface morphology of active layer based on PEDOT:PSS is shown in Fig.
2.21a, ZnO is shown in Fig. 2.21c and Ag is shown in Fig. 2.21e with magnification
of 1 um is used to analyze the EDS spot profile by using energy dispersive X-ray

spectroscopy (EDS) analyzer.
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Figure 2.21 (a) SEM image of PEDOT:PSS and (b) the EDS spot profile of PEDOT:PSS, which shows the
presence of C, O and S. (c) SEM image of ZnO and (d) EDS spot profile showing Zn and O peaks.(e) SEM of Ag
and (f) EDS map of Ag.

The spot-profile EDS of the PEDOT:PSS, ZnO, and Ag is shown in Figs. 2.21b,
2.21d and 2.21f. The C, O, and S peaks are from PEDOT:PSS as shown in Fig. 2.21b.
The Zn and O peaks are from ZnO as shown in Fig. 2.21d and the Ag peaks are from
top electrodes as shown in Fig. 2.21f. The elemental composition of the ZnO and

PEDOT:PSS are analyzed by the energy dispersive X-ray spectroscopy (EDS) as
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depicted in Figs. 3 and 4. The SEM image shown in Fig. 2.22a with magnification of
10 um is used to analyze the EDS mapping of the ZnO film. The EDS mapping of
the ZnO shown in Fig. 2.22b, which insures the presence of the Zinc (Zn L series) in
Fig. 2.22c and oxygen (O L series) in Fig. 2.22d. The SEM image of the
PEDOT:PSS shown in Fig. 2.23a with magnification of 100 um is used to investigate
the EDS mapping as shown in Fig. 2.23b, which ensures the presence of the carbon
(C K series) in Fig. 2.23c, oxygen (O K series) in Fig. 2.23d, and Sulphur (S K series)

in Fig, 2.23e.

(b) ZnO EDS layered Image

(c) Zn L Series (d) O L Series

Figure 2.22 SEM of ZnO with 10 um is used to study, (b) the EDS mapping of ZnO with (c) Zn L series and (d)
O L series.
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( a) PEDOT:PSS SEM lmage (b) PEDOT:PSS EDS Layered Image

(C) C K Series O K Series

(e) S K Series

Figure 2.23 (a) SEM of the PEDOT:PSS with 100 um is used to analyze the, (b) EDS layered mapping based on,
(c) C K series, (d) O K series, and (e) S K series.

Due to Raman spectroscopy is a powerful tool to characterize thin film of ZnO and
PEDOT:PSS, the fabricated samples were characterized by using LabRam HR
Evolution Raman spectrometer (Horiba Jobin-Yvon, France). The Raman system

used an excitation source of Ar* ion laser of wavelength 514 nm, which operates at a
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power of 10 mW, and 10 s data-point acquisition time was employed to obtain the
spectra. The Raman spectra of the ZnO and the PEDOT:PSS films are presented in
Figs. 2.24a and 2.24b. In the Raman spectra of the ZnO film deposited through spin
coating, there have two characteristic peaks at 99.9 cm™ and 439 cm™ as shown in
Fig. 2.24a. The prominent peaks at 99.9 cm™ and 439 cm™ are attributed to E2""
and E2"%" phonon mode of ZnO, which corresponds to zinc atom lattice vibration
and stress in the ZnO lattice, respectively. In bulk ZnO, E2™" phonon mode
observed at 434 cm™, while in the ZnO films, it is shifted at 439 cm™. The ZnO has
wurtzite phase and its characteristic vibrations are due to lattice vibrations of the
oxygen atoms [127]. The PEDOT:PSS Raman spectra shows a narrow prominent
peak between 1400 and 1500 cm™ due to characteristics of film while pristine
PEDOT:PSS shows more broader band as given in Fig. 2.24b. The band at 446 cm™
shows SO, bending, 708 cm™ exhibit C-S-C deformation, 905 cm™ shows oxy-
ethylene ring deformation, and 1040 cm™ band attribute to C-O-C deformation. The
band at 1258 cm™ shows Co—Ca inter ring stretching, 1373 cm™ exhibit Cp—Cp

stretching, 1444 cm™ attribute—to symmetric Ca = Cp, 1511 cm™ and 1568 cm™

attribute to asymmetric Ca = CP stretching [128].

o1



Chapter-2 Memristors

(a) (b)

—— PEDOT: PSS|

E: Low 710

E, High

M

-—Tr——7 77 ————T— T
400 600 800 1000 1200 1400 1600 1800 100 150 200 250 300 350 400 450 500 550 600

Raman Shift (cm™1) Ramant Shift (cm"1)

Figure 2.24 Raman shift of (a) PEDOT:PSS and (b) ZnO

2.4.3 Result and Discussion

Electrical characterizations of the proposed resistive switching device were
performed by using Agilent B1500A Semiconductor Device analyzer connected with
Probe Station. To characterize each material, we fabricated and analyzed single
layers of each material. The fabricated devices were placed in the probe station, and
the top and bottom electrodes were connected with probes. To observe the diode
function in ZnO film, the dual bias voltage sweep of £3 V was applied across the
device with structure of the 1TO/ZnO/Ag as shown in Fig. 2.25a. Similarly, we
checked ITO/PEDOT:PSS/Ag with double sweep voltage of -3V to +3V, it shows
ohmic conduction as described in Fig. 2.25b. To investigate the fabricated resistive
switching device base on the heterojunction of two layers of
ITO/ZnO/PEDOT:PSS/Ag as shown in Fig. 2.25¢, it was biased with double voltage
sweep from —3V to +3V. During positive voltage sweep from -3 to +3 V, the
memory device in region 1 and 2 maintains, its HRS under 2.3 V. After the threshold
voltage ~ 2.3 V, memory device changes its state from HRS to LRS in region 3

(SET). Similarly, under reverse voltage sweep from +3 to -3 V, in region 4 and 5, the
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memory device remains in LRS, and the memory device shift from LRS to HRS
(reset) at threshold voltage of -3 V in region 6. As the double log I-V graph as shown
in Fig. 2.25d, the memory device ensures bipolar resistive switching and passes from
zero volt. The Rofi/Ron ratio ~530 was recorded at read voltage of 1.28 V in the
forward current as shown in Fig. 2.25e, and its HRS and LRS are 531047870.8 Q
and 1001636.011 Q, respectively at voltage read 1.28 V. Fig. 2.25f shows the
resistance-voltage (R-V) graph, in reverse current the HRS and LRS are
153081392.6 Q and 19034020.25 Q, respectively, at -1.28 V with Rq/Ron ratio ~
8.04 in the reverse voltage from 0 to -3 V. From these results, we are sure that it has
an asymmetric function to reduce the sneak current. Which can be confirmed by

Rosf/Ron ratio difference at voltage read of £1.28 V, which is (530 - 8.04) = 521.96.
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Figure 2.25 Current and voltage analysis of (a) ITO/ZnO/Ag and (b) ITO/PEDOT:PSS/Ag with biased voltage of
+3 V. (c) I-V curve of the ZnO and PEDOT:PSS heterojunction. (d) double log I-V curve. (e)The effect of
Roff/Ron ratio with read voltage and (f) resistance-cu

The conduction mechanism of the heterojunction resistive memory device
ITO/ZnO/PEDOT:PSS/Ag based on log-log I-V curve can be explained with the help
of the charge trapping mechanism [104] as shown in Figs. 2.26a and 2.26b. The
active layer during voltage sweep of -3 to +3V shows the HRS state. The main

possible reason of the HRS is the presence of very less amount of a charge carrier in
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an active layer. The HRS can be divided into two regions ohmic conduction region
and child’s law region. The ohmic conduction region (I o« V) is marked with green
line fitting with slope value ~1 and the amount of current flow is very less in ohmic
region. In child’s law region, the number of the charge carriers starts increasing with
applied voltage, and it is marked with orange marked fitting with slope value ~3. At
threshold voltage 2.2 V, abrupt current increasing is observed and memory device
shift from HRS to LRS. This region is also known as the state transition region (red
marked region: | oc V") as shown in Figs. 2.26a and 2.26b. After this conduction
filament is formed between top and bottom electrodes, the memory device under
goes in LRS, during voltage sweep from +3 to -3 V and a high amount of current
flow ~3.4 YA, where the resistive switching memory device again governs by an
ohmic conduction (I o«« V) as shown in Figs. 2.26a and 2.26b. At negative threshold
voltage, the memory device again has very less amount of charge carriers and its
filament going to vanish and memory device shift from LRS to HRS.

As shown in Fig. 2.26c, a positive voltage is applied to Ag top electrode and a
negative voltage is applied to ITO coated PET as bottom electrode. The increase in
the applied voltage, there result in increase of Ag+ ion at Ag as top electrode intact
with PEDOT:PSS film and the repulsion force between Ag’ ion start increases,
where PEDOT:PSS also have electron donation effect due to conductive nature of
PEDOT:PSSS [129]. On the other hand, the ZnO film is in contact with ITO coated
PET, where the O” ion increases with increase in applied voltage. At threshold
voltage, the oxygen vacancies move upward near to PEDOT:PSS film and Ag" ion
moves towards ZnO film. At the junction between ZnO and PEDOT:PSS, Ag" ion
uses oxygen vacancies as a trap charges and make a filament between top and bottom

electrode and memory device moves from HRS to LRS and the memory devices
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under goes in SET process and abrupt increase in current is observed. In order to
back the resistive memory device in HRS, a reverse voltage sweep is applied to top
and bottom electrodes as shown in Fig. 2.26d. After this, Ag+ start moving upward
and oxygen O” vacancies move downward, and the filament will going to decrease
at negative threshold voltage, it will break and the amount of the current will

decrease, and the memory device under goes in HRS (RESET) as shown in Fig.

2.26d.
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Figure 2.26 TCSCLC mechanism of the proposed hero junction memory device (a) positive voltage region and (b)
negative voltage region. Ag ions migration mechanism showing (c) set and (d) reset process

To demonstrate the proposed schottky diode base resistive switching, we used a p-
type PEDOT:PSS and a n-type ZnO as shown in Fig. 2.27a. At the ZnO-PEDOT:PSS
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interface, free electrons from the ZnO diffuse into PEDOT:PSS layer, and holes from
PEDOT:PSS begin to diffuse into the ZnO layer. The holes and electrons form an
interface charge depletion region, and a p-n junction is formed as described in Fig.
2.27a. The 1-V characteristics of the proposed device are also described the p-n
junction asymmetric resistive switching behavior based on schottky diode. Initially,
the memory device is in HRS state, and by applying voltage sweep from -3 to +3V.
Over zero volt p-n junction barrier between PEDOT:PSS and ZnO will decrease, and
the device will shift from HRS to LRS (SET) due to a high amount of the current
flow. At the same stage, Ag+ ions migrate into the active layer and support the
current flow. The interface of ZnO/PEDOT:PSS is expected to exhibit the
rectification characteristics because of their p-type and n-type material nature [130].
In contrast, for an asymmetric bipolar device [115], the switching polarity is often
governed by the asymmetry of the device stack rather than the polarity of
electroforming [131]. During the reverse voltage sweep +3 to -3V, the p-n junction
based on donor acceptor going to increase, very small amount current will going to
flow, and the resistance going to increase, due to p-n junction becomes so wide up to
no more charges can flow through the active layer. Here, the memory device comes
back to its initial stage HRS at threshold voltage.

The PEDOT:PSS and ZnO can be presented in the form of the highest occupied
molecular orbit (HOMO) and the lowest unoccupied molecular orbit (LUMO) as
shown in Fig. 2.27b. The PEDOT:PSS and ZnO have different depth of the potential
barrier, with different in depth between HOMO and LUMO. The difference in work
function of PEDOT:PSS and ZnO plays an important role to retain electron in an
energy state, and as a result, we are sure that it has the schottky diode base resistive

switching behavior. As shown in Fig. 2.27b, the HOMO and LUMO values of
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PEDOT:PSS (= 5.0 ¢V and — 3.5 eV) , and ZnO (-7.5 eV and -4.3 eV). The HOMO
to HOMO difference of PEDOT:PSS and ZnO is 2.3 eV and LUMO to LUMO is
0.8eV. From energy band gap diagram, we can easily say that, electrons need more
electric field to move from HOMO to HOMO. Hence, PEDOT:PSS acts as acceptor
and ZnO acts as donor. The PEDOT:PSS has a lower work function of -1.5 eV as
compared to the ZnO -3.2 eV. Depending on the polarity of the voltage sweep,
electrons will move from HOMO of the ZnO to HOMO of the PEDOT:PSS or
HOMO of the PEDOT:PSS to HOMO of the ZnO, so it has the resistive switching

behavior.
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Figure 2.27 (a) Schematic illustration of the schottky diode base memristor with p-n-heterojunction. (b) Operating
principle of the device using energy band diagram.
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The ITO/ZnO/PEDOT:PSS/Ag memory device is continuously tested for more than
500 endurance cycles as shown in Fig. 2.28a, and it shows a stable memristor
function with invariable change in the resistance states as shown in Fig. 2.28b. The
states are retentively analyzed after device encapsulation with PDMS for more than
30 days as shown in Fig. 2.28c and we observed the stable memory functions as
shown in Fig. 2.28d. The retention time and the endurance cycle stability tests were

analyzed at room temperature 26.85 °C.
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Figure 2.28 (a) HRS and LRS state of the resistive switch for 500 endurance cycles. (b) Endurance stability of the
proposed device of for more than 500 cycles. (c) Retention time of the proposed device. (d) Retention stability of
the memory device.
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The mechanical properties were evaluated by bending it on different diameters from
flat down to 4 mm diameter by utilizing indigenously made bending setup as shown
in Figs.2.29a and 2.29b. Minimum bending diameter was found 10 mm, and beyond
it, due to the deterioration of the active layer device behaved open circuited as shown

in Fig. 2.29c.
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Figure 2.29 The mechanical testing setup (a) on flat surface and (b) 4 mm diameter. (c) Bending test results from
50 mm to 4 mm.

2.4.4 Summary

By using the printed technique, we proposed the schottky diode base high charge
density resistive memory device based on ZnO/PEDQOT:PSS heterojunction on ITO
coated PET substrate, and its top electrode was deposited by Ag epoxy. The
ZnO/PEDOT:PSS heterojunction layers were fabricated through the spin coater. The
surface morphological characterizations were examined by FE-SEM, and elucidated
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uniformly deposition of layers. The device showed schottky diode based resistive
switching across voltage of £3 V. For the forward current, the HRS and LRS were
found as 531047870.8 Q and 1001636.011 Q, respectively, and its Ro/Ron IS 530. To
block the sneak current, HRS and LRS were measured at ~ 1.28V as 531047870.8 Q
and 1001636.011 Q, respectively in the reverse current with Res/Ron ratio ~8.04 and
we checked the Ros/Ron ratio difference in Forward and reverse current (530 - 8.04) =
521.96, which ensures the device decreases the sneak current problem in cross bar
array. The 500 endurance cycles and the retention time of 30 days were tested, and it
showed a very stable memory performance. In flexibility test, it exhibited down to 10
mm diameter, and the device got open circuit beyond 10 mm. The chemical
investigation was analyzed using Raman spectroscopy, and the element analyses
were performed with the energy dispersive X-ray spectroscopy (EDS). The proposed
device can open a new gate way for stable and flexible memory devices for a high

dense crossbar array to reduce the sneak current.
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Chapter 3 Conclusions and Future Work

This chapter presents the overall conclusions of the thesis dissertation and highlights

the contribution made in the solution processed printed and flexible electronics fields.

3.1 Overview and General Conclusions

Solution processed printed electronics is a new technology that enables flexible,
wearable, stretchable, low cost and large area devices. These printed electronic
devices are emerging in the present electronics industry to cover the cost and
technological gaps associated with conventional electronic processing and
application demands. So the demands of low cost, targeted applications, flexibility,
and low temperature processing forcing the research and industry to work on this
new emerging branch of electronics.

Solution processed Printed electronics is quite new field, hence facing many
problems include fabrication techniques, printable materials for device and as well as
for encapsulation of the manufactured devices to make them reliable for long life
time. In past two decades, huge efforts have been made in processing of organic and
inorganic materials to make them printable for printed electronics. Apart from the
material exploration and processing for the new devices, fabrication techniques are
also under research to enable them for efficient fabrication. Some fabrication
techniques are developed and been adopted by the solution processed electronic
industry such as inkjet, spin coater and EHD, however some techniques are under
study yet. In this thesis work spin coater and Inkjet printer are used for the
fabrication of devices. Materials including organic and inorganic are synthesized and

processed for the low-cost fabrication techniques, and their deposition is confirmed
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with characterizations. This thesis contributes to the Research and Development
R&D community to address the challenges in the fabrication process of solution
processed all-printed electronic devices and circuits. Main contributions are listed as
below:

Resistive memory devices can play an important role in the future for data storage.
We propose a stable non-volatile resistive switching based on nano-composite of
inorganic and organic materials, Zirconium dioxide (ZrO,) and Poly (4-vinylphenol)
(PVP), respectively. The active layer of ZrO,: PVP composite is fabricated by using
spin coater on indium tin oxide (ITO) coated Polyethylene terephthalate (PET)
substrate, and the top electrodes are patterned by using silver (Ag) epoxy. The
resistive random access memory (RRAM) demonstrates a bipolar resistive switching
at low operating voltage of +1.5 V. The high resistance state (HRS) and low
resistance state (LRS) are 11.44 kQ and 262.25 Q, respectively, and the obtained

Roii/Ron resistance ratio is ~ 44.

Device stability is very import feature. In this expect, we propose a novel bilayer
resistive  switching device based on N,N'-Bis (3-methylphenyl)-N,N'-
diphenylbenzidine (TPD) and Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)/ Poly(vinyl alcohol) (PEDOT:PSS/PVOH) composite. The
bilayer structure of TPD and (PEDOT:PSS/PVOH) is fabricated on indium tin oxide
(ITO) coated Polyethylene terephthalate (PET) substrate through all printed
technology. Here, the ITO acts as a bottom electrode and the top electrode is
patterned by using silver (Ag) epoxy. The fabricated device has a high resistance
state (HRS) of 97.23 kQ and a low resistance state (LRS) of 3.38 kQ at read voltage
of 0.58 V, which is achieved R.u/R,, resistance ratio of ~28.7. The proposed device

maintained its stability for more than 300 endurance cycles and retention time of
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more than 10* sec.

To realize an asymmetric function and to block sneak currents in memory device, we
propose a novel schottky diode based high charge density resistive switching device
based on zinc oxide (ZnO) and poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) heterojunction, which is structured with bottom and top
electrode as indium tin oxide (ITO) and silver (Ag), respectively. The heterojunction
layers are deposited through a spin coater on ITO coated polyethylene terephthalate
(PET) substrate. The hetrojunction resistive switching device is measured over more
than 500 endurance cycles on dual polarity voltage of £3 V. The stability of the
memory device is analyzed for more than 30 days with high resistance state (HRS)
and low resistance state (LRS) as 531047870.8 Q and 1001636.011 Q, respectively,
at reading voltage of 1.28V in forward current, and its Rs/Ron ratio is recorded as
~530. In reverse current, the HRS ~ 153081392.6 Q and LRS ~19034020.25 Q are
recorded at voltage read of ~ -1.28 V, with Rys/Ron ratio ~8.04, which insure that
memory device help to reduce the sneak current. Hence, the proposed resistive
memory devices can be applied in flexible resistive switching devices to blocking

sneak current problem.

3.2 Future Work

Every device can be improved by mean of fabrication technique, fabrication process
or by changing material. In future, these devices can be investigated for better
performance and reliability. Memory devices presented in this work with different
materials can be improved for high retention time, endurance and off/on ratio. Apart
from the performance improvement, integration with the exiting CMOS technology

is still an issue for real time printed electronics applications. Conventional CMOS
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technology is based on three-terminal transistor while the resistive switch is two-

terminal device that needs different circuit design strategy.
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Annex-A Journal Papers

1. Muhammad Umair Khan, Gul Hassan, Muhammad Asim Raza and Jinho Bae:
Bipolar resistive switching device based on N, N’ -bis(3-methylphenyl)-N, N’
-diphenylbenzidine and poly(3,4-ethylenedioxythiophene): poly (styrene
sulfonate)/poly (vinyl alcohol) bilayer stacked structure; October 2018 Applied
Physics A 124(10) DOI: 10.1007/s00339-018-2142-z (IF: 1.694)

2. Muhammad Umair Khan, Gul Hassan and Jinho Bae: Non-volatile resistive
switching based on zirconium dioxide: poly (4-vinylphenol) nano-composite;
(Micro Electronics Engineering) (IF: 2.1) (under review)

3. Muhammad Umair Khan, Gul Hassan, Muhammad Asim Raza and Jinho Bae:
Schottky diode based resistive switching device based on ZnO/PEDOT:PSS
heterojunction to reduce sneak current problem; (Organic Electronics) (IF: 3.6)
(Under review)

4. Gul Hassan, Muhammad Umair Khan, Jinho Bae: Stable and flexible non-
volatile resistive switching device based on F8BT: PVP nanocomposite and its
conduction mechanism; (Applied Physics A) (IF: 1.694) (under review)

5. Gul Hassan, Jinho Bae, Muhammad Umair Khan and Shawkat Ali, Resistive
Switching Device Based on Water and Zinc Oxide Heterojunction for Soft
Memory Applications; (Material Science and Engineering B) (IF: 3.31) (under
review)

6. Muhammad Umair Khan, Gul Hassan and Jinho Bae: Bio-compatible and bio-
degradable organic humidity sensor based on natural inner egg shell membrane
with multilayer crosslinked fiber structure; (Scientific Report) (IF: 4.122) (Under
review)

7. Muhammad Umair Khan, Gul Hassan and Jinho Bae: All Range inkjet Printed
Linear humidity Sensor using 3x3 sensing array with different electrode spacing
and particle size utilizing methylene blue and graphene composite. (Under
progress)

8. Muhammad Umair Khan, Gul Hassan and Jinho Bae: Bio-compatible and Bio-
degradable organic humidity sensor using Egg Albumin for environment
monitoring. (Under progress)

9. Muhammad Umair Khan, Gul Hassan and Jinho Bae: Self powered humidity

sensor using natural inner egg shell membrane. (Under progress)
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10. Muhammad Umair Khan, Gul Hassan and Jinho Bae: Light controlled resistive

memory device based on methylene blue and ZnO heterojunction. (Under

progress)
11. Muhammad Umair Khan, Gul Hassan, Muhammad Asim Raza and Jinho Bae:

Triboelectric Nanogenerator based on Cellelose acetate and PDMS composite.

(under progress)

67



References

References

[1] L. Chua, Memristor-The missing circuit element, IEEE Transactions on Circuit Theory 18(5)
(1971) 507-519.

[2] D.B. Strukov, G.S. Snider, D.R. Stewart, R.S. Williams, The missing memristor found,
Nature 453 (2008) 80.

[3] M. Versace, B. Chandler, The brain of a new machine, IEEE Spectrum 47(12) (2010) 30-
37.

[4] L. Xie, H.A.D. Nguyen, M. Taouil, S. Hamdioui, K. Bertels, Boolean logic gate exploration
for memristor crossbar, 2016 International Conference on Design and Technology of
Integrated Systems in Nanoscale Era (DTIS), 2016, pp. 1-6.

[5] Y. Abbas, A. Sergeevich Sokolov, Y. Jeon, S. Kim, B. Ku, C. Choi, Structural engineering of
tantalum oxide based memristor and its electrical switching responses using rapid thermal
annealing, Journal of Alloys and Compounds, 759 (2018) 44-51.

[6] S. Ali, A. Hassan, G. Hassan, J. Bae, C.H. Lee, Flexible frequency selective passive circuits
based on memristor and capacitor, Organic Electronics 51(Supplement C) (2017) 119-127.
[7] B. Ku, Y. Abbas, A. S. Sokolov, C. Choi, Interface engineering of ALD HfO2-based RRAM
with Ar plasma treatment for reliable and uniform switching behaviors, Journal of Alloys
and Compounds 735 (2018) 1181-1188.

[8] M.N. Awais, K.H. Choi, Resistive Switching in a Printed Nanolayer of Poly(4-vinylphenol),
Journal of Electronic Materials 42(6) (2013) 1202-1208.

[9] A. Cifarelli, A. Parisini, S. lannotta, T. Berzina, Organic memristive devices based on
pectin as a solid polyelectrolyte, Microelectronic Engineering 185-186 (2018) 55-60.

[10] S. Ali, J. Bae, C.H. Lee, Printed non-volatile resistive switches based on zinc stannate
(ZnSn03), Curr. Appl. Phys. 16(7) (2016) 757-762.

[11] S. Ali, J. Bae, C. Hyun Lee, K. Choi, Y. Doh, All-printed and highly stable organic resistive
switching device based on graphene quantum dots and polyvinylpyrrolidone composite,
2015.

[12] G. Hassan, S. Ali, J. Bae, C. Hyun Lee, Flexible resistive switching device based on
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/poly(4-vinylphenol)
(PVP) composite and methyl red heterojunction, 2017.

[13] E.J. Yoo, M. Lyu, J.-H. Yun, C.J. Kang, Y.J. Choi, L. Wang, Resistive Switching Behavior in
Organic—Inorganic Hybrid CH3NH3PbI3-xClx Perovskite for Resistive Random Access
Memory Devices, Advanced Materials 27(40) (2015) 6170-6175.

[14] V. Senthilkumar, A. Kathalingam, V. Kannan, J.-K. Rhee, Observation of multi-
conductance state in solution processed Al/a-TiO2/ITO memory device, Microelectronic
Engineering 98 (2012) 97-101.

[15] J. Zhao, L. Luo, X.L. Jin, J.X. Wang, S. Wolff, T. Sajoto, High temperature, high deposition
rate process and apparatus for depositing titanium layers, Google Patents, 2000.

[16] C.-Y. Zhang, J.-H. He, C.-J. Lu, Q.-F. Gu, L-X. Wu, Q. Liu, H. Li, Q.-F. Xu, J.-M. Lu,
Changing the stability of polymer-based memory devices in high conductivity state via
tuning the red-ox property of Hemin, Polymer 70(Supplement C) (2015) 343-350.

[17] Y. Chujo, Organic—inorganic hybrid materials, Current Opinion in Solid State and
Materials Science 1(6) (1996) 806-811.

[18] S. Clément, L. Bénédicte, Hybrid organic - inorganic materials with second-order optical
nonlinearities synthesized via sol - gel chemistry, Pure and Applied Optics: Journal of the
European Optical Society Part A 5(5) (1996) 689.

[19] E. Wortham, A. Zorko, D. Arcon, A. Lappas, Organic—inorganic perovskites for magnetic
nanocomposites, Physica B: Condensed Matter 318(4) (2002) 387-391.

68



References

[20] C. Sanchez, B. Julian, P. Belleville, M. Popall, Applications of hybrid organic-inorganic
nanocomposites, Journal of Materials Chemistry 15(35-36) (2005) 3559-3592.

[21] G. Baldi, S. Battistoni, G. Attolini, M. Bosi, C. Collini, S. lannotta, L. Lorenzelli, R. Mosca,
J.S. Ponraj, R. Verucchi, V. Erokhin, Logic with memory: and gates made of organic and
inorganic memristive devices, Semiconductor Science and Technology 29(10) (2014) 104009.
[22] S. Ali, J. Bae, K.H. Choi, C.H. Lee, Y.H. Doh, S. Shin, N.P. Kobayashi, Organic non-volatile
memory cell based on resistive elements through electro-hydrodynamic technique, Organic
Electronics, 17 (2015) 121-128.

[23] M.N. Awais, N.M. Muhammad, D. Navaneethan, H.C. Kim, J. Jo, K.H. Choi, Fabrication
of ZrO2 layer through electrohydrodynamic atomization for the printed resistive switch
(memristor), Microelectronic Engineering 103(Supplement C) (2013) 167-172.

[24] J. Ali, G.-u.-d. Siddiqui, Y.J. Yang, K.T. Lee, K. Um, K.H. Choi, Direct synthesis of
graphene quantum dots from multilayer graphene flakes through grinding assisted co-
solvent ultrasonication for all-printed resistive switching arrays, RSC Advances, 6 (2016)
5068-5078.

[25] Y. Jang, D.H. Kim, Y.D. Park, J.H. Cho, M. Hwang, K. Cho, Influence of the dielectric
constant of a polyvinyl phenol insulator on the field-effect mobility of a pentacene-based
thin-film transistor, Applied Physics Letters 87(15) (2005) 152105.

[26] S. Paul, A. Kanwal, M. Chhowalla, Memory effect in thin films of insulating polymer and
C 60 nanocomposites, Nanotechnology 17(1) (2006) 145.

[27] D. Gazzoli, G. Mattei, M. Valigi, Raman and X-ray investigations of the incorporation of
Ca2+ and Cd2+ in the ZrO2 structure, Journal of Raman Spectroscopy 38(7) (2007) 824-831.
[28] S.N. Basahel, T.T. Ali, M. Mokhtar, K. Narasimharao, Influence of crystal structure of
nanosized ZrO2 on photocatalytic degradation of methyl orange, Nanoscale Research
Letters 10(1) (2015) 73.

[29] Y. Yuan, X. Cao, Y. Sun, J. Su, C. Liu, L. Cheng, Y. Li, L. Yuan, H. Zhang, J. Li, Intrinsic
mechanism in nonvolatile polycrystalline zirconium oxide sandwiched structure, Journal of
Materials Science: Materials in Electronics, 29 (2018) 2301-2306.

[30] S. Ali, J. Bae, C.H. Lee, K.H. Choi, Y.H. Doh, All-printed and highly stable organic resistive
switching device based on graphene quantum dots and polyvinylpyrrolidone composite,
Organic Electronics, 25 (2015) 225-231.

[31] M.U. Khan, G. Hassan, M.A. Raza, J. Bae, Bipolar resistive switching device based on
N,N ' -bis(3-methylphenyl)-N,N ' -diphenylbenzidine and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)/poly(vinyl alcohol) bilayer stacked
structure, Applied Physics A 124(10) (2018) 726.

[32] T.-T. Huang, S.-W. Cheng, C.-L. Tsai, G.-S. Liou, Optically Isotropic, Colorless, and
Flexible PITEs/TiO2 and ZrO2 Hybrid Films with Tunable Refractive Index, Abbe Number,
and Memory Properties, 2017.

[33] G. Zhang, C. Kim, W. Choi, Poly(4-vinylphenol) as a new stable and metal-free sensitizer
of titania for visible light photocatalysis through ligand-to-metal charge transfer process,
Catalysis Today 281 (2017) 109-116.

[34] W. Hu, N. Qin, G. Wu, Y. Lin, S. Li, D. Bao, Opportunity of Spinel Ferrite Materials in
Nonvolatile Memory Device Applications Based on Their Resistive Switching Performances,
Journal of the American Chemical Society, 134 (2012) 14658-14661.

[35] X. Zhu, W. Su, Y. Liu, B. Hu, L. Pan, W. Lu, J. Zhang, R.W. Li, Observation of Conductance
Quantization in Oxide-Based Resistive Switching Memory, Advanced Materials, 24 (2012)
3941-3946.

[36] L. Chua, Memristor-The missing circuit element, IEEE Transactions on Circuit Theory, 18
(1971) 507-519.

69



References

[37] D.B. Strukov, G.S. Snider, D.R. Stewart, R.S. Williams, The missing memristor found,
Nature, 453 (2008) 80.

[38] S. Shin, K. Kim, S.-M. Kang, Compact models for memristors based on charge-flux
constitutive relationships, Trans. Comp.-Aided Des. Integ. Cir. Sys., 29 (2010) 590-598.

[39] G.U. Siddiqui, M.M. Rehman, K.H. Choi, Enhanced resistive switching in all-printed,
hybrid and flexible memory device based on perovskite ZnSnO3 via PVOH polymer, Polymer,
100 (2016) 102-110.

[40] S. Ali, J. Bae, C.H. Lee, K.H. Choi, Y.H. Doh, All-printed and highly stable organic resistive
switching device based on graphene quantum dots and polyvinylpyrrolidone composite,
Organic Electronics, 25 (2015) 225-231.

[41] S. Ali, J. Bae, C.H. Lee, S. Shin, N.P. Kobayashi, Ultra-low power non-volatile resistive
crossbar memory based on pull up resistors, Organic Electronics, 41 (2017) 73-78.

[42] JJ. Yang, D.B. Strukov, D.R. Stewart, Memristive devices for computing, Nature
Nanotechnology, 8 (2012) 13.

[43] J. Rajendran, H. Manem, R. Karri, G.S. Rose, Memristor based programmable threshold
logic array, in: Proceedings of the 2010 IEEE/ACM International Symposium on Nanoscale
Architectures, IEEE Press, Anaheim, California, 2010, pp. 5-10.

[44] S. Ali, A. Hassan, G. Hassan, J. Bae, C.H. Lee, Flexible frequency selective passive circuits
based on memristor and capacitor, Organic Electronics, 51 (2017) 119-127.

[45] M.G. Bray, D.H. Werner, Passive switching of electromagnetic devices with memristors,
Applied Physics Letters, 96 (2010) 073504.

[46] S.H. Jo, T. Chang, |. Ebong, B.B. Bhadviya, P. Mazumder, W. Lu, Nanoscale Memristor
Device as Synapse in Neuromorphic Systems, Nano Letters, 10 (2010) 1297-1301.

[47] M. Prezioso, F. Merrikh-Bayat, B.D. Hoskins, G.C. Adam, K.K. Likharev, D.B. Strukov,
Training and operation of an integrated neuromorphic network based on metal-oxide
memristors, Nature, 521 (2015) 61.

[48] J. Borghetti, Z. Li, J. Straznicky, X. Li, D.A.A. Ohlberg, W. Wu, D.R. Stewart, R.S. Williams,
A hybrid nanomemristor/transistor logic circuit capable of self-programming, Proceedings
of the National Academy of Sciences of the United States of America, 106 (2009) 1699-1703.
[49] S. Ali, J. Bae, C.H. Lee, Printed non-volatile resistive switches based on zinc stannate
(ZnSn03), Current Applied Physics, 16 (2016) 757-762.

[50] N.M. Muhammad, N. Duraisamy, K. Rahman, H.W. Dang, J. Jo, K.H. Choi, Fabrication of
printed memory device having zinc-oxide active nano-layer and investigation of resistive
switching, Current Applied Physics, 13 (2013) 90-96.

[51] G. Ghosh, M.K. Orlowski, Correlation between set and reset voltages in resistive RAM
cells, Current Applied Physics, 15 (2015) 1124-1129.

[52] S.B. Lee, S.H. Chang, H.K. Yoo, M.J. Yoon, S.M. Yang, B.S. Kang, Reversible changes
between bipolar and unipolar resistance-switching phenomena in a Pt/SrTiOx/Pt cell,
Current Applied Physics, 12 (2012) 1515-1517.

[53] M.K. Hota, M.K. Bera, B. Kundu, S.C. Kundu, C.K. Maiti, A Natural Silk Fibroin Protein-
Based Transparent Bio-Memristor, Advanced Functional Materials, 22 (2012) 4493-4499.
[54] G. Zhou, B. Sun, A. Zhou, B. Wu, H. Huang, A larger nonvolatile bipolar resistive
switching memory behaviour fabricated using eggshells, Current Applied Physics, 17 (2017)
235-239.

70



References

[55] M.M. Rehman, G.U. Siddiqui, J.Z. Gul, S.-W. Kim, J.H. Lim, K.H. Choi, Resistive Switching
in All-Printed, Flexible and Hybrid MoS2-PVA Nanocomposite based Memristive Device
Fabricated by Reverse Offset, Scientific Reports, 6 (2016) 36195.

[56] I. Mihalache, L.M. Veca, M. Kusko, D. Dragoman, Memory effect in carbon quantum
DOT-PEG1500N composites, Current Applied Physics, 14 (2014) 1625-1632.

[57] R. Muhammad Mugeet, S. Ghayas Uddin, D. Yang Hoi, C. Kyung Hyun, Highly flexible
and electroforming free resistive switching behavior of tungsten disulfide flakes fabricated
through advanced printing technology, Semiconductor Science and Technology, 32 (2017)
095001.

[58] B. De Salvo, J. Buckley, D. Vuillaume, Recent results on organic-based molecular
memories, Current Applied Physics, 11 (2011) e49-e57.

[59] J.J. Yang, M. Feng, D.P. Matthew, A.A.O. Douglas, R.S. Duncan, L. Chun Ning, R.S.
Williams, The mechanism of electroforming of metal oxide memristive switches,
Nanotechnology, 20 (2009) 215201.

[60] Z.-M. Liao, C. Hou, Q. Zhao, D.-S. Wang, Y.-D. Li, D.-P. Yu, Resistive Switching and
Metallic-Filament Formation in Ag2S Nanowire Transistors, Small, 5 (2009) 2377-2381.

[61] S. Larentis, F. Nardi, S. Balatti, D.C. Gilmer, D. lelmini, Resistive Switching by Voltage-
Driven lon Migration in Bipolar RRAM&#x2014;Part Il: Modeling, IEEE Transactions on
Electron Devices, 59 (2012) 2468-2475.

[62] B. Geffroy, P. le Roy, C. Prat, Organic light-emitting diode (OLED) technology: materials,
devices and display technologies, Polymer International, 55 (2006) 572-582.

[63] Y. Shirota, H. Kageyama, Charge Carrier Transporting Molecular Materials and Their
Applications in Devices, Chemical Reviews, 107 (2007) 953-1010.

[64] U. Schubert, N. Huesing, A. Lorenz, Hybrid Inorganic-Organic Materials by Sol-Gel
Processing of Organofunctional Metal Alkoxides, Chemistry of Materials, 7 (1995) 2010-
2027.

[65] C.-H. Huang, J.-S. Huang, S.-M. Lin, W.-Y. Chang, J.-H. He, Y.-L. Chueh, ZnO1—x Nanorod
Arrays/ZnO Thin Film Bilayer Structure: From Homojunction Diode and High-Performance
Memristor to Complementary 1D1R Application, ACS Nano, 6 (2012) 8407-8414.

[66] Y.C. Bae, A.R. Lee, J.B. Lee, J.H. Koo, K.C. Kwon, J.G. Park, H.S. Im, J.P. Hong, Oxygen lon
Drift-Induced Complementary Resistive Switching in Homo TiOx/TiOy/TiOx and Hetero
TiOx/TiON/TiOx Triple Multilayer Frameworks, Advanced Functional Materials, 22 (2012)
709-716.

[67] U. Bauer, L. Yao, A.J. Tan, P. Agrawal, S. Emori, H.L. Tuller, S. van Dijken, G.S.D. Beach,
Magneto-ionic control of interfacial magnetism, Nature Materials, 14 (2014) 174.

[68] S.-M. Lin, J.-Y. Tseng, T.-Y. Su, Y.-C. Shih, J.-S. Huang, C.-H. Huang, S.-J. Lin, Y.-L. Chueh,
Tunable Multilevel Storage of Complementary Resistive Switching on Single-Step Formation
of ZnO/ZnWOx Bilayer Structure via Interfacial Engineering, ACS Applied Materials &
Interfaces, 6 (2014) 17686-17693.

[69] Z. Hu, Q. Li, M. Li, Q. Wang, Y. Zhu, X. Liu, X. Zhao, Y. Liu, S. Dong, Ferroelectric
memristor based on Pt/BiFeO3/Nb-doped SrTiO3 heterostructure, Applied Physics Letters,
102 (2013) 102901.

[70] G. Hassan, S. Ali, J. Bae, C.H. Lee, Flexible resistive switching device based on poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/poly(4-vinylphenol) (PVP)
composite and methyl red heterojunction, Applied Physics A, 123 (2017) 256.

71



References

[71] K. Zhang, K. Sun, F. Wang, Y. Han, Z. lJiang, B. Wang, K. Liu, H.S.P. Wong,
Electrochemical Metallization and Trapping/Detrapping Resistive Switching Mechanism in
Al/VOx/Cu RRAM, ECS Solid State Letters, 3 (2014) Q63-Q66.

[72] Y. Sun, C. Song, J. Yin, X. Chen, Q. Wan, F. Zeng, F. Pan, Guiding the Growth of a
Conductive Filament by Nanoindentation To Improve Resistive Switching, ACS Applied
Materials & Interfaces, 9 (2017) 34064-34070.

[73] S. Ali, J. Bae, C.H. Lee, Organic diode with high rectification ratio made of
electrohydrodynamic printed organic layers, Electronic Materials Letters, 12 (2016) 270-275.
[74] L.S.C. Pingree, B.A. MaclLeod, D.S. Ginger, The Changing Face of PEDOT:PSS Films:
Substrate, Bias, and Processing Effects on Vertical Charge Transport, The Journal of Physical
Chemistry C, 112 (2008) 7922-7927.

[75] G.-F. Wang, X.-M. Tao, R.-X. Wang, Fabrication and characterization of OLEDs using
PEDOT:PSS and MWCNT nanocomposites, Composites Science and Technology, 68 (2008)
2837-2841.

[76] X. Zhang, J. Wu, J. Wang, J. Zhang, Q. Yang, Y. Fu, Z. Xie, Highly conductive PEDOT:PSS
transparent electrode prepared by a post-spin-rinsing method for efficient ITO-free
polymer solar cells, Solar Energy Materials and Solar Cells, 144 (2016) 143-149.

[77] X. Crispin, F.L.E. Jakobsson, A. Crispin, P.C.M. Grim, P. Andersson, A. Volodin, C. van
Haesendonck, M. Van der Auweraer, W.R. Salaneck, M. Berggren, The Origin of the High
Conductivity of Poly(3,4-ethylenedioxythiophene)-Poly(styrenesulfonate) (PEDOT-PSS)
Plastic Electrodes, Chemistry of Materials, 18 (2006) 4354-4360.

[78] M.E. Londofio, J.M. Jaramillo, R. Sabater, J.M. Vélez, DIELECTRIC PROPERTIES OF
POLY(VINYL ALCOHOL) HYDROGELS PREPARED BY FREEZING/THAWING TECHNIQUE, Revista
EIA, DOI (2012) 105-114

[79] R. Scholz, L. Gisslén, C. Himcinschi, |. Vragovi¢, E.M. Calzado, E. Louis, E. San Fabian
Maroto, M.A. Diaz-Garcia, Asymmetry between Absorption and Photoluminescence Line
Shapes of TPD: Spectroscopic Fingerprint of the Twisted Biphenyl Core, The Journal of
Physical Chemistry A, 113 (2009) 315-324.

[80] L. Ma, Z. Wu, T. Lei, Y. Yu, F. Yuan, S. Ning, B. Jiao, X. Hou, Theoretical insight into the
deep-blue amplified spontaneous emission of new organic semiconductor molecules,
Organic Electronics, 15 (2014) 3144-3153.

[81] J. Ouyang, C.W. Chu, F.C. Chen, Q. Xu, Y. Yang, Polymer Optoelectronic Devices with
High Conductivity Poly(3,4-Ethylenedioxythiophene) Anodes, Journal of Macromolecular
Science, Part A, 41 (2004) 1497-1511.

[82] L. Keun Woo, K. Kyung Min, L. Junwye, A. Rashid, K. Byeonghoon, P. Sung Kye, L. Seok
Kiu, P. Sung Ha, K. Hyun Jae, A two-dimensional DNA lattice implanted polymer solar cell,
Nanotechnology, 22 (2011) 375202.

[83] Y. Sun, M. Tai, C. Song, Z. Wang, J. Yin, F. Li, H. Wu, F. Zeng, H. Lin, F. Pan, Competition
between Metallic and Vacancy Defect Conductive Filaments in a CH3NH3Pbl3-Based
Memory Device, The Journal of Physical Chemistry C, 122 (2018) 6431-6436.

[84] P. Matyba, H. Yamaguchi, M. Chhowalla, N.D. Robinson, L. Edman, Flexible and Metal-
Free Light-Emitting Electrochemical Cells Based on Graphene and PEDOT-PSS as the
Electrode Materials, ACS Nano, 5 (2011) 574-580.

[85] S. Ali, J. Bae, C. H. Lee, N. P. Kobayashi, S. Shin, A. Ali, Resistive switching device with

highly asymmetric current-voltage characteristics: a solution to backward sneak current in
passive crossbar arrays, Nanotechnology, 29 (2018) 455201.

72



References

[86] M.M. Rehman, B.-S. Yang, Y.-J. Yang, K.S. Karimov, K.H. Choi, Effect of device structure
on the resistive switching characteristics of organic polymers fabricated through all printed
technology, Current Applied Physics, 17 (2017) 533-540.

[87] P. Singh, P.K. Rout, M. Singh, R.K. Rakshit, A. Dogra, Ferroelectric memory resistive
behavior in BaTiO3/Nb doped SrTiO3 heterojunctions, Thin Solid Films, 643 (2017) 60-64.
[88] Z. Yongdan, L. Meiya, H. Zhonggiang, L. Xiaolian, W. Qiangwen, F. Xiaoli, G. Kaimo,
Nonvolatile resistive switching behaviour and the mechanism in Nd:BiFeO 3 /Nb:SrTiO 3
heterostructure, Journal of Physics D: Applied Physics, 46 (2013) 215305."

[89] M.N. Awais, M. Mustafa, M.N. Shehzad, U. Farooq, M.T. Hamayun, K.H. Choi, Resistive-
switching and current-conduction mechanisms in F8BT polymer resistive switch, in: Micro
&amp; Nano Letters, Institution of Engineering and Technology, 2016, pp. 712-714.

[90] I. Stoica, E. Angheluta, M. Ivan, A. Farcas, D. Dorohoi, Electro-optical and morphological
characterization of PVA foils with surfathiazole, Digest Journal of Nanomaterials and
Biostructures, 6 (2011)1667-1674.

[91] D.B. Strukov, G.S. Snider, D.R. Stewart, R.S. Williams, The missing memristor found,
Nature, 453 (2008) 80.

[92] O. Kavehei, A. Igbal, Y.S. Kim, K. Eshraghian, S.F. Al-Sarawi, D. Abbott, The fourth
element: characteristics, modelling and electromagnetic theory of the memristor,
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Science, 466
(2010) 2175.

[93] T. Prodromakis, TWO CENTURIES OF MEMRISTORS, Chaos, CNN, Memristors and
Beyond, WORLD SCIENTIFIC2012, pp. 508-517.

[94] L. Chua, Memristor-The missing circuit element, IEEE Transactions on Circuit Theory, 18
(1971) 507-519.

[95] J. Borghetti, Z. Li, J. Straznicky, X. Li, D.A.A. Ohlberg, W. Wu, D.R. Stewart, R.S. Williams,
A hybrid nanomemristor/transistor logic circuit capable of self-programming, Proceedings
of the National Academy of Sciences, 106 (2009) 1699.

[96] B. Ricco, G. Torelli, M. Lanzoni, A. Manstretta, H.E. Maes, D. Montanari, A. Modelli,
Nonvolatile multilevel memories for digital applications, Proceedings of the IEEE, 86 (1998)
2399-2423.

[97] S.H. Jo, T. Chang, I. Ebong, B.B. Bhadviya, P. Mazumder, W. Lu, Nanoscale Memristor
Device as Synapse in Neuromorphic Systems, Nano Letters, 10 (2010) 1297-1301.

[98] S. Ali, A. Hassan, G. Hassan, J. Bae, C.H. Lee, Flexible frequency selective passive circuits
based on memristor and capacitor, Organic Electronics, 51 (2017) 119-127.

[99] V. Xiaoyi, L. Shibing, Z. Kangwei, L. Xiaoyu, W. Guoming, L. Xiaojuan, L. Qi, L. Hangbing,
W. Ming, X. Hongwei, S. Haitao, S. Pengxiao, S. Jordi, L. Ming, Investigation on the RESET
switching mechanism of bipolar Cu/HfO 2 /Pt RRAM devices with a statistical methodology,
Journal of Physics D: Applied Physics, 46 (2013) 245107.

[100] J.J.T. Wagenaar, M. Morales-Masis, J.M. van Ruitenbeek, Observing “quantized”
conductance steps in silver sulfide: Two parallel resistive switching mechanisms, Journal of
Applied Physics, 111 (2012) 014302.

[101] VY. Li, Y. Zhong, L. Xu, J. Zhang, X. Xu, H. Sun, X. Miao, Ultrafast Synaptic Events in a
Chalcogenide Memristor, Scientific Reports, 3 (2013) 1619.

[102] C. Schindler, S.C.P. Thermadam, R. Waser, M.N. Kozicki, Bipolar and Unipolar Resistive
Switching in Cu-Doped<formula
formulatype="inline"><tex>$ \hbox{SiO} _{2}S</tex></formula>, |EEE Transactions on
Electron Devices, 54 (2007) 2762-2768.

[103] S. Ali, J. Bae, C.H. Lee, K.H. Choi, Y.H. Doh, All-printed and highly stable organic
resistive switching device based on graphene quantum dots and polyvinylpyrrolidone
composite, Organic Electronics, 25 (2015) 225-231.

73



References

[104] M.U. Khan, G. Hassan, M.A. Raza, J. Bae, Bipolar resistive switching device based on
N,N ' -bis(3-methylphenyl)-N,N ' -diphenylbenzidine and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate)/poly(vinyl alcohol) bilayer stacked
structure, Applied Physics A, 124 (2018) 726.

[105] S. Ali, J. Bae, K.H. Choi, C.H. Lee, Y.H. Doh, S. Shin, N.P. Kobayashi, Organic non-
volatile memory cell based on resistive elements through electro-hydrodynamic technique,
Organic Electronics, 17 (2015) 121-128.

[106] S. Ali, J. Bae, C.H. Lee, S. Shin, N.P. Kobayashi, Ultra-low power non-volatile resistive
crossbar memory based on pull up resistors, Organic Electronics, 41 (2017) 73-78.

[107] C. Quinteros, R. Zazpe, F.G. Marlasca, F. Golmar, F. Casanova, P. Stoliar, L. Hueso, P.
Levy, HfO2 based memory devices with rectifying capabilities, Journal of Applied Physics,
115 (2014) 024501.

[108] A.A. Zakhidov, B. Jung, J.D. Slinker, H.D. Abruiia, G.G. Malliaras, A light-emitting
memristor, Organic Electronics, 11 (2010) 150-153.

[109] Q.-D. Ling, D.-J. Liaw, C. Zhu, D.S.-H. Chan, E.-T. Kang, K.-G. Neoh, Polymer electronic
memories: Materials, devices and mechanisms, Progress in Polymer Science, 33 (2008) 917-
978 [24] Z.-). Liu, J.-Y. Gan, T.-R. Yew, ZnO-based one diode-one resistor device structure for
crossbar memory applications, Applied Physics Letters, 100 (2012) 153503.

[110] G. Hassan, S. Ali, J. Bae, C.H. Lee, Flexible resistive switching device based on poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/poly(4-vinylphenol) (PVP)
composite and methyl red heterojunction, Applied Physics A, 123 (2017) 256.

[111] J. Joshua Yang, M.X. Zhang, M.D. Pickett, F. Miao, J. Paul Strachan, W.-D. Li, W. Yi,
D.A.A. Ohlberg, B. Joon Choi, W. Wu, J.H. Nickel, G. Medeiros-Ribeiro, R. Stanley Williams,
Engineering nonlinearity into memristors for passive crossbar applications, Applied Physics
Letters, 100 (2012) 113501.

[112] Kyung Min Kim Seul Ji Song Gun Hwan Kim Jun Yeong Seok Min Hwan Lee Jung Ho
Yoon Jucheol Park Cheol Seong Hwan, Collective Motion of Conducting Filaments in Pt/n-
Type TiO2/p-Type NiO/Pt Stacked Resistance Switching Memory, Adavced Functional
Materials, 21 (2011) 1587-1592.

[113] Y. Jo, B.U. Jang, J. Kim, D. Kim, H. Woo, I. Kim, W. Park, H. Im, H. Kim, Multi-valued
resistive switching characteristics in WOx/AlOyheterojunction resistive switching memories,
Journal of the Korean Physical Society, 64 (2014) 173-176.

[114] Z.-). Liu, J.-Y. Gan, T.-R. Yew, ZnO-based one diode-one resistor device structure for
crossbar memory applications, Applied Physics Letters, 100 (2012) 153503.

[115] S. Ali, J. Bae, C. Hyun Lee, N. Kobayashi, S. Shin, A. Ali, Resistive switching device with
highly-asymmetric current-voltage characteristics: A solution to backward sneak current in
passive crossbar arrays, 2018.

[116] X. Yan, H. Hao, Y. Chen, S. Shi, E. Zhang, J. Lou, B. Liu, Self-rectifying performance in
the sandwiched structure of Ag/In-Ga-Zn-O/Pt bipolar resistive switching memory, 2014.
[117] J.J.L. Hmar, Flexible resistive switching bistable memory devices using ZnO
nanoparticles embedded in polyvinyl alcohol (PVA) matrix and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), RSC Advances, 8 (2018)
20423-20433.

[118] Y.J. Lee, C. Yeon, J.W. Lim, S.J. Yun, Flexible p-type PEDOT:PSS/a-Si:H hybrid thin film
solar cells with boron-doped interlayer, Solar Energy, 163 (2018) 398-404.

[119] X. Zhang, J. Zhai, X. Yu, L. Ding, W. Zhang, Fabrication and characterization of flexible
Ag/Zn0 Schottky diodes on polyimide substrates, Thin Solid Films, 548 (2013) 623-626.
[120] G.M. Kumar, P. llanchezhiyan, F. Xiao, C. Siva, A.M. Kumar, V. Yalishev, S.U. Yuldashev,
T.W. Kang, Blue luminescence and Schottky diode applications of monoclinic HfO2
nanostructures, RSC Advances, 6 (2016) 57941-57947.

74



References

[121] S. Ali, J. Bae, C.H. Lee, Organic diode with high rectification ratio made of
electrohydrodynamic printed organic layers, Electronic Materials Letters, 12 (2016) 270-275.
[122] T.A. Krajewski, G. Luka, P.S. Smertenko, A.J. Zakrzewski, K. Dybko, R. Jakietfa, L.
Wachnicki, S. Gieraltowska, B.S. Witkowski, M. Godlewski, E. Guziewicz, Schottky Junctions
Based on the ALD-ZnO Thin Films for Electronic Applications, 2011.

[123] C.H. Ramana, M. Moodley, V. Kannan, Electrical characteristics of ITO/MEH-
PPV/ZnO/Al structure, 2014.

[124] C. Bo, L. Jian-Chang, M. Jia-lie, Flexible one diode-one resistor composed of ZnO/poly
(fluorene-alt-benzothiadiazole) (PFBT) heterojunction diode and TiO 2 resistive memory,
Materials Research Express, 5 (2018) 066429.

[125] M. Marzocchi, I. Gualandi, M. Calienni, I. Zironi, E. Scavetta, G. Castellani, B. Fraboni,
Physical and Electrochemical Properties of PEDOT:PSS as a Tool for Controlling Cell Growth,
ACS Applied Materials & Interfaces, 7 (2015) 17993-18003.

[126] J. Liu, S. Pathak, T. Stergiopoulos, T. Leijtens, K. Wojciechowski, S. Schumann, N.
Kausch-Busies, H.J. Snaith, Employing PEDOT as the p-Type Charge Collection Layer in
Regular Organic—Inorganic Perovskite Solar Cells, The Journal of Physical Chemistry Letters,
6 (2015) 1666-1673.

[127] S.B. Yahia, L. Znaidi, A. Kanaev, J.P. Petitet, Raman study of oriented ZnO thin films
deposited by sol-gel method, Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, 71 (2008) 1234-1238.

[128] J. Ouyang, C.W. Chu, F.C. Chen, Q. Xu, Y. Yang, Polymer Optoelectronic Devices with
High-Conductivity Poly(3,4-Ethylenedioxythiophene) Anodes, Journal of Macromolecular
Science, Part A, 43iikjliiokluyhj41 (2004) 1497-1511.

[129] F. Atabaki, M.H. Yousefi, A. Abdolmaleki, M. Kalvandi, Poly(3,4-
ethylenedioxythiophene):Poly(styrenesulfonic Acid) (PEDOT:PSS) Conductivity
Enhancement through Addition of Imidazolium-lonic Liquid Derivatives, Polymer-Plastics
Technology and Engineering, 54 (2015) 1009-1016.

[130] E. Katsia, N. Huby, G. Tallarida, B. Kutrzeba-Kotowska, M. Perego, S. Ferrari, F.C. Krebs,
E. Guziewicz, M. Godlewski, V. Osinniy, G. Luka, Poly(3-hexylthiophene)/ZnO hybrid pn
junctions for microelectronics applications, Applied Physics Letters, 94 (2009) 143501.

[131] J.J. Yang, M. Feng, D.P. Matthew, A.A.O. Douglas, R.S. Duncan, L. Chun Ning, R.S.
Williams, The mechanism of electroforming of metal oxide memristive switches,
Nanotechnology, 20 (2009) 215201.

75



References

76



&’ HZFEety SAEA

JEN NATIONAL UNIVERSITY LIBRARY



	Chapter 1 Introduction
	1.1 Solution Processed Printed Electronics
	1.2 Flexible Printed Electronics
	1.3 Technologies Utilized for Printed Electronics
	1.4 Objective of the Thesis
	1.4.1 Outline of thesis


	Chapter 2 Memristors
	2.1 History and background
	2.1.1 Memristor
	2.1.2 Types of Memristors
	2.1.3 Memristors Mechanisms

	2.2 ZrO2: PVP Nano-composite based Memristor
	2.2.1 Material and Fabrication
	2.2.2 Characterization
	2.2.3 Summary

	2.3 Bilayer resistive switching device based on N, N-Bis (3-methylphenyl)-N, N- diphenylbenzidine (TPD) and Poly (3,4-ethylenedioxythiophene) poly (styrenesulfonate) / Poly (vinyl alcohol) (PEDOT:PSS/PVOH) composite.
	2.3.1 Materials and Fabrication
	2.3.2 Characterizations
	2.3.3 Summary

	2.4 Schottky diode based resistive switching device based on ZnO/ PEDOT: PSS heterojunction to reduce sneak current problem.
	2.4.1 Materials and Methods
	2.4.2 Characterization
	2.4.3 Result and Discussion
	2.4.4 Summary


	Chapter 3 Conclusions and Future Work
	3.1 Overview and General Conclusions
	3.2 Future Work

	Annex-A Journal Papers
	References


<startpage>16
Chapter 1 Introduction 1
 1.1 Solution Processed Printed Electronics 1
 1.2 Flexible Printed Electronics 2
 1.3 Technologies Utilized for Printed Electronics 2
 1.4 Objective of the Thesis 4
  1.4.1 Outline of thesis 5
Chapter 2 Memristors 6
 2.1 History and background 6
  2.1.1 Memristor 6
  2.1.2 Types of Memristors 8
  2.1.3 Memristors Mechanisms 10
 2.2 ZrO2: PVP Nano-composite based Memristor 12
  2.2.1 Material and Fabrication 14
  2.2.2 Characterization 16
  2.2.3 Summary 26
 2.3 Bilayer resistive switching device based on N, N-Bis (3-methylphenyl)-N, N- diphenylbenzidine (TPD) and Poly (3,4-ethylenedioxythiophene) poly (styrenesulfonate) / Poly (vinyl alcohol) (PEDOT:PSS/PVOH) composite. 27
  2.3.1 Materials and Fabrication 29
  2.3.2 Characterizations 31
  2.3.3 Summary 42
 2.4 Schottky diode based resistive switching device based on ZnO/ PEDOT: PSS heterojunction to reduce sneak current problem. 43
  2.4.1 Materials and Methods 45
  2.4.2 Characterization 46
  2.4.3 Result and Discussion 52
  2.4.4 Summary 60
Chapter 3 Conclusions and Future Work 62
 3.1 Overview and General Conclusions 62
 3.2 Future Work 64
Annex-A Journal Papers 66
References 68
</body>

