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ABSTRACT 

Many recent studies have been conducted on optically transparent and mechanically flexible 

polymer memory devices due to its additional benefits in comparison to conventional electronic 

devices for various applications, such as vision-free products, see-through electronic devices; 

head-up displays, and produces a class of system-on-glass for use in see through and flexible 

electronic devices. There are numerous studies on transparent and flexible non-volatile memory 

(NVM) based on organic thin film transistor (OTFT) using different charge trap mediums. 

Although some promising results have been achieved in OTFT study, however, the fabrication 

process is complicated with many stacking layers to achieve the bistable memory effect with 

three-terminal contacts to operate the transistors.  Therefore, for simplicity and ease in 

fabrication while achieving the bistable memory effect, the transparent and flexible organic 

bistable device (OBD) has been designed as metal-insulator-semiconductor (MIS) structure with 

two-terminal contacts to operate the device and using metal nanoparticles as charge trap medium 

has been of interest lately. The advantages of metallic nanoparticles storage layers stem from the 

large work functions difference with Si substrate, which ensures deep potential wells that 

enhance carrier confinement; hence avoiding  retention loss. In addition, noble metals such as 

gold do not oxidize and do not react with the surrounding dielectric layers. Hence, a simple 

fabrication route using a simple solution process to construct a large area, optically transparent 

and flexible memory based on MIS structure with embedded AuNPs is proposed in this study. 

The preliminary study has begun with the fabrication of opaque and rigid MIS memory devices 

using p-type Si substrate. The organic-inorganic (hybrid) dielectric polymethylsilsesquioxane 

(PMSSQ) embedded with gold nanoparticles (AuNPs) are used as the insulator layer and charge 

storage medium in the MIS structure. The use of polymer materials as insulator layer is driven by 

the possibility of enabling new applications in flexible and transparent electronic devices. 

Polymer materials offer an alternative fabrication process for the large area electronics, because 

it provides simpler process, lower cost, and higher throughput, compared with the vacuum-

deposition-based process. In this preliminary study, spin-coating method is used to deposit the 

PMSSQ and AuNPs in polymer host. Subsequently, the electrical characterization has been 
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performed on a MIS NVM device to understand the transport mechanisms through thin insulator 

and proposed.  

Although some promising memory characteristics have been obtained from preliminary study; 

however, spin-coating deposition of AuNPs in the polymer host results in high percentage of 

non-operational non-volatile memory devices due to the non-uniformly distributed AuNPs 

attributed to the centrifugal force during spin-coating. Therefore, a novel hydrothermally grown 

AuNPs directly on the Si substrate has been proposed to improve the distribution of AuNPs. 

Then, the research proceeds to realize transparent and flexible NVM devices using a simple 

solution process. Here, the MIS stacking structure is constructed on the flexible indium-tin-oxide 

(ITO) coated polyethylene terephthalate (PET) as a bottom transparent and conducting electrode, 

and the replacement of p-Si substrate with pentacene as an active layer. However, they also 

suffer non-uniformity in AuNPs due to spin-coating of PMSSQ. 

Lastly in an attempt to achieve non-volatile memory devices based on simple metal-insulator-

metal (MIM) structure, AuNPs embedded in parylene-C with two sandwiching metals were 

realized. Electrical characterization has been performed on these MIM devices to examine and 

propose the charge transport mechanisms. As a result, it has better yield of operational non-

volatile memory devices because the vapor deposition of parylene does not disturbed the AuNPs. 

Further the parylene deposition does not introduce thermal stress on the flexible ITO coated PET 

substrate. 
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CHAPTER 1. INTRODUCTION 

The conventional electronics devices are fabricated using inorganic semiconductors, rigid 

substrates and high temperature methods. In contrast, organic materials (polymer) can be 

processed at low temperature and on large polymeric substrates. These additional advantages 

have drawn the significant attention to develop various electronic devices using flexible/and 

transparent substrates due to the unique properties of being lightweight, bendable, conformable, 

rugged, and not easily breakable.  These features promise the potential applications in vision-free 

products, see-through electronic devices, head-up displays, e-paper, produces a class of system-

on-glass [1-8] and non-volatile memory (NVM) transistor [9,10].  

The recent research focus in organic thin film transistor (OTFT) adopting various type of organic 

material with different embedded charge trap layer [3,5,11,12] in between the stacking structures 

has gained numerous interests due to its lightweight and inexpensive besides it is potential 

candidate for various electronics applications compare to its conventional counterparts. However, 

the existing OTFT [3,5,11,12] structure consists of three-terminal contacts to operate the 

transistor and with complex sandwiching structures and fabrication process to achieve bistable 

memory effects has declined in interest. Hence, for simplicity and ease in fabrication, 

considerable attention has been made to use metal-insulator-semiconductor (MIS) structure as 

memory device using only two-terminals as transparent and flexible organic bistable devices 

(OBDs) with embedded metallic nanoparticles as the charge trap site. In addition, the simplicity 

of the MIS device will allow greater memory density for a given area and will be much preferred 

in practice with lower cost per memory bit.  

In brief, electronic memories can be divided into two primary categories according to its 

volatility, namely volatile and non-volatile memories. Volatile memory loses the stored data as 

soon as the power to the system is turned off. It requires a constant power supply to retain the 

stored information. NVM can retain the stored information even when the electrical power 

supply has been turned off. The proposed MIS-based memory can be categorized as two-terminal 

electronic bistable device as aforementioned. In a bistable device, when the device is biased with 

a voltage greater than critical value, the device suddenly switches from a high-impedance (low 

conductivity) state to a low-impedance (high conductivity) state.  
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When the device is switched to the lower-impedance state, it remains in that state although the 

power is off. This is known as non-volatile phenomenon in memory devices. However, in some 

cases the high impedance state can be recovered by applying a reverse bias; therefore, this 

bistable behavior is ideal for memory applications where programmability is important. 

Even though promising performance has been obtained, organic NVM is still in the research 

stage and is far from practical application [13-16]. The main issues in the organic memory are 

the optimization of selected polymer materials, memory retention, the understanding of the 

mechanism of the memory effect [17] and reliability.  

1.1 Project Objectives 

The ultimate aim of this research is to demonstrate a working non-volatile memory that is 

mechanically flexible and optically transparent. 

To achieve this aim, there are 3 objectives to be accomplished as follow:- 

1. To develop an optically transparent and mechanically flexible NVM using metallic
nanoparticles as charge trap sites.

2. To investigate and quantify the memory effect of metallic nanoparticles embedded between
polymer layers.

3. To understand and propose the transport/conduction mechanisms in a NVM memory device.

1.2 Thesis Outline 

Chapter 2 of this thesis comprises a brief overview of previous work on optically transparent and 

flexible NVMs. An overview of characteristics of the hybrid dielectric polymethylsilsesquioxane 

(PMSSQ) and organic semiconductor pentacene used in this research will also be discussed.     

Chapter 3 describes the equipment and general experimental procedures that were used in this 

study, including device fabrication techniques, chemical preparation, and electrical 

characterization used in this research. 
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Chapter 4 presents a brief description of conduction mechanisms in insulator. 

Chapter 5 discusses the memory effect of the gold nanoparticles embedded in a hybrid dielectric 

layer with p-Si substrate in an attempt to understand the role played by the gold nanoparticles. 

Several transportation mechanisms are proposed. 

Chapter 6 presents the preliminary study of a novel sacrificial hydrothermal technique to grow 

gold nanoparticles use in memory devices.   

In Chapter 7, the development of an optically transparent and mechanically flexible non-volatile 

memory device using PMSSQ and gold nanoparticles will be demonstrated. Spin-coating method 

is used to deposit the multi stacking layers and several conduction mechanisms are proposed.  

Chapter 8 also demonstrates the development of an optically transparent and mechanically 

flexible non-volatile memory device. Instead of PMSSQ, parylene-C is employed as the 

dielectric layers in the stacking structure. Vapor deposition is used to deposit parylene and gold 

colloid is being drop-casted. Vapor deposition method shows better yield than spin-coated 

deposition method.    

Chapter 9 concludes the outcome of the study and the future work is proposed.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 Introduction 

In this chapter, a brief overview of organic nonvolatile memory constructed as OTFT, metal-

insulator-metal (MIM) and MIS structures will be presented. Subsequently, the characterization 

of the various materials used in this study will be presented. 

2.2 General Overview of an Organic Non-Volatile Memory 

Organic materials have attracted considerable attention over past two decades due to their 

attractive characteristics such as flexibility, light-weight, low fabrication cost, higher throughput 

and can be used for large area electronics [1]. There are many electronics applications have been 

proposed and demonstrated such as radio frequency identification tags [2], displays [3], organic 

solar cells [4] and large sensor areas [5].  Recently, increasing attentions have been placed on 

organic memory, using 3-layer stacking structure, for example organic/metallic 

nanoparticles/organic demonstrated as bistasble memory device. The trilayer stacking structure 

has been widely studied in the structure of OTFT, MIM and MIS. The memory structure of MIM 

and MIS are similar because the MIM memory structure is sandwiched between two metal 

electrodes and the source of electronic charges is from the metal electrode whereas the MIS 

memory structure is sandwiched between metal and semiconductor electrodes and the electronic 

charges is from a semiconductor layer.  The schematic cross section structure of each type of 

memory device is shown in Figure 2.1. 

 

Metal Electrode  

(a)                                                   (b)                                    (c) 

 

Metal Electrode

Insulator 

Metal Layer 

Insulator 

Gate Electrode 

Insulator 

Insulator 

p-Type or n-Type Semiconductor 

Metallic 
Nanoparticles

Metal Electrode 
(Source) 

Metal Electrode 
(Drain) 

p-Type or n-Type Semiconductor 

Insulator 

Insulator 

Metallic 
Nanoparticles

Metal Electrode  

Figure 2.1. The schematic cross section structure of three sequential layers of organic/metallic 
nanoparticles/organic as an (a) OTFT, (b) MIM and (c) MIS. 
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As can be seen from Figure 2.1, the memory operation of the trilayer structure can be achieved 

by storing charge in nanoparticles or nanoclusters, which are integrated into the insulating layer. 

Various storage medium used in either of three structures have been demonstrated in recent years, 

for examples application of ferroelectric polymers dielectric materials [6-9] and embedding 

metal nanoparticles / C60 nanocomposite / germanium nanocomposite into gate dielectric [10-17]. 

2.2.1 Organic Thin-Film Transistor (OTFT) Type Non-Volatile Memory 

In 2002, Katz et al. demonstrated the concept of organic nonvolatile memory devices with an 

attempt to realize an OTFT with polarizable gate insulator which the combinations of 

semiconductor/dielectric produces floating gate-like effects [18]. In the following year, 

Mushrush et al. [19] demonstrated a real stacking gate memory device.  The devices were 

fabricated by solution-only techniques on ITO substrates with spin-coated glass resin, solution-

cast oligomer semiconductors, and painted graphite paste electrodes. Organic semiconductors 

with thiophene units display a reversible, tunable, and stable memory effect even as solution-cast 

devices, with turn-on characteristics shifting from accumulation mode to zero or depletion mode 

after a writing voltage is applied. For the first time, evidence demonstrating that most of the 

effect arises from charge stored near the semiconductor-dielectric interface as a response of the 

“floating gate” configuration device [19] has been presented. 

The floating gate in the transistor structure plays a crucial role as the charge storage medium; 

hence the combination of the trilayer structure is important to ensure the optimum performance 

of nonvolatile memory. There are numbers of studies reported in trilayer structure , for instance, 

Cd-AA (cadmium arachidate)/AuNPs (gold nanoparticles)/SiO2 (silicon dioxide) [20,21], PVP 

[poly(4-vinylphenol)]/AuNPs/SiO2 [22], PI (polyimide)/ In2O3 [indium (III) oxide]/SiO2 [23], 

CuPc (copper phthalocyanine)/MoOx (molybdenum oxide)/CuPc [24] , MSQ (methyl 

silsesquioxane)/ZnO/MSQ [25] and these triple structures were integrated with inorganic / 

organic semiconductor layers and shown to have a floating gate like behavior and can be used in 

organic memory field effect transistors. 

In addition to the reported metal and metal oxide nanoparticles embedded in the dielectrics layers, 

there are also  research that demonstrated the used of polymeric gate electrect, a kind of 

6 



chargeable dielectric as a charge storage medium as reported by Singh et al. [26] and Baeg et al. 

[27]. Singh et al. used polyvinyl alcohol (PVA) as a soluble electret and methanolfullerence 

[6,6]-phenyl C61-butyric acid methyl ester (PCBM) as the  active layer. Baeg et al. built the 

memory devices on silicon wafers and based on films of organic semiconductor pentacene and 

SiO2 gate insulator that are separated by a thin polymeric electret poly(α-methylstyrene) (PαMS). 

Both observed the evidences of the presence of trapping states at the insulator/organic 

semiconductor interface as reported by Torres et al. [28]. The schematic structure of the organic 

field effect transistor (OFET) memory devices used by Singh et al. and Baeg et al. are shown in 

Figure 2.2(a) [26] and (b) [27], respectively.  

Figure 2.2. The schematic structure of NVM OFET used by (a) Singh et al. [26] and (b) Baeg et 
al. [27] in their studies. 

On the other hand, introducing ferroelectric polymers into the OFET structure as a charge 

storage media has been widely study. Ferroelectric polymers memories are attractive due to its 

nonvolatile data retention, rewrittability, non-destructive read-out properties, low-voltage 

operation and short programming time [29]. Most of the organic memory transistors reported to 

date exploited the field-induced remnant polarization in ferroelectric polymer films. 

The first memory cell with an organic field-effect transistor structure was fabricated in 2001 by 

Velu et al. [30] and was based on sexithiophene (α6T) as the active layer and inorganic 

ferroelectric material PbZrTiO3 (PZT) as the gate dielectric layer. The study was compared to a 

SiO2 gate transistor. The operating voltage of the device consists of PZT was relatively low and 

transfer characteristic curves showed a hysteresis cycle due to polarization properties of the PZT. 

This opens the way to memory cells based on ferroelectric materials. 

(a) (b) 
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The most promising organic ferroelectric gate dielectric materials are PVDF [polyvinylidene 

fluoride, (CH2CF2)n] and its copolymer P(VDF-TrFE) [poly(vinylidenefluoride-

trifluoroethylene), (CH2CF2)n-(CHFCF2)] due to their relatively long remanent polarization, fast 

switching ability and good thermal stability [31].   The applications of P(VDF-TrFE) in 

pentacene field effect transistors (FETs) as gate dielectric layer were first described by Unni et al. 

[32]. They concluded that the performance of the device is relatively low due to the surface 

roughness of P(VDF-TrFE). However, their observations path the way to the development of all-

organic, plastic (mechanical flexible), NVM devices with OFET structure, with long data 

retention times.  

Nguyuen et al. [33], Lee et al. [34], Sekitani et al. [35] and Yoon et al. [36]  extend the study 

towards mechanical flexibility and / or transparent NVM transistor using solution- processed 

P(VDF-TrFE) and adopted organic semiconductor pentacene and zinc-tin-oxide in the device 

structure. They reported promising results as nonvolatile memory devices with low switching 

voltage, high on/off current ratio and exhibiting good retention properties.  

Although some promising results have been obtained from numerous studies, the limitation of 

ferroelectric polymer memory is that the coercive field required to reverse the macrocospic 

polarization increases with decreasing film thickness [37], yielding it difficult to obtain a large 

enough memory window with program and erase voltages below about 20 V. In addition, due to 

the substantial surface roughness of the ferroelectric polymer films, the carrier field-effect 

mobility in these transistors is usually quite low (0.1 cm2/Vs). Another considerable limitation is 

when the ferroelectric layer thickness decreases for low voltage operation, the ferroelectric effect 

will turn unstable due to strong depolarization field developed in the film [38].  

The evolution of OTFT-based memory is then developed towards transparent and flexible 

nonvolatile memory as OTFT is an attractive technology for many low-cost electronics 

applications, particularly those that require or may benefit from flexible polymeric substrates. 

The advancement of transparent OTFT suggests the development of see-through transparent 

electronics for displays purposes. Sheraw et al. [3] fabricated the OTFT-driven active matrix 

liquid crystal displays on flexible and transparent polyethylene napthalate (PEN) film using a 

low-temperature process (<110oC) and operated as reflective active matrix displays. The small 

displays have 16 x 16 pixel polymer dispersed liquid crystal arrays (PDLC) addressed by 
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pentacene active layer OTFTs. In their study, they found that direct exposure of pentacene to 

PDLC materials severely degrades thin film transistor performance. So far, the realization of 

high performance organic NVM with a real floating gate process is still in an experimental stage 

with many challenges [39-41] to overcome. However, recently a breakthrough was reported by 

Sekitani et al. [42] in 2009. He fabricated an array of 26 x 26 memory cells with a floating gate 

embedded in hybrid dielectrics that comprise a 2 nm thick molecular self-assembled monolayer 

(SAM), a 4 nm thick plasma-grown metal oxide and Al as the gate/floating gate materials. They 

realized a sensor matrix that detects spatial distribution of applied mechanical pressure and stores 

the analog sensor input as two-dimensional image for more than 12 hours by integrating a 

flexible array of organic floating-gate transistors with a pressure sensitive rubber sheet. The 

effort to realize the transparent and flexible OTFT NVM still ongoing and has been studied by 

the active Korean research groups [36,43-46].  

2.2.2  Metal-Insulator-Metal (MIM) and Metal-Insulator-Semiconductor (MIS) Types 
Non-Volatile Memory 

Although the OTFT based memory is being a popular field of research so far, however, the 

fabrication process is complicated with many stacking layers to achieve the bistable memory 

effect with three-terminal contacts to operate the transistors [42]. Hence, for the simplicity and 

ease in fabrication while achieve the bistable memory effect, there has been the significant 

interest in the design of memory devices with the two-terminal OBDs in the structure of MIM 

and MIS instead of three terminals in OTFT-based.   

The early research on organic/metal/organic triple layer sandwiched between two outermost 

metal electrodes, so-called MIM-based memory were proposed by Ma et al. [47-49] in 2002 and 

2003. The studies were further explored by He et al. [50] and Pyo et al. [51] in 2005. They 

fabricated the organic bistable device, with a unique trilayer structure consisting of organic/ 

metal-nanocluster/organic sandwiched between two aluminum electrodes. They were fabricated 

from the same trilayer structure in their study occupying the organic semiconducting polymer, 2-

Aimino-4,5-imidazoledicarbonitrile (AIDCN) for the organic layers. The Al-nanocluster layer 

was formed in these devices by evaporating a thin metal layer in the presence of oxygen or 

AIDCN, forming discontinuous Al nanoclusters. It was proposed that charge could be stored at 
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either side of the nanocluster layer, thereby doping the AIDCN layers and significantly 

increasing the conductivity of the devices and hence inducing the electrical bistability.  

Different combination of 3-layer stacking structure had been reported by adopting different 

organic semiconducting polymer layer and sandwiching the trapping site metal 

nanocluster/nanoparticles; for examples pentacene/Al/pentacene [52] and Alq3 [aluminum tris(8-

hydroxyquinoline)]/Al/Alq3 [53-55]  and Alq3/AuNPs/Alq3 [56]. It was also reported the study 

of flexible OBDs with the use of graphene as the charging and discharging layers embedded in 

an insulating poly(methyl methacrylate) (PMMA) polymer layer by Son et al. [57].    

Instead of using trilayer sandwiching structure to achieve the bistable electrical behavior, a single 

layer MIM structure is also attracted explosive attention [39,40,58-67] owing to its simplicity of 

the device fabrication. The single layer consists of spin-cast polymer nanoparticle blend in which 

nano-traps are randomly distributed throughout the entire region of the host matrix. Figure 2.3 

shows the example of schematic structure of the single layer of the NVM device [66]. The 

bistable electrical behavior also can be realized without introducing the metallic nanoparticles 

into the host polymer. Recently reported, the used of semiconducting polymer [68-70], 

conducting polymer [71], high dielectric inorganic compound [72], blending of organic 

ferroelectric with semiconductor [73],  graphene oxide [74] and donor-acceptor small organic 

molecule pair [75] show promising electrical bistable behavior for future nonvolatile memory 

device applications. 

Figure 2.3. An example of schematic structure of the single layer of the NVM device. The active 
layer of the memory device consists of the host polymer material and the polymeric-stabilized 
AuNPs. The polymer used to prepare polymer-stabilized AuNPs was [4-Cyano-2,4,4-trimethyl-
2-methylsulfanylthiocarbonylsulfanyl-poly (butyric acid 1-adamantan-1-yl-1-methyl-ethyl ester)] 
or the so-called PCm [66]. 
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The research on MIM structure shows promising outcome in applications as nonvolatile memory 

devices, concomitantly, the research in MIS structure shows likewise promising applications. 

Paul et al. [15] demonstrated the first of these devices by incorporating a monolayer of AuNPs 

via the Langmuir-Blodgett (LB) technique into the insulating layer of MIS capacitors. 

Capacitors with embedded nanoparticles were found to show hysteresis in their C-V 

characteristics when compared with devices without nanoparticles. They attributed that electrons 

being injected onto the nanoparticles from the gate electrode, charging the nanoparticles and 

allowing data storage; hence demonstrating hysteresis. Similar results were also demonstrated in 

MIS structures later by Leong et al.[14,76]; however, they attributed the hysteresis caused by 

holes being injected into the nanoparticles.  

Simultaneously, there are numerous studies have been demonstrated in which the metallic or 

metallic oxide nanoparticles was incorporated into difference insulating films. The various 

trilayer stacking structure proposed were SiO2/metal nanoparticles/SiO2 [77,78], PI/ZnO/PI [79], 

Al2O3/AuNPs/SiO2 [80,81], PI/AuNPs/PI [82], pentacene/AuNPs/SiO2 [83], parylene-

C/AuNPs/SiO2 [84], PSQ (polysilsesquioxane)/gold layer/PSQ [85], HfO2/AuNCs (gold 

nanocrystals)/HfO2 [86], pentacene/AuNPs/PMMA [87], Al2O3/AuNPs/Al2O3 [88],  PVP 

(polyvinylpyrrolidone K-30)/AuNCs/PVP [89] and HfO2/AuNPs/SiO2 [90]. While the devices 

demonstrated so far are not used directly as polymer memory devices, it does show that the 

principle of using nanoparticles as charge storage elements is feasible for application in next 

generation nonvolatile memory. Figure 2.4 shows the trilayer schematic structure of the MIS 

memory device [84]. 

Figure 2.4. The schematic trilayer MIS structure of parylene-C/AuNPs/SiO2 on p-type Si 
substrate [84]. 
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Many studies revealed that metallic nanoparticles embedded between insulator layers can be 

used as charge storage medium in the nonvolatile memory devices. The main advantages of 

metal nanoparticles over their semiconductor counterparts include higher density of states around 

the Fermi level, better size scalability and the design freedom of engineering the work functions 

to optimize device characteristics [91,92]. The advantages of metallic nanoparticles storage 

layers [78,92] stem from the large work functions difference with Si substrate, which ensures 

deep potential wells which enhance carrier confinement that avoids retention loss. In addition, 

the noble metals do not oxidize and do not react with the surrounding dielectric layers [86]. 

Besides, it does not require high temperature to synthesize the metallic nanoparticles [93,94] 

which is also another advantage.  

In this study, the ultimate goal is to demonstrate an optically transparent and flexible MIS-based 

NVM. MIS-based will be used due to its wide variety choices of organic semiconductor as the 

source of the electronic charges which is an advantage to ease the realization of an optically 

transparent and flexible NVM device.  Thermal stress free fabrication process of MIM-based 

memory device will be proposed to conclude the study although MIM-based device might face 

limited options [usually ITO and fluorine tin oxide (FTO)] for the transparent electrodes as the 

sources of electronic charges when they are used in a transparent and flexible NVM device. 

2.3 Organic Semiconductor    

Organic semiconductor plays a crucial role in replacing the inorganic semiconductor in the MIS 

structure as it can be a source of electronic charges injection. Conventionally, organic 

semiconductor can exists as either an n or p-type as with its inorganic counterpart.    

2.3.1 N-type Organic Semiconductors 

There are few reasons why there are limited numbers of n-type organic semiconductors have 

been developed compare to p-type organic semiconductors [95-97]:   

a. Most conjugated aromatic cores tend to be better hole than electron transporter and

lacking of understanding the reasons in this case;

12 



b. The mobilities of most known n-type semiconductors have been relatively low;

c. “Organic” design guidelines to envision high-mobility are lacking; and

d. Satisfactory charge injection models for electrode-organic semiconductor interface are

lacking.

e. Most importantly, the performance of current n-type materials is the instability when

exposed to air. It will degrade quickly in air.

Figure 2.5 shows the molecular structures of common n-type semiconductors [96] and Table 2.1 

summarizes the OTFT performance of some n-type organic semiconductors [97].  

 Figure 2.5. Molecular structures of common n-type organic semiconductors [96]. 
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2.3.2 P-type Organic Semiconductors 

The most widely studied organic semiconductors have been p-type. Among a broad spectrum of 

p-type organic semiconductors, pentacene has become the most extensively studied organic 

semiconductors for OTFT due to its superior field effect mobility [96-98]. Owing to this reason, 

pentacene is being used in our study to replace the rigid and opaque p-type Si substrate. Figure 

2.6 shows the molecular structures of common p-type organic semiconductors [97] and Table 2.2 

summarizes the OTFT performance of some p-type organic semiconductors [97]. As reported in 

2002 by Klauk et al. [99] the carrier mobility as large as 3 cm2/V s, subthreshold swing as low as 

1.2 V/decade, and on/off current ratio of 105 was achieved with the fabricated pentacene OTFT 

with polymer dielectrics. Although pentacene is commercially available and displays one of the 

highest hole mobility for a polycrystalline film, but the high performance pentacene is only 

moderately stable to oxygen and light [97]. Pentacene also has a very high melting point and is 

virtually insoluble, even in hot aromatic solvents. A strategy to solubilize it have been developed 

using soluble pentacene precursor where it can be converted to the active form upon heating 

[100-102]. 

 Table 2.1. Summary of the OTFT performance of some n-type semiconductors [97]. 
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 Figure 2.6. Molecular structures of common p-type organic semiconductors. P5 represents 
pentacene in the diagram [97]. 
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Thiophene oligomer is another important class of molecular semiconductors besides pentacene 

oligomer. Thiopene an electron-rich heterocyle with sexithiophene (6T) and hexyl-substituted 

thiophene oligomers for example DH-6T and DH-4T the most widely used organic 

semiconductor materials. The fabricated OTFTs based on 6T and DH-6T were first studied by 

Garnier et al. [103] in 1993 with a relatively high mobilities of 0.002 cm2/Vs and 0.050 cm2/Vs 

for 6T and DH-6T, respectively were obtained. 

Regioregular poly(3-subsitituted thiopene) the conjugated polymer is also another widely studied 

in the polymer families for semiconductor application due to its good solubility and 

processability [97].  Figure 2.7 shows the molecular structures of some polymeric p-type organic 

semiconductors [97] and Table 2.3 summarizes the OTFT performance of some p-type organic 

semiconductors [97].  

  
Table 2.2. Summary of the OTFT performance of some p-type organic semiconductors. 
P5 stated in the table is the abbreviation of pentacene [97]. 
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2.4 Deposition Techniques of Organic Semiconductors 

The film deposition method of organic semiconductor strongly influences the semiconductor 

film morphology and microstructure, as the ordering degree in the organic semiconductor 

structure dominate the performance of charge transport [97,104]. Therefore, the optimization of 

the deposition of organic semiconductor film is crucial in order to obtain ordered structure. The 

  Figure 2.7. Molecular structures of some polymeric p-type organic semiconductors [97]. 

Table 2.3. Summary of the OTFT performance of some polymeric p-type organic [97]. 
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widely used methods for organic semiconductor deposition are vacuum thermal evaporation 

(sublimation) and solution processable method.  

Vacuum thermal evaporation method is generally produce relatively higher charge mobility 

compared to solution processable method. High quality pentacene single crystals can be prepared 

from the vapor phase in a stream of hydrogen or nitrogen [105]. It was reported by Schön et al. 

[106], the thermal evaporated pentacene TFT could achieve a charge mobility of 2.4 cm2/Vs at 

room temperature, which surpasses the mobility of amorphous silicon TFT, reported 1cm2/Vs 

[96].  

In order to produce an excellent quality semiconductor film, the deposition parameters during the 

thermal evaporation must be optimized to achieve the good charge transport properties.  The 

parameters to be optimized are base pressure, substrate temperature, deposition rate, purity of 

organic source material and substrate cleanliness [96,105]. Optimizations of these factors are 

essential in order to yield a low nucleation density, hence larger grain size and closer molecular 

packing to achieve an optimum device performance [96]. The proof of the above claims was 

reported by Dimitrakopoulos et al. [107] in their study when they varied the substrate 

temperature parameter, X-ray Diffraction (XRD) patterns confirmed the altered ordering of 

pentacene molecules.   

Nonetheless, thermal evaporation is a costly and complicated process compared to solution-

processable technique. Solution processable method enables the fast, large area device 

production and commercially feasible processing technique for soluble polymeric semiconductor, 

thus avoiding vapor phase processing. Solution processable method included spin-coating, drop 

casting, dip coating and inkjet printing. The parameters to be optimized in order to achieve a 

good device performance are solution concentration, substrate temperature during casting, 

solvent choice and drying conditions [96].      

The approach of a soluble pentacene precursor has been realized and attracted much attention. 

This method is based on preparing a soluble pentacene precursor that is not a semiconductor but 

can be converted to the active form upon heating; i.e., once the precursor is deposited using the 

solution-processable method, it can be heated to form pentacene. The initial reported mobilities 

by Brown et al. [100,101,108] using this approach is 0.01 to 0.03 cm2/Vs. In 2002, Afzali et al. 
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[102] synthesized a pentacene precursor that is known as 13,6-N-Sulfinylacetamidopentacene.  

The pentacene precursor can be converted into pentacene upon heating up and reported charge 

mobility of 0.8 cm2/Vs for the pentacene TFT produced by this synthetic approach. This 

approach offers a straight forward route to a soluble pentacene precursor that can be used for 

solution-based, large area deposition of pentacene on substrates.  

2.5 Insulator (Dielectric) 

For the nanocrystal-based charge trapping flash memory device, the device is fabricated on the 

p-type Si substrate with a thin tunneling insulator layer. Semiconducting or metallic 

nanoparticles are deposited on the tunneling insulator layer, and a blocking insulator layer and 

metal gate electrode are subsequently deposited and patterned to make a MIS structure memory 

device. Thin tunneling insulator is deposited adjacent to the source of electronic charges 

(inorganic/organic semiconductor) to ease the charges injection and trapped in the nanoparticles 

site when the external bias is applied. Inversely, the thick blocking insulator layer is deposited 

adjacent to the gate electrode is used to prevent the further charges tunneling from the source of 

electronic charges and retain the trapped charges in the nanoparticles site. In the event of organic 

semiconductor is used to replace the inorganic semiconductor, due to the low charge transport of 

the organic semiconductor, the interface between organic semiconductor and the dielectric 

becomes crucial in determining the performance of MIS NVM device since the carrier 

accumulation layer/charge transport is occurring in the first few monolayers of the 

semiconductor at the interface with the insulator [109-111]. Therefore, in order to achieve a high 

performance MIS NVM device, it is necessary to optimize an excellent quality of organic 

semiconductor film with a compatible dielectric. 

Tunneling and blocking insulator layers using inorganic SiO2 has been widely used in the study 

of nanocrystal-based charge-trapping memory devices since earlier reported by Tiwari et al. 

[112,113].  However, the performances of this memory device have reached their 

fundamental material limits such as scaling and operating voltage limitations [114]. Therefore, 

continuing scaling down will require the introduction of new dielectric materials that necessity 

for inexpensive device fabrication processes and the reduction of the operating voltage required 

for new flexible/printed technologies. In recent studies, high-dielectric constant (k) gate 
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dielectrics to replace the conventional SiO2 to be used as tunnel and control oxide in NVM 

devices have been introduced. The used of high-k dielectrics allow a thinner equivalent oxide 

thickness without scarifying the nonvolatility behavior and the thicker physical thickness ensures 

good retention characteristics. Furthermore, due to their unique band asymmetry with Si, their 

lower electron barrier height allows for a large tunneling current at low control gate voltage 

when the device operates in the programming regime [115,116]. Table 2.4 and Table 2.5 

summarized the various inorganic and organic high-k dielectrics that used in OTFT studies with 

their dielectric properties and OTFT characterization [117], respectively.  

Table 2.4. Summary of various inorganic high-k dielectrics that used in OTFT studies with 
their dielectric properties (Thickness, D; Capacitance, Ci; Dielectric Constant, k; and 
Breakdown Field, EB) and OTFT characterization (Mobility, μ; Current On/Off Ratio, 
ION/IOFF) [117]. 
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As can be seen from Table 2.4, although some promising charge mobility is obtained for the case 

of inorganic high-k dielectrics, however the methods of deposition used are sputtering, 

anodization, plasma-enhanced atomic layer deposition and atomic layer deposition. All these 

methods are costly over the large areas, not solution-based deposition under the ambient 

conditions and complicated procedures involved in device fabrication. Meanwhile, Table 2.5 also 

indicates the deposition methods used for high-k organic dielectrics, namely cast, print, spin 

coating and etc. Even though these deposition techniques are promising and simple route to low 

Table 2.5. Summary of various organic high-k dielectrics that used in OTFT studies with 
their dielectric properties (Thickness, D; Capacitance, Ci; Dielectric Constant, k; and 
Breakdown Field, EB) and OTFT characterization (Mobility, μ; Current On/Off Ratio, 
ION/IOFF) [117]. 
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cost fabrication of organic-based NVM devices, however a study reported that when a low-k gate 

insulator is used, device performance such as increase mobility and reduce threshold voltage is 

significantly improved compared to high-k gate insulator due to energetic disorder arising from 

insulator polarity [118]. This report suggested the promising option of using low-k dielectric for 

NVM.       

Low-k materials, besides high-k materials are the subject of intense investigation and 

development to replace conventional SiO2 dielectrics. However, besides a low dielectric 

constant, any materials used to replace SiO2 as dielectrics must satisfy other requirements, which 

include high thermal stability, being stable at temperatures above 400oC; high mechanical 

strength; low ionic concentration; breakdown field above 2 MV cm−1; low moisture absorption; 

ease of damascene processing or etching; low thermal swelling coefficient or film stress; good 

adhesion to various substrates; and reactive inertness towards metals at high temperature [119]. 

In search of such low-k dielectric materials, hybrid dielectric materials present as a new class of 

materials that may combine desirable physical properties characteristic of both organic and 

inorganic materials [120]. Poly(methylsilsesquioxane) (PMSSQ) with an intrinsic low dielectric 

constant (k = 2.2-3.0) is a hybrid material with low moisture absorption and has excellent 

thermal stability to 500oC when fully cured, mechanical, electronic, and optical properties and 

has potential for electronics applications [121,122]. PMSSQ is solution processable (including 

spin-on processability, planarization, gap filling damascene processing) [123] and has adjustable 

viscosity to suit various thin film solution deposition techniques. After deposition, the PMSSQ 

layer can then be fully cross-linked thermally at a temperature which is compatible with common 

commercial plastic substrates for fabrication of flexible integrated circuits [121]. Figure 2.8 

shows that PMSSQ have a rather well defined ladder-like polymer structure [121,124]. 

 Figure 2.8. Ladder like polymer structure of PMSSQ [121,124]. 
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2.6 Chapter Summary 

Due to the earlier mentioned advantages of PMSSQ, and it fulfilled most of the requirements in 

replacing SiO2, PMSSQ is used in this study as the tunneling and blocking insulator layers, 

whereares p-type organic semiconductor, pentacene is used in this study to create a rectifying 

device to ensure that only electrons injection will occurs during programming or as a source of 

electronic charges.  
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CHAPTER 3.  EQUIPMENT, CHEMICALS AND MATERIALS 

3.1 Introduction 

In this chapter, equipment, chemicals and materials used for device fabrication will be briefly 

presented. 

3.2 Preparation of Chemical Solutions 

In this section, the chemical materials and procedures used to prepare the solution of gold 

nanoparticles, PMSSQ, pentacene and nanocomposite will be described.  

3.2.1 Preparation of Gold Nanoparticles (AuNPs) 

Two different techniques can be used to prepare metal particles colloids, i.e. by dispersion of 

larger particles (dispersion method) or by condensation of smaller units (reduction method) [1]. 

The sols prepared by dispersion method are unstable and consist of particles with a large size 

distribution. To generate the uniform particles and stable metal colloids in the solution, chemical 

reduction method is a better approach. By reduction of metal salt in the solution, the metal 

colloids are stable as they are protected by solvent molecules and electric charges to prevent 

coagulation [1]. Therefore, in this work, citrate reduction method [2] is applied to prepare the 

AuNPs. 

AuNPs were prepared by dissolving 254 µM gold (III) chloride trihydrate (HAuCl4·3H2O) in 

deionised water. The solution was then stirred at 350 rpm and heated until boiling. After that, 2.5 

mL of 40 mM trisodium citrate (Na3C6H5O7) was rapidly added into the solution, and left to 

boil for 10 minutes. Then 1 mL of 0.2 M hydroxylamine hydrochloride (NH2OH·HCl) was 

added and continuously heated for 15 minutes. The solution was then cooled down to room 

temperature by continuous stirring. Figure 3.1 shows the UV-Vis-IR absorption spectrum of the 

as-prepared AuNPs solution. The AuNPs are of high purity because only a single peak that 

belongs to AuNPs is observed at 517 nm wavelengths. The inset illustrates the image of spherical 

AuNPs observed using the transmission electron microscopy (TEM). Figure 3.2 shows the 

hydrodynamic size of AuNPs, which was measured using a zetasizer (Model ZEN3600 by 
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Malvern Instruments). It can be seen that the synthesized AuNPs have a narrow particle size 

distribution, and the average diameter is determined to be ~ 20 nm. 

 

Figure 3.1. UV Vis-IR spectrum of as-prepared AuNPs. The TEM image of AuNPs is shown 
in the inset. 

Figure 3.2. The size distribution of the prepared AuNPs using a zetasizer. 

32 



3.2.2 Preparation of Polymethylsilsesquioxane (PMSSQ) 

One of the reported method to generate nanoporous films is to use sacrificial porogen (pore 

generator) approach which is involved the selective removal of thermally liable pore generator 

from phase-separated organic/inorganic matrixes [3]. The used of different porogens have been 

reported in the literatures include dendrimers [4,5], star-shaped polymers [6,7], nitrogen 

containing copolymers [8,9], and amphiphilic block copolymers [10,11]. The pore morphology 

generated by this approach strongly depends on the composition of the hybrid, the interaction 

between matrix and porogen, and the molecular architecture [12] of the porogen and 

subsequently creating pores in the resulting dielectrics through the sacrificial thermal 

decomposition of the porogens in the high thermal decomposition range 350-400oC [4]. However, 

these porogens have been found to show aggregation in polysilsesquioxane precursor matrixes, 

limiting the pore-size reduction and the porosity of the resulting dielectric thin films [4,9,13,14].  

Another approach to synthesis PMSSQ is by hydrolysis/condensation of methyltrimethoxysilane 

under appropriate condition as reported elsewhere [15,16]. This technique was used to prepare 

solution processable PMSSQ in this study. The PMSSQ solution was prepared by mixing 

trimethoxymethylsilane (CH3Si(OCH3)3), n-BuOH and DI water in the ratio of  4:10:1. The 

mixture was then stirred in an ultrasonic bath for 5 to 8 hours at 60 oC and stored at room 

temperature to age for a week.   The solution was then spin-coated on the substrate and cured to 

form a low dielectric constant thin film. During the curing the process, condensation reactions 

occur and form the crosslinked film [15]. 

3.2.3 Preparation of Pentacene 

As mentioned in previous chapter, Section 2.4, the high quality single crystal can be obtained 

from the vapor phase in the stream of hydrogen or nitrogen [17,18] which is involved costly, 

complicated and time consuming process as compared to solution-processable method. 

Therefore, to avoid vapor phase method yet achieve good device performance, solution- 

processable technique is an alternate approach. However, pentacene has a very high melting 

point and is virtually insoluble even in hot aromatic solvents [19]. Hence, in this research, we 

employed the pentacene reversible process which was suggested by Afzali et al. [20], i.e. the 
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one-step synthesis of a soluble pentacene precursor that reverts to pentacene at moderate 

temperature while remaining comparable transport properties. The solution-processable 

pentacene was prepared with 5 mg pentacene precursor, i.e. 13,6-N-Sulfinylacetamodipentacene 

(from Sigma-Aldrich) into 1 mL of organic solvent chloroform and then stirred. The soluble 

pentacene precursor can be converted to the pentacene active form upon heating through Diels-

Alder reversible reaction [19,20]. 

3.2.4 Preparation of Nanocomposite Mixture 

Incorporation of nanoparticles in the polymer matrixes is a field of particular interest of materials 

engineering as the nanocomposite structures based on the embedded functional materials in 

processable matrixes are of growing technological interest such as optical and nonvolatile 

memory applications [21-24]. Overall, 3 different approaches have been used to incorporate 

nanoparticles in polymer matrixes. The first method is by in situ synthesis of nanoparticles in the 

polymer matrix. This is usually achieved by reducing a metal salt already present in the matrix 

[25-27] or by evaporating the metal at the heated surface of the matrix [28]. However, in situ 

synthesis of nanoparticles tends to yield polydisperse and uncontrolled nanoparticle sizes [29]. 

The second approach consists of polymerizing the matrix around the nanoparticles [30]. The 

drawback of this approach is it produces polydisperse matrixes [29]. Besides that, both of these 

techniques produce undesired substances in the matrixes during polymerization or the reduction 

steps [29]. The third technique involves the blending of pre-made nanoparticles and pre-made 

polymer matrix. This method provides full synthetic control over both the nanoparticles and the 

matrix, and has the potential for generating a wide variety of composite materials [21,29].  

Hence, in this study, the nanocomposite mixture was prepared by mixing the AuNPs prepared 

earlier with the PMSSQ solution, creating a nanocomposite mixture. The volume ratio of the 

mixture of the PMSSQ and AuNPs solution is 1:2. The mixture was then agitated for 15 minutes, 

in an attempt to maximize the distribution of the AuNPs in the PMSSQ solution. The cautious 

optimization of mixture ration followed by agitation is to minimize the aggregation of AuNPs in 

the polymer matrixes. 
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3.3 Substrates Cleaning 

Two different substrates were used in this study, namely p-type Si and ITO coated PET 

substrate. To ensure the optimum device operation, the substrates must undergo the proper 

cleaning process prior to sample preparation.   

The p-type Si substrate (2 cm x 2 cm) was cleaned with piranha solution which is the mixture of 

sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) in 7:3 for 10 minutes followed by a strong 

rinse with deionized (DI) water. Then, to remove the native oxide layer and any contamination 

from the wafer surface, the substrate was dipped for 60 s in 1:20 hydrofluoric acid (HF):DI water. 

The substrate was then rinsed with DI water. Finally, the substrate was subjected to ultra-sonic 

cleaning in a 6:1:1 ratio mixture of DI water:hydrochloric acid (HCl):H2O2 for 10 minutes to 

remove remaining contaminants followed by a strong rinse with DI water. Nitrogen air was 

blown to dry the samples.  

The ITO coated PET substrate (1 cm x 1 cm) was cleaned with acetone, followed by isopropanol 

(IPA) and then nitrogen stream was blown to dry the substrate. 

3.4 Material Deposition Techniques 

After the cleaning process, the substrates were ready for deposition of multi stacking thin film 

layers of materials via the means of solution processable, chemical vapor deposition (CVD) and 

physical vapor deposition (PVD). Solution-processable method was used to deposit the 

organic/hybrid materials, CVD method was used to deposit the parylene-C layer and PVD 

method was used to deposit the metal.  
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3.4.1 Solution-Processable Technique 

Solution-processable technique used to deposit the pentacene and PMSSQ is spin coating. The 

spin-coater used in this study was 400B Spin Processor by LaurellTechnologies as shown in 

Figure 3.3.  The spin coating method is part of an automated production process that applies 

uniform thin films on various substrates [31,32]. The thickness of the thin film can be controlled 

by varying the spin speed and viscous forces which are determined by solvent viscosity. The 

details of experimental procedures will be described in the subsequent chapters. 

 

3.4.2 Chemical Vapor Deposition (CVD) 

Figure 3.4 shows the equipment of parylene coater by ParaTech Labcoater. At the end of this 

project, the fabrication route using a CVD to construct a large area and optically transparent and 

mechanically flexible memory based on MIM structure with embedded colloidal AuNPs will be 

studied. Dichloro-di-p-xylylene is used as starting material and the thin film parylene-C is 

deposited at room temperature at 0.024 Pa. Further descriptions of operation of this equipment 

and the reasons of using CVD method will be explained in Chapter 8.  

  Figure 3.3. The picture of the spin-coater 400B Spin Processor by Laurell Technologies used in 
this research. 
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3.4.3 Physical Vapor Deposition (PVD) 

PVD method used to deposit the metal electrodes was vacuum thermal evaporation. Gold (Au) 

and aluminum (Al) were deposited through vacuum thermal evaporation to form the contacts of 

the samples after spin coating process. The principle of vacuum thermal evaporation is based on 

resistive thermal evaporation, i.e. vaporizing a solid metal by heating it to sufficiently high 

temperature and re-condensing it onto the cooler substrate to form a thin film. In this study, the 

heating was carried out by passing 19 A of current through the basket shape filament container 

with the working pressure was about 2 x 10-4 Pa. JEE-4X vacuum evaporator from JOEL as 

shown in Figure 3.5 was used in this research. 

 Figure 3.5. The picture of JEE-4X vacuum evaporator that used in this research. 

Figure 3.4. The picture of parylene coater by ParaTech Labcoater. 
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3.6 Electrical Characteristic Measurements 

In this research, the capacitance-voltage (C-V) characterization of devices was performed at 100 

kHz with Agilent 4263B LCR meter and 3649A d.c. power supply whereas the current-volatg (I-

V) behavior of the devices was measured using Keithly 2602 source-measure-unit (SMU). The

photographs of the equipment are shown in Figure 3.6.  General experimental procedures of 

these electrical measurements will be explained in the subsequent chapters. All of the electrical 

measurements were carried out on a probe station manufactured by Micromanipulator as shown 

in Figure 3.7.   

(a) (b) 

(c) 

  
 

Figure 3.6. Pictures of equipment used (a) Agilent 4263B LCR meter, (b) 3649A d.c. 
power supply and (c) Keithly 2602 source-measure-unit (SMU). 
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3.7 Chapter Summary 

This chapter discussed the chemical materials used, procedures to prepare the chemical solutions 

and substrates cleaning in this study. The equipment used to perform spin coating, dielectric 

deposition, metal evaporation,   and electrical characterization of the fabricated memory device 

were also presented. However, the details experiment procedures of multi layers deposition and 

electrical measurements will be provided in the subsequent chapters.   
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CHAPTER 4. ELECTRON TRANSPORT MECHANISMS THROUGH THIN 
INSULATOR FILMS  

4.1 Introduction 

In this study, the NVM devices will be fabricated in the MIS and MIM structure with AuNPs 

embedded in the insulator layers. In order to examine the effect of embedded AuNPs as a charge 

storage medium in the memory device, electrical characterization such as I-V behavior of the 

memory devices will be measured and the electron transport mechanisms through the dielectric 

materials will be studied and proposed.  

An understanding of the conduction mechanisms at the interface of semiconductor-insulator and 

metal-insulator is crucial to facilitate the technological developments. There are several 

mechanisms are commonly used to explain electron transport through the dielectric films. The 

mechanisms include direct tunneling [1-3], thermionic emission (TE) [4,5], Schottky emission 

[6,7], Poole-Frenkel (PF) emission [6,7] and space-charge-limited current (SCLC) [8-12]. Direct 

tunneling conduction mechanism is well known can occur in an ultra-thin dielectric layer, for 

example ~ 3 nm for silicon dioxide [13]. Therefore, the electron tunneling phenomena is unlikely 

to occur in the thick insulator layer, ≥ 100 nm in this study. Consequently, based on the I-V 

results presented in the subsequent chapters, various conduction mechanisms will be proposed to 

explain the possible charge transport in the device.   

4.2 Brief Descriptions of Conduction Mechanisms through an Insulator 

The basic theory of possible conduction mechanisms through an insulator can be based on the 

obtained I-V behavior and will be discussed briefly here.  Electron transport in the insulator of 

the MIS and MIM devices under an electric field not only depends on the insulator itself but also 

on the interaction of the insulator with its electrodes [14]. As a consequent, conduction can be 

classified as either electrode-limited (TE or Schottky Emission) or bulk-limited (PF Emission 

and Space-Charge-Limited) [14,15].  To identify the probable mechanism, the I-V relationship 

can generally be expressed as nVI ∝  and the fitted slope of an ln-ln plot determines the value of 
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n. The degree of curve fitting to the experimental data and the value of n are crucial to speculate

the possible conduction mechanism. 

4.2.1 Thermionic Emission (TE) 

Thermionic emission, commonly occurs at low voltage, refers to the process of heat-induced 

electrons from a hot metal/semiconductor surface emitted across a barrier. In other words, TE 

occurs in the low-field high temperature limit and is a flux of electrons on the high-energy tail of 

the Maxwell-Boltzmann distribution over the image-force-lowered work function barrier [14]. 

Figure 4.1 shows the energy band diagram of TE of electron over the insulator barrier. It is worth 

to mention that the critical parameter is the barrier height, not the shape of the barrier [16].  

The TE conduction model [17] is given as follow:- 

𝐼 ∝ 𝑇2𝑒𝑥𝑝 �− 𝑞∅𝐵
𝑘𝑇

+ 𝑞�𝑞3𝑉
4𝜋𝜀𝑖

� Equation (4.1) 

where 𝑇 , 𝑞 , 𝑘 , 𝑉 , 𝜀𝑖  and ∅𝐵  represent absolute temperature, electronic charge, Boltzmann 

constant, applied voltage, insulator permittivity and barrier height. For TE conduction deduction, 

the curve fitting of ln (𝐼/𝑇2) versus 𝑉1 2⁄  will be a straight line. 

Figure 4.1. Energy band diagram showing TE of electron over the insulator barrier [16]. 
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4.2.2 Schottky Emission 

In general, Schottky emission mechanism is an electrode-limited conductivity which involves TE 

of electron over the barrier into the insulator via field-assisted lowering of the barrier at the 

metal-insulator or the semiconductor-insulator interface [6,7,16]. The energy band diagram as 

depicted in Figure 4.1 can also be used to represent Schottky emission of electron over the 

barrier.  

 

Figure 4.2 shows the Schottky or image-lowering effect at the metal-insulator interface in the 

presence of an applied electric field. The Schottky effect, or image-lowering effect, occurs when 

an external electric field is applied to the metal surface and electrons that escape from the metal 

surface will experience two external forces known as the image force that arises from the 

Coulomb attractive force as a result of the positive image charges induced inside the metal by the 

escaping electrons, and the Lorentz force due to the applied electric field. As a consequence, the 

effect of the image force and the applied electric field is to lower the work function of a metal, 

∅𝑚 by ∆∅𝑆 [18,19]. Therefore, Schottky emission can be expressed as [20]:-  

  Figure 4.2. Energy band diagram showing the field-assisted lowering of the barrier at the metal-
insulator interface [19]. ∆∅S is the image-lowering potential. 
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𝐼 ∝ 𝑇2𝑒𝑥𝑝 �− 𝑞
𝑘𝑇
�∅𝐵 − � 𝑞𝑉

4𝜋𝑑𝜀𝑖
�� Equation (4.2) 

where 𝑑  is insulator thickness. Note that from Equation (4.2), Schottky emission is also 

characterized by a linear relationship between a plot of ln (𝐼/𝑇2) versus 𝑉1 2⁄ as obtained in TE.  

4.2.3 Poole-Frenkel Emission (PF) 

The PF conduction mechanism is expected to be dominant in insulating thin films when they 

have a large trap density and are thick enough to avoid quantum-mechanical tunneling [21,22]. 

The trapped electrons can move easily to the conduction band due to the thermal activation or the 

external electric field [23]. The PF emission in Figure 4.3 [16] is due to emission of trapped into 

the conduction band and the supply of electrons from the traps is through thermal excitation 

[15,16]. For trap states with Coulomb potentials, the electron can be detrapped on lowering the 

trap depth by an applied electric field [15]. 

Therefore, the PF conduction mechanism can be associated with a bulk effect where the 

electrons come from the bulk of the insulator [7]. The I-V relation of PF emission can be 

described as follow [16]:-   

𝐼 ∝ 𝑉𝑒𝑥𝑝 � 𝑞
𝑘𝑇
�� 𝑞𝑉

𝜋𝜀𝑖𝑑
− ∅𝐵�� Equation (4.3) 

  Figure 4.3. Energy band diagram showing PF conduction mechanism [16]. 
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For the deduction if the transport mechanism is PF emission, a plot of ln (𝐼/𝑉) versus 𝑉1 2⁄  

would be a straight line. 

4.2.4 Space-Charge-Limited Current (SCLC) 

The occurrence of SCLC could be attributed to the excessive amount of injected carriers, such as 

electrons, which control the space charge and electric field profile of the junction, where no 

compensating charges is present [9,16,24]. Under this circumstance, SCLC is dominated by the 

drift component of injected electrons, which in turn sets up the field [9,16]. In the presence of a 

space-charge effect, if the current is dominated by the drift component of the injected carriers, it 

is known as the space-charge-limited current [16]. Since it is a drift current, the carrier velocity is 

related to the electric field by different functions and three different transport electric field-

velocity regimes can be considered for space charge,  i.e. mobility regime (constant mobility), 

saturation velocity regime (saturated drift velocity) and ballistic regime (free acceleration) 

[16,25,26].  

In the case of a perfect insulator without intrinsic carriers and traps having a charge carrier 

mobility  independent of the electric field and neglecting diffusion, the SCLC in the mobility 

regime is obeying Mott-Gurney law as [16,24]:- 

𝐼 ∝ 9𝜀𝑖𝜇𝑉2

8𝑑3
Equation (4.4) 

where 𝜇 is the carriers mobility. Note that in this mobility regime, the current for the unipolar 

trap-free case is proportional to the square of the applied voltage where 𝐼 ∝ 𝑉2  [16] and a plot 

of ln I versus 2ln V would be a straight line with a slope of n = 2. Mott-Gurney law is derived 

from three independent assumptions, i.e. the presence of a single free-carrier type (injection of 

only electron or hole free charge-carriers into the insulator), the absence of an intrinsic (Ohmic) 

conductivity, and  the existence of a constant dielectric permittivity (the material being a linear 

insulator) [27]. 𝐼 ∝ 𝑉2  is observed when the mean free path of the charge carriers is small 

compared with the insulator thickness and the charge carrier temperature is equal to the lattice 

temperature [25]. 
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In the mobility regime, it is assumed that the mobility of charge carriers is constant which the 

drift velocity of mobile charge carriers is directly proportional to the electric field and the mobile 

charge carriers are in thermal equilibrium with the insulator. A gradual transition between the 

two extreme limits of constant mobility and velocity saturation is observed as the voltage 

increases. If the set up field at anode exceeds a certain critical electric field; the drift velocity is 

directly proportional to the square root of the electric field. In this range the mobile charge 

carriers are not in thermal equilibrium with the insulator, i.e. the mean free path of the charge 

carriers is small compared with the insulator thickness and the charge carrier temperature is 

much larger than that of the lattice temperature. Consequently, for very high electric fields, the 

drift velocity ceases to increase further with the electric field and saturates [16,25,26,28-30]. 

Therefore, the SCLC in the saturation velocity regime is given by expression [16,26]:-  

𝐼 ∝ 2𝜀𝑖𝑣𝑠𝑉
𝑑2

 Equation (4.5) 

where 𝑣𝑠 is the saturation velocity and independent of field. In this saturation velocity regime, 

the current is linearly proportional to the voltage, 𝐼 ∝ 𝑉 and a plot of ln I versus ln V yields a 

straight line with a unity slope of n = 1.   

In ballistic regime, the acceleration of the charge carrier is assumed to be directly proportional to 

the electric field and the charge carriers are act as free particles [25]. In this regime, the current is 

space charge limited and the carriers can move freely through the solid without any scattering 

[31]. The SCLC in the ballistic regime can be described by Child-Langmuir law [9,11,16,31] and 

can be obtained from relationship:-  

𝐼 ∝ 4𝜀𝑖
9𝑑2

 �2𝑞
𝑚∗�

1
2 𝑉

3
2 Equation (4.6) 

where 𝑚∗ is the effective mass of carriers. In this ballistic regime, the current varies as the three 

halves power of the voltage, 𝐼 ∝ 𝑉3 2⁄  and a plot of ln I versus 3 2 � ln𝑉  yields a straight line

with a slope of n = 1.5. Child-Langmuir law is generally used to describe the SCLC in vacuum 
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diodes but the similar conditions can exist in insulator into which unipolar charge carriers are 

injected [31]. Under certain external condition, ballistic motion of carriers occur when the mean 

free path of the charge carriers is large compared with the insulator thickness [25,31]. 

In the presence of traps the current is in general lower and the quadratic field dependence is 

retained in the case of a discrete trap level only (or when all traps are filled). If traps are 

distributed in energy they will be gradually filled with increasing electric field and the current 

will increase faster than quadratic until all traps are filled [24]. In this case the so-called trap-

charge limited current (TCLC) is given by [24]:- 

𝐼 ∝ 𝑉𝑙+1

𝑑2𝑙+1
Equation (4.7) 

which mean that 𝐼 ∝ 𝑉𝑙+1 and a plot of ln I versus (l+1) ln V yields a straight line with a slope of 

(𝑙 + 1) ≫ 2 . Figure 4.4(a) and (b) depict the energy band diagram of TCLC and SCLC 

conduction mechanisms, respectively. In Figure 4.4(a), it can be seen that the charge carrier is 

filling the trap site through TCLC transport mechanism. After the trap site is filled through 

TCLC, the charge carrier is transported through the insulator by SCLC mechanism to the 

opposite electrode as shown in Figure 4.4(b).   

(a) (b) 
  Figure 4.4. The energy band diagrams showing (a) TCLC and (b) SCLC 

conduction mechanisms. 
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4.3 Chapter Summary 

This chapter illustrates the different charge transport mechanisms through an insulator such as 

TE, Schottky emission, PF emission and SCLC. In this thesis the use of curve fitting of ln-ln 

plots will be used to deduce and hypothesize the various charge transport mechanisms of the 

MIS and MIM-based NVM devices.   
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CHAPTER 5. STUDY OF MEMORY EFFECT OF GOLD NANOPARTICLES IN 
POLYMETHYLSILSESQUIOXANE AND EFFECTS OF METAL 
ELECTRODES AND POLYMETHYLSILSESQUIOXANE THICKNESS 
ON THE NON-VOLATILE MEMORY 

5.1 Introduction 

The initial study of this chapter is to fabricate the MIS devices to study the memory effect of 

AuNPs in PMSSQ.  Therefore, different MIS sandwiched structures such as Al/PMSSQ/p-Si and 

Al/PMSSQ/AuNPs/PMSSQ/p-Si were fabricated to investigate the memory effect of AuNPs 

embedded between the hybrid dielectric. In addition, a study was also carried out to examine the 

effects of AuNP’s concentration to the electrical characteristics of the MIS structure. Finally, the 

similar structures of memory devices were fabricated with different electrodes to understand the 

effect of different metal and PMSSQ dielectric thickness when used as memory device. 

Eventually, the NVM memory device with a lower turn on voltage (VON) will be used to realize 

as a transparent and flexible memory device.    

5.2 The Effects of AuNPs Embedded In PMSSQ Layers 

This preliminary study is crucial to ensure that the promising memory effect of AuNPs in the 

embedded hybrid dielectrics layers is obtained before the further study can be carried out. In this 

section, experimental procedures of the devices fabrication will be described and follow by 

results and discussion after the electrical measurements will be presented.    

5.2.1 Experimental Procedures  

Figure 5.1(a), (b) and (c) show the cross-sectional structure of the fabricated MIS structure used 

to perform the study of memory effect of AuNPs in the hybrid dielectric and the MIS structures 

in Figure 5.1(a), (b) and (c) are known as S1, S2 and S3, respectively.  

The devices fabrication begun with the spin coating of PMSSQ1 on top of the cleaned p-type Si, 

followed by the spin coating of a nanocomposite mixture (refer to S2 and S3 in Figure 5.1 (b) 

and (c), respectively) and then a PMSSQ2. The 120 nm and 200 nm thick PMSSQ layers were 
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prepared by spin coating at 6000 rpm for 100 s and 2000 rpm for 100 s, respectively. The 100 

nm nanocomposite mixture was achieved by spin coating at 6000 rpm for 100 s. The spin-coated 

PMSSQ and nanocomposite layers were each thermally cured at 160oC for 1 hour in nitrogen 

ambient to achieve a complete cross-linking of the PMSSQ. Finally, a circular Al electrode of 

0.5 mm2 is thermally evaporated on top of PMSSQ2 with the aid of a shadow mask to form the 

Schottky contacts [1].     

5.2.2 Results and Discussion 

The C-V measurements were carried out in order to verify the memory effect due to the existence 

of AuNPs. Figure 5.2 shows the C-V hysteresis window for S3. A large hysteresis is observed in 

a forward and reverse sweep C-V plot. This indicates a significant amount of charge trapping due 

to AuNPs in the nanocomposite layer or at their interfaces with the PMSSQ as there is negligible 

size of hysteresis window for the control sample, S1 as shown in the inset of Figure 5.2, and 

indicating the absence of trapped charges in the PMSSQ. The inset also shows the hysteresis 

measurements for S2 and S3. The sample S3 shows the largest hysteresis window of about 13 V.  

p-type Si 

PMSSQ (120 nm) 
Al  

Nanocomposite (100 nm) 
  

p-type Si 

Al  

p-type Si 

PMSSQ1 (120 nm) 

Nanocomposite (100 nm) 

Al  

PMSSQ2 (120 nm)  

(a) (b) 

 (c) 

 Figure 5.1. The cross-sectional structure of the fabricated MIS structure used to study the 
memory effect of AuNPs embedded between PMSSQ. Figure 5.1 (a), (b), and (c) are 
labelled as S1, S2 and S3, respectively in discussion. 
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5.3 The Effects of Concentration of AuNPs to the Electrical Characteristics of the MIS 
Structure 

In addition to the investigation of memory effect due to amount of AuNPs, the MIS structure in 

Figure 5.3 was fabricated to examine the effects of AuNP’s concentration to the C-V hysteresis 

and the breakdown voltage of the MIS structure. The C-V hysteresis gives an indication of the 

programming window of a memory device. The breakdown voltage information is very 

important for the determination of a suitable programming and erasing voltages and also the 

reliability of the device.  

The experimental procedures to achieve 120 nm for PMSSQ1 and PMSSQ2 already been 

discussed in Section 5.2.1. After deposited the PMSSQ1 on the substrate, before drop casting of 

AuNPs solution, oxygen plasma treatment was performed at 20 W for 5 s to reduce the 

hydrophobicity of PMSSQ as the surface of the cured PMSSQ layer is hydrophobic. The 

measured contact angle of water drop on cured PMSSQ surface before and after oxygen plasma 

treatment were 88o and 3o, respectively. The drop casted AuNPs was left over to dry for 

overnight to achieve self-assembly. See Figure 5.4 for the micrograph of the drop casted AuNPs 

on top of PMSSQ. In order to study the effect of AuNP’s concentration on the C-V hysteresis and 

Figure 5.2. The C-V hysteresis window characteristics for S3 with the stacking structure 
of Al/120 nm-PMSSQ1/100 nm-Nanocomposite/120 nm-PMSSQ2/p-type Si. The inset 
shows the hysteresis plots for S1, S2 and S3. 
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breakdown voltage,  the AuNPs layer in Figure 5.3 was deposited with 3 different concentrations, 

i.e., high concentration (labelled as ‘1’), which is the as-prepared solution, medium concentration

(labelled as ‘0.5’), which was diluted from the as-prepared with DI water with a ratio of 1:1, and 

low concentration (labelled as ‘0.25’) that was diluted from the “medium-concentration” with DI 

water with a ratio of 1:1.   

 

Figure 5.5 shows the inverse exponential trend of the effect of AuNPs concentration towards the 

C-V hysteresis. The average C-V hysteresis was calculated from 10 measurements from different 

samples for each concentration. It is found that, high concentration (labelled as ‘1’) samples 

show an expected high average hysteresis of ~11 V as compared to the medium concentration 

p-type Si 

PMSSQ1 (120 nm)  

Drop casted AuNPs 

Al  

PMSSQ2 (120 nm)  

  

 

Figure 5.3. The cross-sectional structure of the fabricated MIS structure used to study the 
effects of AuNP’s concentration embedded between PMSSQ. 

Figure 5.4. A micrograph of the AuNPs on top of a PMSSQ layer. 
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(labelled as ‘0.5’) of ~5.5 V and low concentration (labelled as ‘0.25’) samples of ~5 V. The 

high hysteresis or programming window can be attributed by the high charge storage due to the 

large amount of charge trapping contributed by the AuNPs. The inset in Figure 5.4 shows the 

behavior of a C-V with hysteresis of one of the sample with high AuNPs concentration.        

As expected the high concentration sample has the lowest average dielectric strength is ~ 0.6 

MV/cm (breakdown voltage, VBO = 18 V). As for the medium and low concentration samples, 

their dielectric strength are higher at 0.75 MV/cm (VBO = 22.5 V) and 0.8 MV/cm (VBO = 24 V) 

respectively. See Figure 5.6 for the obtained breakdown voltage against different concentration 

of AuNPs which was calculated from 10 measurements from different samples for each 

concentration.  The dielectric strength of the PMSSQ without any AuNPs is 1 MV/cm. The high 

concentration sample recorded the lowest breakdown voltage is believed to be due to the increase 

in the density of pores at the interface between the PMSSQ and the AuNPs. Therefore, there is a 

compromise between the need for high hysteresis and breakdown voltage. 

Figure 5.5. The box charts indicates the influence of concentrations of AuNPs to the 
hysteresis voltage. The inset displays the behavior of the hysteresis window of high 
concentration (1). 

55 



5.4 Effects of Metal Electrodes and Dielectric Thickness on the Non-volatile Memory 

 

With the evidence that the size of C-V hysteresis window is due to the amount of AuNPs in 

PMSSQ layers, hence in this section, different MIS samples were fabricated to understand the 

effect of different metal electrodes (Al and Au) and PMSSQ dielectric thickness when used as 

memory device. Subsequently, the MIS device with optimum performance will be used to realize 

as an optically transparent and mechanically flexible NVM device. Three different MIS samples 

were fabricated with differed in PMSSQ thickness and metal contact to perform the study, i.e. (a) 

  

p-type Si 

PMSSQ1 (120 nm) 

Nanocomposite (100 nm) 

PMSSQ2 (200 nm) 

Al  

p-type Si 

PMSSQ1 (120 nm) 

Nanocomposite (100 nm) 

PMSSQ2 (200 nm) 

Au 

p-type Si 

PMSSQ1 (200 nm) 

Nanocomposite (100 nm) 

PMSSQ2 (120 nm) 

Au  

(a) (b) (c) 

 Figure 5.6. The box chart of the breakdown voltage against different concentration of AuNPs. 

Figure 5.7. The cross-sectional structure of the three fabricated MIS devices as NVM and 
labelled as (a) MIS-A, (b) MIS-B and (c) MIS-C, respectively. 
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Au/200 nm-PMSSQ2/100 nm-Nanocomposite/120 nm-PMSSQ1/p- type Si, (b) Al/200 nm-

PMSSQ2/100 nm-Nanocomposite/120 nm-PMSSQ1/p-type Si, and (c) Au/120 nm-

PMSSQ2/100 nm-Nanocomposite/200 nm PMSSQ1/p-type Si, as shown in Figure 5.7 and are 

labelled as MIS-A, MIS-B and MIS-C, respectively. MIS-A and MIS-B were fabricated to 

compare the effect of different metal electrode towards electrical behavior of NVM, and MIS-C 

was used to examine the effect of dielectric thickness in influencing the behavior of NVM as 

compare to MIS-A. Figure 5.8 shows the scanning electron microscopy (SEM) microstructure of 

cross-sectional view of MIS-A. In this work, all positive and negative voltages that were applied 

to the top metal electrode were made with respect to the p-type Si for all measurements.   

Figures 5.9(a) and (b) show the I-V characteristics of the fabricated MIS-A and MIS-B, 

respectively. When a positive bias was swept from 0 to +20 V (forward sweep) at the metal 

electrodes, there is an abrupt increase in current at ~5.6 V and ~13.6 V (VON) for MIS-A and 

MIS-B respectively. On the reverse sweeping from +20 to 0 V, an increase in current was 

observed in both MIS-A and MIS-B. From Figure 5.9(a), it is clear that MIS-A configuration has 

a lower VON and is a better choice due to lower programming voltage. As a result, subsequent 

research only concentrates on the use of Au electrode.  

PMSSQ 

Nanocomposite 

PMSSQ 

Figure 5.8. SEM microstructure of cross-sectional view of MIS device of Figure 5.7(a). 
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The charge transport effect can be observed by experimenting with different thickness of the 

sandwiching PMSSQ1 and PMSSQ2 layers. In Figure 5.7(c) the MIS-C has thicker PMSSQ1 

(200 nm) than PMSSQ2 (120 nm).  In Figure 5.10, the VON for MIS-C is ~18.6 V when forward 

swept and has a smaller hysteresis compare to MIS-A. Obviously, the thicker PMSSQ1 layer 

plays a significant role in retarding the electrons transporting from the Si, resulting in the higher 

 (a) (b) 

 
  

Figure 5.9. The I-V characteristics of MIS (a) MIS-A and (b) MIS-B on a semilog scale. 

Figure 5.10. The I-V characteristics of MIS MIS-C on a semilog scale. 
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VON.  Hence, the thickness of the PMSSQ adjacent to the p-type Si needs to be thin for ease in 

electrons transporting across resulting in a low VON. 

The conduction mechanisms used to explain the electron transport through dielectric thin film 

have been described in Chapter 4. The I-V  is the simplest technique used to study metal-organic 

interface [2]. Therefore, based on the obtained I-V results, various mechanisms will be proposed 

to explain the charge transport in the device. To explain the possible transport mechanisms of the 

MIS devices, the I-V characteristics in Figure 5.9 and 5.10 were marked with regions I, II and III. 

As aforementioned in Chapter 4, to identify the probable mechanism, the I-V relationship can 

generally be expressed as nVI ∝  and the fitted slope of an ln-ln plot determines the value of n. 

Hence, the possible conduction mechanisms and the values of n for MIS-A, MIS-B and MIS-C at 

regions I, II and III are summarised in Table 5.1. In low voltage region I for all devices, TE is 

commonly occurred which is related to the thermally generated electrons. Electron tunneling 

mechanism through 120 nm and 200 nm thick dielectric layers is unlikely to occur. Instead, 

Schottky and PF emissions could be possible mechanism in transporting the electrons at the 

interface of p-Si and porous PMSSQ film [3]. Therefore, the obtained experimental data in 

region I denoting to fit well in ln (I/T2) ∝ V0.5 and ln (I/V) ∝ V0.5 respectively, indicates to obey 

Schottky and PF emission mechanisms respectively. This possibility could be explained as the 

electrons from p-Si are transported across the barrier due to thermionic effect via field-assisted 

lowering at a p-Si-PMSSQ interface into the AuNPs with the combination of PF emission, based 

on field-enhanced thermal emission of trapped electrons in the PMSSQ into the AuNPs [3].  

However, when the voltage increases to VON (region II for MIS-A and MIS-C), the TCLC 

transport will occur because n >> 2.  In this region, the trap sites due to AuNPs start to be filled 

by electrons and a sudden increase in current is observed [4].   The region III’s slope of MIS-B 

( 0.1≈n ) is different from MIS-A and MIS-C (n = 2.1 and 2.5, respectively).  In MIS-A and 

MIS-C when all traps are filled they transit from TCLC to that of trap free SCLC [5].  However, 

0.1≈n  in MIS-B suggests the existence of an ohmic contact that could be associated with the 

formation of Al conduction filament [6] in PMSSQ causing contact with AuNPs, switching the 

conduction from Schottky and PF emissions to ohmic. This also explains the extremely small 

transition of region II in MIS-B.  Therefore, it is believed that the 27≈n  for MIS-B in region II 

is not due to TCLC mechanism but merely a transition from Schottky and PF emissions (region I) 
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to Al filament conduction (region III), which forms much readily than Au filament in MIS-A and 

MIS-C due to lower melting temperature of Al. This event causing inter-diffusion of Al atoms 

into PMSSQ requires high energy to occur and explain why a high VON for MIS-B is required as 

compared to MIS-A. In addition, when a high voltage is applied to the Al contact respect to p-

type Si, the electron emission from the surface of the device will be due to the generation of the 

hot carriers by the high electric fields which exist at high resistance spots of Al filament [7]. 

These high electric fields will oppose the movement of injecting electrons from the p-type Si 

substrate. Therefore, the higher VON is needed to surmount the opposite high electric fields.   

Device Region I Region II Region III 

MIS-A Schottky and 

PF emissions 

31 2.1 

MIS-B  Schottky and 

PF emissions 

27 1.0 

MIS-C  Schottky and 

PF emissions 

64 2.5 

This work also demonstrated that devices made from Au electrode are reprogrammable similar to 

flash memories due to charge trapping mechanism.  To demonstrate the capability of the MIS-A 

as a re-programmable NVM, an I – t plot showing the increase in current (ION) after programmed 

and reduction in current (IOFF) after erased is shown in Figure 5.11(a)-(c) illustrated the band 

diagrams of MIS-A being programmed and erased when the voltage is applied at the Au 

electrode. In this context, the device is programmed when electrons are trapped in the AuNPs 

and the device is erased when void of trapped electrons in the AuNPs. To program the device, an 

arbitrary large positive voltage (>> VON) is applied at the Au electrode.  In this case, a +15 V of 

10 s pulsed is applied to the Au electrode and is large enough to cause an inversion layer in the 

Table 5.1. Summary of possible conduction mechanisms and value of n for MIS-
A, MIS-B and MIS-C. 
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p-type Si substrate; hence electrons emission from the Si into the AuNPs and hence programmed 

the device as depicted in Figure 5.11(b).  To erase the device, a similar pulse but at –15 V is 

applied at the Au electrode in an attempt to attract the trapped electrons in the AuNPs back to the 

p-type Si as depicted in Figure 5.11(c) instead of emission of electrons from Au electrodes.  The 

probability of emission of electrons from Au electrodes is lower as the work function of Au is 

5.1 eV versus the Fermi level of a lightly doped p-type Si of 4.91 eV. The ION or IOFF is read 

with a +3.3 V applied at the Au electrode.  In Figure 5.11(a), the ION or IOFF is read every second 

over a period of 10 s to examine the stability of the programmed or erased device. It is evidential 

from Figure 5.11(a) that ION is approximately an order higher than the IOFF and can be used to 

differentiate if a memory cell is programmed or erased. 

Figure 5.11.  (a) The ION and IOFF versus time plot of MIS-A. The band diagrams 
illustrated MIS-A being (b) programmed, and (c) erased.  
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Besides the PMSSQ film thickness, the size of AuNPs and degree of dispersion of the AuNPs in 

the organic hosts [8] do effect the memory properties of the device. In this work, although spin 

coating of the nanocomposite solution to create a layer of PMSSQ with embedded AuNPs is 

simple, it does not produce a uniform dispersion of the AuNPs [9,10]. The uniform dispersion of 

nanoparticles is important as it will affect the concentration and distribution of the AuNPs 

available to trap electrons. A map of the 36 MIS devices fabricated on a piece of Si showing the 

locations of good and bad NVMs is shown in Figure 5.12. It is clear that the percentage (in this 

case only 16.7%) of good (or operational NVM) devices (marked as P) that can be programmed 

and erased is very low.  Those that are good or operational NVMs are along the periphery or 

edges. This is believed to be due to the centrifugal force during spin coating dispersing the 

AuNPs in the PMSSQ solution towards the edges of the Si substrate; hence devices along the 

edges would have sufficient AuNPs embedded in the PMSSQ to form NVMs and those at the 

centre would have little or no AuNPs to make operational NVMs (marked as F). Figure 5.4 

further illustrates the problem of poor distribution of AuNPs on top of the PMSSQ1 that is 

inherent with this simple spin-coating process. Alternative method such as self-assembly could 

be explored at the expense of increasing fabrication process complexity.  

 Figure 5.12. A mapping showing the distribution of a good/operational of NVM (P) and 
bad/non-operational NVM (F) with MIS-A structure. 

62 



5.5 Chapter Summary 

The electrical characteristics of PMSSQ dielectrics have been studied and the negligible C-V 

hysteresis window indicating insignificant charge trapping in the PMSSQ. Hence, it is evidential 

that AuNPs embedded between PMSSQ layers play a crucial role as a charge trapping site when 

the significant C-V and I-V hysteresis window were obtained for the fabricated NVM devices. 

MIS-A with the stacking structure of Au/200 nm-PMSSQ2/100 nm-Nanocomposite/120 nm-

PMSSQ1/p-Si has been optimized to provide better memory performance as compare to other 

structures.  
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CHAPTER 6. MEMORY DEVICES WITH A NOVEL HYDROTHERMALLY GROWN 
GOLD NANOPARTICLES 

6.1 Introduction 

As discussed in Chapter 5, the spin-coating technique to deposit AuNPs in organic host is not 

uniformly distributed and more AuNPs can be found at the edges of a substrate due to the 

centrifugal effect when spin coated, as shown in Figure 5.12, resulting in inconsistent memory 

device properties. In order to achieve a uniform distribution and large area coverage of AuNPs, 

several alternative methods have been reported by many research groups, for example Langmuir-

Blodgett film deposition [1,2], chemical self-assembly [3], block copolymer self-assembly [4], 

and template-directed assembly [5]. However, all these methods could be employed but at the 

expense of increasing fabrication process complexity.       

This chapter presents a novel method in forming AuNPs directly on a substrate. The AuNPs are 

grown on a seeded ZnO template using the low-temperature sacrificial hydrothermal growth 

technique. The seeded template refers to the nanosize grain-consisting of ZnO layer after 

annealing at a certain temperature. In a typical ZnO nanorod formation, this ZnO seed template 

contributes to the formation of well-aligned nanorod arrays [6,7]. However, in the present study, 

the ZnO seed template will be removed or dissolved during the hydrothermal reaction to form 

AuNPs directly on the substrate (sacrificial process). Without the ZnO seed template, the size 

and distribution of the AuNP formation cannot be tuned. The ZnO seed template dissolves into 

the hydrothermal reactive bath during the reaction due to the competitive reaction between Au 

and ZnO formations, which is attributed to the difference in Gibbs free energy (∆G; ∆GAu = 

−421.59 kJ/mol and ∆GZnO = 16.08 kJ/mol) [6,7]. This preceding approach has the advantages of 

low-cost setup, uniform AuNP distribution, and adjustable AuNP size and allows large-area 

fabrication. The effect of the annealing temperature of the seeded ZnO template on AuNP 

properties after the reaction is explained accordingly. The AuNPs formation mechanism using 

this approach is presented in this chapter. The memory properties of PMMSQ-embedded AuNPs 

are discussed and explained in detail. 
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6.2 Experimental Procedures 

An n-type (100) Si wafer was cut into small pieces (1 cm x 1 cm) and used as substrates. The 

silicon substrates were cleaned using a standard Radio Corporation of America (RCA) cleaning 

process to remove the organic and inorganic contaminants from the surface. A PMSSQ layer was 

deposited at 2000 rpm for 100 s on the cleaned substrates to achieve 350 nm dielectric layers. 

Thereafter, the samples were cured in an oven at 160°C for 1 hour (Figure 6.1(a)). A 200 nm 

thick ZnO thin film was then deposited on each substrate using radio-frequency magnetron 

sputtering at 200 W (Figure 6.1(b)).The samples were annealed at different temperatures: 200°C, 

300°C, and 400°C, with a ramp rate of 5°C/minute and soaked for 10 minutes to examine the 

seed layer effects on the formation of AuNPs (Figure 6.1(c)). Thereafter, the AuNPs were grown 

on the ZnO seed template using a sacrificial low-temperature hydrothermal approach. The ZnO-

seeded samples were subjected to a hydrothermal reaction in a preheated oven at 80°C for 4 

hours. The hydrothermal bath contained 0.1 M zinc nitrate tetrahydrate (Zn(NO3)2·4H2O), 0.1 

M hexamethylenetetramine (C6H12N4), 0.01 M gold(III) chloride trihydrate (AuCl4.3H2O), and 

10 mL acetic acid. After hydrothermal reaction, the samples were removed, rinsed with 

deionized water, and then dried. The thin ZnO layer was eliminated due to sacrificial growth 

(Figure 6.1(d)). A second PMSSQ layer was then spin-coated on top of AuNPs and cured at 

160°C for 1 hour (Figure 6.1(e)). Al top (1 mm × 1 mm) and back contacts were deposited using 

thermal evaporation (Figure 6.1(f)). 

The surface morphology of the samples was observed using a field emission scanning electron 

microscope (FESEM; Zeiss Supra™ 35VP, Carl Zeiss AG, Oberkochen, Germany). The presence 

of chemical elements was analyzed using an energy dispersive X-ray spectrometer. Phase 

presence was analyzed using the Bruker D8 X-ray diffractometer (XRD; Bruker Optik GmbH, 

Ettlingen, Germany). The memory characteristics of the samples were determined using the 

Keithley Model 4200-SCS semiconductor characterization system (Keithley Instruments Inc., 

Cleveland, OH, USA). 
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Figure 6.1. Process flow for sacrificial templated-growth hydrothermal reaction of AuNPs 
embedded in the PMMSQ memory device. (a) PMMSQ/n-type Si, (b) deposited ZnO 
layer, (c) thermal oxidation of ZnO layer to form ZnO seeds, (d) AuNPs formed on 
PMMSQ/n-type Si, (e) another PMMSQ layer was deposited on the AuNPs, and (f) 
desired memory device structure with Al as top and bottom electrodes. 

6.3 Results and Discussion 

SEM images of the ZnO seeds with varying annealing temperatures are shown in Figure 6.2. 

Before annealing, more large grains were observed (Figure 6.2(a)). After annealing, the grain 

sizes become more uniform with lesser large grains present. The observation indicates that the 

rearrangement of atoms produces a more stable microstructure during the annealing process. The 

size of the grains becomes smaller until annealing at 300°C (Figure 6.2(c)). Further increasing of 

the annealing temperature to 400°C causes larger grain present due to the diffusion of ions 

(Figure 6.2(d)) as reported by Chu et al. [8]. However, for the hydrothermal growth using a 

seeded template, the seeds must not be too dense to provide a space for growth during the 

hydrothermal reaction. 

The average seed size of each sample was calculated from SEM images using the ImageJ 

software (NIH, Bethesda, MD, USA). The ZnO seed sizes of the non-annealed sample and those 

annealed at 200°C, 300°C, and 400°C were 110, 113, 109, and 104 nm, respectively. The ZnO 

seeds become smaller with increasing annealing temperature. At high temperature, ZnO atoms 

vibrate strongly at their lattice positions and exchange energy with neighbouring atoms when 
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Figure 6.2. SEM images of the ZnO seed template annealed at varying temperatures. (a) 
Non-annealed, (b) 200°C, (c) 300°C, and (d) 400°C. 

sufficient thermal energy is supplied during the annealing process. Thus, atoms diffuse to 

achieve the lowest strain energy [9], forming smaller ZnO seed surface grains (Figure 6.2). 

Figure 6.3(a) shows the XRD patterns of the ZnO seed layer template annealed at different 

temperatures, with a preferential growth along (002) at 34.4° in all samples. The (002) peak 

intensities increased with increasing annealing temperature, indicating a cyrstallinity 

improvement in the ZnO seeds. This cyrstallinity improvement is due to the sufficient thermal 

energy of the annealing process, which caused Zn and O atoms to rearrange in a proper site. 

Thus, the ZnO seed layer template crystallinity is improved [10]. Moreover, the (002) peak 

positions shifted to a higher angle with increased annealing temperature due to compressive 

stress relief. During the annealing process, the ZnO film atoms gained energy to rearrange; thus, 

the ZnO seed film achieves relaxation [10,13,14]. Meanwhile, ZnO peaks disappear; however, a 

dominant peak of (111) at 38.3° appeared which corresponds to the AuNP presence. 

Theoretically, for a face-centered cubic metal Au, the surface energies of the low-index 

crystallographic facets usually increase in the order of {111} < {100} < {110} due to an increase 

in interatomic distance. The {110} plane is the most favourable plane for the Au atom deposition 
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Figure 6.3. ZnO seed layer template, AuNP growth, and MIS memory device. XRD 
spectra of the (a) sputtered ZnO seed layer template annealed at various temperatures, 
and (b) corresponding AuNP growth using the ZnO seed template annealed at various 
temperatures. (c) Cross-sectional view of the MIS memory device for the sample 
annealed at 400°C. 

because {110} has the highest facet surface energy [11]. Therefore, {110} planes have the 

highest rate of dissolution and recrystallization of Au atoms, eventually resulting in {110} facet 

disappearance as the Au particles grow, thereby making the synthesis of Au nanoparticle with 

{110} facets difficult. Therefore, Au prefers to grow along the {111} facets because the {111} 

facets have the lowest surface energy, which is more stable, as shown in Figure 6.3(b) [15,16]. 

The ZnO peaks for all samples are absent, confirming the dissolution of the ZnO seed template 

during the hydrothermal reaction. This dissolution is attributed to the competitive growth 

between Au and ZnO. Furthermore, ZnO erodes in an acidic solution [12]. Therefore, in the 

present study, the pH of the hydrothermal precursor is similar for all samples at approximately 

2.7. Figure 6.3(c) shows the cross-sectional structure of the fabricated MIS memory device 

annealed at 400°C. The SEM micrograph shows that AuNPs are embedded in between the two 

PMSSQ layers. 

 

 

(c) 
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Figure 6.4. SEM images of AuNPs formed using the ZnO sacrificial template annealed at 
various temperatures. (a) Non-annealed, (b) 200°C, (c) 300°C, and (d) 400°C. 

Figure 6.4 shows the morphology of AuNPs grown on the ZnO-seeded substrates annealed at 

various temperatures after the hydrothermal reaction. The AuNPs for the sample grown on the 

non-annealed template are spherical and non-uniformly distributed. Furthermore, the AuNPs 

tend to agglomerate. Few large-sized AuNPs are observed for the sample grown on the template 

annealed at 200°C. In addition, few AuNPs are grown isolated, but some agglomeration is 

observed. A greater amount of AuNPs with a smaller diameter than the non-annealed and 200°C 

annealed samples is obtained for the sample grown on the ZnO template annealed at 300°C, 

indicating that higher AuNP density per area. More AuNPs are isolated compared with the 

samples in Figure 6.4(a) and (b). A higher AuNP amount for the samples grown on a template 

annealed at 400°C is produced, and AuNPs are closer to each other, with some attached to one 

another. 

The AuNP size and distribution are affected by the ZnO seed size. Figure 6.2 shows that the ZnO 

seed size decreases with increasing annealing temperature. Thus, more sites are available for 

AuNP nucleation. With the same Au ion amount, small AuNPs can be formed. The distance 
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between the AuNPs for large seeds is far. Some large AuNPs are also observed due to AuNP 

interdiffusion. 

The average AuNP diameters for the samples grown at different annealing temperatures of the 

ZnO template were calculated using the ImageJ software. The average AuNP diameters for the 

non-annealed samples and those annealed at 200°C, 300°C, and 400°C are 113, 120, 90, and 70 

nm, respectively. The AuNP number per unit area (area density) was calculated. The area 

densities of the non-annealed sample and samples grown at 200°C, 300°C, and 400°C are 2.6 × 

1013, 8.9 × 1012, 2.7 × 1013, and 4.5 × 1013 m−2, respectively. 

Theoretically, a template determines the size, shape, and distribution of nanoparticles [13]. This 

basic principle is applicable in this study, wherein the AuNP size and distribution are confined 

by the template. AuNPs nucleate on a high surface energy site, which is the ZnO grain boundary. 

The grain boundary area between the ZnO seeds increased and lead to the formation of larger 

AuNPs when the ZnO seed size increased. The AuNPs grown were larger because of the larger 

ZnO seeds. Therefore, low AuNP area density is observed. 

6.3.1 Formation Mechanism of AuNPs 

During the hydrothermal reaction, the ZnO seed template erodes into the hydrothermal reactive 

bath due to the competitive growth between Au and ZnO. There are two systems involved in the 

hydrothermal bath, as shown in Equations (6.1) and (6.2). 

AuCl4
− + 3e− ↔ Au + 4Cl− Equation (6.1) 

Zn(OH)2 ↔ ZnO + H2O Equation (6.2) 

The ΔG of Au and ZnO formations are −421.59 and −16.08 kJ/mol, respectively. Based on the 

difference in ΔG values, AuNP formation is more favourable; thus, ZnO formation is suppressed. 

Furthermore, the precursor solution is acidic; ZnO erodes in an acidic condition as mentioned 

previously. ZnO is amphoteric and dissolves in acids to form salts that contain hydrated zinc(II) 

cation [14]. Consequently, Zn(OH)2 dissociated back into OH− and Zn2+ to neutralize the 
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Figure 6.5. SEM image and schematic diagram. (a) SEM image of Au nanoparticles grown 
using the ZnO template. (b) Schematic diagram of Au nanoparticle formation between the 
ZnO seed layer and the ZnO-seeded template dissolution in the acidic hydrothermal 
reactive solution. 

solution by reacting with H+ ions in the precursor solution, as shown in Equations (6.3) and (6.4). 

Therefore, pH of the solution after the hydrothermal reaction increased. 

Zn(OH)2 ↔ Zn2+ + OH− Equation (6.3) 

H+ + OH− ↔ H2O Equation (6.4) 

During the hydrothermal reaction, Au ions nucleate between the ZnO seed layer because the 

surface energy is higher at the grain boundaries. Au ions from the hydrothermal solution diffused 

into the AuNP nuclei and formed larger particles. At the same time, the ZnO seed layer acted as 

a sacrificial template for AuNP growth because ZnO dissolved into the solution after the AuNP 

nuclei started to grow. The formation mechanism is illustrated in Figure 6.5. 

 

6.3.2 Electrical Properties of PMMSQ-Embedded AuNPs 

About 350 nm of PMSSQ was spin-coated on the AuNPs to investigate the electrical properties 

of the produced AuNPs. The top and bottom contacts were prepared using Al evaporation. The I-

V characteristics of PMMSQ-embedded AuNPs with varying annealing temperatures of the ZnO 

template are shown in Figure 6.6. The I-V characteristics were obtained by applying positive 

voltage on the Al top contacts with respect to the Al bottom contacts. For all samples, the 
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positive voltage was swept from 0 to +10 V and vice versa. During the reverse sweep, the current 

increased in all memory devices is due to trapped electrons at the AuNP sites [16].  

The I-V characteristics in Figure 6.6 were marked as regions I, II, and III to explain the possible 

memory device transport mechanisms. During the forward sweep, at the turn on voltage, VON, in 

region II indicates that the electrons from the n-type Si substrate are transported into the AuNP 

acceptor-like centres over the PMSSQ layer. For all cases in Figure 6.6, TE conduction is 

occurred in low voltage region I due to thermal generated electron. In region I (V < VON), 

electron tunnelling effects through the thick dielectric layer is unlikely to be observed, instead 

Schottky emission with the combination of PF emission are the dominant conduction 

  

 

(c) (d) 

Figure 6.6. The I-V characteristics of (a) non-annealed sample, (b) annealed at 200oC 
sample, (c) annealed at 300˚C sample and (d) annealed at 400˚C sample as MIS memory 
devices. 

(b) (a) 

(c) (d) 
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Figure 6.7. Energy band diagram describing the electron flows and trap observed during 
the positive bias on the Al top electrode with respect to the Al bottom contact. 

mechanisms to transport the electron from n-type Si into AuNPs. In region I, the obtained 

experimental data for all cases in Figure 6.6 are being fitted into ln (I/T2) ∝ V0.5 and ln (I/V) ∝ 

V0.5 indicates to obey Schottky and PF emission mechanisms, respectively.  As the voltage 

increased to VON, the transport mechanism switched to the TCLC for all memory devices 

because n >>2 as marked in region II. In this region, the trap sites due to the presence of AuNPs 

started to be filled by electrons, and an abrupt current increase is observed. After all traps in the 

AuNPs were filled, the transportation mechanism switched to trap-free (an ideal SCLC transport 

mechanism has n = 2) SCLC for all cases. During the reverse sweep, the current flow through the 

device remained high because all the traps are filled and follows the SCLC transport mechanism. 

The electrons can be stored and retained, thereby proving the existence of the memory effect. An 

energy-band diagram illustrates the electron injection from Si to PMSSQ and trapped in AuNPs, 

as described in Figure 6.7. 

 

The sample prepared using AuNPs grown on the non-annealed template showed an abrupt 

increase at 6.8 V, which is the highest VON observed among all samples, with 0.8 orders of 

increment in current magnitude. This is due to the low area density of the AuNPs formed. For the 

sample grown on the template annealed at 200°C, 0.7 orders of current magnitude increment is 

observed with a lower VON of 5.6 V. The low AuNP area density is compensated by the larger 

and isolated AuNPs that stored more charges to obtain a similar increment with the first sample, 

which is supported by the findings on the effect of size on the memory window [22,23]. The 

largest hysteresis is obtained for the sample prepared on the ZnO template annealed at 300°C, 
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with 6 orders of current magnitude increment at VON = 3.6 V, indicating that uniform AuNPs are 

observed in combination with their size and area density exhibited excellent memory effects. For 

the sample grown on the template annealed at 400°C, 2 orders of current magnitude increment is 

observed at VON = 2.4 V, which is attributed to the high area density of isolated AuNPs. Based 

on the I-V characteristics, the samples prepared using templates annealed at 300°C and 400°C 

show larger current increment. Both samples show good distribution of isolated AuNPs when 

related back to the microstructure. The sample grown on the template annealed at 300°C 

produced better I-V responses between forward and reverse swept of voltage. I-V plot is 

important as it allows the understanding of the charge transport mechanism when the device is 

erased or programmed. 

The C-V characteristics of the PMMSQ-embedded AuNPs using the ZnO template annealed at 

varying temperatures are shown in Figure 6.8. All samples were swept from the negative to the 

positive voltage and then back to the negative voltage. The hysteresis (flat-band voltage shift, 

ΔVFB) window for the sample prepared on the non-annealed template is 3.7 V, which is the 

largest hysteresis. The sample prepared on the template annealed at 200°C exhibited the smallest 

hysteresis of 1.2 V. Meanwhile, a large hysteresis of 3.6 V is observed in the sample grown on 

the template annealed at 300°C. No complete hysteresis window is observed for the sample 

grown on the template annealed at 400°C might be due to the AuNPs formed are too dense and 

led to the lateral flow of charges. Hence, the charge per AuNP was not calculated. 

74 



 Figure 6.8. The C-V characteristics of AuNPs embedded in PMMSQ for the (a) non-annealed 
samples and those (b) annealed at 200˚C, (c) 300˚C, and (d) 400˚C samples. 

The following describes the calculation of charge storage capacity per AuNP. Flat-band voltage 

shift, ΔVFB, was calculated for a single electron (m = 1) confined in AuNPs using Equation 

(6.5)[17]: 

∆𝑉𝐹𝐵 = 𝑚𝑞𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝜀𝑃𝑀𝑆𝑆𝑄

�𝑡𝑔𝑎𝑡𝑒 + 1
2
𝐷𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒� 

where 𝑚  is the number of charges per single Au nanoparticle, 𝑞  is the electron charge 

magnitude, 𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the area density, 𝑡𝑔𝑎𝑡𝑒 is the thickness of the control gate (PMSSQ), 

𝐷𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the AuNP diameter, and  𝜀𝑃𝑀𝑆𝑆𝑄 is the PMSSQ dielectric constant. 

Equation (6.5) 
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Through the observed flat-band voltage shift, ∆𝑉𝐹𝐵, from the C-V hysteresis window as shown in 

Figure 6.8, the amount of charges stored per single Au nanoparticle can be calculated as follows: 

Stored charge density,𝑚𝑑nanoparticle = 𝛥𝑉FB𝜀PMSSQ

𝑞�𝑡gate+
1
2𝐷nanoparticle�

Equation (6.6) 

Therefore, the number of stored charge per single Au nanoparticle was obtained through the 

stored charge density in Equation (6.6), divided by area density. The data obtained through the 

C-V characteristics of each sample are summarized in Table 6.1. Large hysteresis can be seen for 

the sample grown on the non-annealed template and annealed at 300°C, 3.7 and 3.6 V, 

respectively as compare to the sample annealed at 200oC, i.e. 1.2 V. However, the amount of 

charge stored per AuNP for each sample recorded the similar number of stored electrons, i.e., 43, 

40 and 41 for the non-annealed, annealed at 200oC and 300oC samples, respectively, which is not 

observe in the study reported by Tseng et al. [18], a larger Au nanoparticle size is probably better 

for charge storage. 

Annealing temperature 

Non-annealed 200°C 300°C 

Hysteresis or flat-band voltage shift, ΔVFB (V) 3.7 1.2 3.6 

Amount of electrons stored per Au nanoparticle 43 40 41 

Table 6.1. Summary of ΔVFB and amount of electrons stored per AuNPs for the non-annealed 
samples and those annealed at 200°C and 300°C. 
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6.4 Chapter Summary 

AuNPs are successfully grown directly on PMSSQ using a sacrificial templated growth 

hydrothermal reaction at a low temperature. The AuNP size and distribution are dependent on 

the annealing temperature of the ZnO sacrificial template because AuNPs are nucleated and 

grown on ZnO seed grain boundaries. The AuNP size decreases with increases in the area 

density when the ZnO annealing temperature is increased. Although the insignificant difference 

is obtained for number of electrons stored per AuNP for each sample, however, the shift of flat 

band voltage has been proven the charge storage capability of the AuNPs. Therefore, with 

regards to this, the I-V should be used to conclude that the optimum memory properties of the 

PMMSQ-embedded AuNPs were obtained for AuNPs grown on the ZnO seed template annealed 

at 300°C as it produces better I-V responds between an erased and programmed device. In real 

device operation, only the I-V matters as it is the current that is being measured to determine 

whether the device is erased or programmed. In addition, the I-V plot reveals the charge transport 

mechanisms than the charge storage capability. 
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CHAPTER 7. DEVELOPMENT OF AN OPTICALLY TRANSPARENT AND 
MECHANICALLY FLEXIBLE MEMORY DEVICE WITH 
EMBEDDED GOLD NANOPARTICLES IN A 
POLYMETHYLSILSESQUIOXANE DIELECTRIC  

7.1 Introduction 

Rigid and non-transparent MIS structures were developed and demonstrated as non-volatile 

memory devices in Chapter 5. In this chapter, a simple fabrication route using a simple solution 

process to construct a large area, optically transparent and mechanically flexible memory using 

MIS structure with embedded AuNPs is demonstrated. The MIS stacking structure is constructed 

on the flexible ITO coated PET as a bottom transparent and conducting electrode, and the 

replacement of p-Si substrate with pentacene as an active layer which is the most widely used 

organic semiconductors for OTFTs due to its high field effect mobility [1] and its transparency. 

7.2 Experimental Procedures 

The MIS devices with structure Au/65 nm-Pentacene/120 nm-PMSSQ2/100 nm-nanocomposite 

mixture/200 nm-PMSSQ1/ITO coated PET were fabricated as shown in Figure 7.1. P-type 

semiconductor is used in this structure to ensure that only electrons injection will occur during 

programming. It is known that it is easier for electrons from the metal electrode to be transported 

into the AuNPs than holes from the p-type semiconductor, which is related to a larger barrier for 

the holes transport in the valence band [2]. 

   

ITO  

PMSSQ2 (120 nm) 

Nanocomposite (100 nm) 

PMSSQ1 (200 nm) 

Au 

Pentacene (65 nm) 

PET 

Figure 7.1. The cross-sectional MIS structure of the fabricated MIS devices as NVM. 
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The preparation of the solutions and the deposition of the multi stacking layers have been 

explained in Chapter 3 and Chapter 5. In brief, the device fabrication begun with depositing 

layers of PMSSQ1, followed by nanocomposite, then PMSSQ2 and finally pentacene before 

evaporating Au electrodes. The visibility of the Au electrode will ease micro-probing during 

electrical characterization. Additionally to mention here, the soluble pentacene was spin-coated 

at 2000 rpm for 100 s to obtain a 65 nm thick layer and cured at 175°C for 20 minutes to convert 

into solid pentacene [3]. For electrical characterization, all positive or negative voltages applied 

to the top Au electrodes were made with respect to the ITO for all measurements and the 

transparency of the fabricated devices was measured with UV-vis spectrometer Agilent 8453.     

7.3 Results and Discussion 

Figure 7.2 shows the absolute transparency in the visible range from 400 nm to 800 nm of the 

blank ITO on PET varies from 70 – 85 % (long dashed line) and the MIS device without the Au 

electrodes varies from 40 – 65 % (short dashed line) over the visible spectrum. The inset in 

Figure 7.2 shows the fabricated optically transparent and flexible MIS memory device being bent. 

MIS Device 

Figure 7.2. The absolute transmittance of MIS device in the visible region. The inset shows 
the fabricated MIS device is being bent. 
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Figure 7.3 shows the I-V characteristic of MIS device. When the positive forward voltage was 

swept from 0 to +15 V at the Au electrode with respect to the ITO, there is an abrupt increase in 

the current at +5.1 V (VON). When the voltage reversed and swept from +15 V to 0 at the Au 

electrode, an increase in current was observed. During the forward voltage swept, there are some 

occurrences of current instabilities before VON is reached and this is suspected to be due to 

interface traps at the interfaces [4].  

The observed I-V hysteresis window in MIS device can be attributed to the electrons injection 

from ITO when the positive voltage was applied to the Au electrode [5,6].  To explain the 

possible transport mechanisms of the MIS device, the I-V characteristics in Figure 7.3 was 

marked with regions I, II and III.  In region I, the low voltage region, electron tunneling 

conduction mechanism is unlikely to occur in the 200 nm thick PMSSQ layer. Instead, the 

electron is possible to be transported over the metal-insulator interface via Schottky emission and 

PF emission in the porous silicate PMSSQ as reported by Liu et al. [7]. The experimental data in 

region I fits well to follow ln (I/T2) ∝ V0.5 and ln (I/V) ∝ V0.5, indicates to follow Schottky and PF 

emission mechanisms respectively. The possible explanation is the electrons from ITO are 

transported across the barrier due to thermionic effect via field-assisted lowering at an ITO-

PMSSQ interface into the AuNPs with the combination of PF emission, based on field-enhanced 

thermal emission of trapped electrons in the PMSSQ into the AuNPs [7].   When the voltage is 

increased to VON, with n ≈ 6.6 the transportation mechanism is switched to TCLC since n >> 2 as 

VON 

Figure 7.3. The I-V characteristics of MIS device on a semi-log scale. 
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marked in region II. In this region, the trap sites due to the presence of AuNPs start to be filled 

by electrons and an abrupt increase in current is observed [8]. Once all the traps are filled 

through TCLC, the transportation mechanism switched to trap free SCLC [9] and  marked as 

region III with 5.1≈n  which is obeying Langmuir-Child law [10] for SCLC in a vacuum rather 

than a slope 2≈n predicted for SCLC in the bulk from the Lampert-Rose model [11].   

To demonstrate the capability of the fabricated transparent and flexible MIS device as a re-

programmable flash memory, a current-time plot showing an increase in current (ION) after 

programmed and reduction in current (IOFF) after erased is shown in Figure 7.4(a) and Figure 

7.4(b) and 7.4(c) illustrated the band diagram of MIS device being programmed and erased 

respectively when the voltage is applied at the Au electrode. In this context, the device is 

programmed when electrons are trapped in the AuNPs and the device is erased when void of 

trapped electrons in the AuNPs. To program the device, an arbitrary large positive voltage (>> 

VON) is applied at the Au electrode. A +8 V pulse for 10 s is applied to the Au electrode to inject 

electrons into the AuNPs from the ITO and hence programmed the device as depicted in Figure 

7.4(b). To erase the device, a similar pulse but at –8 V is applied at the Au electrode in an 

attempt to push the trapped electrons out from the AuNPs towards the ITO as depicted in Figure 

7.4(c). With a  –8  V applied to the Au electrode, electrons injection from the Au electrode could 

also occurred but can be ignored might due to the higher work function of the p-type pentacene 

(typically ~5.0 eV compared to ITO of ~4.1 eV [12,13]). Hence, the transport of electrons from 

pentacene/Au electrode is quite remote.  In Figure 7.4(a), the ION or IOFF is read every second 

over a period of 10 s to examine the stability of the programmed or erased device. The ION or 

IOFF of MIS device is read with a +3.0 V applied at Au electrode and the ION/IOFF ratio is 

approximately 10. It is believed that this ratio can be increased together with a lower 

programming voltage by reducing the thickness of PMSSQ to increase electrons injection to be 

trapped in the AuNPs but this needs further investigation to understand the effects on the 

mechanical integrity of the structure.  
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In practice, the electrical stability of the transparent and flexible memory device under 

mechanical stress is crucial and desired. To evaluate the effect of mechanical stress on the 

electrical characteristics of MIS device, the samples were bent to a certain radius and the ION and 

IOFF were read. First, the electrical measurements were conducted on infinite radius (flat), 

followed by the mechanical bending diameters of 300 mm, 210 mm, 150 mm and 100 mm. 

Figure 7.5 (a) shows the ION and Figure 7.5 (b) the IOFF of MIS device bent to different bending 

diameters. Device A, B, and C are the different devices of MIS device from the substrate center 

to periphery respectively, in which the ION is measured. Similarly, Device D, E and F are devices 

with the IOFF measured at the substrate center to the edge. From Figure 7.5, the electrical 
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Figure 7.4. (a) The ION and IOFF versus time plot of MIS device. The band diagrams 
illustrated MIS-B being (b) programmed, and (c) erased. 
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characterization shows that the changes in ION and IOFF with different bending diameters do not 

exhibit any trend and hence a model relating the mechanical stress to the electrical current is not 

possible.  

 

 

 

7.4 Chapter Summary 

In this work, we have demonstrated the feasibility of a simple fabrication technique to fabricate a 

large area optically transparent and flexible memory with embedded AuNPs using a simple 

solution processable fabrication route. The significant I-V hysteresis window is an evidence of 

memory effect using the AuNPs is presented. Various transportation mechanisms of the charges 

at different voltage regions were proposed. The electrical stability due to the mechanical bending 

was conducted and the results show that the ION and IOFF with respect to the different bending 

radii are random. Hence, further study is needed to understand and improve the reliability of this 

device. Nevertheless, similar to a flash memory, this transparent and flexible memory device can 

be erased and reprogrammed multiple times.  

(a) (b) 

 Figure 7.5. The evaluation of electrical stability for (a) ION and (b) IOFF of MIS device changed 
under the mechanical compressive and tensile stress for different diameters. The selected 
Device A, B, and C are the different contacts located from the center to periphery of the 
substrate to measure the ION. The same selection way is repeated for contacts in Device D, E 
and F to measure the IOFF. 
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CHAPTER 8. DEVELOPMENT OF AN OPTICALLY TRANSPARENT AND 
MECHANICALLY FLEXIBLE MEMORY DEVICE USING 
PARYLENE AND GOLD NANOPARTICLES  

8.1 Introduction 

An optically transparent and mechanically flexible MIS NVM device has been successfully 

demonstrated in Chapter 7. The PMSSQ dielectric layer and the nanocomposite layer consisting 

of AuNPs and PMSSQ were deposited via spin-coated technique. After the layers been spin-

coated, the dielectric and nanocomposite layers were being thermally cured for 1 hour. During 

the thermal treatment, it induces thermal deformation to the substrate and hence this is undesired 

practice. Besides that, by mixing the AuNPs colloid in the dielectric and deposit by spin coating, 

it is likely to cause un-uniformly distribution of AuNPs and tends to disperse the AuNPs in the 

dielectric host towards the edges of the substrate due to centrifugal force as reported in our 

earlier study [1]. Therefore, in this chapter, the fabrication route using a chemical vapor 

deposition (CVD) to construct a large area and optically transparent and mechanically flexible 

memory based on MIM structure using colloidal AuNPs is presented. 

The MIM based NVM is designed with transparent and flexible ITO on PET as a bottom 

transparent and conducting electrode. The MIM stacking structure consists of AuNPs being 

sandwiched by parylene-C layers. Parylene-C is used in this study as it shows good 

characteristics since it has the highest dielectric constant (3.15) and highest moisture/gas barrier 

properties (2.8 m2.day) when compare with parylene-N (2.65, 15.4 m2.day) and parylene-D (2.84, 

12.6 m2.day)[2], respectively. These characteristics are desired for NVM application to minimize 

the leakage of trapped charges due to the moisture ingress. Furthermore, this polymer material 

exhibits high breakdown voltage, excellent mechanical properties, uniform adherent coating 

permits, transparency and colorless [3,4]. The most important is that parylene is deposited via a 

vapor deposition method producing conformal films [5] at room temperature in the deposition 

chamber and hence no thermal stress being induced on the flexible ITO/PET substrate compare 

to other reported works [6-9] using various organic dielectrics that require high temperature 

curing. One of the advantage of parylene deposition process is that it does not disturb the drop 
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casted AuNPs as compare to the spin-coating deposition. Hence, it is believed that the use of 

parylene will be the right step forward in the fabrication of mechanically flexible and optically 

transparent devices.  Figure 8.1 shows the polymer structure of parylene-C dimer [2]. 

8.2 Experimental Procedures 

Two transparent MIM NVM devices with structure (a) Au/200 nm Parylene-C/100 nm Parylene-

C/ITO coated PET and (b) Au/200 nm Parylene-C/AuNPs/100 nm Parylene-C/ITO coated PET 

were fabricated as shown in Figure 8.2(a) and (b) and labelled as MIM-A and MIM-B, 

respectively. Figure 8.2(c) shows the cross-sectional view of scanning electron microscopy 

(SEM) microstructure of MIM-B. Here, MIM-A is a control sample and MIM-B is used to study 

the effect of AuNPs embedded in the insulator layers. Prior to the sample preparation, the ITO 

coated PET substrate with the size 1.5 cm by 1.5 cm was cleaned with acetone, followed by 

isopropanol (IPA) and then nitrogen stream was blown to dry the substrate. The device 

fabrication begins with the deposition of 100 nm thick parylene-C and followed by drop-casting 

of AuNPs colloid. The surface of the deposited parylene-C layer is hydrophobic and to reduce 

the hydrophobicity before the drop casting of AuNPs colloid, oxygen plasma treatment at 20 W 

for 5 s was performed. The drop casted AuNPs solution was left to dry overnight. Finally, a 200 

nm thick parylene-C is deposited before evaporating Au electrodes. The 100 nm and 200 nm 

parylene-C were deposited from 0.2 g and 0.4 g dichloro-di-p-xylylene, respectively with a 

parylene coater by ParaTech Labcoater.  Dichloro-di-p-xylylene is the dimer obtained from 

Galentis S.r.l., Italy. The parylene-C dimer was vaporized at 75oC, forming a dimer gas. The gas 

molecules were subsequently cleaved to the monomer form by heating up to 650oC and the 

active monomer gas was then introduced to a deposition chamber where it was dispersed and 

polymerized spontaneously on the substrate in the deposition chamber to form a parylene film at 

Figure 8.1. Polymer structure of parylene-C dimer [2]. 
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room temperature at 0.024 Pa. In this work, circular Au electrodes of 0.5 mm2 each were 

thermally evaporated on top of parylene-C with the aid of a shadow mask and its visibility will 

ease micro-probing during electrical characterization. The surface morphology picture of 

parylene-C evaporated in between the electrodes has been shown in Figure 8.3(a) and (b) reflects 

the rough surface with blisters.  

  

(b) 

Au 

200 nm Parylene-C 

AuNP
 100 nm Parylene-C 

PET 
ITO ITO 

(a) 

Au

200 nm Parylene-C 

100 nm Parylene-C 

PET 

(c)  
Figure 8.2. The two cross sectional structure of the fabricated MIM NVM devices, i.e. (a) 
MIM-A and (b) MIM-B and (c) the cross-sectional view of SEM microstructure of MIM-B. 
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(a) 

(b) 

 
Figure 8.3. The SEM pictures of (a) the surface morphology of the parylene-C in between 
the evaporated gold electrodes and (b) the high magnification of rough surface with 
blisters. 
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8.3 Results and Discussion 

Figure 8.4 shows the transparency of the fabricated MIM-A and MIM-B NVM devices in the 

visible range from 400 nm to 800 nm. From Figure 8.4, the absolute transmittance of the blank 

ITO on PET (red solid line) and MIM-A NVM device without AuNPs (dashed line) vary in 

about the same range, i.e. from 65 – 85 % over the visible spectrum. Whereas the absolute 

transmittance of the MIM-B NVM device with embedded AuNPs varies from 50 – 65% (black 

solid line) over the visible range. The two peaks at 410 nm and 510 nm indicate that the 

transmittance spectrum of the two MIM devices shows oscillation in the visible range due to 

multi-reflections at the interfaces of air/200nm Parylene-C/100 nm Parylene-C/ITO coated PET 

and air/200nm Parylene-C/AuNPs/100 nm Parylene-C/ITO coated PET for MIM-A and MIM-B, 

respectively [10,11]. 

Figure 8.5 and 8.6 show the positive voltage swept I-V characteristic of MIM-A and MIM-B, 

respectively. When the positive forward voltage was swept from 0 to +15 V at the Au electrode 

with respect to the ITO, there is an abrupt increase in the current at +2.6 V and +10.4 V (VON), 

respectively as can be seen in Figure 8.6(a) and (b). The I-V measurements in Figure 8.6(a) and 

 
 Figure 8.4.  The absolute transmittance of MIM-A (dashed line) and MIM-B (black solid 
line) in the visible region. 
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(b) were obtained from two different contacts on the same substrate of MIM-B. When the 

voltage is reversed and swept from +15 V to 0 at the Au electrode, an increase in current was 

observed in Figure 8.6. The presence of significant hysteresis window in the I-V plots in Figure 

8.6 suggesting the charge storage capability can be strongly correlated to the presence of AuNPs 

in MIM-B as there is the negligible size of I-V hysteresis window as shown in Figure 8.5 for the 

device without AuNPs in MIM-A. Besides positive voltage swept, negative voltage swept was 

also performed to examine the charge storage capability of device with the opposite polarity. 

Figure 8.7 shows the I-V of the negative swept from 0 to –15 V then –15 V to 0 at the Au 

electrode with respect to the ITO. The abrupt increase in current occurs when sweeping from 0 to 

–15 V at  VON ~ –1.8 V and –10.8 V, respectively as shown in Figure 8.7(a) and (b). When the

voltage reversed and swept from –15 V to 0 at the Au electrode, an increase in current was also 

observed in Figure 8.7. The presence of significant hysteresis window in the negative I-V plots of 

Figure 8.7 indicating that the device also demonstrates charge storage effect when the negatively 

swept. However, it can be seen that the size of hysteresis window obtained from negative swept 

is smaller than positive voltage swept. It is believes that the electron emission is more favorable 

from ITO electrode when the positive voltage is applied on the Au electrode with respect to ITO 

attributed to the thinner dielectric layer adjacent to it and the lower work function of ITO as 

compare to Au electrode, typically ~4.1 eV for ITO and ~5.1 eV for Au [12,13]. Therefore, the 

MIM device is deliberately designed to ease the electron emission from ITO electrode as seen 

from the large I-V hysteresis during the positive voltage sweep. 
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(a)  (b)  

Figure 8.5. The I-V characteristic of MIM-A on semi-log scale. 

Figure 8.6. The positive voltage swept I-V characteristics of MIM-B on a semi-log scale 
of (a) a device with low VON and (b) a different device with higher VON. 
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Based on the I-V results, several mechanisms will be proposed to explain the charge transport in 

the device. The I-V characteristics in Figure 8.5, 8.6 and 8.7 were marked with regions I, II and 

III. In this study, for all cases, note that the occurrence of TE current conduction at low voltage

is commonly observed mechanism related to thermally generated electrons [14,15]. For the 

control sample MIM-A in Figure 8.5, in the low voltage region (region I), electron tunneling 

mechanism is unlikely to occur in the 300 nm thick parylene-C layer. Instead, the electron is 

possible to be transported over the metal-insulator interface via Schottky and PF emissions. 

Therefore, the obtained experimental data in region I for Figure 8.5 are being fitted well to obey 

ln (I/T2) ∝ V0.5 and ln (I/V) ∝  V0.5, indicates to obey Schottky and PF emission mechanisms, 

respectively. A possible explanation is the electrons from ITO are transported across the barrier 

due to thermionic effect via field-assisted lowering at an ITO-parylene-C interface with the 

combination of PF emission, based on field-enhanced thermal emission of trapped electrons in 

the parylene-C into the conduction band [16]. When the voltage is increased to 1.95 V, the 

measured slope in region II is n ≈ 1.2. The near unity slope suggests that the SCLC in the 

velocity saturation regime [17,18].  As for the NVM MIM-B in Figure 8.6, when positive bias is 

applied on top of Au electrode, at the low voltage region (region I), electron tunneling 

mechanism is unlikely to occur in the 100 nm thick parylene-C layer but the electron is possible 

to be transported over the metal-insulator interface via Schottky and PF emissions as the 

obtained data are fitted well into both mechanisms.  A more plausible explanation is the electrons 

 

  

 

Figure 8.7. The negative voltage swept I-V characteristics of MIM-B on a semi-log scale of 
(a) a device with low VON and (b) a different device with higher VON. 

(a) (b) 
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from ITO are transported across the barrier due to thermionic effect via field-assisted lowering at 

an ITO-parylene-C interface into the AuNPs with the combination of PF emission, based on 

field-enhanced thermal emission of trapped electrons in the parylene-C into the AuNPs. When 

the voltage is increased to VON, with measured slope of n ≈ 30.0 and n ≈ 45.8, respectively for 

Figure 8.6(a) and (b), the transportation mechanism is switched to follow a typical SCLC with a 

trap model, which is known as TCLC since n >> 2 as marked in region II [19]. In this region, the 

trap sites due to the presence of AuNPs start to be filled by electrons and an abrupt increase in 

current is observed [14]. Once all the traps are filled through TCLC, the slope value in region III 

measured as n ≈ 1.3 and n ≈ 1.2 for Figure 8.6(a) and (b), respectively, which imply SCLC in the 

ballistic regime as described by Child-Langmuir law (ideally n = 1.5) [17] and SCLC in the 

velocity saturation regime, respectively. On the other hand, as negative bias is applied on top of 

Au contact, it is found that the same conduction mechanisms are observed when the electrons are 

transported in MIM-B. In Figure 8.7(a) and (b), besides TE is occurred, the electrons are also 

could be transported over the Au-parylene interface via Schottky and PF emissions as the 

obtained data in region I are being fitted to both conduction mechanisms. Similarly, when the 

voltage is increased to VON, the transportation mechanism is switched to follow TCLC for both 

devices and the measured slope of n ≈ 14.2 and n ≈ 39.5 in region II, respectively as shown in 

Figure 8.7(a) and (b). Once all the trap sites are filled through TCLC, the transportation 

mechanism is dominated by SCLC in the ballistic regime when the measured slope for both 

devices in region III is n ≈ 1.3. 

94 



Figure 8.8 further illustrates the capability of the MIM-B as a NVM device with the current-time 

(I-t) plot. In Figure 8.8(a) and (b), IO+ and IO– denote the initial/low current state of the device 

measured during positive forward sweep and negative forward sweep, respectively. To program 

the device in Figure 8.8(a), a +4 V of 10 s pulsed was applied at the Au electrode and an attempt 

to erase the device with a –4 V of 10 s pulsed was applied to Au electrode. The current after 

programmed, IP+ and current after erased IN+ are read with a +2 V applied at the Au electrode 

and read every second over a period of 10 s to examine the stability of the device. On the other 

hand, to program the device in Figure 8.8(b), a –4 V of 10 s pulsed was applied at the Au 

electrode instead and an attempt to erase the device with a +4 V of 10 s pulsed was applied to Au 

electrode. The current after programmed, IP– and current after erased IN– are read with a –2 V 

applied at the Au electrode and read every second over a period of 10 s to examine the stability 

of the device. It is evident that for both devices in Figure 8.8(a) and (b), after the devices change 

from low current state to high current state, the high current state is maintained after 

programmed and even after erased, indicative of permanent memory retention in the write-once-

read-many (WORM) memory devices. 

For a mechanical flexible device, the current stability when the device is flexed is important. 

Therefore, the effect of mechanical stress on the electrical characteristics of MIM-B has been 

  

 (a) (b) 
Figure 8.8. The I-t plot of MIM-B read at (a) +2 V and (b) –2 V, respectively. 
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conducted as shown in Figure 8.9. The samples of MIM-B were bent to a certain radius and the 

IP+ and IO+ were read. IO+ is measured from the fresh contact when the device is initially in the 

low current state and IP+ is measured after the device is being programmed with +4 V. First, the 

electrical measurements were conducted with infinite diameter (flat), followed by the mechanical 

bending diameters of 300 mm, 210 mm, 150 mm and 100 mm. Then, the measured bending 

current is compared when it is flat in order to determine the relative change in current as shown 

in Figure 8.9 (square). The substrate is then slowly return from the bent diameter at 100 mm, 150 

mm, 210 mm, 300 mm back to flat. Likewise, the measured current is compared to the previous 

corresponding bending current, which the bending current at the same bending diameter to 

determine the relative change as shown in Figure 8.9 (circle). The circle symbols are plotted 

relative to the current measured at 100 mm diameter.  Figure 8.9(a)-(c) show the ∆IP+ which the 

relative change of programmed current in percentage and Figure 8.9(d)-(f) show the IO+ which 

the relative change of initial current in percentage at different bending diameter. Device C, B, 

and A are the different devices of MIM-B on the substrate’s from the center to the edge 

respectively, in which the IP+ is measured. Similarly, Device D, E and F are devices with the IO+ 

measured at the substrate’s center to the edge. The location of each device has been depicted in 

Figure 8.9(a).  Generally, the devices show that the current (IO+ and IP+) change when bent to 

different diameter. The plots in Figure 8.9 show that IO+ and IP+ change when bent.  In general, 

the devices at the edges (A and F) have less change in current compared to devices at the center 

of the substrate (C, B, D and E) but are premature at this stage and more experiments are 

required. The devices closer to the center, C, D and E show the decreasing trend in current when 

being bent from flat to 100 mm diameter (square). However, device B shows the increasing trend 

in current when being bent in the in the same way. In addition when the bending is returned to 

the same bending diameter (circle), the current does not return to the same value.  In general, the 

mechanical bending does change the current but there is no specific trend in the current with 

respect to the bending diameter. The mechanism causing the change in IO+ and IP+ has not been 

established because it is not the aim of this research.  
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Figure 8.9. The evaluation of electrical stability for (a)-(c) ∆IP+ and (d)-(f) ∆IO+ of MIS-B 
changed under compressive and tensile stress for different diameters. The inset in Figure 
8.9(a) depicted the location of each selected memory device. 
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In order to demonstrate that the parylene deposition is a thermal stress free process, the image of 

MIM-B with parylene-C (left image) is compare to a similar device but instead a spin-coated 

polymethylsilsesquioxane (PMSSQ) is used as shown on the right-hand side in Figure 8.10.  

Hence, the advantage of parylene deposition is that it is free of thermal stress and therefore 

deformation free as shown in the left image in Figure 8.10. On the other hand, PMSSQ, that was 

cured at 160oC after the spin-coating [1] shows a warped substrate. In addition to thermal stress 

free, parylene deposition does not disturb the drop-casted AuNPs when the top parylene-C layer 

is being deposited. A map of the 27 MIM-B devices fabricated on a piece of ITO coated PET 

showing the locations of good and bad NVMs when positive bias is applied on the Au electrode 

with respect to ITO electrode as shown in Figure 8.11(a). The percentage of good (or operational 

NVM) devices (marked as P) that can be programmed is 66.7 %, which is evidently a better 

method of thin film deposition that does not disturb the drop-casted AuNPs and hence yielding 

higher distribution of operational NVM devices on the substrate as compare to the spin-coating 

PMSSQ device in our earlier work where only 16.7 % of good devices can be achieved due to 

poorly distributed AuNPs [1]. Despite higher yield, the inconsistent VON of the devices; varying 

ranges from 2.6 V to 11.6 V and the low VON devices are mainly located at the center of the 

substrate as illustrated in Figure 8.11(b). Figure 8.11(b) is a VON mapping of the operational 

NVM devices of Figure 8.11(a). There are number of reasons could be attributed to the 

inconsistent VON such as non-uniformity of oxygen plasma treatment, non-uniform distribution 

of drop-casted AuNPs and non-uniform parylene thickness (varying from ~300 nm to 500 nm) as 

shown in Figure 8.2(c). The oxygen plasma treatment could weaken parylene in the center region 

which results in lower VON and at the same time introduces traps at the 200 nm parylene-AuNPs-

 Figure 8.10. The image of the memory devices made from parylene-C (left hand side) and 
PMSSQ (right hand side). 
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100 nm parylene interfaces as reported by Wang et al. [20]. On the other hand, Figure 8.11(c) 

also shows a map of the 27 MIM-B devices fabricated on a piece of ITO coated PET showing the 

locations of good and bad NVMs when negative bias is applied on the Au electrode with respect 

to ITO electrode. The definition of P and F are the same as Figure 8.11(a). The percentage of 

operational NVM is only 14.8 % and this can be further proven that the higher work function of 

Au and the thick parylene layer adjacent to it create the unfavorable electron emission from the 

Au electrode. As a consequence, lower yield of operational NVM. Figure 8.11(d) is a 

corresponding negative VON mapping of the operational NVM devices of Figure 8.11(c). The 

inconsistency in the value of negative VON could be attributed to the same reasons as 

aforementioned.  

 

 

 Figure 8.11. (a) A mapping of MIM-B devices showing the distribution of a good/operational 
of memory device (P) and bad/non-operational memory device (F) when measured with 
positive bias. (b) A corresponding map with the positive VON values of (a). (c) A negative bias 
mapping of MIM-B devices used to compare with (a). (d) A corresponding map with the 
negative VON values of (c).  
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8.4 Chapter Summary 

We have demonstrated the feasibility of parylene-C to fabricate a large area optically transparent 

and mechanically flexible memory device with embedded AuNPs. The significant I-V hysteresis 

is an evidence of large memory effect. The transportation mechanisms of electrons were 

proposed at different voltage regions of an I-V plot and the I-t plot demonstrated the fabricated 

MIM device could be exploited as a WORM memory. The electrical stability due to the 

mechanical bending was conducted and the results show that the IP+ and IO+ change when bent 

and this needs to be compensated when used in electronics circuitries. Hence, further study needs 

to be conducted to further address this issue. Although this device fabrication method has shown 

to have advantages of being a thermal free process together with improved yield, but the 

inconsistency in VON needs to be addressed in the near future. Nevertheless, the use of parylene-

C has shown great potential in the fabrication of a transparent and flexible organic bistable 

memory device.     
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CHAPTER 9. CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions 

In this thesis the incremental research has been demonstrated where initially the charge trapping 

capability of AuNPs were demonstrated.  Initial research conducted based on MIS structure with 

AuNPs, PMSSQ and silicon substrate demonstrated the bistable effect and hence erasable and 

reprogrammable NVMs were achieved.  Due to the problem of spin-coating of PMSSQ that 

disturbed the AuNPs, hydrothermal with sacrificial ZnO template has been proposed and 

achieved.  However, the need for high temperature annealing of the ZnO template is not 

attractive if flexible polymer substrate is to replace the silicon substrate.  The use of pentacene to 

replace silicon to achieve a MIS structure on ITO coated PET allows a mechanically flexible and 

optically transparent NVM to be realized. Pentacene is not a forgiving device as it degrades over 

time when exposed to air.  Furthermore, soluble pentacene from precursor requires to be purified 

in order to achieve high charge mobility.  Therefore, a simple MIM structure has been proposed 

and realized with ITO/insulator/gold, with AuNPs embedded in the insulator.  Instead of using 

PMSSQ that requires spin coating, which can disturb the AuNPs, parylene-C is used.  The used 

of parylene-C allows the use of vapor deposition technique that does not disturbed the AuNPs. 

In addition, the way parylene-C was deposited on the PET substrate at room temperature does 

not introduce thermal stress and hence has great potential. In all the different devices fabricated 

in this research, the charge transport mechanisms through PMSSQ and parylene-C have been 

discussed and proposed.  Finally, the effects of mechanical bending on the flexible devices were 

also briefly looked into. In conclusion all the objectives outlined have been accomplished. 

9.2 Future Work 

The MIS and MIM-based optically transparent and mechanically flexible NVM devices have 

been fabricated and demonstrated. The MIS-based NVM device behaves similar to flash memory 

that can be programmed or erased multiple times; whereas the MIM-based NVM device shows 

irreversible memory similar to WORM memory device. For both structures of NVM devices, the 

electrical current will change when bent at different radii and this is undesired in real 
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applications. Therefore, this electrical stability issue when being bent need to be further address 

and the mechanisms of current change need to be understood and elucidated for electronics 

applications.        

Besides, there are numbers of electrical stability studies are required before the NVM devices 

being implemented in electronics applications as the development of the transparent and flexible 

NVM in MIS and MIM-based for this research is still immature at this juncture. So far, for the 

memory characterizations of the NVM device before bending, only I-V hysteresis and program/ 

erase characterizations have been performed. Hence, there is a need to examine the device 

endurance performance such as cycling stress and retention test in an ambient environment 

before bending. As the device being developed to be flexible, therefore the memory 

characterizations such as I-V hysteresis, program/erase, and endurance performance of the NVM 

device after bending at different radii are required.  

It is acknowledged that the VON of MIS and MIM devices are still high, hence, further 

optimization of the thickness of the dielectric layer is necessary to reduce the VON. Non-

uniformly dielectric thickness issue causing different VON at different contact also needs to be 

addressed. Up to now, the MIS and MIM devices are constructed in the discrete contact form, 

therefore, it has emerged the interest to demonstrate the device in actual array memory form for 

actual applications. It is also noticed that the proposed method of hydrothermal growth of AuNPs 

directly on a silicon substrate yielded a better uniform distribution of AuNPs; however, it has the 

limitation to be applied to the plastic substrate as the corrosive acidic solution might react with 

the plastic substrate and hence limit the realization of transparent and flexible NVM device. 

Therefore, it is suggested that nanoprinting technology using laser printing [1,2] could be 

explored as a solution to the better control of AuNPs arrangement to achieve optimum 

performance of operational NVM device.     
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Appendix B: Material Safety Data Sheet (MSDS) 
Trimethoxymethylsilane MSDS 
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n-Butanol MSDS 
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Gold (III) Chloride Trihydrate MSDS 
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Trisodium Citrate MSDS 

110 



Hydroxylamine Hydrochloride MSDS 
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13,6-N-Sulfinylacetamodipentacene MSDS 
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Chloroform MSDS 
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Sulfuric Acid MSDS 
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Hydrogen Peroxide MSDS 
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Hydrofluoric Acid MSDS 
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Hydrochloric Acid MSDS 
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Zinc Nitrate Tetrahydrate MSDS 
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Hexamethylenetetramine MSDS 
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Dichloro-di-p-xylylene MSDS 
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