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Abstract

Modern memory devices such as static random-access memory (SRAM),

dynamic random-access (DRAM), and Flash memories demonstrated in-

evitable limitations, i.e., large cell size (50 − 120 F 2) of SRAM, accom-

panied by current leakage; high operating voltages of 3 V and up to 6 V

for DRAM and NOR Flash, respectively; DRAM capacity should sustain

enough charges (there is a limit to how small the DRAM capacitor can be)

and Flash need a novel array structure. Additionally, these current memory

devices contribute significantly to the world’s earth pollution. These memo-

ries still use heavy metals such as Pb, which are harmful to humans. There

is a demand for a next-generation random-access memory (RAMs) having

fast read and write operations as the SRAM, high density and cost-benefit

as the DRAM, and nonvolatility as the Flash. Furthermore, new memory

device must be compatible with on-chip computing. Resistive switching

memories (ReRAMs) are an emerging memory technology with prospects

of combined benefit found in all current memories. Furthermore, ReRAMs

can be fabricated using any material, including organic polymers and bi-

ological materials. This gives ReRAM environmentally friendly properties

and compatibility with futuristic electronics, where special mechanical prop-

erties such as transparency and flexibility are important. In this study, we

conducted intense research on electrical conduction and resistive switching

in biodegradable polymers such as chitosan and polyvinylpyrrolidone, and in

the process, we discovered, for the first time, resistive switching in raw cow

milk.

First resistive switching and conduction mechanisms in spin-coated de-

vices consisting ofcadmium telluride/cadmium selenide (CdTe/CdSe) core-

shell quantum dots embedded in a chitosan active layer sandwiched between

(1) aluminium (Al) and silver (Ag) and (2) indium-doped tin oxide (ITO)
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and Ag electrodes were studied. Here, both devices exhibited bipolar mem-

ory behavior at low (+0.70 V ) voltage, enabling both devices to be oper-

ated at low powers. The devices displayed different switching mechanisms,

i.e., conductive bridge mechanism in the Al-based device and space-charge-

limited driven conduction filament attributed in the ITO device. Addition-

ally, the Al-based device showed long retention (> 103 s) and a reasonable

large (> 103) ON/OFF ratio. We also observed a sweeping cycle-induced re-

versal of the voltage polarity of the VSET and VRESET in the Al-based device,

which is a new observation. Using the same composite but changing the

film deposition method, i.e., now using the drop-casting method. All de-

vices consisting of 0.96 wt%, 0.48 wt%, 0.32 wt% and 0.24 wt% CdTe/CdSe

QDs to chitosan showed ‘O-type’ memory behavior with OFF-state current

conduction mechanism attributed to the hopping mechanism. However, the

ON-state current in each device followed a unique mechanism, such that

Ohmic behavior was observed for the device with 0.96 wt%, while linear

then hopping, space-charge limited, and lastly, hopping conduction mecha-

nisms were attributed to devices with 0.48 wt%, 0.32 wt% and 0.24 wt%,

respectively. Proving that memory behavior and conduction in these devices

can be exploited by controlling the amount of CdTe/CdSe.

Next, we investigated the effect of molybdenum(IV) sulfide (MoS2) on

both conduction and memory behavior in polyvinylpyrrolidone (PVP) by

fabricating various ReRAM devices using (1) plain MoS2 (device A), (2)

plain PVP (device B), (3) PVP and MoS2 bilayer (device C), and (4) PVP

+MoS2 nanocomposites with 10 wt% (device D), 20 wt% (device E), 30 wt%

(device F) and 40 wt% (device G) MoS2 fabricated with Al and Ag as

bottom and top electrodes, respectively. We did not observe switching in

devices A and B. Device C showed a combination of bipolar and threshold

switching at 0.40 V . Device G portrayed bipolar switching at 0.56 V . In

Device C, space charge-limited conduction while Ohmic behavior followed
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by trapping of charge before switching was noticed in device G. Both devices

C and G showed reasonably (≥ 102) ON/OFF ratio. In the nanocomposite

devices, we observed that an increase in MoS2 content increased electrical

conductivity in the Ohmic region, leading to threshold switching at 30 wt%

(device F) and ultimately bipolar switching at 40 wt% (device G). These

studies showed that both switching and conduction mechanisms are sensitive

to the type and composition of the active layer in the devices studied.

Next, we investigated resistive switching in chitosan/PVP composite as

the active layers sandwiched between Al and Ag electrodes. ReRAMs with

active layers consisting of 1 : 3, 1 : 1, and 3 : 1 chitosan to PVP ratios were

studied. Asymmetric threshold switching with only the negative voltage bias

was obtained for the device with a chitosan to PVP ratio of 1 : 3. The 1 : 1

chitosan to PVP ratio device showed optimal memory behavior with bipolar

switching with low (0.28 V ) switching voltage in the first cycle, followed by

asymmetric threshold switching during the second cycle and back to bipolar

switching. We did not observe memory behavior in the 3 : 1 chitosan to

PVP-based device. Electrochemical conduction metalization was attributed

to the switching mechanism in the device with a 1 : 1 ratio of chitosan

to PVP. Our results reveal the applicability of chitosan and PVP blend in

memory device fabrication and that both the memory and switching can be

exploited by varying the ratio of chitosan to PVP in the composite.

Lastly, we fabricated the first resistive switching memory devices that

use raw organic cow milk as active layers. Our devices comprised fat-free,

medium cream, and full cream raw cow milk active layers sandwiched be-

tween ITO and Ag. All devices showed low switching voltages, with the

medium fat milk-based device showing the lowest VSET = +0.45 V and

VRESET = −0.25 V . Additionally, the medium fat-based device showed

an ‘S-type’ memory mode attributed to the space-charge-limited conduc-
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tion mechanism. Alternatively, fat-free and fill-cream-based devices both

showed ‘O-type’ memory behavior attributed to hopping conduction. EDS

analysis of all active layers revealed a relatively higher weight percentage

of metallic ions in the medium fat milk film than in fat-free and full-cream

milk films, which explains the different behaviors. These devices combine

biodegradability and low power characteristics that are important for green

computing.

Keywords: Biodegradable memories; CdTe/CdSe core-shell quantum dots;

Chitosan; Cow milk; Green computing; Low power memory devices; MoS2;

Non-volatile memory; PVP; Resistive switching
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Chapter 1

Introduction

The use of information technology (IT) has been significantly increasing

these recent years and more so during the current fourth industrial revolu-

tion (4IR). However, this increase in the use of technology is proportional

to the rise in electronics waste (E-waste), as more electronic devices are

discarded and replaced by their newer and advanced versions[1]. E-waste

poses a threat to the environment and to human life due to heavy metals

such as lead[1]. Therefore, high speed, low cost, and, more importantly,

environmentally friendly devices are needed for the future green electronics

world[2–4]. Memory devices are the heartbeat of the IT industry. They

ensure that the data containing programs and files are stored and accessed

conveniently and intact. Therefore, with the increasing demand and use of

IT devices, memory devices must be improved to meet the required stan-

dards. Accordingly, the memory device industry must reduce its environ-

mental footprint. In such an attempt, the memory industry is researching

a new generation of nonvolatile random-access memories (RAM), called re-

sistive switching memory (ReRAM). ReRAMs have the potential to replace

conventional RAMs such as static random access memory (SRAM), dynamic

random access memory (DRAM), and flash memory, which pose a threat to
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the environment by consuming high power and contain heavy metals. Fur-

thermore, these recent memories have shown significant optimization limits.

This thesis entails the study of electrical conduction and resistive switching

in polymer and biodegradable nanocomposites.

1.1 Basics of memory devices

A memory device is a device that works to store data containing programs

or information. A typical memory device consists of individual memory cells

that are arranged to form a 2N × 2M array of N rows and M columns, as

shown in Fig. 1.1(a). Memory cells of the same memory device are identical,

and they are connected to the same column called bitline (BL) and a com-

mon raw called wordline (WL). The WL and BL are connected to decoders

that extract row address bits and column address bits, respectively[5–7].

Typically, each memory cell stores only one bit of data represented as a bi-

nary number (or codes) ‘1’ or ‘0’. However, scientists have provided evidence

of multilevel data storage where more than one bit of data is stored[8, 9]. A

series of eight binary numbers is called a “byte” and describes just one let-

ter, number or character. For example, the letter “A” is represented by the

string “01000001”, arranged according to the American Standard Code for

Information Interchange (ASCII). There are two fundamental operations of

any memory device, i.e., the “write” and the “read” operations. However, in

some memories, such as DRAM, a third operation, i.e., the “refresh” opera-

tion, is also performed. During the “read” or “write” operations, the decoder

activates the WL and the BL associated with the targeted memory cell[6].

The three essential memory parameters characterize these operations: the

“write-access-time”, i.e., the time-lapse between the “write” request and the

final writing of the input data into the memory, the “read-access-time”, i.e.,
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(a) (b)

Figure 1.1: The schematic diagram of (a) a typical memory device and (b)

a typical memory hierarchy.

time-lapse between the “read” request and the moment the data is available,

and the “read/write-cycle time”, i.e., the minimum time required between

successive “read/write” operations[7]. Figure 1.1(b) shows different cate-

gories of memory devices used to store information inside a computer. All

these memories have different physical designs and working principles. The

type of memory used to store data or applications depends on parameters

such as memory size, read/write access times, access patterns, and system

requirements[7]. The primary memory, also known as the main memory,

constitute RAM and cache memory, while the secondary memory consti-

tutes the hard disc drive (HHD) or solid-state drive (SSD). Other offline

storage devices, such as, external hard drive, compact discs (CDs), thumb

drive or universal serial bus (USB), and digital versatile discs (DVDs) are

also often used as supplementary data storage. Random access memories,

so-called because each memory cell can be accessed directly and indepen-

dently store applications and data for programs in current use so that the

processor quickly accesses them[10]. This is due to its fast speed and easy

access to stored information. Usually, there are two RAMs in a computer;

one is located in the central processing unit (CPU); this is called the cache

memory. The other is located outside the CPU but in the computer chip.
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Figure 1.2: Classification of current and emerging memory devices [Vallab-

hapurapu2018a].

Cache RAMs are the fastest of the two RAMs; therefore, they store the data

for an operating system, such as boot files. Static random-access memories

(SRAM) are usually used as cache memory. Dynamic random-access mem-

ories (DRAM) are used as the primary RAM storing data for the currently

running applications. All the data for the applications and files waiting to

be accessed is kept in the secondary memory.

Different authors classify memory devices in different ways, depending

on the individual’s interest. However, we shall adopt the classification of

memories as volatile and nonvolatile as used by Vallabhapurapu et al.[11],

as shown in Fig. 1.2. Volatile memories (VMs) require a constant power

supply to retain their stored data, such that, when power is interrupted, all

stored data is lost. Nonvolatile memories (NVMs), on the other hand, keep

their data even without any power supply.
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1.1.1 Volatile memory

Static random-access memory (SRAM)

By definition, static memory refers to a memory device that retains data

indefinitely[6]. However, SRAMs are classified as volatile memories because

they only keep the stored data as long as the power is supplied and a slight

interruption to the power results in loss of data. Figure 1.3 depicts a typical

SRAM cell consisting of a bistable flip-flop circuit, consisting of four (M1,

M2, M3 and M4) transistors plus either an additional two (M5 and M6)

transistors, as shown in Fig. 1.3(a), or two polysilicon resistors (R) as pull-

up devices, as shown in Fig. 1.3(b)[6, 12]. These cells have two stable

states, which denote logic “1” and logic “0”. These states represent a high

potential at the ¯BL and low potential at BL, and vice versa. The first

64-bit metal-oxide-semiconductor (MOS) p-channel SRAM was developed

in 1964 by an electrician John Schmidt at Fairchild Semiconductor, and the

first SRAM chip, the 256-bit Intel 1101, was released by Intel in 1969. The

common disadvantages of this cell are large cell size due to at least four

transistors, structural complexity making SRAM expensive to build, high

power consumption and the tendency to exhibit “latch-up” phenomena[6].

(a) (b)

Figure 1.3: schematic diagrams showing two designs of a 1-bit SRAM cell.

Design (a) consists of four transistors plus two additional transistors, while

design (b) consists of four transistors and two resistors [Aliakhmet2018].

5



Dynamic random-access memory (DRAM)

The dynamic random-access memory (DRAM) is the first solid-state-memory

that was proposed in 1968 by Robert H. Dennard. DRAM became domi-

nant due to its low energy consumption and simple architecture compared

to its SRAM counterparts. Figure 1.4 shows the simplest DRAM architect,

namely the 1T1C DRAM, consisting of one transistor and one capacitor

connected in series[13]. To write data in a DRAM cell, a voltage VCC rep-

resenting the data is applied on the BL connected to the gate of the access

transistor. This voltage charges the capacitor and when the capacitor is

fully charged, the voltage on the wordline is removed, and the transistor is

turned off[14]. The fully charged state of a capacitor represents the binary

number “1,” and the utterly uncharged state represents the binary num-

ber “0”. DRAMs are volatile memories as the capacitor gradually loses the

stored charge.

Figure 1.4: A schematic diagram shows a primary organization of DRAM

internals, while the magnified image shows the 1T1C DRAM cell[Jacob2009].

To keep the integrity of the stored data, the capacitor must be frequently
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refreshed. Advancements have been made to the number of transistors in

each cell; for example, three transistors can be installed to create a 3T1C

(three-transistor-one-capacitor) DRAM. The 3T1C DRAM is faster than the

1T1C DRAM; however, the cell size is compromised by the addition of tran-

sistors. Other advancements can be made to the cell architecture to achieve

an operating temperature of as high as 500 K[15]. Also, an improvement of

128× and 20× in capacity and access bandwidth, respectively, over the past

two decades, have been achieved[16]. Tremendous improvement in DRAM

technology, such as a successful decrease of stored charge, which results from

reducing the operating voltage from about 12 V to as low as 3.3 V while

the capacitance of the capacitor is still maintained in the range of 30 fF .

DRAMs have also been researched for reliability at high temperatures[17],

operating temperature[15], materials for the improved capacitor[18], reduced

leakage currents[19], power consumption[20] and retention time[21]. How-

ever, there is always a limit to how small the capacitor can be. This scaling

limit poses a significant threat to the compatibility of DRAMs, as modern

devices are becoming smaller.

1.1.2 Nonvolatile memories (NVM)

Nonvolatile memories are memories that retain the stored data indefinitely

even when power is off. NVMs exist primarily in the class of read-only

memories (ROMs). We shall provide a moderate discussion of ROMs and

other forms of NV RAMs in the following subsections.

Read-only memory (ROM)

Read-only memory (ROM) is fundamentally a type of memory that once it

has been programmed, it is impossible to alter any stored data. Figure 1.5(a)
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depicts a typical REOM cell. Each cell consists of a single N-channel metal-

oxide-semiconductor field-effect transistor (MOSFET) connected such that

its source is connected to the bitline (BL), drain to the ground, and the gate

connected or not connected to the wordline (WL). When the application of

a voltage activates a WL, the presence/absence of contact between the gate

and the WL causes different voltages (Low or High) at the bitline to be reg-

istered, which are translated as logics “0” or “1”[12]. ROMs are widely used

to store data such as boot files for the operating system in computers, or sys-

tems’ operating programs, e.g., program code for vending machines. ROMs

can be classified into non-programmable ROMs (NPROMs), one-time pro-

grammable ROMs (OT-PROM), and programmable ROMs (PROMs)[12].

Non-programmable ROMs are also referred to as Mask ROMs. Upon man-

ufacturing, these ROMs are preloaded with data programmed by the chip

manufacturer. Thus, they can only be read without any alteration. Pro-

grammable ROMs (PROMs), on the other hand, are initially empty; and

this allows the user an opportunity to program the memory chip. Conven-

tional PROM chips will enable the user to program the chip only once; no

further alteration of data can be performed. Such PROMs are referred to

as One-Time Programmable ROMs (OT-PROMs)[22]. With the advance-

ments of technology, different successful attempts have been made to provide

erasability and re-programmability in PROMs. Therefore, PROMs are re-

cently converted into another class called erasable and programable ROMs

(EPROMs) which allow the user to erase and re-program the memory chip

a few times. EPROMs are classified into two categories based on the erasing

stimulus, i.e., ultraviolet radiation EPROM (UV-EPROM) and electrically

EPROM (EEPROM). UV-EPROM uses UV radiation to erase the memory

chip. As such, a UV-EPROM chip is designed with a small window, which,

when unsealed, allows UV radiation to enter the memory chip and thus erase

the stored data. The disadvantages of UV-EPROM include: (1) the erasure
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(a) (b)

Figure 1.5: (a) A schematic diagram of a typical ROM. Reprinted from

[Li2012]. A schematic diagram showing a series connection of a MOSFET

transistor and a floating gate transistor in an EEPROM cell (b).

operation protocol involves physically removing the memory chip from the

module, then removing the window seal and leaving the chip under sunlight

for UV-radiation exposure for some time. This is a long process, and it takes

a long time, (2) the chip can only be erased once, and (3) the entire mem-

ory is erased, i.e., no bit erasure. The EEPROM technology addresses all

the UV-EPROM shortcomings. EEPROM chip can be erased and written

several times, and these operations are performed inside the device. In addi-

tion, the memory cells can be erased byte-wise[22]. Conventional EEPROMs

design is shown in Fig. 1.5(b). They consist of two MOSFETs, one of which

has an additional floating gate (FG). The floating gate transistor in EEP-

ROMs is charged and discharged through the Nordheim-Fowler tunnelling

(NFT) effect[23]. EEPROMs generally have a large chip size (because of

the use of two transistors), are low-density, and require a large voltage to

perform the write and erase operations.
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Flash memory

Flash memory is, by definition, an EEPROM. However, Flash memory ad-

dresses some of the underlying issues facing conventional EEPROMs, such as

speed and large memory cell size. Figure 1.6(a and b) show a cross-sectional

area of a typical flash cell and its symbol, respectively. Flash memory uses

only one transistor and thus has a smaller chip size compared to the ordinary

EEPROM. This structural simplicity allows for more memory cells per unit

area, thus providing more density and compatibility for many applications.

In addition, flash memories applications are outspread to removable portable

devices such as digital storage for digital photographic devices, e.g., Smart-

Media cards, memory sticks, embedded storage for cellular phones, MP3

players/iPod, and solid-state drives (SSDs)[24]. The first Flash memory

idea was proposed in 1977 by Jack Huang[25]. In 1987 the first NAND flash

memory chip was developed at the Toshiba Corporation[26]. In 1988, Intel

Corp developed the first commercial NOR Flash memory[27]. Flash mem-

ory chips largely dominated the electronics industry in the 1990s in Flash

memory cards and a significant component of nonvolatile solid-state drives

(SSD’s).

(a) (b)

Figure 1.6: A cross-sectional area of a typical flesh memory (a) and a 1-bit

flash memory cell symbol (b).

Flash memories architect involves a structural modification of a tran-

sistor by introducing a layer of material capable of trapping charge. This
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material is called the floating gate (FG) because it cannot be accessed elec-

trically. The FG and the control gate (CG) are separated by a thin oxide

layer, i.e., interpolymer oxide and tunnel oxide. A cross-sectional area of a

flash memory cell is shown in Fig. 1.6(a). The CG is connected to the word-

line (WL), which is used to activate each cell, while the drain is connected

to the bitline (BL), which in the end, is connected to the power source. All

the source terminals are connected to the ground[28]. Silicon-based flash

memories have two classes: the NOR flash memory and the NAND Flash

memory (see Fig. 1.7).

(a) (b)

Figure 1.7: Schematic diagrams showing (a) NOR and (b) NAND Flash

memory arrays. Reprinted from [Autran2014].

The NOR Flash memories have low density, large cell size but high

speed compared to NAND Flash. They provide random access to each cell;

therefore, they are used as RAMs. On the other hand, NAND-Flash memo-

ries have a relatively small cell size and low speed; however, they have high

memory density. They provide chronological access to the stored memory;

therefore, they are being used as a solid-state drive (SSD), replacing mag-

netic discs in modern computers’ hard drives[11]. The cell size of NAND is

about 4F 2, whereas the NOR has about 10F 2; where F is the design rule of

a chip called the minimum feature size[27]. The floating gate transistor can

take on two states, i.e., the charged state and the no-charge state. These

states represent the binary code “1” or “0”, which represents 1-bit per cell of

data. In NAND-flash, increasing the charge stored or the threshold voltage

(Vt) results to increase in the bits-per cell. For example, according to Mich-
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eloni et al.[27] “Two bits per cell (MLC) storage is enabled by increasing the

number of Vt levels to four representing 11, 10, 01 and 00. Similarly by in-

creasing the number of voltage threshold levels to eight and 16, 3-bit per cell

and 4-bit per cell storage is enabled”, this is called multi-level cell (MLC)

storage[27]. However, MLC results in degradation of endurance, retention,

and write performance[27]. Other challenges faced by the Flash memory in-

clude scalability challenges associated with limitation in the reduction of the

transistor size, therefore preventing the cell size from becoming smaller; the

power needed to write to Flash is also a limitation that affects the battery

life in portable devices. High write voltage, low write speed are also a chal-

lenge. Also, generally, the performance of Flash memories can be affected

by the interaction of electrons stored on one transistor interacting with an

adjacent cell[11].

1.2 Prototypical memories

1.2.1 Ferroelectric Random-Access Memory (FeRAM)

Ferroelectric random-access memories (FeRAMs) utilize a ferroelectric ma-

terial sandwiched between two electrodes. When a strong electric field (E)

exceeding the coercive field (Ec) is applied at the electrodes, the polar-

ization of the ferroelectric material changes due to the ferroelectric effect

phenomenon[22]. FeRAM cell architecture is analogous to DRAM cells,

except that in FeRAM, the ferroelectric layer replaces the silicon dioxide

layer[11]. FeRAMs retain their polarization states without the need con-

stant power supply, making FeRAM nonvolatile memories. FeRAMs have

advantages such as low power consumption compared to flash memories,

high speed read/write (< 50 ns), high switching endurance ( ≥ 1013), mak-
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Figure 1.8: A schematic diagram showing a hysteresis loop in polarization

versus electric field for a ferroelectric film. Reprinted from [Eshita2014].

ing them applicable in smartcards and identification tags[29]. The most

common FeRAM materials are the perovskite structures, typified by the

(PbZrxTi(1−x)O3 (PZT), and layered structure, typified by either strontium-

bismuth-tantalite (Sr(1−y)Bi(2−x)Ta2O9 (SBT) or lanthanum substituted-

bismuth-titanite Bi(4−x)LaxTi3O12 (BLT)[30]. A typical polarization versus

electric field (P-E) hysteresis loop for a ferroelectric film is given in Fig. 1.8.

The parameters Pr and EC are respectively, the remnant polarization (the

value of P at E = 0) and the coercive field (the reverse field needed to bring

the polarization to zero). Just like DRAMs, FeRAM suffer scalability chal-

lenges which limits their applicability in future electronic devices

1.2.2 Phase change random access memory (PCRAM)

Phase-change RAMs utilize a material capable of having two resistive states,

i.e., a high resistive state (HRS) and a low resistive state (LRS). The unique

thing about the PCRAMs is that these resistive states are associated with

material phases. Therefore, phase change materials can undergo a reversible
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Figure 1.9: A schematic diagram showing (a) the basic design of a phase

change memory cell and (b) the temperature versus time for a conventional

PRAM. Reprinted from [Wong2010].

structural transition between the crystalline and amorphous forms. The

crystalline state has low resistivity (LRS), and the amorphous state has high

resistivity (HRS)[31]. The first observation of this phenomenon was made

in 1968 by Stanford R. Ovshinsky[32]. This behaviour is observed mainly

in chalcogenide glass, which has an amorphous ground state and contains

group V I elements such as, S, Se, and Te[11]. The structural phase change

may also be accompanied with a change in optical properties, such as re-

flectance in some materials, for example, Ge2Sb2Te5 (GST). This reversible

change in reflectance has been exploited for years in storing information

in optical discs such as rewritable CDs and DVDs[11]. In the context of

RAM fabrication, change in the resistive state can be used, not reflectance.

The resistive change in PCRAM is induced by either Joule heating or laser

heating[33]. A schematic diagram of a PCRAM is shown in Fig. 1.9(a). The

phase change material is initially in the crystalline phase, and the semicir-

cular region in Fig. 1.9(a) represents the programmable region made of a

phase change material. During the RESET process, i.e., change from LRS-

to-HRS, a large- but short-duration current pulse is applied to the heater;
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this melts the programmable layer and leaves it in the amorphous state of

high resistance. Because this programmable region in the amorphous state

is in series with any phase change material area, the entire cell is in the HRS.

Similarly, a medium electric current is applied to anneal the programmable

region at a temperature between the crystallization temperature and the

melting temperature until crystallization is complete[34]; this induces the

SET process (change from HRS-to-LRS). Figure 1.9(b) shows a tempera-

ture versus time graph depicting the “RESET” and “SET” processes. The

shortcoming of PRAM is that even though the filament size can be reduced,

there is a limit to how small the ‘mushroom’, i.e., the phase change area,

can be, thus limiting the cell size.

1.2.3 Magnetic random-access memories (MRAMs)

Magnetic memories are classified into three main types, i.e., Magnetoresis-

tive random-access memory (MRAM), spin-transfer torque random-access

memory (STT-RAM), and racetrack memory. MRAMs are developed based

on the magnetic tunnelling junction (MTJ) made with two ferromagnetic

(FM) layers separated by a thin barrier made by an insulator, with an ar-

chitecture composed of one transistor and one resistor (1T1R). According

to the quantum tunnelling theory, an electric current flows between the two

FM layers and tunnels through the junction. The magnitude of the tunnel

current depends on the magnetisation’s relative orientation in the two FM

layers[11]. Such that when the magnetization in the two FM layers is aligned

parallel, the device is in the low-resistive state (LRS), denoted as Rp, and

the high resistive (HRS) state is achieved with the antiparallel alignment,

denoted as Rap. The tunneling magneto-resistance (TMR) is the given as:
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Figure 1.10: A schematic diagram showing the low and high resistive states

for an MTJ MRAM. Reprinted form [Apalkov2016].

∆R

R
=

Rap −Rp

Rp
(1.1)

The commercial success of MRAMs has been hindered by their limited

memory density of not more than 4 Mbit[35]. Figure 1.10 shows a schematic

diagram for a magnetic tunnelling junction (MTJ) MRAM, with ferromag-

netic layers (red), e.g., CoFe based alloy; and the tannel barrier (blak), e.g.,

MgO of about 1 nm thick. One can see that when the magnetization (shown

by the arrows) in the RL (reference layer) and the FL (free layer) are par-

allel, the high current pass through the TB (tunnel barrier), signifying a

low resistive state (LRS); and when the magnetization is anti-parallel, low

current pass, meaning a high resistive state (HRS)[36].
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1.2.4 Resistive switching memory (ReRAM)

ReRAM basics

Resistive switching memories (ReRAMs) are emerging capacitor-like NVMs

which uses a resistive switching material sandwiched between two elec-

trodes, i.e., a top electrode (TE) and a bottom electrode (BE)[37]. In the

early 1960s, Hickmott first observed the resistive switching phenomenon in

metal oxide film[38]. Hickmott observed that the application of voltage

stress caused a reversible change in the resistance of a metal-oxide-metal

system[38]. Currently, this phenomenon has become the operating principle

in ReRAMs. Figure 1.11 is a schematic diagram depicting the basic design

of a single ReRAM cell. Unlike other memories, a ReRAM does not re-

quire a driving transistor; thus, ReRAM modules have a scaling advantage.

Each ReRAM cell takes on two distinct resistive states, i.e., a high resistive

state (HRS) called the “OFF” state and a low resistive state (LRS) called

the “ON” state. An externally applied electric field is used to cause a re-

sistive switch from HRS to LRS during the “SET” or “write” operation,

and LRS to the HRS, during the “RESET” or “erase” operation[39]. These

two resistive states resemble the logic “0” and “1”[40]. An as-fabricated

ReRAM cell is in a very high resistance state associated with the insulating

state of the active layer[37]. A strong voltage applied at the electrodes may

Figure 1.11: A diagram showing a basic design of a ReRAM cell
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result in a drastic decrease in resistance called the electroforming or sim-

ply ‘forming’ process[41]. The application of a threshold voltage, VRESET

takes the cell back to the HRS having a resistance comparably lower than

of the as-fabricated sample. After the forming operation is performed, the

as-fabricated resistive state is not regained, and the cell remains in the new

state called the as-electroformed state[42]. ReRAMs retain their ON- and

Figure 1.12: A basic schematic diagram of a typical ReRAM (a) cell and

(b) a configuration of a crossbar array of a ReRAM memory.

OFF-states even when the power is withdrawn, making them candidates

for NVM. Additionally, suppose the switching is repeatable for many cy-

cles. In that case, the device can be used to create a RAM, and if the

device is switchable only once, it can be used as a write-once read many

times memory (WORM). ReRAMs draw their appeal from their high den-

sity (comparable to the DRAM), high speed (relative to the SRAM), and

architecture simplicity which does not involve the use of a transistor[11].

Their newest integration of organic and organic-inorganic hybrid active

layers[43] adds biodegradability and compatibility with flexible electronics.

ReRAMs also have excellent compatibility with complementary metal-oxide-
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Table 1.1: Comparative summary of device characteristics mainstream and

emerging memory[Yu2016].

semiconductor (CMOS) processes, which allows for more applicability and

mass production[40]. The crossbar array (Fig. 1.12b) which comes with

excellent individual cell miniaturization potential down to 4F 2, even further

to 4F 2/n with vertical (3D) architecture (F is the minimum feature size,

and n is the stalking layer number) is an added advantage for the practical

applicability of ReRAMs[39]. Table 1.1 shows the device characteristics of

ReRAMs and other memories.

Classification of resistive switching modes

The current-voltage (I-V) characteristics of different ReRAM systems can

be classified into two, i.e., (1) unipolar RS, where the voltages, VSET and

VRESET have the same polarity but different magnitudes, and (2) bipolar

RS, where VSET and VRESET have opposite polarities, see Fig. 1.13. Asym-

metric device structures, i.e., where the TE and the BE are of different
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(a) (b)

Figure 1.13: Schematic diagrams showing dc current-voltage relationship for

unipolar (a) and bipolar RS modes (b)[Pan2010a].

materials, are likely to have a bipolar RS mode. On the other hand, the

symmetric devices are likely to have a unipolar RS mode[44]. Therefore, the

electrode material significantly impacts the ReRAM switching mechanism

and switching mode[39]. The I-V hysteresis for the bipolar RS mode can be

classified into three types, i.e., O-type, N-type and S-type RS modes. The

O-type RS mode is characterized by smooth homogeneous transitions from

HRS to LRS, as shown in Fig. 1.14(a). O-type RS is sometimes referred

to as analog, and others refer to it as interfacial RS. On the other hand,

the N-type and S-type RS modes are considered digital memories. Figure

1.14(b) shows a typical N-type RS. This switching mode is characterized

by a sudden increase in current happening at threshold voltage (Vt) dur-

ing the SET, and a sudden decrease in current during the RESET process.

The S-type switching mode is characterized by a sudden jump and a sudden

drop in current happening at VSET and VRESET . If the RESET transition

is happening at 0 V , a symmetric S-type RS is obtained, as shown in Fig.

1.14(c), while in asymmetric S-type RS the VSET and VRESET have op-

posite polarities as shown in Fig. 1.14(d)[45].
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(a) (b)

(a) (b)

Figure 1.14: I-V hysteresis showing O-type RS mode[48], (b) N-type, as well

as (c) symmetric and asymmetric S-type RS modes (d)[Prime2009]

Mechanisms of resistive switching

Understanding the resistive switching phenomenon is an important step to-

wards the commercialization of ReRAMs. Currently, there is no consensus

understanding of the exact origin of RS due to its random nature. That is,

different switching mechanisms drive unipolar or bipolar switching modes.

The I-V hysteresis in any mode usually follows the Ohmic (linear) relation-

ship in LRS, and in the HRS, however, it usually follows one of the following

relationships: (i) the Poole-Frenkel emission), (ii) the Schottky emission) or

(iii) the space charge limited currents (SCLC), i.e., the Ohmic relationship

in the low voltage regime, followed by the Child’s square law in the high

voltage regime[41]. These electrical conduction are facilitated by either the

formation and rapture of a conduction filament, i.e., conduction filament

dependent mechanism, or charge trapping, i.e., non-filament/interface con-

duction mechanism[46, 47]. CF and interfacial mechanisms manifest them-
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Figure 1.15: Classification of resistive switching mechanisms. Reprinted

from[Wang2018a].

selves based on the resistance dependence on the cell size, i.e., in the CF

mechanism, the HRS has no cell-size-dependence, whereas, in interfacial re-

sistive switching, the HRS has a strong dependence on the size of the cell.

Figure 1.15 shows the classification of conduction mechanisms into filament

and non-filament. We shall provide a brief discussion of these classes of

mechanisms in the next subsection.

Filament mechanisms

During the “forming process,” a large voltage is applied to the cell. This

voltage is so large that it induces a soft breaking of the dielectric (the in-

sulating or semiconducting layer between the electrodes), leading to the

formation of conduction filament (s) (CF), which short-circuits the cell and

bring it to LRS. The application of voltages, VRESET and VSET , induce the

rupture and reformation of the CF taking the cell to the HRS and LRS,

respectively[48–50], as illustrated in Fig. 1.16. Thermal redox and/or an-

odization near the interface between the metal electrode and the oxide is

extensively considered to be the mechanism behind the formation and rup-
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Figure 1.16: A schematic diagram showing a series of events in a filament

type conduction mechanism. (a) a fresh sample, (b) the presence of a con-

duction filament after the forming process, (c), and (d) the partial rupture

and reformation of the conduction filament, respectively.

ture of the filaments in unipolar systems. In contrast, the electrochemical

migration of oxygen ions is the driving mechanism for bipolar switching[37].

Therefore, there are two types CF-ReRAMs: redox reaction induced metal-

lic filament, i.e., electrochemical metallization (ECM) cell (also known as

conduction bridging (CB) cell or programmable metallization cell (PMC)),

and oxygen ions defects (V 2+
O ) composed conduction filaments[44]. Conduc-

tion bridge ReRAMs (CBRAMs) generally consist of an electrochemically

active electrode, e.g., Ag or Cu, and an inert electrode, e.g., Pt, Au or W.

When a positive voltage is applied to the electrochemically active electrode

and a negative voltage to the inert electrode, the active electrode is oxidized

at the interface. The oxidation of the electrode can be represented as

A(s) → Az+(aq) + ze− (1.2)

(A and Az+(aq) represent the metal atom and cation, respectively). The

Az+ ions migrate through the RS layer towards the cathode (inert) electrode

where they become reduced, i.e.,

Az+(aq) + ze− → A(s), (1.3)

as shown in Fig. 1.17. The deposition of A(s) atoms on the surface

of the inert electrode result in the formation of a pile of A atoms, which

23



Figure 1.17: Formation and rapture of conduction filaments using oxidation

and reduction of the electrodes.

grows towards the electrically active electrode, thus forming a CF. These

CF can be dissolved by applying a voltage of opposite polarity, i.e., a nega-

tive voltage to the electroactive electrode and a positive voltage to the inert

electrode, in bipolar mode, or by melting of its thin parts through Joule

heating, in unipolar.

In metal oxides ReRAMs, the application of a positive voltage (VFORMING)

causes the oxygen (O2−) to break off from their lattice, leaving behind an

oxygen vacancy (V −
O ). These oxygen ions migrate towards the positive elec-

trode, where they become oxidized to form oxygen atoms, i.e.,
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Figure 1.18: A schematic diagram showing the formation of virtual CF using

oxygen vacancies.

O2− → O + 2e−, (1.4)

see Figure 1.18. This leaves behind vacancy formed CF in the metal ox-

ide (MO) layer, which puts the cell in the LRS. The application of −VRESET

(bipolar) results to reduction of the oxygen atoms back to O2− ions, i.e.,

O + 2e− → O2−, (1.5)

Which are driven back to fill the vacancies resulting in the rupture of the

CF. In the case of the unipolar mode, a +VRESET results to Joule heating

resulting in thermally activated O2− diffusion around the CF due to the

concentration gradient, resulting in the rupture of the filament.
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Nonfilament (or interfacial) mechanism

Non-filament/interfacial conduction is classified into three mechanisms, i.e.,

the Schottky emission, the Fowler-Nordheim (F-N) tunnelling, and the direct

tunnelling mechanism. These mechanisms depend on the electrode charac-

teristics, such as the energy barrier height between the electrode and the

active layer (e.g., the metal oxide layer) interface. In addition, several mod-

els have been proposed for the driving mechanism in resistive switching

involving an interface-type conducting path, such as electrochemical migra-

tion of oxygen vacancies, trapping of charge carriers (hole or electron), and

a Mott transition induced by carriers doped at the interface.

1.2.5 Materials for ReRAM devices

Various materials, i.e., oxides, chalcogenides, carbon-based, and others, have

shown resistive switching[23]. However, resistive switching materials are

categorized mainly as inorganic and organic materials[51].

Inorganic ReRAMs

Inorganic ReRAMs can be dated as far back as the 1960s[38]. This makes

inorganic ReRAMs the most studied class of ReRAM systems. Loosely,

we can classify the inorganic film as binary and ternary oxides[52]. The

first binary oxide to show resistive switching was the TiO. The well known

binary oxides functional materials are SiOx, TiOx, NiOx, TaOx and HfOx,

while ternary oxides are SrT iO3, La0.7Sr0.3MnO3, BiFeO3, chalcogenides,

such as Ag2S, GexSey, nitrides such as, AlN and SiN , and many more[46].

Generally, all inorganic ReRAMs show superior properties. Generally, the

switching in inorganic ReRAMs is facilitated by the rupture and reformation
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of conducting filaments[39]. Findings show that binary oxides typically have

excellent ReRAM properties compared to the other members of inorganic

ReRAMs[46]. Hafnium dioxide (HfO2), however, shows to be the most

promising properties for commercial RAMs, as it shows great scalability

down to 10 nm×10 nm, large (109 cycles) endurance, nanoseconds switching

speed, as well as low (∼ 0.1 pJ) power consumption accompanied with

compatible to complementary metal-oxide semiconductor (CMOS)[49, 51,

52].

Organic ReRAMs

Resistive switching in organic material is important for the environment.

Organic ReRAMs are biodegradable and fabrication cost-effective. Organic

ReRAMs offer high mechanical flexibility suitable for foldable and wear-

able electronics[39, 49], as shown in Fig. 1.19. Resistive switching mem-

ory based on polymeric materials was first discovered in the 1970s[53].

Since then many polymers and organic materials such as aloe vera[54],

chitosan[55], pectin[56], protein[57], eggshell[47], egg albumen[47], graphene

oxide[43], gelatine[58], and others have been used as active layers in organic

ReRAMs. Figure 1.20 shows the classification of biodegradable materials for

ReRAMs[50]. Organic ReRAMs have shown promising properties. However,

it is noteworthy that no one material has shown all the optimal properties

needed for commercial memory. Research has shown that high (> 5 × 109)

ON/OFF ratio, fast (< 5 ns) operating speed and high (> 7.2× 107 cycles)

endurance have been shown in Poly(9-vinyl carbazole)(PVK), graphene ox-

ide and Rose Bengal, respectively[46]. Research is underway to discover an

organic ReRAM that will show all these properties. Ooi et al.[59] replaced

metallic electrodes with flexible inorganic polymer polymethylsilsesquioxane

(PMSSQ) in a graphene quantum dots organic ReRAMs. This resulted in
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Figure 1.19: This image shows an 8 × 8 array Ti/Au/Al/Pi: PCBM/Al

flexible organic memory. (a) a schematic and (b) optical images. (c) and

(d) respectively show the schematic diagram and the SEM micrograph of

the cross-section of the device. This image is taken from[Ouyang2016].

a device with increased flexibility, high (104) ON/OFF ratio, as well as a

high 104 retention time. Apart from flexibility, organic ReRAMs have also

shown transient properties. Ji et al.[60] reported a total transient ReRAM

device that uses silk fibroin sandwiched between tungsten and magnesium

electrodes. Transient memory devices are good for biomedical devices. In

addition to mechanical properties of organic material-based ReRAMs, Qin

et al.[61] reperted voltage induced multilevel switching in DNA molecule

based device which uses Au electrodes. Multilevel switching is important

multibit data storage. Even though the mechanism of resistive switching in

ReRAMs is still a research topic, most organic ReRAMs have shown fila-

ment mechanism, driven by either electrochemical metallization (ECM)[60]
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or space-charge limited conduction (SCLC)[50, 59, 60] and can be fabricated

with two-terminal or three-terminal configurations[11].

Figure 1.20: The classification of organic materials for ReRAM active layers.

This image is taken from[Li2020].

1.3 Identification of research problem

1.3.1 Problem statement

The performance of any modern computer depends on its ability to access

and run applications at a convenient speed. Memory devices are role players
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in storing (writing) and giving (reading) access to these applications. Mem-

ory devices used in modern computers include static random-access memory

(SRAM), dynamic random-access (DRAM), and Flash memories. SRAMs

are used for their high speed, up to 100 ns and low power consumption;

DRAMs for their high density, and Flash for their nonvolatility, therefore

suitable for use as SSD. All these memory devices have inevitable limita-

tions, i.e., large cell size (50 − 120 F 2) of SRAM, accompanied by current

leakage; high operating voltages of 3 V and up to 6 V for DRAM and NOR

Flash respectively; DRAM capacity needs to sustain enough charges (there

is a limit to how small the DRAM capacity can be) and Flash need novel ar-

ray structure. There is a demand for a next-generation RAM with fast read

and write speed of SRAM, density and cost-benefit of DRAM, nonvolatility

of Flash and unlimited endurance.

1.3.2 Aim/Purpose of the study

This research aims to conduct an intensive study of electrical conduction

and resistive switching in various systems fabricated from biodegradable

polymers and polymer composites. These systems are characterised and

tested for their candidacy biodegradable resistive switching random-access

memory (ReRAM).

1.3.3 Research objectives

The main objectives for this work were to:

• understand the electrical conduction mechanism in different organic

polymers and their composites.

• optimize and obtain the best resistive switching memory parameters

30



in various organic polymers and nanocomposites.

• develop a resistive switching random access memory devices using

biodegradable materials.

• develop understanding of resistive switching mechanisms in resistive

switching memory devices fabricated using various organic polymers.

1.4 Thesis Outline

This dissertation consists of eight chapters. Chapter 1 gives a brief intro-

duction and literature survey on different types of memory devices while fo-

cusing on ReRAMs. Chapter 2 discusses techniques used for the fabrication

and characterization of the devices reported in this study. Chapter 3-7 are

results chapters. In chapter the results of resistive switching in the ReRAM

device that uses chitosan dispersed with CdTe/CdSe core-shell quantum

dots fabricated using the spin coat and drop cast methods are discussed

in chapter three and chapter four, respectively. Chapter five discusses the

results of resistive switching in ReRAM devices that use polyvinylpyrroli-

done/molybdenum disulfide composite as an active layer having different

molybdenum disulfide weight percentages. Chapter six discusses the results

of resistive switching in ReRAM that uses chitosan and polyvinylpyrrolidone

composite as an active layer. Chapter seven discusses the first ReRAM de-

vice to use raw cow milk as the active layer. In chapter 8, we conclude based

on all the material studied and the results obtained in this study. Lastly,

we provide the bibliography for all the literature cited in this thesis.
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Chapter 2

Fabrication, characterization and experiment

techniques of memory devices

2.1 Introduction

This chapter provides a brief overview of the materials used, their prepara-

tion, and characterization techniques used in this study. This study used

materials such as chitosan, polyvinylpyrrolidone (PVP), and cow milk as

host materials. Even though PVP is a synthetic polymer, both chitosan

and PVP are non-toxic and biodegradable polymers, thus adding vital ad-

vantages to our fabricated devices[62–64]. Figure 2.1. shows the chemical

structures of chitosan (a) and PVP (b).

Conductive dispersants such as molybdenum disulfide (MoS2), CdTe/CdSe

co-capped core-shell quantum dots (CdTe/CdSe QDs), selenium (Se) and

more were used to increase the conductivity of the host materials. Aluminum

(Al), indium doped tin oxide coated polyethylene terephthalate (PET-ITO),

and silver (Ag) were used as electrodes. Table 2.1 provides the summary of

these materials, their suppliers and product numbers. In the following sub-

sections, we shall discuss the different ways of preparing the active layers,
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(a) (b)

Figure 2.1: Molecular diagram of (a) chitosan and (b) PVP polymers (Im-

ages are taken from wikiwand.com.)

their characterization techniques such as atomic force microscopy (AFM),

scanning electron microscopy (SEM), energy dispersive X-ray spectrometer

(EDS) and Keysight source/measure unit (SMU) all available at UNISA de-

partment of physics.

Table 2.1: The summary of materials used in this study and their suppliers.

Material Supplier Product numberheight

Host materials

Chitosan Sigma Aldrich 419419

PVP Sigma Aldrich PVP40

Cow milk - n/a

Dispersants

MoS2 Sigma Aldrich 234842

CdTe/CdSe Core-shell Synthesized n/a

Se Sigma Aldrich 229865

Substrates and electroded

Al sheets Sigma Aldrich 266957

PET-ITO Sigma Aldrich 749729-1EA

Ag paste Sigma Aldrich 735825height
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Figure 2.2: Schematic diagram depicting the steps involved in the spin-

coating method.

2.2 Thin-film deposition and device fabrication

Host polymers such as chitosan and PVP were first dissolved in water or

a solvent such as isopropyl alcohol. The completely dissolved polymer may

be dispersed with conductive particles to make a composite depending on

the targeted material. Next, the substrates were cleaned thoroughly using

the sonication method. The composite was then deposited on a precleaned

substrate using the drop cast or spin coating method. The polymer com-

posite solution is directly poured on the substrate and left to dry to form

a film in the drop cast method. Whereas deposition using the spin coating

method is performed by placing a small polymer composite solution on the

substrate placed inside the spin coating machine and then spinning until a

thin uniform thin film was formed[65, 66]. Figure 2.2 shows the schematic

diagram summarizing the spin coating method, while Fig. 2.3 shows the

actual spin cleating machine available at UNISA. Compared to the drop

cast coating method, spin coating is fast, produces a uniform film, and has

a large coating area[66].
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Figure 2.3: The photograph of a spin coating machine available at UNISA

2.3 Characterization

2.3.1 Topography and Morphology study

Atomic Force Microscope

Atomic force microscopy (AFM) is a common technique used to study the

topography of a nanoscale material[67]. AFM offer outstanding resolution on

the order of a fraction of nanometer, making them 1000 times better than the

optical diffraction limit[68]. The first AFM was developed by Binning et al.

in 1986[69]. Many different AFM makes and models are currently available

in the market. Figure 2.4(a) shows the photograph of the Nanosurf FlexAFM

used at UNISA. While Fig. 2.4(b) shows a simplified diagram depicting the

operating principle of a typical AFM. As shown in the sketch, the AFM

uses a tip attached to a spring cantilever usually made of silicon nitride to
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(a) (b)

Figure 2.4: A photograph of a Nanosurf FlexAFM available at UNISA, and

(b) a schematic diagram showing the working principle of a typical AFM.

approach the sample at a subatomic distance to acquire the image. A laser

beam is shone onto the cantilever tip and reflected towards a photodetector,

which detects the tip’s deflection caused by the interaction with the sample

surface. Different modes, such as contact and non-contact modes, are used

to map the sample’s topography.

Scanning electron microscope and EDS

A scanning electron microscope (SEM) is a type of microscope that use a

beam of electrons to scan the surface of a material. Different SEM makes

and models are available on the market. These SEM architectures are differ-

ent based on the electron gun used to generate the beam of electrons used

for scanning the sample. For example, thermionic-emission gun (TEG),

field-emission gun (FEG) and Schottky-emission gun (SEG) are used in dif-

ferent SEM systems[70]. Figure 2.5(a) shows the photograph of a JEOL

JSM-7800F field-emission gun scanning electron microscope (FEG-SEM)

available at UNISA. On the other hand, Fig. 2.5(b) shows the simplified

diagram of the essential components of a typical SEM. Electron beam, also

called electron probe generated by the electron gun, is passed through a fo-

cusing lens to the surface of a specimen. Upon interacting with the sample,

secondary electrons, backscattered electrons, transmitted electrons, charac-
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(a) (b)

Figure 2.5: (a) the photograph of a JEOL JSM FE-SEM available at

UNISA labs, and (b) a typical SEM schematic diagram. Image is taken

from[NanoScienceinstruments2018].

teristic X-ray and auger electrons are emitted from the sample, as shown in

Fig. 2.6[71]. These signals are used to obtain information about the mor-

phology and topography of a sample. Additionally, other SEM attachments

such as energy dispersive spectrometer (EDS) can be coupled with the SEM

system to obtain element analysis of the sample. The JEOL JSM-7800F

FEG-SEM used at UNISA is coupled with the ThermoFisher EDS instru-

ment.

2.3.2 Electrical transport study using the Keysight SMU

Figure 2.7 is a photograph of the Keysight precision source/measure unit

(SMU), B2901A model, available at UNISA. This SMU is one of the most

accurate and flexible SMUs available on the market. SMUs allow the user

to do current measurements against varying voltage or voltage measurements
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(a)

Figure 2.6: Schematic diagram showing different signals obtained from a

FEG-SEM specimen. Image is taken from[JeolManual].

against the varying current at excellent precision of a minimum 10 fA/100 nV .

The B2901A model offers broad voltage range (210 V ) and current (3 A DC

and 10.5 A pulsed) sourcing capability allowing wide voltage or current scan.

Figure 2.7: A photograph of the Keysight precision source/measure unit

(SMU) B2901A available at UNISA.
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Chapter 3

Resistive Switching in CdTe/CdSe core-shell

quantum dots embedded Chitosan-based Memory

devices

3.1 Introduction

Electroactive organic materials and composites have revolutionized the mod-

ern electronics industry by showing applicability in the fabrication of devices

such as organic light-emitting diodes (OLED)[72, 73], organic photovoltaic

(OPV) cells[74], organic transistors[75, 76], and many more. Organic materi-

als have advantages such as biodegradability, low fabrication costs, and some

may even offer properties for futuristic electronics such as transparency and

flexibility[77–79]. Organic materials have also been widely explored to fab-

ricate emerging memory devices called resistive switching memory (ReRAM

or RRAM)[11, 43, 47, 49, 63, 80–82]. ReRAM is a two-terminal device with

an active layer, e.g., a thin film sandwiched between two electrodes[11]. Each

ReRAM cell has two distinctive resistive states, i.e., a high resistive state

(HRS), also known as the OFF state, and a low resistive state (LRS), also

known as the ON state, corresponding to logic “0” and “1”, respectively.
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These resistive states are selectable through the write voltage, i.e., VSET or

erase voltage, i.e., VRESET by applying either of these two voltages at the

electrodes to switch the resistance of the cell from HRS-to-LRS, or LRS-

to-HRS, respectively[39]. ReRAMs have advantages such as nonvolatility,

low operating voltage, short write/erase time ( 100 ns/10 ns), almost limit-

less cell miniaturization, long retention time (> 105 s), and high endurance

(> 105 Cycles). These properties qualify them as potential candidates to

replace the current memory giants, i.e., dynamic random access memory

(DRAM) and Flash memory. Chitosan is among the most studied biopoly-

mer for ReRAM application. The precursor of chitosan, chitin is a naturally

occurring and abundant polymer. Chitosan itself is a cationic polymer ob-

tained by deacetylation of chitin[55, 62, 83]. Chitosan possesses strong bid-

ing affinity for proteins and lipids such as fats and cholesterol[62]. Several

chitosan-based ReRAMs have been reported[63, 84], with bipolar switching

being dominant. Multi-switching behaviour has also been observed for the

graphene oxide incorporated chitosan having indium doped tin oxide (ITO)

and nickel (Ni) electrodes[84]. Hosseini et al. [55, 63] demonstrated the

electrode dependence of the resistive switching mechanisms and overall de-

vice performance in silver (Ag) incorporated chitosan system with variety

of electrodes system.

Quantum dots (QDs) are regarded as typical semiconductor nanopar-

ticles reported in various studies due to their optical and photophysical

properties, allowing them to find applications in diverse electronics engi-

neering areas such as as biosensors and bio-imaging photovoltaic devices,

and others[80, 85–87]. A typical example of QDs reported in the literature

is cadmium telluride (CdTe) QDs[88, 89]. The coating of QDs surfaces

with other semiconductor nanoparticles materials to produce core-shells

is generally used to enhance the fluorescence properties, photo-stability,

and bio-compatibility of the QDs[90–93]. Various examples of core-shells
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such as CdTe/CdS, CdTe/CdSe, CdTe/ZnS, CdTe/ZnSe have been reported

and used in various applications such as fabrication of memory devices.

Resistive switching in gelatin dispersed with CdTe QDs[58], PMMA with

InP/ZnSe/ZnS core multi-shell[94], TiO2 with CdS[95], CdSe/CdS core-

shell[96] have all been reported. As far as we can ascertain there is no

report of memory behaviour has been reported in a device that uses chi-

tosan with CdTe/CdSe core-shell composite. Therefore, we herein report a

study of resistive switching memory in ReRAM devices consisting of MPA-

TGA-co-capped-CdTe/CdSe core-shell QDs embedded chitosan composites

as active layers sandwiched between (1) Al and Ag and (2) ITO and Ag

electrodes.

3.2 Experimental details

3.2.1 Materials and methods

Daramola and coworkers have previously reported the preparation, optical

properties, and structural characterization of the CdTe/CdSe core-Shell QDs

used in this study. [97] Here the freshly prepared sample of the core-shell

QDs was supplied by Dalamora et al. with an estimated average particle size

of 4.92 nm at 2.4 mg/ml.[98] High molecular weight chitosan in a powder

form was purchased from Sigma Aldrich (310000-375000 Da, Prod. No.

419419) and used in this study. Preliminary experiments were conducted to

optimize the mass ratio of the QDs to chitosan, yielding the 0.32 wt% of

QDs to chitosan as the optimal combination. 1 ml CdTe/CdSe core-shell

solution was first diluted into 50 ml ultra-purified water and stirred. 0.75

g chitosan was then added in the diluted QD solution and stirred. Two

drops of acetic acid were added to the stirring chitosan solution and stirred
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further at room temperature for at least 4 hours until homogeneous chitosan

solution was obtained.

3.2.2 Memory device fabrication

Metal-active/functional-layer-metal structured ReRAM devices were pre-

pared with Al and ITO acting as bottom electrodes. A 1.00 mm thick Alu-

minium (Al) sheet (Prod. No. 266957) and polyethene terephthalate (PET)

coated with 0.1 µm thick indium tin oxide (ITO) (Prod. No. 749729-1EA),

both purchased from Sigma Aldrich, were cut and pre-cleaned by sonication

(in acetone for 5 min, ethanol for 5 min, and finally using ultra-distilled

water for 5 min in that order). Active layers were prepared by spin coating

few drops of chitosan+QDs composite solution on a pre-cleaned Al or ITO,

and span initially at 2000 rpm, 1800 rpm, 800 rpm and lastly 200 rpm,

each instance the duration of the spin was 30 sec, with intervals of 30 sec

between each spin rate. The deposited films were dried at room temperature

for 24 hours. A silver (Ag) paste (Sigma Aldrich, Prod. No. 735825) was

applied on each film as the top electrode and dried at room temperature

for 48 hours. Figure 3.1 shows the schematic diagram of a typical ReRAM

device fabricated with Al and Ag electrodes.

3.2.3 Characterization

Field emission gun scanning electron microscope (FEG-SEM) (ZEISS Ulta

Plus) and atomic force microscope (AFM) (Anton Paar Tosca 400) were

used to study the morphology and surface properties, and to estimate the

thickness of the active layers. Electrical conduction and switching were

probed using the Keysignt B2901 Source/Measure Unit (SMU).
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Figure 3.1: This figure shows a schematic diagram of the memory device fab-

ricated on Al substrate, also showing is the simplified circuit of the current-

voltage studies

3.3 Results and discussion

3.3.1 Topography study and thickness study

Figure 3.2(a) shows a 1 µm × 1 µm FEG-SEM image. This image shows

the morphology of a typical thin film consisting of the chitosan+QDs with

0.32 wt% QDs to chitosan. The image shows an even distribution of QDs

NP in the chitosan medium and some clusters of QDs in areas shown by

the arrows. Figure 3.2(b) shows a 1 µm × 1 µm AFM phase trace image

of the chitosan+QDs thin film. The image also reveals QDs NP clusters on

the thin film surface. The size of QDs NP clusters are estimated to be in

the range 28 nm− 120 nm. It is noteworthy to mention that the formation

of CdTe/CdSe QDs NP clusters has been reported before.[98] Figure 3.2(c)

is a 5 µm× 5 µm AFM height trace image of the chitosan+QDs composite

thin film. This topography image reveals a fairly smooth surface with mean

roughness of 3.79 µm averaged over the entire area, with peaks of up to

∼ 75 nm. As can be seen in Fig. 3.2(b), surrounding every QDs NP cluster,

there appears to be a high density of chitosan. This high concentration of
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chitosan around the QDs NP site may be due to electrostatic interaction

between the carboxylic group at the surface of the CdTe/CdSe QDs and the

amino group at the surface of the chitosan[99].

Figure 3.2: This image shows a 1 µm × 1µm (a)FEG-SEM and (b) AFM

phase trace images showing the distribution of QDs in the chitosan medium.

(c) is a 5 µm AFM height trace image, while (d) is a 3D plot of the height

trace image of the selected area in (c). (e) shows the line profiles constructed

over the area selected in (c).

A small area in Fig. 3.2(c) was selected and plotted in 3D to produce a

clearer visualisation of the chitosan and QDs interactions, as shown in Fig.

3.2(d). The line profile drawn over each interaction site shows an almost

identical profile indicating diameters ranging about 0.2 µm as depicted in

Fig. 3.2(e). From these FEG-SEM and AFM results, clusters of QDs may

result in more electrostatic interaction with chitosan particles.

In Fig. 3.3, the results are shown for the measurement of thickness by

the AFM step method. The topography image taken over the edge of the
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Figure 3.3: This image shows the thickness measurements of the active layers

using step method. (a) shows the topography scan taken over the edge of

the sample, and (b) is the corresponding 3D chart view.(d) shows the point-

to-point estimation of the thickness.

film is shown in Fig. 3.3(a), and a clear step was obtained as shown in the 3D

plot of in Fig. 3.3(b). Finally, point-to-point measurement was performed

as shown in Fig. 3.3(c) to yield an estimated thickness of ∼ 661 nm.

3.3.2 Conduction and memory study

Electrical conduction and memory studies reported herein were all con-

ducted at room temperature. Figure 3.1 shows a simplified diagram of the

device connected to the Keysight SMU instrument. A bias voltage was ap-

plied at the top electrode (TE), i.e., Ag, while the bottom electrode (BE),

i.e., Al or ITO, was grounded. The electroforming processes were induced by
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Figure 3.4: Typical I-V curve showing electrical characteristics of the

ReRAM devices that use (a) bare CdTe/CdSe QDs and (b) bare chitosan

as active layers sandwiched between ITO and Ag electrodes.

increasing the applied voltage from 0 by 10 mV steps with 25 ms delay, while

simultaneously measuring the current in the device, until a sharp increase

in current was observed. The memory behaviour of our devices was studied

by sweeping the voltage from 0 → +Vmax → −Vmax → 0 while measuring

the current through the device. A compliance current (ICC) of 100 µA was

used to protect our devices against permanent dielectric damage. Memory

behaviour in raw chitosan and raw QDs was investigated, and no memory

behaviour was observed, as shown in Fig. 3.4(a and b).

Figure 3.5(a-d) shows the I-V variation for the Al/Chitosan+QDs/Ag

device. Figure 3.5(a) shows the electroforming I-V curve. The current is

almost constant (slope = 5.9 × 10−7 Ω−1) for an applied voltage in the

0 − 0.56 V regime. A jump in the current (by > 102 orders of magnitude)

was observed at 0.56 V , indicating electroforming. A linear current variation

follows this electroforming process but with a higher slope (1.0× 10−4 Ω−1)

at voltage beyond 0.56 V . Figure 3.5(b) shows the first voltage sweep cycle

depicting memory behaviour of the Al/Chitosan+QDs/Ag device. From the

I-V graph, one can see that the current increases with increase in the applied

voltage, and a jump in current is observed at VSET = +1.32 V , where the
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Figure 3.5: Typical I-V curves showing electrical characteristics of the

Al/Chitosan+QDs/Ag device. (a) is the I-V curve for the electroforming

process. (b) is the semi-log curves showing the memory behaviour during the

1st voltage sweeping cycle. (c) is the semi-log curves showing the memory be-

haviour during 260 voltage sweeping cycles, while (d) shows the 200th cycle

showing interchanged VSET and VRESET polarities. (e) is resistance versus

time graph showing the retention properties of the Al/chitosan+QDs/Ag

device within the 2000 s.
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device switches from the high resistive state (HRS), called the OFF-state,

to the low resistive state (LRS), called the ON-state. This switching pro-

cess is called the SET process. Upon decreasing the applied voltage back

to zero, the current decreases without retrace its previous path, indicat-

ing a typical memory behaviour. When the applied voltage is increased in

the negative voltage bias, the current increases until it sharply decreases

at VRESET = −0.92 V , and the device switched from LRS to HRS, this

is called the RESET process. Because of the sharp increase and decrease

in current, as well as the absence of voltage-controlled negative resistance

(VCNR) we can classified this behaviour asymmetric ’S-type’ bipolar mem-

ory behaviour.[45] For this system, a reasonable large memory window, i.e.,

ON/OFF ≥ 103, is obtained. Figure 3.5(c) shows the first 260 sweeping

cycles performed for this device. This figure shows that the device has sus-

tainable memory behaviour, making it applicable as a nonvolatile memory.

It is interesting to notice that as the number of sweeping cycles increases,

the polarities of VSET and VRESET become interchanged. Figure 3.5(d)

shows the 200th cycle for this device. It is clear from the I-V data that even

though the VSET and VRESET values are virtually unchanged, the polarities

are changed. This is a unique ReRAM behaviour, observed and reported

for the first time. In Fig. 3.5(e) we show the retention time of the ON- and

OFF-state resistance of the Al/Chitosan+QDs/Ag device. In the regime

0 − 2000 s, our data shows stable ON-state resistance, while the OFF-state

resistance fluctuates significantly within the 103 order range. This may be

due to frustration in the system, that is happening just before switching.

Beyond 2000 s, the OFF-state resistance fluctuated uncontrollably even be-

tween positive and negative magnitudes, making it hard to show that section

in the plot.

The ReRAM device consisting of ITO BE, namely PET-ITO/Chitosan+QDs/Ag,

shows a different behaviour than the Al/Chitosan+QDs/Ag device. Fig-
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Figure 3.6: Typical I-V curves showing electrical characteristics of the PET-

ITO/Chitosan+QDs/Ag device. (a) is the I-V curve for the electroforming

process. (b) is the semi-log curves showing the memory behaviour during the

1st voltage sweeping cycle. (c) is the semi-log curves showing the memory

behaviour during 10 voltage sweeping cycles, while (d) shows the 11th cycle

showing that the device has lost its memory behaviour. (e) shows the ON-

and OFF- state resistance against sweeping cycles showing endurance of the

PET-ITO/chitosan+QDs/Ag device under 11 consecutive voltage sweeping

cycles. The inset shows loss of memory beyond the 6th cycle.
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ure 3.6(a-d) shows the electroforming and the variation of current with ap-

plied voltage for this device. From Fig. 3.6(a), the current varies linearly

(Slope= 6.60 × 10−6 Ω−1) with applied voltage in the regime 0 − 0.58 V ,

following this state, the current diverts from linear and follows a parabolic re-

lationship with applied voltage. Beyond the 0.70 V the current rises steeply

(Slope= 1.33×10−3 Ω−1) indicating somewhat electroforming process. Fig-

ure 3.6(b) shows the first voltage sweep cycle for this device. The I − V

variation shows that this device also exhibits a weak asymmetric ’S-Type’

bipolar memory behaviour with VSET = +0.70 V and VRESET = −0.82 V .

Figure 3.6(c) shows I-V variation for the first 10 cycles. Our data shows that

even though the device shows a nonvolatile memory behaviour, the mem-

ory behaviour vanishes with increase in the number of sweeping cycles, such

that by the 11th cycle, the memory behaviour is totally lost, as shown in

Fig. 3.6(d). Figure 3.6(e) (main and inset) is the ON- and OFF-state resis-

tance plotted against the number of sweeping cycles. Our data shows that

the OFF- state resistance decreases exponentially with number of sweeping

cycle such that, by the 6th cycle, the two resistive states begin to coincide,

indicating loss of memory behaviour.

3.3.3 Conduction and resistive switching mechanisms

Even though conduction mechanism in functional layers made of dielectric

materials embedded with varieties of nanoparticles is still a search topic,

several mechanisms such as Schottky emission, Fowler-Nordheim (F-N) tun-

nelling, direct tunnelling, thermionic-field emission, Poole-Frenkel (P-F)

emission, hopping conduction, Ohmic conduction, space-charge-limited con-

duction (SCLC), ionic conduction, and grain-boundary-limited conduction

have been reported[11, 44, 48]. In ReRAM devices that use organic material-

based active media, SCLC formed conduction filaments (CF) is the most
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reported mechanism[44]. It is known that when a voltage is applied at one

electrode while the other electrode is grounded, a current density, charge car-

riers may pass through the dielectric material, such that the current density

(J) relates to the voltage (V) across the dielectric as, J ∝ V n. The con-

stant n carries information about the possible mechanism, therefore n must

be estimated from experimental data, by replotting the I-V data on log-log

scale, i.e., InJ−InV to determine the slope. For the Al/chitosan+QDs/Ag

device, we replotted Fig. 3.5(b) and Fig. 3.5(d) on log-log scale as shown

in Fig. 3.7(a and b) and Fig. 3.7(c and d), respectively. For the PET-

ITO/chitosan+QDs/Ag device the log-log plots (of Fig. 3.6(b) appear in

Fig. 3.8(a and b). The ON-state current in both Al/chitosan+QDs/Ag and

PET-ITO/chitosan+QDs/Ag devices follow a linear variation with the ap-

plied voltage, with n ∼ 1. This implies Ohmic conduction, i.e., J ∝ V , with

J the current density given by the expression[100]:

J =
n0qµ

D
V. (3.1)

The observed Ohmic behaviour implies that thermally activated carries with

density, n0, mobility µ, and travelling across a thickness, D dominate the

current in the ON-state.

The OFF-state current in the Al/chitosan+QDs/Ag and PET-ITO/chitosan+QDs/Ag

devices does not follow the same mechanism. Our data shows yet another

linear current-voltage variation for the Al/chitosan + QDs/Ag device, but

with low conductivity in both the positive and negative voltage bias. An

Ohmic behaviour in both the OFF- and the ON- state can be attributed

to the well-known filament conduction[22, 44, 54, 100, 101]. In the filament

conduction there is a minimum of one nano-scale metallic filament bridg-
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ing the BE and TE. The rapture and reformation of conduction filaments

(CF) are the driving mechanism for the RESET and SET processes, respec-

tively. Such a ReRAM is called conduction bridge ReRAM (CBReRAM). It

is known that when a voltage is applied in a device, electrochemically active

electrodes such as Ag or Cu; their ions, i.e., Ag+ or Cu2+ ions can diffuse

through the insulator layer and form CFs[44]. However, since no memory be-

haviour was observed in devices that use bare chitosan, even though the Ag

electrode was used, we believe that our data rules out the possibility of for-

mation of CF due to diffusion of Ag+ ions. We believe that the CF suggested

by our data might have been formed due to reduction (Mn+ + ne− → M)

of other cations, i.e., Cadmium constituents of the QDs, already present in

the composite. Figure 3.7(c and d) show that even though the polarity of

VSET and VRESET are interchanged, the device is still following the same

RS mechanism, i.e., CBReRAM.

The OFF- state data shown in Fig. 3.8(a and b) for the PET-ITO/chitosan+QDs/Ag

device reveal two distinctive regions of different slopes. In the low voltage

region the slope (n = 1) increases to n ≈ 2 at higher voltages. This obser-

vation suggests that the current density varies as the square of the applied

voltage, which suggests the Mott-Gurney law (J ∝ V 2)[100]:

J =
9ϵϵ0µV

2

8D3
(3.2)

Here, all symbols have their usual meanings. Observation of Ohmic in

the low voltage regime, followed by Mott-Gurney behaviour in the high volt-

age regime in the OFF-state, indicates that space-charge limited conduction

(SCLC) mechanism[100] with threshold voltage, VT = 0.34 V and 0.45 V

separating the linear and power regions in the SET and RESET processes
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respectively. SCLC driven filament mechanism in chitosan ReRAM device

having ITO BE has been reported by others[63].

Figure 3.7: log-log fitting results of the conduction mechanism for the

Al/Chitosan+QDs/Ag device. (a) and (b) show the positive and negative

voltage bias region for the first sweeping cycle, while (c) and (d) is for the

200th sweeping cycle.

Figure 3.8: Log-log fitting results of the conduction mechanism for the PET-

ITO/Chitosan+QDs/Ag device. (a) shows the positive voltage bias region,

while (b) shows the negative voltage bias region.

Different switching mechanisms exhibited by the Al/chitosan+QDs/Ag

and ITO/chitosan+QDs/Ag devices is a result of different BE, i.e., Al and

ITO used. This conclusion is supported by other similar experiments con-

ducted by other groups[63, 101–103]. Al and ITO have almost similar

work functions (∼ 4.2 eV )[104, 105]. However, several factors affect the
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work functions of a material, viz., the purity of the metal or samples used,

the crystallographic face being observed, i.e. 100, 010 or 001[104, 105].

Therefore, the work function of the ITO used in this study might be dif-

ferent from 4.2 eV . Different work functions may result in interfaces, i.e.,

Al/chitosan+QD and ITO/chitosan +QDs, having different Schottky bar-

riers (SB) height (estimated as the difference between the work function of

Al (or ITO), and the electron affinity of the chitosan+QDs composite)[103].

If the work function of ITO used in this experiment is less than that of Al,

the ITO/chitosan+QDs interface will have a small SB height. In such a

case, electrons can be injected from the ITO through the SB into the com-

posite where they interact with the features of the composite and the QDs

nanoparticles, giving the features of SCLC. Similarly, if Al/chitosan+QDs

has a higher SB height, the cell will rely on diffusion of M+ ions than the

electrons injection through the barrier. This could result with the electrode

dependent RS features revealed by our experimental results.

3.4 Conclusion

In summary, we investigated resistive switching memory behaviour and

conduction mechanisms in ReRAM cells that use CdTe/CdSe core-shell

quantum dots embedded chitosan composite as active layers and Al and

ITO bottom electrodes. Both Al- and ITO-based devices showed bipolar

memory behaviour with switching voltage as low as 0.70 V , enabling the

ReRAM to be operated at low powers. Furthermore, Al fabricated device

showed conduction bridge-type resistive switching, while ITO fabricated de-

vice showed space-charge-limited driven conduction filament. Overall, our

results demonstrate that CdTe/CdSe QDs embedded chitosan can be used

as an active/functional layer for resistive switching memory. Our results
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significantly highlight the electrode’s effect in electrical conduction and re-

sistive switching in chitosan+QDs based devices. The reversal in polarity

of VSET and VRESET in the Al-based device is an unknown phenomenon

worthy of investigation in future studies.
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Chapter 4

Conduction and Resistive Switching in Dropcast

CdTe/CdSe Core-Shell Quantum Dots Embedded

Chitosan Composite

4.1 Introduction

There is a need for biodegradable electronics to limit the steep rise in

environmental pollution caused by the disposed-off electronics equipment.

Thanks to their easy printability, low fabrication costs, abundance, and

biodegradability, organic materials have shown properties which place them

as candidates for modern electronics, such as organic LEDs[72, 77], pho-

tovoltaic cells[74] as well as organic transistors[75, 76]. In addition, or-

ganic materials have also demonstrated applicability in fabricating resis-

tive switching memories (ReRAMs). ReRAM is an emerging sandwich-

type memory device with an electrically interchangeable high resistive state

(HRS), also known as the OFF-state, and low resistive state (LRS), also

known as the ON-state[11, 40]. The resistive switching(RS) phenomenon was

discovered in 1962 in devices consisting of metal-oxide active layers[38]. Re-

cently, gelatin[58, 106], graphene[43, 107, 108], egg shell[47], egg albumin[109],
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pectin[56], aloe vera[54], and other biological materials[110, 111] have been

used as active layers in various ReRAM modules. The commercialization

of organic material based ReRAMs is hindered by several factors, the main

one is that no device has shown all superior parameters. For example,

the highest ON/OFF of > 109 was achieved in polyvinylcarbazole (PVK),

while the highest endurance of (> 7 × 107 cyles) was achieved using rose

bengal[46]. Also, the lack of consensus on the single RS mechanism is an-

other major obstacle in the development of commercial ReRAMs. Chitosan

is one of the well studied biopolymers and is widely used for ReRAM appli-

cation in the raw form[55], blended with other biopolymers[112–114], with

nanoparticles[80], and as a substrate for flexible ReRAM devices[115]. As

far as we can ascertain, there has not been any report on resistive switching

in CdTe/CdSe core-shell quantum dots dispersed chitosan. We herein report

on resistive switching based on CdTe/CdSe core-shell quantum dots embed-

ded chitosan-based ReRAM devices sandwiched between ITO and Ag.

4.2 Experimental details

4.2.1 Materials and methods

A high molecular weight ((310000-375000 Da) chitosan powder/flakes were

purchased from Sigma Aldrich ((Prod. No. 419419). In addition, a freshly

prepared 2.4 mg.ml−1 CdTe/CdSe core-shell quantum dots (QDs) was sup-

plied by Daramola et al.[97]. Initially, 1 ml QDs stock was diluted to 50 ml,

different masses of chitosan were added to each solution to make 0.96 wt%

(S1), 0.48 wt% (S2), 0.32 wt% (S3), and 0.24 wt% (S4) of QDs to chitosan.

Finally, a drop of acetic acid was added to the solution while stirring to fa-

cilitate a fast dissolution of chitosan. After 4 hours of stirring, homogeneous
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solutions were obtained.

4.2.2 ReRAM fabrication

Polyethene terephthalate (PET) coated with 0.1 µm thick indium tin oxide

(ITO) (Sigma Aldrich, (Prod. No. 749729-1EA) was used as a substrate.

The PET-ITO substrates were cut and pre-cleaned by sonication in ace-

tone, ethanol and lastly in ultra distilled water each cleaning maintains 5

minutes. Next, each chitosan/QDs composite was drop cast on the substrate

and allowed to dry at room temperature for over 24 hours. Lastly, a silver

(Ag) paste was applied on each drop cast layer to serve as the electrode and

allowed to dry for over 48 hours at room temperature. The ITO and Ag

constituted the bottom electrode (BE) and the top electrode (TE), respec-

tively. Four devices were fabricated, i.e., PET-ITO/chitosan/ QDs(S1)/Ag,

PET-ITO/chitosan/ QDs(S2)/Ag, PET-ITO/chitosan/ QDs(S3)/Ag, and

PET-ITO/chitosan/ QDs(S4)/Ag. Figure 4.1 shows the schematic diagram

depicting the cross-section of the fabricated devices.

Figure 4.1: A schematic diagram depicting a cross-sectional are of a ReRAM

device consisting of chitosan and CdTe/CdSe core shell QDs with Ag and

Al electrodes. The circuit diagram shows a simplified experimental setup

for current-voltage measurements
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4.2.3 Characterization

Morphology and surface properties were studied using the ZEISS Ulta-

Plus field emission gun scanning electron microscope (FEG-SEM) and An-

ton Paar Tosca 400 atomic force microscope (AFM). In addition, elec-

trical conduction and switching were probed using the Keysignt B2901

Source/Measure Unit (SMU) connected as depicted in the simplified cir-

cuit in Fig. 4.1.

4.3 Results and discussion

4.3.1 Topography

Figure 4.2(a) is a FEG-SEM micrograph of the chitosan/CdTe/CdSe(S1)

active layer. This micrograph reveals even dispensation of individual and

clusters of CdTe/CdSe QDs nanoparticle in the chitosan medium. The for-

mation of CdTe/CdSe QDs clusters has been reported in the literature

before[98]. Figure 4.2(b) is an AFM topography image of the same chi-

tosan/CdTe/CdSe(S1) active layer, while Fig. 4.2(c) is the corresponding 3D

plot. These images reveal a virtually smooth surface with mean roughness of

8.85 nm and maximum pit-to-height distance of 180 nm. The particle-like

patterns present in this micrograms may be sites of strong interaction be-

tween the CdTe/CdSe QDs clusters and chitosan, as reported by others[99].

4.3.2 Electrical study

The electrical conduction study was carried out by applying a potential

at the top electrode(TE), while the bottom electrode (BE) was grounded.
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Figure 4.2: (a) FEG-SEM micrograph, and AFM height trace images of the

chitosan/CdTe/CdSe active layer in (b) 2D and (c) 3D.

The potential was varied accordingly while recording current-voltage (I-V)

variation. Firstly, each device were subjected to an electroforming process

whereby voltage was increased from 0 to 15 V in steps of 10 mV with

a time delay of 30 ms. The memory behaviour was also assessed using

the same experimental parameters, but the voltage was swept to a com-

plete cycle, i.e., 0 → 15 V → 0 → −15 V → 0, while measuring the I-V

variation. Figure 4.3(a) shows the electroforming I-V characteristics of the

Al/chitosan/QDs(S1)/Ag device.

This I-V graph does not reveal any electroforming process. Instead, the

current remains zero until the voltage reaches 2 V . After 2 V , a parabolic

variation that gradually becoming more linear beyond 6 V is observed. The

I-V characteristics showing the memory behaviour of this device is shown in

Fig. 4.3(b). In this case, the current increases with the increase in applied

voltage until the voltage reaches +2.44 V , marked as point A in the graph;

at this voltage, the current seems to change its trajectory to follow a higher

resistance path. In some ways, this behaviour resembles the RESET process,

i.e., a change in current from low resistive state (LRS) to high resistive
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Figure 4.3: Electroforming I-V characteristics of the

Al/chitosan/QDs(S1)/Ag device
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Figure 4.4: I-V characteristics of the Al/chitosan/QDs(S2)/Ag device, show-

ing the electroforming curve.
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state (HRS). Upon decreasing the voltage, the current does not retrace its

original path. Thus, this creates a hysteresis. The I-V behaviour of this

device in both positive and negative voltage bias is almost symmetrical.

However, no obvious change in the current associated with the SET process,

i.e., change from HRS to LRS, is observed in the negative voltage bias.

Several hysteresis types, viz., ‘N-Type’, symmetric and asymmetric ‘S-Type’,

and O-type’ are associated with memory behaviour[45]. The I-V graph

in Fig. 4.3(b) does not show any abrupt increase or decrease in current.

Therefore we can categorize this memory behaviour as ‘O-Type’ memory

behaviour. The ‘O-Type’ memory behaviour has been reported in other

biological materials[49]. It is noteworthy that even though ‘O-Type’ memory

behaviour is not unusual, our device’s current-voltage variation shows that

when the voltage is swept in the forward direction, the current follows a low

resistance path, whereas, a high resistance path is followed when sweeping

the voltage in the reverse direction. Such hysteresis characteristics has been

observed in the Ag/keratin/ITO device and has been categorised as unipolar

memory behaviour[116]. This behaviour is different from the one reported

in the literature for the gelatin-graphene oxide system[49]. For the current

voltage cycle, the ‘O’ shape hysteresis lies between −6.58 V and +9.62 V .

Figure 4.3(c) shows the I-V characteristics for the first 15 consecutive cycles

of this device. Our data shows that despite significant signal noise, at voltage

closer to 0 V , this device shows sustainable memory behaviour.

Figures 4.4(a-c) show the I-V characteristics of the Al/chitosan/QDs(S2)/Ag

device. As depicted in Fig. 4.4(a), this device also does not show any electro-

forming. The current remains zero until the voltage reaches 4 V . Following

this, the current seems to follow a parabolic path. This behaviour is different

from that of the Al/chitosan/QDs(S1)/Ag device. The memory behaviour

of this device appears in Fig. 4.4(b). The I-V data reveal yet another ‘O-

Type’ memory behaviour, and the ‘O” shape is found between −7.33 V and
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Figure 4.5: I-V characteristics of the Al/chitosan/QDs(S3)/Ag device show-

ing the electroforming curve.

+8.81 V . For this device, the hysteresis curve is more homogeneous. How-

ever, there is intense signal noise occurring in the ±5 V range. Sweeping the

voltage for the second time resulted in a significant increase in the noise and

reduction of hysteresis, as shown in Fig. 4.4(c). This, we believe indicates

rapid degradation of memory behaviour.

The data for the Al/chitosan/QDs(S3)/Ag device is shown in Fig. 4.5(a-

c). Figure 4.5(a) shows the electroforming I-V graph. The data reveal

slightly different I-V characteristics than those of the previous two devices.

Here, as the voltage increases, the current emerges at 4 V and follows a

parabolic path following a linear path in the region marked (i). However,

a phenomenon called voltage-controlled negative resistance (VCNR)[45] is

observed beyond 14 V , i.e., region (ii). Figure 4.5(b) shows the first I-V
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Figure 4.6: I-V characteristics of the Al/chitosan/QDs(S4)/Ag device, show-

ing the first cycle.

variation of the first sweeping cycle. The data shows a relatively clearer

hysteresis revealing yet another ‘O-Type’ memory behaviour, with the ‘O’

shape located at −9.40 V and +11.02 V . However, there are indications of

somewhat RESET processes taking place at −2.96 V and +5.06 V . This

device also shows strong signal noise at ±5 V range. Figure 4.5(c) shows first

10 sweeping cycles for this device. In this case, the data reveal increasing

noise accompanied by a rapid decrease in conductivity and thus degradation

of memory behaviour.

In the final set of diagrams, Fig. 4.6(a-c). Figure 4.6(a) show the I-V

characteristics of Al/chitosan/QDs(S4)/Ag device. In Fig 4.6(a) we show

the I-V characteristics of the electroforming process. Our data shows no

evidence of electroforming in this device, the current remains zero until the

voltage reaches about 3 V . Any further increase in voltage increases the
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current until at 10 V when current suddenly drops indicating the VCNR

phenomenon. Figure 4.6(b) shows the ‘O-Type” memory behaviour, which

also shows fast degradation of memory behaviour and increased noise as the

number of cycles increases, as shown in Fig. 4.6(c).

4.3.3 Conduction mechanism discussion

Electrode dependent (Schottky emission, Fowler-Nordheim, direct tunnelling,

and thermionic-field emission) and bulk dependent (Hopping conduction,

Poole-Frenkel emission, Ohmic conduction, ionic conduction, space-charge-

limited conduction, and grain boundary-limited) conduction mechanisms

have been proposed for various ReRAM systems[99]. Our devices’ I-V char-

acteristics show a homogeneous gradually increasing/decreasing current with

applied voltage, and no abrupt SET and RESET processes. This indicates

interfacial resistive switching. Therefore we shall narrow our search to bulk-

dependent conduction mechanisms. In Fig. 4.7(a-d), we show the I-V vari-

ation fitting of the positive voltage bias of (a) Al/chitosan/QDs(S1)/Ag, (b)

Al/chitosan/QDs(S2)/Ag, (c) Al/chitosan/ QDs(S3)/Ag and (d) Al/chitosan/

QDs(S4)/Ag devices. We shall first analyze the ON-state current behaviour

in all devices. Our data shows that the ON-state current’s behaviour in all

these devices is not the same. In the Al/chitosan/QDs(S1)/Ag device, the

current remains almost zero (n = 0.22 ≈ 0) in the 0 − 0.70 V regime. After

that, the current follows a linear (n ≈ 1) behaviour, as shown in Figure

4.7(a)(Main figures). The relationship, I ∝ V n, with n = 1 which indicates

that the dominant mechanism of the ON-state is Ohmic behaviour [117].

Ohmic conduction is given as[118]:

JOhm = qµNCE exp [
−(EC − EF )

kT
] (4.1)
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Figure 4.7: Figures a-d show the ln I − lnV linear fitting, while

the insets show the exponential function fitting of the I-V data for

the (a) Al/chitosan/QDs(S1)/Ag, (b) Al/chitosan/QDs(S2)/Ag and (c)

Al/chitosan/QDs(S3)/Ag devices. (d) shows the exponential fitting of the

I-V data for the Al/chitosan/QDs(S4)/Ag device.

According to Lim and Ismail [118], µ is the electron mobility, NC is the

effective density of state of the conduction band, EC and EF are respectively

the conduction band energy and the Fermi energy level, k is the Boltzmann

constant, and T is the temperature in Kelvin. Ohmic behaviour of the

ON-state has been associated with the formation of nanoscale conductive

filament(CF)[119].

In the Al/chitosan/QDs(S2)/Ag device shown in Figure 4.7(b), the ON-

state current behaviour is also shows zero current followed by Ohmnic be-

haviour in the low voltage regime (0 − 0.70 V ) and intermediate region

(0.70 V − 8.86 V , respectively. In the high voltage region, i.e., beyond
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8.86 V the current behaviour suddenly changes to a power behaviour with

n = 2.7. A combination of these two consecutive regions, i.e., Ohmic and

power, with n > 2, rules out the space-charge limited conduction mecha-

nism. We re-plotted this high voltage region (see the inset) and noticed that

this region could be fit perfectly with the exponential function, which may

indicate a hopping conduction mechanism[49, 120]. According to Vallabha-

purapu et al. [49] hopping mechanism equation is given as:

I = I0 + A exp [
(V − Va)

kT
] (4.2)

Here, I0 is the residual current, A = qanν, is the product of electronic

charge, mean hopping distance, number of electrons and thermal vibration

frequency of electrons at the trap, Va, is the characteristic voltage, k is

the Boltzmann constant, and T is the temperature in Kelvin [49]. The

Al/chitosan/QDs(S3)/Ag device follows the same behaviour as the The

Al/chitosan/QDs(S2)/Ag device, except that in the high voltage regime,

the exponent n was found to be 2.2 ≈ 2, indicating the possibility of the

Mott-Gurney law. The combination of these two regions, i.e., Ohmic and

then Mott-Gurney law, may indicate that the dominant mechanism is the

space-charge limited conduction mechanism[100]. The Mott-Gurney equa-

tion is given as[100]:

J =
9ϵϵ0µV

2

8D3
(4.3)

Here, D is the thickness of the active layer. All other symbols have their

usual meanings. On the other hand, Al/chitosan/QDs(S4)/Ag device data

fit perfectly with the exponential function. This indicates that the OFF-

state current follows a single mechanism, i.e., hopping conduction.

The OFF-state current data of all the devices fit perfectly with the

exponential function as shown in Fig. 4.7(a-c)(inset) and (d), indicating

hopping conduction mechanism. Because the OFF-state current does not
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follow linear behaviour, this rules out the possibility of Ag diffusing into Ag+

and for CF. Instead, we think that charge carriers hopes from the bottom

electrode to the QDs particles, QDs particles to the next QDs particles and

QDs particles to the top electrode. And that the different ON-state current

behaviour is due to the different amount of QDs particles dispersed in the

active layer.

4.4 Conclusion

In conclusion, electrical conduction and resistive switching in ReRAM de-

vices that use CdTe/CdSe quantum dots nanoparticles dispersed chitosan as

active layers were studied. ’O-Type’ memory behaviour was observed in de-

vices consisting of 0.96 wt%, 0.48 wt%, 0.32 wt% and 0.24 wt% CdTe/CdSe

QDs to chitosan active layers deposited using the drop cast method on ITO

surface. The increase in QDs nanoparticles dispersed in the chitosan re-

sulted in different ON-state current behaviour, while the OFF-state current

was driven by hopping conduction mechanism. We conclude that the mem-

ory behaviour and conduction mechanism in drop cast devices consisting of

chitosan with CdTe/CdSe core-shell QDs dispersants can be manipulated

by controlling the amount of QDs in the composite.
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Chapter 5

Resistive Switching in Polyvinylpyrrolidone/

Molybdenum disulfide composite-based Memory

devices.

5.1 Introduction

There is a significant increase in data and cloud computing during the fourth

industrial revolution[121]. As a result, the current memory technology is

under serious challenge as ultrafast and high-density memory devices are

needed to meet the demand. Furthermore, the current memory technology

must reduce its contribution to the rising ICT energy consumption, currently

over 3% of the world’s electricity consumption[122]. A total transformation

in memory device technology is needed to meet these demands. Resistive

switching memories (ReRAMs) are emerging memories comprising an ac-

tive layer having two electrically switchable resistive states[38], i.e., a high

resistive state (HRS) and a low resistive state (LRS). The active layer is

sandwiched between the top electrode (TE) and the bottom electrode (BE)

to make a complete memory cell[22, 123]. ReRAMs have advantages such

as nonvolatility, low operating voltages, and high endurance, thus placing
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them at the centre of focus of emerging memory technologies. Addition-

ally, ReRAMs can be designed from several materials, allowing them to

be compatible with biodegradable[43, 55, 124–126], transparent[124, 125],

flexible[55, 80, 126], and lightweight electronics[57].

Molybdenum disulfide (MoS2) is a graphene-like 2D transition metal dichalco-

genide compound with a layered structure comprising Mo-atom at the cen-

tre of a trigonal prism with two sulfur atoms[127]. MoS2 has two vari-

ances, i.e., a metallic 1T with octahedral structure and a semiconducting

2H with trigonal prismatic structure[128]. The 2H phase has an energy gap

of ∼ 1.9 eV [129], thus suitable for switching memory devices, transistors,

and solar cells[128]. The electronic properties of MoS2 have been well stud-

ied. Ohmic behaviour in pressed pellet form[127], bipolar memory switching

in bare MoS2 system with Cu and W2N electrodes[130], and three different

switching types, i.e., bipolar, asymmetric bipolar, and threshold switching

(TS), in the same sample of MoS2 and polyvinyl pyrrolidone (PVP) with Al

and indium doped tin oxide (ITO) electrodes[131] have been reported. Wu

et al.[132] have also showed that the energy consumption in the Pt/MoS2

+ PVP/ITO ReRAM can be significantly lowered by doping MoS2 with

nitrogen. This reveals the unpredictability of MoS2 in different forms and

different systems. In this work, we present a systematic study of resistive

switching (RS) in devices with an active layer comprising (a) bare PVP, (b)

bare MoS2 (c) PVP/MoS2 bilayer, and (d) PVP+MoS2 nanocomposite

with different MoS2 wt.% viz., 10 − 40 wt.%. All devices were fabricated

with Al and Ag as BE and TE, respectively.

71



5.2 Experimental details

5.2.1 Solution preparation

The PVP (Sigma Aldrich, Prod. No. PVP40) and the MoS2 (Sigma Aldrich,

Prod. No. 234842) powders with < 2 µm particle size were separately

dissolved in isopropyl alcohol (IPA) to produce 2.5 w/v% and 1 w/v% PVP

and MoS2 solution, respectively. Both solutions were stirred for 4 hours at

room temperature.

5.2.2 Device Fabrication

Al sheet (Sigma Aldrich) was cut and pasted on a glass microscope slide

and pre-cleaned by sonication (in acetone, then IPA, and lastly in ultra

distilled water, each for 5 min). Active layers consisting of (1) 1.4 µm

thick MoS2 (device A), (2) 1.01 µm thick PVP(device B), (3) 1.2 µm thick

PVP on 1.36 µm thick MoS2 bilayer (device C) and (4) ∼ 1.50 µm thick

PVP+MoS2 nanocomposites with 10 wt% (device D), 20 wt%(device E),

30 wt% (device F) and 40 wt% (device G) MoS2 into PVP were spin-coated

on the Al BE. Ag paste (Sigma Aldrich, Prod No. 735825) was applied on

the top of the active layer as TE. Table 5.1 contains the notation used to

describe all the devices fabricated.

5.2.3 Device characterization

Atomic force microscope (AFM, Nanosurf FlexAFM), and Field-effect scan-

ning electron microscopy (FEG-SEM, JEOL JSM-7800F) equipped with an

energy dispersive X-ray spectrometer (EDS, Oxford Aztoec 350 X-Max80)
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Figure 5.1: A schematic diagram showing the cross-section of a typical

ReRAM cell and the I-V measurement scheme.

were used to estimate the thickness, study morphology and to estimate the

chemical composition of the active layers, respectively. In addition, elec-

trical studies were conducted using Precision Source/Measure Unit (SMU,

Keysight B2901A), connected as shown in Fig. 5.1.

5.3 Results and discussion

5.3.1 Topology and composition

Figure 5.2(a and b) are high-resolution FEG-SEM micrographs of devices C

and G, respectively. To acquire an image a highly energetic electron beam

from the SEM’s field emission gun was incident on the samples. Because

of the high energy of this electron beam, the sample can be penetrated to

some length, allowing the reconstruction of a 3D image of the sample from

the back-scattered electrons. Our SEM results reveal that in both samples

MoS2 appeared in the form of agglomerates of different sizes. In device

C where the MoS2 bottom layer is under the PVP layer, the SEM would
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(a) (b)

(c) (d)

Figure 5.2: (a) and (b) are FEG-SEM micrographs of the active layer of

device C and device G, respectively. (c) is the EDS spectrum of device G

(main graph) and device C (inset). Lastly, (d) is the magnified FEG-SEM

micrograph of the MoS2 agglomerate inside a PVP polymer.

only study the PVP layer. However, our results reveal that the large MoS2

agglomerates from the bottom layer penetrated the PVP top layer and were

detected by the SEM. In device G, however, our SEM results show even

dispensation of MoS2 particles, such that even agglomerates having a small

size are visible in the micrograph as expected. Figure 5.2(c) shows the EDS

results taken from the surface of device G (Main figure) and device C (Inset).

As expected MoS2 traces were found only on the composite film. Lastly,

Fig. 5.2(d) depicts the magnified SEM image of a MoS2 particle cluster,

which reveals that the MoS2 used in this study had flakes like, i.e., 2D form.
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5.3.2 Electrical studies

Current-voltage (I-V) data of device A with a single MoS2 active layer

and device B with a single PVP as the active layer did not show any

resistive switching. Figure 5.3 shows the semi-logarithmic I-V character-

istics of (a) device C, and (b) device G. The I-V characteristics of both

devices reveal symmetric ’S-type’ bipolar memory behaviour[45, 133] with

ON/OFF ≥ 102, and very low operating voltages (VSET = −0.50 V and

VRESET = +0.40 V for device C, and VSET = +0.56 V and VRESET =

−0.70 V for device G). Furthermore, in device C, a TS is observed (with

Vhold = +0.54 V while Vth = +0.80 V ) beyond +0.40 V . This TS is not

observed for negative voltage bias in this device. Even though a TS be-

haviour in ReRAMs is expected when a high compliance current (ICC) is

applied, the presence of this TS in only one voltage polarity is an uncommon

behaviour.

Figure 5.3: I-V characteristics of (a) device C and (b) device G in semi-

logarithmic scale.

In contrast, no TS was observed in device G, despite large (0.8 A) ICC

used. Instead, somewhat multiple switching is observed only in the positive

voltage polarity. The change in RS due to manipulation of active layers
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Figure 5.4: The I-V characteristics of (a) device D, (b) device E, and (c)

device F.

has been reported by Sun et al.[134]. Their results showed asymmetric TS

in Al/T iO2/Pt, symmetric bipolar RS in Al/DNA/Pt, asymmetric bipolar

RS in Al/T iO2 − DNA/Pt bilayer and multiple switching in Al/T iO2 −

Graphene−DNA/Pt[134]. These results show that stalking different layers

as the active layer significantly changes the electric transport and switching

in the device. This difference in the RS behaviour of devices C and G may

arise because of the unique nature of active layers used in the two devices.

Figure 5.4 shows the I-V characteristic of (a) device D, (b) device E, and

(c) device F, respectively. All three figures show a linear variation in current

with the applied voltage before switching. Linear fits to these graphs yield

slopes of 7.89× 10−5 Ω−1, 2.4× 10−2 Ω−1, and 4.1× 10−1 Ω−1, respectively.

This increase in slope may signify an increase in electrical conductivity with

increasing MoS2 content in the nanocomposite layer. RS in these devices
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occurs at low voltages of about ±0.60 V . Though devices D and E exhibit

a jump from HRS to LRS, the current retraces its path by changing voltage

sweep direction showing no significant hysteresis. Such behaviour signifies

a non-memory-like character of the device. On the other hand, device F

exhibits a TS for voltages greater than ±0.6 V with Vhold and Vth of ±0.60 V

and ±0.80 V , respectively. Thus, it appears that the memory behaviour in

PVP+MoS2 nanocomposite devices can be controlled by controlling the

amount of MoS2. In the following subsection, we shall analyze device C

and G’s conduction mechanism, as these devices exhibited optimal memory

behaviour.

5.3.3 Conduction mechanisms and RS in devices C and G

To understand the conduction mechanism leading to the RS in ReRAM de-

vices, one can estimate the value of n for the current density and voltage

relationship, i.e., J ∝ V n [49, 117, 135]. Figure 5.5(a and b) shows the

ln |I| vs ln |V | plots corresponding to device C, while Fig. 5.6 is for device

G. The ln |I| − ln |V | graphs for both device C and G show that n ∼ 1, in

the ON-state, indicative of Ohmic behaviour, i.e., J ∼ V [120]. This Ohmic

behaviour in the ON-state current suggests the presence of conduction fila-

ments (CFs). To understand the mechanism of the formation of these CFs

in both systems, an analysis of the OFF-state current must be done. The

OFF-state current variation of device C shows two distinct regions, namely,

region i and ii, as shown in Fig. 5.5(a). In region i, the current variation is

very clear without any noise and is fitted very well with the linear fit (n = 1)

with a very small (0.0023) standard error. In region ii, however, we see large

fluctuation, which we believe that the active layer is now preparing itself for

the resistive switch. As such any fit in this region is ambiguous. After try-

ing different fits, linear fit with n ∼ 1.8, was our best fit with R2 = 0.698
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Figure 5.5: ln(I) versus ln(V) plots of device C, showing the entire forward

and reverse sweep of the negative voltage bias (a) and the magnified graph

of region ii.

Figure 5.6: ln(I) versus ln(V) plots of device G.

and standard error of 0.070. Figure 5.5(b) is a magnified graph of region ii.

This graph reveal that, even though linear fit is weak, one can notice that

despite the noise, the current seem to take a trajectory with larger (> 1)

n value compared to region i. The n = 1.8 value obtained in this region

weakly gives a trend pointing towards the possibility of the M-Gurney law

(J ∝ V 2)[120], viz.,

J =
9εε0µV

2

8D3
(5.1)

Here D is the thickness of the dielectric, and all other symbols have their

usual meanings.

The occurrence of J ∝ V and J ∝ V 2 in two consecutive regions im-
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plies that the possible mechanism taking place in device C is space-charge

limited conduction (SCLC)[11, 136], with transition voltage, Vtr = 0.24 V .

The TS observed in positive voltage bias is not understood. However, oth-

ers have reported that a large ICC can cause the TS[137] or be caused by

other unidentified reasons[120, 136]. Large ICC used in our measurements

provides room for TS to occur because of Joule heating[138]. The conduc-

tion mechanism in device G differs from that of device C. The OFF-state

current of device G follows a linear behaviour (n = 0.89 approx1) in the low

voltage regime, i.e., region i (0 V −0.22 V ). Beyond this voltage, i.e., region

ii, a decrease followed by an abrupt increase in current occurs, taking the

device to LRS. This behaviour deviates from the SCLC behaviour displayed

by device C. We shall attempt to explain this behaviour.

When a potential is applied, say at the Ag electrode, there is electron ac-

cumulation at the Al electrode, while the Ag has electron deficiency. These

electrons can tunnel through the Al/PVP+MoS2 interface into the active

layer containing the MoS2 particles, resulting in the trend seen in region

i[138]. According to Shinde et al.[139], this charge can be trapped because

of the low energy level or quantum confinement effect in the MoS2 system,

which can explain the trend observed in region ii. When the voltage is

sufficiently high, electrons gain enough energy and jump to the conduction

band of the MoS2 in the nanocomposite[140], resulting in high conductiv-

ity and hence HRS-to-LRS switching. Conduction behaviour observed in

our devices differs from that reported for the Al/MoS2 + PV P/ITO[131],

ITO/N-doped MoS2-PVP/Pt[132], and Ag/ MoS2 -PVP/Ag[140] devices.

This comparison shows that the type of electrodes, nanocomposite consti-

tution, and composition play essential roles in conduction mechanisms in

these polymeric ReRAMs.
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5.4 Conclusion

Resistive switching at voltages as low as 0.56 V has been achieved in MoS2

embedded PVP nanocomposite films of micrometre thickness, and much

lower (< 0.56 V ) switching voltages could be achieved in micrometre-thick

PVP/MoS2 bilayers. Ultra low voltage resistive switching is essential for

low power consumption ReRAMs and futuristic energy-efficient computers.

We then showed different conduction and resistive switching behaviour for

ReRAM devices characterized by different active layers, namely (a) MoS2

embedded PVP nanocomposite films and (b) bilayer system of MoS2 and

PVP micron layers. These studies reveal the variety of resistive switching

and conduction mechanisms achievable by manipulating the active layer

consisting of PVP and MoS2 for the same set of electrodes. We can conclude

that memory behaviour can be induced and manipulated by controlling the

nature of the active layer and the amount of MoS2 dispersed in the PVP

nanocomposite.
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Chapter 6

Resistive switching memory based on chitosan/

polyvinyl pyrrolidone blend as active layers

6.1 Introduction

Blending polymers is one of the easiest and cost-effective way to tailor the

properties of materials. Polymer blends offer good mechanical and electri-

cal properties which are useful in the fabrication of batteries[141–144], fuel

cells[145], electrochromic devices[146], and many more. Furthermore, poly-

mer blends are beginning to make their mark in the memory device indus-

try, i.e., in fabricating emerging, computer memory devices called resistive

switching memory (ReRAM or RRAM)[147–149]. ReRAMs are memory de-

vices that operate based on the resistive switching principle, first reported

by Hickmott in 1962[38]. ReRAMs are fundamentally two-dimensional con-

ductor/active layer/conductor structured devices capable of having two dis-

tinct electrically switchable resistive states, i.e., the high resistive state

(HRS) and low resistive state (LRS). These resistive states resemble logic

“0” and “1”, respectively. Realizing resistive switching (RS) in raw or-

ganic/biological materials and their blends can offer ReRAMs some added
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advantages such as metal-free, flexible, biodegradable, and even transparent

memory devices, which are vital for achieving futuristic electronics i.e., green

electronics and green computing goals[150]. Several organic materials such

as gelatin[43, 106, 107, 123, 151], graphene[43], graphene/gelatin blend[43],

chitosan[80, 117], and many more have been used as active layers in various

ReRAM modules.

Polyvinylpyrrolidone (PVP) and chitosan are among the widely studied

polymers. PVP is a synthetic polymer consisting of 1-vinyl-2-pyrrolidone

monomers[64], having and bonds of different lengths[152]. PVP has excit-

ing properties such as solubility in water and other polar solvents[152] and

interactive ability with metal ions[153]. On the other hand, chitosan is a bio-

logical polymer derived from skeletal structures, such as chitin[62]. Chitosan

is a cationic polymer with a good binding affinity with metal ions and other

materials such as protein [62]. Both PVP and chitosan are biodegradable

and contain less toxins enabling them to find applications in cosmetic, food,

medicine industries[62, 64]. PVP blends complexed with other materials

have been reported recently in fabricating ReRAMs. Poonguzhali et al.[154]

demonstrated that chitosan/PVP blends with a 1 : 1 chitosan to PVP ratio

has superior mechanical properties, and they also showed that increasing the

PVP mass in the blend increases the crystallinity. Yeh et al.[155] conducted

an FTIR and 13C NMR analysis of the PVP/chitosan blend. Their results

showed a shift in pick for the 1:1 PVP/chitosan mass ratio, which suggests

chemical bonding, i.e., formation of hydrogen bond between PVP and chi-

tosan. This results in decreased viscosity and hence increased crystallinity.

Reaction between chitosan and PVP was confirmed by Grant et al. through

XPS and Raman analysis[156]. To our knowledge, there has not been any

report on resistive switching (RS) in chitosan and PVP blends. Instead, this

polymer blend has been used by others to make a substrate for biodegrad-

able ReRAM devices[115]. A study of electrical conduction and RS in chi-
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tosan/PVP blend will lead to the discovery of even more chitosan/PVP

blend applications. Herein, we report the study of resistive switching in

ReRAM devices consisting of chitosan/polyvinylpyrrolidone biocomposite

as active layers. The reported ReRAM devices consist of chitosan/PVP

blend active layers of chitosan/PVP= 1 : 3, 1 : 1, and 3 : 1 mass of chitosan

to PVP. The active layers are sandwiched between Al and Ag electrodes.

6.2 Experimental details

6.2.1 Solution Preparation

Polyvinylpyrrolidone and chitosan with a combined mass of 1 g were dis-

solved in 100 ml ultra-purified water to make a solution with 1 w/v%. Three

1 w/v% solutions, with different chitosan to PVP mass ratios, i.e., 0.25 g

chitosan and 0.75 g PVP (1:3), 0.5 g chitosan and 0.5 g PVP (1:1), and

lastly 0.75 g chitosan and 0.25 g PVP (3:1) were prepared. One drop of

acetic acid was added to each solution to facilitate a fast dissolution of chi-

tosan. All solutions were stirred for about 3 hours at room temperature

until homogeneous solutions were obtained.

6.2.2 Device fabrication

We fabricated two sets of sandwich-type devices, i.e., three on aluminium

(Al) and three on indium tin oxide (ITO) substrates. A 1.00 mm thick

aluminium (Al) sheet (Sigma Aldrich, Prod. No. 266957) and polyethene

terephthalate (PET) coated with 0.1 µm thick ITO (Sigma Aldrich, Prod.

No. 749729-1EA) were cut and pre-cleaned by sonication (first in ace-

tone for 5 min, then isopropyl alcohol for 5 min, and lastly ultra dis-
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tilled water for 5 min) and used as the substrates. The prepared solu-

tions were each spin-coated on the substrates. The spin coat was pro-

grammed for rotation at 2000 rpm, then 1800 rpm, then 800 rpm and

lastly, 200 rpm. Each spin had a duration of 30 sec with 30 sec off time

between successive spins. After drying at room temperature for at least

24 hours, thin films with thickness averaged at ∼ 0.2 µm were obtained.

Finally, a silver (Ag) paste was applied on the respective active layers to

make top electrodes (TE) and dried at room temperature for 48 hours.

Six devices classified as Al-based devices, i.e., Al/chitosan+PVP(1:3)/Ag,

Al/chitosan+PVP(1:1)Ag, and Al/chitosan+PVP(3:1)Ag, and ITO-based

devices, i.e., ITO/chitosan+PVP(1:3)Ag, ITO/chitosan+PVP(1:1)Ag and

ITO/chitosan+PVP(3:1)Ag were fabricated.

6.2.3 Device characterization

Atomic force microscope (AFM, Nanosurf FlexAFM) was used to study

the surface properties and estimate the active layers’ thicknesses using the

AFM-step method. Field-emission scanning electron microscope (FESEM,

JEOL JSM-7800F) coupled with Energy Dispersive Spectrometer (EDS, Ox-

ford Aztec 350 X-Max80) were used to study morphology and estimate the

chemical composition of the composite, respectively. Lastly, the Keysight

Source/Measure Unit, (SMU, Keysight B2901), was used to study our fab-

ricated devices’ electrical conduction and resistive switching.
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6.3 Results and discussion

6.3.1 Morphology characterization

Figure 6.1(a) is a FESEM micrograph (scale= 10 µm) taken for the chi-

tosan/PVP thin film consisting of 1:1 chitosan to PVP. This micrograph

shows a possible miscibility between chitosan and PVP solutions, resulting

in even effect. Minimal traces of undissolved polymer are also revealed in

this micrograph. The corresponding AFM height trace image for this film is

shown in Fig. 6.1(b). This image shows a slightly uneven surface with pits

and heights up to 6 nm and 7 nm, respectively, while the estimated mean

roughness was 0.69 nm indicating fairly smooth surface.

(a) (b)

Figure 6.1: (a) the FEG-SEM micrograph and (b ) AFM image of the active

layer consisting of 1:1 chitosan to PVP ratio.

6.3.2 Electrical conduction and Memory behaviour

Electrical characterization was performed by applying a potential at the top

electrode (TE) while the bottom electrode (BE) was grounded. The forming

process of each device was studied by increasing the applied voltage from
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0 V (using 10 mV steps with 25 ms delay time) while measuring the current

in the device until an abrupt increase in current indicating forming occurs.

On the other hand, current-voltage (I-V) hysteresis were obtained by full

cycle scan, i.e., 0 → Vmax → 0 → −Vmax → 0, to understand the memory

behaviour of the devices. During the measurements, a compliance current,

ICC = 100 µA was programmed to protect the device from permanent dam-

age. Electrical and memory behaviour of Al- and ITO- based devices are

separately presented in the next subsections.

Al-based devices

Figure 6.2(a-c) shows the I-V curve for the forming process of device Al/ chi-

tosan + PVP(1:3)/Ag (a), Al/chitosan + PVP (1:1)/Ag (b) and Al/chitosan+

PVP(3:1)/ Ag (c). For the Al/chitosan +PVP (1:3)/Ag device, there is

no forming observed. Instead, the current remains almost zero, and a

slight rise up to about a hundred nano-Ampere begins when the bias volt-

age reaches 3 V (see inset), accompanied by strong signal noise. For the

Al/chitosan+PVP(1:1)/Ag device, the I-V characteristic shows that the cur-

rent remains zero until the applied voltage reaches 0.7 V , where a sudden

jump (by > 10−4 A) in current occurs indicating electroforming.

The electroforming I-V characteristic of the Al/chitosan+ PVP(3:1)/Ag

ReRAM device is somewhat different. For this device, a weak but lin-

early increasing current (slope = 2.87 × 10−6 Ω−1) is observed in the re-

gion 0 V − 1.08 V . Following this, a jump in the current by ten orders of

magnitude occurs, and a new linear region with a relatively higher slope

(1.05 × 10−4 Ω−1) begins. This indicates some kind of electroforming. Our

results show that chitosan to PVP mass ratio variation brings about differ-

ent electroforming process behaviours in our devices.
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Figure 6.2: Current-voltage curves, showing different electroforming be-

haviour of the Al/chitosan+PVP/Ag devices consisting of 1:3(a), 1:1(b),

and 3:1(c) chitosan to PVP.

Figure 6.3: Current-voltage characteristics of the Al/chitosan+PVP/Ag

ReRAMs with 1:3 chitosan to PVP
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Figure 6.4: Current-voltage characteristics of the Al/chitosan+PVP/Ag

ReRAMs with 1:1 chitosan to PVP, showing the first sweeping cycle(a),

the second(b), the third(c) and the 4th-24th cycles(d).

Figure 6.3 shows the semi-logarithm I-V graph for the Al/chitosan+

PVP (1:3)/Ag device. For this device’s first cycle (main image), our data

show that in the positive voltage bias, in both the forward and reverse sweep-

ing direction, there is a very weak I-V dependence with significant noise in

the current data. In the negative voltage bias, the current still has noise,

but clear hysteresis is observed, indicating an asymmetric threshold switch-

ing (TS) behaviour with Vth = −1.21 V and Vhold = −0.34 V . This device

showed an ON/OFF > 103, which lasted for the first two cycles. Swiping

this device for the third cycle (inset) revealed no switching and no hystere-

sis, indicating loss of memory behaviour.

Figure 6.4(a-d) shows the I-V characteristics of the Al/chitosan + PVP(1:1)/Ag

device. In the first voltage sweep cycle(a), this device shows a typical
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Figure 6.5: Current-voltage characteristics of the Al/chitosan+PVP/Ag

ReRAMs with 3:1 chitosan to PVP.

bipolar memory behaviour with impressively low operating voltages, i.e.,

VSET = +0.75 V and VRESET = −0.28 V and an ON/OFF ≥ 10. Upon

sweeping for the second time(b), the I-V variation changed significantly, and

an asymmetric TS with Vth = +0.84 V and Vhold = +0.19 V was observed

only in the positive voltage bias. Upon sweeping the voltage for the third

cycle (c), hysteresis re-emerged in the negative voltage bias, and the LRS-

to-HRS switching in the positive reverse sweep direction was not observed

for this sweeping cycle, implying that the switching mode has reverted to

bipolar switching (VSET = +0.77 V and VRESET = −0.45 V ) with the same

ON/OFF ratio. We tested the stability of this memory behaviour, and our

data revealed that this bipolar memory behaviour was stable for at least 16

sweeping cycles, as shown in 6.4(d), suddenly the hysteresis degrades and

disappears thereafter.

Figure 6.5 shows the I-V characteristics of the Al/chitosan+ PVP(3:1)/Ag

device. This device did not show any memory behaviour. We consider the

Al/chitosan+PVP(1:1)/Ag device as our optimal results, and thus we shall

discuss its conduction mechanism in the section 6.4.
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ITO-based devices

In Fig. 6.6, we show the electroforming I-V characteristics of the ITO/chitosan+

PVP/Ag devices with (a) 1:3, (b) 1:1 and (c) 3:1 chitosan to PVP ratio. The

current follows a linear variation with the applied voltage, indicating no elec-

troforming in devices having 1:3 and 1:1 ratios. On the other hand, the de-

vice with a 3:1 chitosan to PVP ratio show electroforming at Vform = 5.5 V .

We analyzed the memory behaviour of these devices.

Figure 6.6: Current-voltage curves, showing different electroforming be-

haviour of the ITO/chitosan+PVP/Ag devices consisting of 1:3(a), 1:1(b),

and 3:1(c) chitosan to PVP.

Figure 6.7 shows the log-log I-V graph of the ITO/chitosan+PVP(1:3)/Ag

device. Our data do not reveal any hysteresis during the first voltage scan

(see the main figure). We increased the ICC and found a weak asymmetric

hysteresis with ON/OFF ≈ 2 when the ICC was 0.005 A, as shown in the

inset. This hysteresis is very weak, and therefore we conclude that this de-

vice does not have memory behaviour. We further analyzed the behaviour

of this device by plotting the forward sweep current for the positive voltage
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Figure 6.7: Current-voltage characteristics of the ITO/chitosan+PVP/Ag

ReRAMs with 1:3 chitosan to PVP. The inset shows the 5th scan cycle with

ICC = 0.005 A.

bias, see Fig. 6.8. We swept the voltage twice for each ICC value (0.0001 A,

0.0005 A, 0.001 A and 0.005 A). The I-V graphs obtained seem to be linear

at low ICC values, i.e., 0.0001 A, as shown in the inset. However, the current

Figure 6.8: I-V graphs for the ITO/chitosan+PVP(1:3)/Ag device showing

1st to 8th voltage scans at increasing ICC . The inset shows the 1st and 2nd

cycles at 0.0001 A

.

trajectory deviates from linear and follows an exponential trajectory as the

ICC increases. We also noticed that the current during the first and second

sweeps does not follow the same path, such that, during the second sweep
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at the same ICC the system seem to have improved in conductivity. This

is more prominent at high ICC values. At high ICC , the the data could be

fitted well with the hopping conduction expression[49]:

I = I0 + A exp [(V − V a)/kT ] (6.1)

where Io, A, Va and k respectively the residual current, the product of mean

hopping distance, number of electrons and thermal vibrational frequency

of electrons at the trap and the characteristic voltage, which relates to the

activation energy, and lastly the Boltzmann constant[49]. Therefore for this

device, our data reveal two critical observations, i.e., (1) an increase in slope

and (2) a transformation from linear to exponential behaviour of the I-V

data. However, at this time, it is not clear if these two changes are ICC- or

voltage scan-dependent. Figure 6.9 (main figure) shows the semi-log graph

for the ITO/chitosan+ PVP(1:1)/Ag device. Also, for this device, our data

reveal no memory behaviour even after increasing the ICC to 0.0005 A, as

shown in the inset. Again, we analyzed the current behaviour of this device

by plotting the I-V data on the log-log scale in Fig. 6.10 (a). This graph

indicates Ohmic behaviour, I ∝ V , as n = 1. Figure 6.10(b) shows the

variation of slopes for the first three consecutive cycles. Again, a wide slope

difference, i.e., 2.37× 10−4 A and 9.60× 10−4 A at different ICC values, i.e.,

0.0001 A and 0.0005 A, respectively. At the same time, our data shows slight

increase in slopes, i.e., 9.60×10−4 A and 1.04×10−3 A at similar (0.0005 A)

ICC values. For this device, our results confirm that both the scanning act

and ICC play a role in increasing the slope. Likewise, the ITO/chitosan+

PVP(3:1)/Ag device did not show any significant hysteresis during the first

cycle and even when the ICC was increased up to 0.0005 A as shown in Fig.

6.11.

In comparison, our results show that all ITO-based devices do not have

memory characteristics, while some Al-based devices have promising mem-

93



Figure 6.9: Current-voltage characteristics of the ITO/chitosan+PVP/Ag

ReRAMs with 1:1 chitosan to PVP.The inset shows the 3rd scan cycle with

ICC = 0.0005 A.

Figure 6.10: The I-V characteristics of the ITO/chitosan+PVP/Ag ReRAM

with 1:1 chitosan to PVP ratio showing (a) the In—I—-In—V— curve fit-

ting. (b) shows linear fitting of data for the first three consecutive scan

cycles.
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Figure 6.11: Current-voltage characteristics of the ITO/chitosan+PVP/Ag

ReRAMs with 3:1 chitosan to PVP.The inset shows the 4th scan cycle with

ICC = 0.0005 A.

ory prospects. This observation reveals essential information about the role

of the Al BE in this experiment. We argue that Al and ITO electrodes intro-

duce electrode/active layer, i.e., Al/chitosan+PVP and ITO/chitosan+PVP

interfaces having different properties in our systems. These interface prop-

erties strongly affect the switching in our devices. A similar observation has

been reported in the literature. For example, Do et al. [157] reported a

drastic change in switching behaviour in the Al/T iO2/Pt system when the

electrodes are interchanged, i.e., when Al is used as BE (Pt/T iO2/Al). They

attributed their results to a change in trapping/detrapping of charge due to

the difference in the interface, which affects the redox reaction. Similarly,

Ghosh et al. conducted an intensive study of Pt/TaOx/Pt, Cu/TaOx/T i,

Cu/TaOx/Ta, Ta/TaOx/Pt, and Ti/TaOx/Pt systems. They found the

best performance with Ti/TaOx/Pt system. Similarly, Al-Mamun et al.

proved that Ru showed better performant than Pt in the TaOx based

ReRAM. Recently, Dlamini et al.[117] reported a similar effect in the or-

ganic ReRAM system. They replaced the Al BE with ITO in ReRAM that

used CdTe/CdSe core-shell quantum dots incorporated chitosan as an ac-

tive layer. Their results demonstrated increasing conductivity, leading to
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exponentially diminishing I-V hysteresis in the ITO-based system, while the

Al-based system showed sustainable memory behaviour[117]. The latter re-

sults are in agreement with our observation.

6.4 Switching mechanism in Al/chitosan+PVP(1:1)

/Ag device

The switching mechanism in ReRAM devices is still a challenging topic as

many systems show different switching characteristics. However, several

switching mechanisms have been proposed and used to describe the switch-

ing behaviour in various systems. Typically, resistive switching mechanisms

can be classified into interfacial, i.e., electrode dependent and filament, i.e.,

bulk limited mechanisms. Interfacial mechanisms include Schottky emis-

sion, Fowler-Nordheim tunnelling, Direct tunnelling, and Thermionic-field

emission. In contrast, filament mechanisms are Poole-Frenkel mission, Hop-

ping conduction, Ohmic conduction, Space-charge-limited conduction, Ionic

conduction and Grain-boundary-limited conduction[41, 48, 120]. A criti-

cal analysis of the I-V data is needed to understand which mechanism is

possible. One way is by replotting the I-V data on the log-log scale and

determining the value of n, satisfying the relationship J ∝ V n. The value

of n carries critical information pointing towards the possible mechanism.

We re-plotted Fig. 6.4(c) on log-log scale as shown in Fig. 6.12. Figure

6.12 shows that the current in both OFF- and ON-states follows a linear

(n = 1) variation with the applied voltage. Together with the forming be-

haviour of this system, these results point towards filament-driven switching,

where the SET and RESET switching is due to the formation and rapture

of nanoscale conductive filaments (CF). Different mechanisms may lead to

the formation of CF in organic ReRAMs. In the case where an electrochem-
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Figure 6.12: lnI againts lnV graph fitting of the Al/chitosan+PVP/Ag

ReRAMs with 1:1 chitosan to PVP. This graph is a replot of Fig. 6.4c.

ically active electrode such as Ag (or Cu) is used, application of the voltage

at the electrodes may cause oxidation of Ag (Ag → Ag+ + e−) into Ag+

ions[158]. A strong electric field can drive these Ag+ ions through the active

layer, leading to a current[158]. When the Ag+ ions reach the other elec-

trode, which has an excess of electrons, these ions may undergo reduction

(Ag++e− → Ag) and form a pile of Ag atoms, leading to nanoscale conduc-

tion filament (CF) that grows towards the TE and ultimately short-circuits

the cell, leading to a high jump in current[159] during the electroforming

process. The application of voltage with different polarities reverses or fa-

cilitates the redox reaction leading to partial rapture or reformation of the

CFs during the RESET and SET processes, respectively. Likewise, CF in

metal oxides can be formed by oxygen vacancies or oxygen ions migration

through the active layer. Because our devices consist of organic active layer

and the electroactive Ag TE, the formation of CF due to diffusion of Ag+

ions is a strong possibility.
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6.5 Conclusion

In summary, we investigated resistive switching in ReRAM devices that use

chitosan and polyvinylpyrrolidone blend active layer sandwiched between

aluminium and silver electrodes. First, bipolar, then asymmetric threshold

switching, followed by bipolar memory behaviour, driven by formation and

rupture of conductive filaments were observed in the same device consisting

of chitosan/PVP with mass ratio 1:1, while no memory was demonstrated

when chitosan/PVP ratios of 1:3, and 3:1 were used. We replaced the Al

bottom electrode with indium doped tin oxide electrode and observed no

switching. Instead we observed sweeping cycle- and compliance current- de-

pendent decrease in resistance accompanied with change from linear to ex-

ponential current-voltage behaviour when compliance current is increased.
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Chapter 7

Resistive Switching Memory-Based on Raw Cow

Milk

7.1 Introduction

Environmentally friendly and low power computing devices are vital for

the realization of the green computing world. Emerging memory technol-

ogy based on the resistive switching (RS) principle can be fabricated using

biodegradable materials, and they have low power consumption prospect[50].

These memory devices, known as resistive switching memories (ReRAMs or

RRAMs), are fundamentally two-terminal and two-dimensional devices, con-

sisting of an organic[43, 54, 80], organic-inorganic hybrid[21], metal oxide[96],

or any suitable materials[40, 46, 48] sandwiched between a top electrode

(TE) and a bottom electrode (BE)[46]. By applying an electric stimulus,

the resistance of this device can be switched from a high resistive state

(HRS) to a low resistive state (LRS) during the SET process, or from

LRS-to-HRS, during the RESET process[22]. The HRS, often called the

OFF-state and LRS, often called the ON-state, are analogous to binary

codes ’0’ and ’1’, allowing ReRAMs to comply with digital technology. Fur-
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thermore, the architect’s omission of a driving transistor gives ReRAMs

advantages such as reduced cell size and reduced heavy metal footprint. In

addition, ReRAMs fabricated using organic or biological materials may have

reduced toxicity and superior mechanical properties for futuristic electronics

such as flexibility, transparency, and lightweight[22, 58, 63, 160]. Although

tremendous progress has been made in discovering and optimizing RS in

various systems, understanding RS’s driving conduction mechanism is still

a research topic. Space-charge limited conduction (SCLC) mechanism is

by far the most reported RS mechanism in organic materials, such as chi-

tosan, Aloe vera, gelatin, graphene, and other complexed systems such as

CH3NH3PbI3xClx[161]. As far as we can ascertain, there has not been any

report of RS in raw cow milk, except our own preliminary results obtained

using the spin coat fabrication method[162]. Here, we report the first resis-

tive switching memory based on raw cow milk as active layers fabricated in

an electrical and heat energy-free fabrication method.

7.2 Experimental Details

Our ReRAM devices were fabricated by the direct dipping (or dip coat)

method. First, rectangular pieces of indium doped tin oxide coated polyethy-

lene terephthalate (PET-ITO) (Sigma Aldrich, Prod. No. 749729) were

used as the substrates. After pre-cleaning, the PET-ITO substrates were

momentarily separately immersed into fat-free(S1), medium fat(S2) and full

cream(S3) organic homogenized cow milk. Then, the substrates were gently

taken out and carefully placed on a horizontal surface with the ITO sides fac-

ing up and left to dry at the ambience for 24 hours. Next, silver (Ag) paste

(Sigma Aldrich, Prod. No. 735825) was applied on top of each milk film to

form electrodes. The devices were left for further 48 hours at the ambience to
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allow the Ag paste to completely dry. Thus, complete devices have the nota-

tion: PET-ITO/Cow-milk(S1)/Ag, PET-ITO/Cow-milk(S2)/Ag and PET-

ITO/Cow-milk(S3)/Ag. The ITO layer and Ag acted as bottom electrodes

(BE) and top electrodes (TE), respectively. Figure 1(main figure) shows the

schematic diagram typifying the fabricated devices, while the insets (a) and

(b), respectively, show the actual photograph of one of the devices and the

cross-sectional image showing the estimated thickness.

For characterization, a field emission gun scanning electron microscope

(FEG-SEM) (ZEISS Ultra Plus) was used to study the morphology of the ac-

tive layers. Next, the thickness and elemental composition were estimated

using the field-effect scanning electron microscopy (FESEM, JEOL JSM-

7800F) equipped with an energy-dispersive X-ray spectrometer (EDS, Ox-

ford Aztoec 350 X-Max80). Finally, an atomic force microscope (Nanosurf,

FlexAFM) was used to study the surface properties of the active layers. The

electric transport and switching study on all devices were conducted at room

temperature using the source/measure unit (SMU) (Keysight, B2901A se-

ries), connected as shown in the simplified circuit diagram in Fig. 7.1(Main

figure).

7.3 Results and Discussion

7.3.1 Morphology and Topography

Our experiment showed that the cow milk film robustly binds with the

ITO surface, forming a stable film even after bending, as shown in Fig.7.1

inset(a). The EDS results (Fig. 7.2) reveal the typical milk constituent

elements, i.e., sodium (Na), magnesium (Mg), phosphorus (P), potassium

(K), chlorine (Cl), and calcium (Ca) and no traces of contamination in the
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Figure 7.1: The main figure shows the schematic diagram of a typical PET-

ITO/cow milk/Ag ReRAM device connected to a simplified current-voltage

measurement circuit. The insets show (a) the actual photography of the

PET-ITO/Cow milk(S2)/Ag ReRAM and (b) the cross-sectional FESEM

micrograph of the S2 active layer.

films were found. Other elements such as carbon (C) and oxygen (O) might

be due to the organic compound(s) contained in the milk, and the high peak

of carbon is due to the carbon coating during the EDS sample preparation.

The nitrogen atom detected might be due to the protein constituent of the

milk or may have been absorbed from the sample chamber environment.

Figure 7.2: EDS spectrum of typical cow milk.

In Fig. 7.3(a, c and e) we show the 1 µm1 µm FEG-SEM microstruc-
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tures of the fat-free, medium fat and full-cream cow milk films, respectively.

These microstructures reveal small fat globules in the medium cream milk

film and these fat globules are even more prominent in the full cream cow

milk’s micrograph. These fat microstructures are absent in fat-free cow milk;

instead, tiny void spaces are visible. The AFM topography images for the

fat-free, medium fat and full cream milk films are shown in Fig. 7.3(b, d

and f), respectively. These AFM results reveal significantly different surface

characteristics in each of these films. The fat-free film is more character-

ized with pits as deep as 0.54 µm found all over the surface. In contrast,

the medium cream and full cream milk films show less visible pits. The

estimation of roughness revealed mean roughness of 87.7 nm, 28 nm and

56 nm estimated for the fat-free, medium fat and full cream films. We be-

lieve that fat-free milk consists of high-water content than the other films.

As such, when the film is dried, the water evaporates and leave behind voids

which cause the high roughness as depicted by the AFM results. On the

other hand, the full cream milk film consists of relatively high fat and low

water content; when this film is dried, the fat remains and constitute the

film’s morphology. Similarly, the somewhat smoother surface of the medium

cream cow milk film is attributed to the just-right amount of water and fat

in the film. Lastly, the FEG-SEM measurement of the cross-section of the

films revealed a thickness estimation of 11 µm.

7.3.2 Electrical Transport and Memory Study

Electrical measurements of all our devices were performed at room tem-

perature by applying voltage stress at the Ag TE while the ITO BE was

grounded. The voltage was varied while simultaneously measuring the cur-

rent through the device. Electroforming behaviour was probed by increasing

the voltage from 0 V using 10 mV steps with 25 ms delay until forming oc-
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Figure 7.3: FEG-SEM micrographs of (a) fat-free (S1), (c) medium cream

(S2), and (e) full-cream (S3) cow milk films. On the same image, (b), (d)

and (f) show the AFM topography images of the fat-free, medium cream

and full cream cow milk, respectively.
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curs. The memory behaviour was investigated in the same way, but this

time, a complete scan, i.e., 0 → +Vmax → 0 → −Vmax → 0 was performed.

A compliance current (ICC) of 100 µA was applied to protect the devices

from permanent damage[117]. The current-voltage (I-V) curve showing the

forming process of the PET-ITO/cow-milk(S1)/Ag device is shown in Fig.

7.4(a). For this device, the current remains zero until the voltage reaches

8.22 V . At this voltage, the current jumps by > 104 orders of magnitude.

This indicates that the device is undergoing electroforming. The full cir-

cle llog |I| − V graph depicting the memory characteristics of this device

is shown in Fig. 7.4(b). Here, the current does not follow the same paths

during the forward and reverse voltage scans, thus creating a hysteresis.

Different kinds of hysteresis are associated with memory, i.e., an ’N-type’,

’S-type’ and ’O-type’ hysteresis[45]. The ’N-type’ and ’S-type’ hysteresis are

characterized by a sharp increase and decrease in current at specific voltages.

At the same time, smooth transitions from HRS-to-LRS and LRS-to-HRS

represent the ’O-type’ hysteresis. Therefore, even though there are jumps in

current at points marked a-d, we classify this memory type as ’O-type’ bipo-

lar memory behaviour. Even though the memory behaviour in this device

quickly vanished during the third sweeping cycle, as shown in Fig. 7.4(c),

this device showed remarkably low (> 1 V ) voltage switching and a reason-

able ON/OFF ratio of ≥ 102 making it suitable as a write-once read many

(WORM) memory device[11].

In Fig. 7.5 we show the I-V characteristics of the PET-ITO/cow milk(S2)/

Ag device. The I-V graph for the forming curve is shown in Fig. 7.5(a).

Our data shows that the current first follows a linear path and suddenly

drops at 0.59 V . It stayed in the range of 2 × 10−5 A for the voltage range

0.59 V − 0.93 V , after which it abruptly jumps to > 10−4 A. We believe

that the event at 0.93 V is the forming process. The memory characteristics

of this device shown in Fig. 7.5(b). From this graph, one can distinctively
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Figure 7.4: I-V characteristics of the PET-ITO/cow milk(S1)/Ag device,

showing (a) the forming curve, (b) the first and (c) the third sweeping cycle.

identify points where the trajectory of the current change in both the posi-

tive and negative voltage bias. Thus we classify this memory behaviour as

asymmetric ‘S-type’ bipolar memory behaviour[45]. These distinctive tran-

sitions occur at VSET = +0.48 V and VRESET = −0.25 V . Additionally,

the memory behaviour was sustainable for at least thirty write and read

cycles, as shown in Fig. 7.5(c). Therefore, even though this device has a

weak (≥ 10) ON/OFF ratio, it offers excellent low power device prospects

and applicability as nonvolatile memory.

Lastly, Fig. 7.6 shows the I-V characteristics of the PET-ITO/cow

milk(S3)/Ag device. The forming process I-V graph is shown in Fig. 7.6(a).

Our data shows no forming, as the current follows an exponential trajectory

and does not show any abrupt increase. The log—I—-V variation (Fig. 7.6b)

showing the memory characteristics of this device reveals a typical ‘O-type’
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Figure 7.5: I-V characteristics of the PET-ITO/cow milk(S2)/Ag device,

showing (a) the forming curve, (b) the first and (c) the first 30 sweeping

cycles.
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Figure 7.6: I-V characteristics of the PET-ITO/cow milk(S3)/Ag device,

showing (a) the forming curve, (b) the first and (c) the first 80 sweeping

cycles. (d), on the other hand, shows the resistance-number of sweeping

cycle.

hysteresis[49], lying between −1.70 V and +0.70 V . This ‘O-type’ memory

behaviour has ON/OFF ≥ 10 and was sustained for over 14 write/erase

cycles as shown in Fig. 7.6(c and d). As shown in Fig. 7.6(d) after the 14th

cycle, the resistance of the cell started to decrease exponentially, and the

HRS and LRS states began to coincide at the 37th cycle. This decrease in

ON/OFF ratio indicates diminishing memory behaviour.

Comparatively speaking, our data reveal different forming and memory

behaviour in devices that use S1, S2 and S3 active layers. This may be

attributed to the fat content or different weight percentages of the metallic

ions in these active layers. In the following subsection, we shall analyze the

conductive mechanism in all the devices.
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7.4 Conduction Mechanism Analysis

Various conduction mechanisms classified as (1) electrode dependent, i.e.,

non-filament conduction: Schottky emission, Fowler-Nordheim (F-N) tun-

nelling and direct tunnelling, thermionic-field emission (2) bulk dependent,

i.e., filament conduction: Ohmic, Poole-Frenkel (P-F) emission, the space-

charge limited current (SCLC), hopping conduction and trap- assisted- tun-

nelling (TAT), ionic conduction and grain- boundary- limited conduction

have been reported in the literature[41, 49, 51]. We shall analyze our re-

sults against these conduction mechanisms. Fig. 7.7(main figure) is the I-V

curve fitting of the PET-ITO/cow-milk(S1)/Ag device. The LRS current

(red graph) follows a linear variation (with slope = 8.0 × 10−7 Ω−1) with

the applied voltage. For this curve, we estimated the value of n satisfying

the relationship J ∝ V n by plotting the data in log-log scale as shown in

the inset. The analysis of the slope shows that n = 1, which implied that

the LRS follows Ohms law, I ∝ V n, n = 1[49]. It is common for the LRS

current to follow the Ohmic behaviour[41] as this indicates the formation of

conduction filaments (CF). However, different mechanisms may lead to the

formation of the CF; therefore, a critical analysis of the HRS current is es-

sential. The HRS current data (black curve) fitted well with the exponential

function for the hopping conduction[49]:

I = I0 + A exp

[
(V − Va)

kT

]
(7.1)

Here, I0 is the residual current, and according to Chiu[120], A = qaν

(a, n and ν are respectively the mean hopping distance, the electronic con-

centration in the conduction band of the dielectric, and the frequency of

thermal vibration at trap sites). Va is the characteristic voltage which re-
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Figure 7.7: The I-V fitting (main figure) and lnI-lnV fitting (inset) of the

PET-ITO/cow milk(S1)/Ag device.

Figure 7.8: The lnI-lnV fitting of the PET-ITO/cow milk(S2)/Ag device.

lates to the activation energy, k is the Boltzmann constant and lastly, T is

the temperature in Kelvin[49],

In Fig. 7.8 we show the ln I−lnV fitting of the PET-ITO/cow-milk(S2)/Ag

device. Here, the LRS current of this device also follows Ohmic conduction

as deduced by estimating the value of n = 1. The HRS current, however,

shows two distinctive regions with n = 1 (region I) and then n = 1.9 ∼ 2

(region II). The current in region II, therefore, follows a power law given by

the Mott-Guyner equation given by Eq. (2)[45, 117].
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Figure 7.9: The I-V fitting (main figure) and InI-InV fitting (inset) of the

PET-ITO/cow milk(S3)/Ag device.

J =
9µϵθV 2

8D3
(7.2)

where µ is the mobility, is the permittivity of the active layer, θ is the

ratio of the free and trapped charge, and D is the thickness of the active

layer[118]. The occurrence of linear followed by power-law conduction indi-

cates a well-known space-charge limited conduction mechanism (SCLCM).

Therefore, SCLCM drives the formation of CF in this device.

Lastly, we analyze the conduction mechanism of the PET-ITO/cow-

milk(S3)/Ag device. The I-V fitting of this device is shown in Fig. 7.9. The

HRS current (main figure) fits well with the exponential function while the

LRS before switching follows a linear path. This linear relationship is Ohmic

(n = 1) as confirmed by the log-log plot shown in the inset. For this device,

we can also conclude that hopping conduction is the driving mechanism for

the formation of the CF.

All our devices use electrochemically active Ag TE. It is well known that

when a strong voltage is applied at the Ag electrode, electric field-driven mi-

gration of Ag+ ions takes place, thus generating the current. These ions can
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be reduced at the BE and create a pile of Ag atoms which ultimately form

conductive filaments (CF) which short circuits the device, causing a switch

from HRS to LRS during the SET process[163]. In our case, however, all our

devices consist of Ag and ITO electrodes and yet behave differently. This

suggests that the formation of CF is due to another mechanism other than

Ag+ ion migration. To get an insight into the possible transport mecha-

nism, we critically compare the three active layers. In Tab. 1 we show the

summary of the metallic elements found in the active layers used in this

study. The table reveals that S2 has the highest weight percentage (wt%)

of metallic atoms, i.e., Na, Cl, K, Ca and Cu compared to S1 and S3, with

S1 showing the absence of some elements such as K and Cu. Therefore, we

believe that as we applied a positive voltage at Ag TE and a negative voltage

at ITO BE, electron accumulation takes place at the ITO electrode. These

electrons eventually gain enough energy to tunnel through the ITO/milk in-

terface into the active layer and thus creating a current. Our data, however,

show a strong dependence of current trajectory to the wt% of the metallic

(Mn+) ions. Therefore, it is possible that in the active layer, which has a

low wt% of Mn+ ions, a strong electric field enables electrons to hop from

the electrode to the nearest ion, from the ion to the following ion, and lastly

from the ion to the Ag TE. While that is happening, electrons can be ab-

sorbed into the vacancies, thus turning ions into metal atoms in a reduction

process (Mn+ + ne− → M). This may result in formed metallic particles

aligned in the electric field direction, thus acting as weak CF, which consti-

tute the Ohmic behaviour observed in the LRS current in devices with S1

and S3. On the other hand, in the S2 system, where more metallic ions are

present, a weak electric field may be sufficient to slightly drive the nearby

Mn+ ions towards the ITO electrode where these ions can be reduced to

form metal atoms. This constitutes the linear current behaviour. High volt-

age creates an electric field that drives some electrons to pore into the active

112



layer, thus creating a power increasing current given by Eq. (2). To compare

our findings with the already reported results in the literature, we present

(Tab. 2) a summary of the memory devices parameters achieved using some

of the raw biological materials. Our Ag/cow milk(S2)/ITO device shows

the lowest (0.25 V ) switching voltage which surpasses the < 0.6 V of the

lactose which also uses Ag and ITO electrodes[116], and gets near the 0.1 V

record set by the CH3NH3PbI3 organic ReRAM[158]. We attribute such

low operating voltage to the already present metallic ions in the milk film.

From the same table, we also show that the switching mechanism in these

raw bio-ReRAM devices is mainly SCLCM.

7.5 Conclusion

In summary, we fabricated a resistive switching memory device using fat-

free, medium cream and full cream raw organic cow milk as active layers.

As for highlights to our results, we observed switching at voltages as low

as 0.25 V , making our devices operate as low power memory devices. Low

power devices are essential for futuristic and environmentally friendly elec-

tronics. Also, we demonstrated that different amount of fat and metal-

lic elements content of cow milk plays a role in the morphology, transport

and switching. A medium-fat cow milk device showed better morphology

and memory behaviour than the fat-free and full cream milk-based devices.

Lastly, hopping conduction driven conducting filaments were attributed to

the electric transport mechanism in fat and full cream devices. In con-

trast, space-charge limited driven conductive filaments were attributed to

the mechanism in medium-fat cow milk-based device. Our results further

show that the cow milk-based ReRAM device’s performance lies strongly on

the intrinsic metallic ions found in the milk. Thus, for further optimization
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conductive nanoparticles can be dispersed in the milk to tailor its applica-

bility in ReRAM technology.
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Chapter 8

Conclusion

In this dissertation, we have demonstrated the fabrication of emerging mem-

ory devices called resistive switching memory (ReRAM) using biodegradable

materials such as chitosan, polyvinylpyrrolidone, and cow milk. Realization

of memory application in these materials helps save the earth from the stip

rise of environmental pollution. Additionally, our fabricated devices demon-

strated low operating voltages, which is essential for low power devices as

the world’s demand for green electronics and green computing increases.

Chapter 3 reports on the resistive switching and conduction mechanisms

in devices consisting of CdTe/CdSe core-shell quantum dots embedded chi-

tosan composites active layer. Two devices with active layers sandwiched

between (1) Al and Ag and (2) ITO and Ag electrodes were studied. Both

devices exhibited bipolar memory behaviour with VSET = +1.32 V and

VRESET = −0.92 V , for the Al-based device, while VSET = +0.70 V and

VRESET = −0.82 V were observed for the ITO based device, enabling both

devices to be operated at low powers. However, the switching mechanisms

of both devices were different, i.e., RS in the Al device was attributed to

the Conductive bridge mechanism. In contrast, space-charge-limited driven
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conduction filament attributed the switching mechanism of the ITO device.

Additionally, the Al-based device showed long retention (> 103 s) and a rea-

sonable large (> 103) ON/OFF ratio. Additionally, for this device, we also

observed sweeping cycle induced reversal of voltage polarity of the VSET and

VRESET . In contrast, we observed that increasing sweeping cycles resulted

in an exponential decrease of the OFF-state resistance of the ITO based

device.

Chapter 4 reports on conduction and resistive switching in devices con-

sisting of chitosan dispersed with CdTe/CdSe core-shell quantum dots (QDs)

active layers sandwiched between silver (Ag) and indium doped tin oxide

(ITO) electrodes. Active layers consisting of 0.96 wt%, 0.48 wt%, 0.32 wt%

and 0.24 wt% QDs to chitosan were deposited on the ITO surface using

the cost-free drop cast method. The electrical study performed on all de-

vices revealed ‘O-type’ memory behaviour with OFF-state current conduc-

tion mechanism attributed to hopping mechanism. On the other hand, the

ON-state current in each device followed a unique mechanism, such that

Ohmic behaviour was observed for the device with 0.96 wt%, while linear

then hopping, space-charge limited, and lastly, hopping conductions mech-

anisms were attributed to devices with 0.48 wt%, 0.32 wt% and 0.24 wt%,

respectively. Our results show that these devices’ memory behaviour and

conduction can be exploited by controlling the amount of CdTe/CdSe in the

chitosan medium.

Chapter 5 reports four types of resistive random access memory (ReRAM)

structures with an active layer comprising (1) MoS2 (device A), (2) PVP

(device B), (3) PVP and MoS2 bilayer (device C), and (4) PVP + MoS2

nanocomposites with 10 wt% (device D), 20 wt% (device E), 30 wt% (device

F) and 40 wt% (device G) MoS2 fabricated with Al and Ag as bottom and

top electrodes, respectively. A study of resistive switching and electrical
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conduction mechanisms of these ReRAM modules revealed that devices A

and B did not exhibit switching characteristics. Device C showed a com-

bination of bipolar and threshold switching with a low switching voltage

of 0.40 V . Device G portrayed bipolar switching at 0.56 V . In Device C,

space charge-limited conduction with transition voltage Vtr = 0.24 V was

observed. On the other hand, Ohmic behaviour between 0 V and 0.22 V

followed by trapping of charge in the 0.22 V −0.56 V regime before switching

was noticed in device G. Both device C and G showed reasonably (≥ 102)

ON/OFF ratio. In the nanocomposite devices, an increase in MoS2 con-

tent resulted in an increase in electrical conductivity in the Ohmic region,

leading to threshold switching at 30 wt% (device F) and ultimately bipolar

switching at 40 wt% (device G). These studies showed that both switching

and conduction mechanisms are sensitive to the type and composition of the

active layer in the devices studied.

Chapter 6 We report on resistive switching in ReRAM devices that

uses chitosan/PVP composite as the active layers sandwiched between Al

and Ag electrodes. ReRAMs with active layers consisting of 1:3, 1:1 and

3:1 chitosan to PVP ratio were studied. Asymmetric threshold switching

with Vth = −1.21 V and Vhold = −0.34 V only in the negative voltage bias

was obtained for the device with chitosan to PVP ratio of 1:3. The device

with 1:1 chitosan to PVP ratio showed optimal memory behaviour with

bipolar switching with VSET = +0.75 V and VRESET = −0.28 V in the first

cycle, followed by asymmetric TS with Vth = +0.84 V and Vhold = +0.19 V

during the second cycle and back to bipolar switching with VSET = +0.77 V

and VRESET = −0.45 V . No memory behaviour was observed for the 3:1

chitosan to PVP based device. Electrochemical conduction metalization

was attributed to the switching mechanism in the device with 1:1 ratio of

chitosan to PVP. Resistive switching based on organic polymers is essential

for environmentally friendly devices. Our results reveal the applicability of
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chitosan and PVP blend in memory device fabrication and that both the

memory and switching can be exploited by varying the ratio of chitosan to

PVP in the composite.

Chapter 7 reports on resistive switching memory devices that use raw

organic cow milk as active layers. Our devices comprised fat-free, medium

cream and full cream raw cow milk active layers sandwiched between ITO

and Ag. EDS analysis of all active layers reveals a relatively higher weight

percentage of metallic ions in the medium fat milk film than fat-free and full-

cream milk films. As such, an ‘S-type’ memory behaviour with switching

at remarkably low VSET = 0.25 V and VRESET = 0.45 V was observed

using the medium fat milk, making this device to be operated as low power

memory. Both devices using fat-free and full-cream milk showed ‘O-type’

memory behaviour. The analysis of the transport mechanism showed that

both fat-free and full cream milk-based devices’ conduction and switching if

due to hopping mechanism driven conductive filaments, while space-charge

limited driven conducting filaments was attributed to the medium fat milk-

based device.

8.0.1 Future research

This present work was concerned with discovering resistive switching in new

materials such as cow milk and optimising both switching and memory be-

haviour in already known materials such as chitosan. Also to demonstrate

that two organic polymers can be blended together to produce an optimised

resistive switching. Therefore for future, more efforts should be put on

blended polymers as that will minimise the use of conducting metals which

pose threat to the environment. Also our discovery of resistive switching in

cow milk provides new insight in the general field of ReRAM technology. We
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have already demonstrated that resistive switching in milk can be enhanced

by introducing conductive particles. This will open more doors for research.
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