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Abstract 
 

The aim of this thesis is to investigate the electrical properties of resistive switching memories. 

Two distinct device architectures were explored. One involves a sandwich type of structure 

based on lithium fluoride (LiF) thin film, and the other is based on the integration of cadmium 

sulfide (CdS) nanoparticles within various polymer matrices. 

The research work encompasses the fabrication and detailed morphological and 

electrical characterization of the fabricated devices. Electrical and optical measurements carried 

were complemented by a morphological characterization of CdS nanoparticles. A variety of 

electrical techniques, namely, current-voltage measurements, small-signal impedance, constant 

current stress, and electrical noise-based techniques were used to characterize the devices. The 

CdS nanoparticles were embedded in different insulating host matrices, including photographic 

gelatin, polyvinylpyrrolidone (PVP), polystyrene sulfonate (PSSNa) and dimethylformamide 

(DMF). The physical and chemical properties of CdS nanoparticles in those different matrices 

were investigated. CdS nanoparticles (NPs) have been characterized using several techniques 

such as XRD and SEM analysis, absorption, and photoluminescence (PL) emission 

spectroscopy. This characterization allowed us to establish the structure of the thin films as 

well as the role of the pH values, the type of host polymer matrix on the nanoparticle’s 

stabilization. Free-standing films prepared using a high concentration of nanoparticles in a PVP 

host matrix were also electrically characterized. 

Both types of device structures, the LiF diodes and the CdS based devices undergo an 

electroforming process that permanently modifies their electrical properties. In the case of LiF 

diodes, the electroforming creates defects that lead to a memory device with two well-defined 

resistive states. In the case of the CdS nanoparticles embedded in a PVP matrix, electroforming 

changes the behavior from a semiconducting type to an insulating behavior. The physical 

phenomena that lead to the permanently induced changes are discussed in detail. In the case of 

the CdS the electroforming is described as a Coulomb blockade that leads to the formation of 

a nanodielectric type of material. In the LiF-based diodes electroforming is described as due to 

the formation of electrical bistable defects on the LiF layer. 

. 

 
Keywords: CdS nanoparticles, LiF, non-volatile memory, Negative Differential Resistance 

(NDR), Resistive Switching, Electrical characterization. 
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Resumo extenso 

 

 
O objetivo desta tese foi estudar as propriedades elétricas de componentes eletrónicos 

emergentes. Nomeadamente foram estudadas memórias de comutação resistiva onde a camada 

ativa é um filme fino de fluoreto de lítio (LiF). Foram também estudados dispositivos fabricados 

com nanopartículas de Sulfeto de cádmio (CdS) embebidas numa matriz polimérica isolante. As 

memórias de comutação resistiva (RRAM) baseiam-se na alteração da resistência elétrica de 

um material ou componente quando submetido a uma tensão elétrica. 

Esta tese está dividida em duas componentes científicas distintas de acordo com o tipo 

de material estudado. Uma parte desta tese incidiu nas propriedades elétricas das memórias 

resistivas fabricadas com fluoreto de lítio (LiF) e um polímero semicondutor, o espirofluoreno. 

A segunda parte desta tese incidiu sobre nanopartículas de sulfato de cádmio (CdS) 

incorporadas numa matriz polimérica isoladora. 

Ambos os dispositivos foram caracterizados extensivamente por um conjunto de 

técnicas elétricas, que incluem medidas em modo quasi-estático por exemplo, curvas corrente- 

tensão (I-V) e medidas da impedância (capacidade e resistência) no domínio da frequência. Os 

filmes com nanopartículas de CdS foram também caracterizados com medidas óticas e 

complementadas com uma caracterização morfológica. 

Os díodos com base em LiF foram produzidos por evaporação nos laboratórios da 

Philips em Eindhoven, (Holanda). Estes díodos tem uma estrutura do tipo Al / LiF / polímero 

/ Ba. O polímero usado é um polímero semiconductor, o espirofluoreno. Depois da fabricação 

os díodos foram encapsulados e enviados para Portugal. As nanopartículas de CdS foram 

produzidas na Universidade do Algarve pelo método da química coloidal com o uso de gelatina 

como estabilizador. 

O estudo dos díodos de LiF incidiu principalmente no estudo do fenómeno conhecido 

por eletroformação. Quando fabricados os díodos de LiF não tem propriedades de memória. É 

necessário aplicar um campo elétrico que causa uma rutura dielétrica no dispositivo. Só depois 

desta rutura o díodo se comporta como uma memória resistiva. O trabalho realizado nesta tese 

focou-se principalmente no estudo dos processos físicos que ocorrem na interface LiF/polímero 

antes da rutura dielétrica ocorrer. Em particular, este estudo analisa como o campo elétrico 

interno devido ao armazenamento das cargas, afeta o comportamento elétrico do dispositivo. 
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O estudo das nanopartículas de CdS embebidas em filmes de polímeros pretendia 

inicialmente a construção de memórias resistivas. Esta ideia assentava no pressuposto que os 

filmes com nanopartículas de CdS também podiam funcionar como memórias, à semelhança 

de outros sistemas referidos na literatura. No entanto, os filmes poliméricos, com elevadas 

concentrações de nanopartículas de CdS não mostraram qualquer comutação resistiva 

reversível e programável por um campo elétrico. Interessante, quando submetidos a um campo 

elétrico externo as suas propriedades elétricas são alteradas e transforma-se em materiais 

isoladores. Esta propriedade pode ser usada em memórias não-voláteis que são vulgarmente 

designadas por memórias do tipo: “Write-once read many times” também designadas pela sigla 

WORM. 

A transformação dos filmes com nanopartículas de CdS em PVP de um material 

semiconductor em um isolador elétrico foi tentativamente explicada como sendo devido a um 

efeito de repulsão de Coulomb causado pelas nanopartículas de CdS que ficam carregadas 

eletricamente o que impedia a condução elétrica no filme. Dado que o fenómeno é induzido 

pelo campo elétrico externo, foi também designado por eletroformação. Embora neste caso a 

eletroformação seja a de um material dielétrico, e não das propriedades de comutação resistiva. 

O fenómeno tem um tempo de vida muito longo (dias ou semanas) pelo que é de certa forma 

uma memória resistiva apesar de ser eventualmente volátil. 

A presença de nanopartículas de CdS nas soluções foi confirmada por espectros de 

difração de raios-X. Os espectros de XRD mostram a assinatura da estrutura cúbica do CdS. 

Foi também verificado o efeito dos processos de superfície interfásica na absorção e 

luminescência, assim como os efeitos quânticos devido às dimensões das nanopartículas. A 

partir de medidas ópticas, o tamanho médio (raio) das nanopartículas foi estimado entre 2 a 

11,0 nm. A luminescência dos filmes na região dos infravermelhos foi associada a defeitos na 

superfície das nanopartículas de CdS, nomeadamente a lacunas de enxofre. 

A investigação das propriedades físicas e químicas das nanopartículas de CdS mostrou 

que a concentração e os valores de pH da solução influenciam diretamente o tamanho das 

nanopartículas. A formação de nanopartículas de diferentes tamanhos está relacionada com 

mudanças no equilíbrio ácido-base como resultado da hidrólise dos componentes de sais. 

As nanopartículas de CdS foram incorporadas em diferentes matrizes isolantes, 

nomeadamente polivinilpirrolidona (PVP), gelatina, dimetilformamida (DMF), poliestireno 

sulfonato (PSSNa). 
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Termos chave: Nanopartículas de CdS, díodos de LiF, memória não volátil, Resistência 

Diferencial Negativa (NDR), comutação resistiva, caracterização elétrica. 



viii 
 

CONTENTS 

Declaração de autoria de trabalho ........................................................................................... i 

Acknowledgements… ........................................................................................................... ii 

Abstract ............................................................................................................................... iv 

Resumo extenso .................................................................................................................... v 

Contents ............................................................................................................................. viii 

Index of figures .................................................................................................................... xi 

Index of tables ......................................................................................................................xv 

List of abbreviations ........................................................................................................... xvi 

Chapter 1. General introduction to dissertation and its structure .................................... 1 

1.1. Introduction .................................................................................................................... 2 

1.2. Motivations and research objectives… ............................................................................ 2 

1.2.1. Review on semiconductor nanocrystals and their practical use ................................... 6 

1.2.2. State of the art about electroforming process… .......................................................... 8 

1.3. Structure of dissertation ................................................................................................ 11 

Chapter 2. Foundations of resistive switching and devices based on CdS 

nanoparticles ..................................................................................................................... 14 

2.1. Introduction .................................................................................................................. 15 

2.2. Resistive switching ....................................................................................................... 16 

2.3. Limitations of resistive random access memory (RRAM) devices…............................... 18 

2.4. Terminology and requirements of memory-based devices ............................................. 19 

2.5. Electroforming ............................................................................................................. 20 

2.6. Memristors ................................................................................................................... 21 

2.7. Resistive switching phenomena for artificial synapses and neuromorphic computing …23 

2.8. Physical models to explain the resistive switching phenomena ...................................... 23 

2.9. CdS nanoparticles embedded into polymer matrices: A review ..................................... 27 



ix 

 

2.10. Basic optical properties of nanoparticles and nanocrystals ............................................28 

2.11. Nanoparticle-based devices for resistive switching .......................................................29 

2.12. Summary .....................................................................................................................32 

Chapter 3. Sample fabrication and characterization techniques .................................... 33 

3.1. Introduction ...................................................................................................................34 

3.2. Morphological and optical characterization techniques .................................................. 34 

3.3. Sample fabrication and characterization ........................................................................ 38 

3.3.1. Fabrication and encapsulation of resistive switching diodes based on LiF .................. 38 

3.3.2. Fabrication of CdS nanoparticles and nanocrystals ..................................................... 39 

3.4. Devices and electrical characterization techniques ......................................................... 41 

Chapter 4. Electroforming and resistive switching on LiF diodes .................................. 44 

4.1. Introduction ...................................................................................................................45 

4.2. Experimental section ......................................................................................................47 

4.3. Trapping of electrons in the initial stages of electroforming: A review ..........................48 

4.4. Results and discussion .................................................................................................. 55 

4.4.1. Early stages of the electroforming of the LiF/polymer interface...................................56 

4.4.2. Small-signal impedance of the electroformed device .................................................. 65 

4.5. Discussion .....................................................................................................................68 

4.6. Conclusions ...................................................................................................................69 

Chapter 5. Synthesis of CdS Nanocrystals in the gelatin matrix: The effect of the pH on 

the size of nanoparticles .................................................................................................... 70 

5.1. Introduction ...................................................................................................................71 

5.2.Experimental… ..............................................................................................................71 

5.3. Results and discussion....................................................................................................72 

5.4. Conclusions ...................................................................................................................76 



x 

 

Chapter 6. Establishment of formation mechanisms for optical properties of colloidal 

solutions and nanofilms of CdS ........................................................................................ 77 

6.1. The influence of inter-phase physical and chemical processes on the optical properties of 

CdS nanocrystals in gelatin… ...............................................................................................78 

6.1.1. Experimental results and discussion… ........................................................................ 78 

6.2. Luminescent properties of CdS nanocrystals in different host matrices ........................... 81 

6.2.1. Experimental details ...................................................................................................81 

6.2.2. Photoluminescence of composite structures based on CdS nanocrystals. ......................83 

6.3. Conclusions ..................................................................................................................88 

Chapter 7. Characterization of the CdS nanoparticles in different host matrices: 

Evaluation of CdS thin films in device structures for dielectric and memory applications. 

7.1. Optical and morphological characterization of CdS nanoparticles in different host matrices. 

7.1.1. Introduction ................................................................................................................90 

7.1.2. Experimental ..............................................................................................................90 

7.2. Characterization of CdS nanocrystals… ........................................................................ 93 

7.2.1. Morphology and structure of NP… ............................................................................ 93 

7.2.2. Optical Characterization… ....................................................................................... 96 

7.3. Electroforming of nanodielectrics based on CdS nanoparticles in different polymer host 

matrices ............................................................................................................................. 100 

7.3.1. Electrical characterization .........................................................................................100 

7.4. Conclusions ................................................................................................................. 111 

Chapter 8. Conclusions and future work .........................................................................113 

References…..................................................................................................................... 121 

List of Publications ........................................................................................................... 136 



xi 
 

INDEX OF FIGURES 

 
Figure 2.1. Typical I-V characteristics of unipolar resistive switching type ........................... 17 

 

Figure 2.2. Typical I-V characteristic of bipolar type of switching .........................................18 

Figure 2.3. Organization of resistive switching memories (memristor) in cross bar arrays    19 
 

Figure 2.4. Illustrative image of Chua's theoretical assumption about the passive elements of 

an electrical circuit ...............................................................................................................22 

Figure 2.5. (a) Illustration depicting charge distribution near the interface between oxide and 

organic semiconductor materials in electroformed metal oxide-organic semiconductor diodes. 

(b) Schematic representation illustrating the formation of a current filament ........................ 25 

 

Figure 2.6. Schematic representation of the kinetics of anion-dominated switching in p-type 

semiconductors (a-d) and n-type semiconductors (e-h) ......................................................... 26 

 

Figure 2.7. a) CMOS-full-compatible fabrication techniques were used to insert indium oxide 

(In2O3) nanoparticles in a dielectric matrix; b) AgCl nanocrystals embedded in a polymer blend 

with interdigitated gold microelectrode arrays. ......................................................................31 

 

Figure 3.1. Schematic diagrams of the MISFET structures used as electrical characterization 

tool. (a) MISFET based on a silicon substrate, (b) MISFET based on ATO substrate from 

Planar Systems and (c) the schematics of the top electrode interdigitated geometry .............. 42 

 

Figure 3.2. (a) Photograph of an encapsulated LiF device, (b) Top view showing two devices 

with two different areas, active areas of 1 and 9 mm2 were used in this study. (c) Schematic 

diagram showing the device structure and the electrical connections ................................... 43 

 

Figure 4.1. (a) Photograph of several encapsulated LiF-based devices. (b) Schematic diagram 

showing the device structure and electrical connections. (c) Flat band diagram illustrating the 

valence and the conduction bands of poly(spirofluorene) and LiF and the work functions of 

ITO and Ba with respect to the vacuum level ........................................................................ 47 
 

Figure 4.2. Schematic diagram representing several methods which have been used in the 

literature to gain information about interfacial traps at the insulator/semiconductor interface. 

(a) displacement current method, (b) optical induced detrapping, (c) Quenching of the 

photoluminescence and (d) change in the optical reflectivity caused by the presence of charge 

carriers ................................................................................................................................ 53 
 

Figure 4.3. Current-voltage (I-V) characteristics of the device in the different sates: (a) pristine, 

(b) off-state and (c) on-state ................................................................................................ 55 
 

Figure 4.4 Frequency dependence of the capacitance and resistance for both on- and off- 

state .................................................................................................................................... 56 
 

Figure 4.5. Current-voltage characteristics (I-V) of a LiF diode in a pristine state .................. 57 



xii 
 

Figure 4.6. Small-signal resistance-voltage curves recorded at increasing voltage ranges. The 

resistance was measured at the frequency of 200 Hz .............................................................58 

Figure 4.7. Small-signal capacitance-voltage curves recorded at increasing voltage ranges. The 

capacitance was measured at the frequency of 200 Hz. The labels (a), (b) and (c) refer to 

hysteresis loops recording to increasing high voltage ranges… ............................................. 60 

Figure 4.8 Voltage dependence for capacitance (a) and resistance (b)… ............................. 62 

Figure 4.9. Resistance versus voltage curves recorded for several frequencies .................... 63 

Figure 4.10. Transient response of the current during trap filling. The filling was done by the 

application of a voltage step. Measurements were done in the pristine state ......................... 64 

Figure 4.11. Voltage dependence of the resistance during the electroforming process, red curve 

(a) measured in the pristine state. During the curve (b) the device was  electroformed… 65 

Figure 4.12. Frequency dependence of the capacitance for different applied voltages for the 

electroformed LiF sample .................................................................................................... 66 

Figure 4.13. Frequency dependence of the resistance for different applied voltages for the elec- 

troformed LiF sample .......................................................................................................... 67 

Figure 4.14. Transient measurements with different bias voltage. Results were recorded on 

electroformed device ........................................................................................................... 67 

Figure 5.1. Dependence of the optical density spectra of CdS nanocrystals as function on the 

pH of the gelatin solution ......................................................................................................73 

Figure 5.2. The photoluminescence spectra of CdS nanocrystals, obtained in solutions with 

different pH values. ..............................................................................................................74 

Figure 6.1. Normalized absorption spectra of CdS nanocrystals at different concentrations of 

gelatin,%: 5 (1), 2.5 (2), 1.7 (3)… ....................................................................................... 79 

Figure 6.2. Photoluminescence spectra of CdS nanocrystals at different gelatin 

concentrations,%: 5% curve 1, 2.5% curve 2, 1.7% curve 3… ...............................................80 

Figure 6.3. Samples of CdS nanoparticles in gelatin matrix during PL measurements. Liquid 

solution in the cuvette (a) and thin films on the glass substrate (b) ....................................... 82 

Figure 6.4. Samples in cuvettes with solutions contained CdS nanoparticles in gelatin matrix 

(yellow) and pure gelatin (transparent) ................................................................................ 82 

Figure 6.5. Samples of thin films of CdS nanoparticles in gelatin matrix with different pH 

values. ................................................................................................................................. 83 

Figure 6.6. Examples of measurement results for PL and PLE of solutions of CdS in different 

polymer matrix .................................................................................................................... 87 



xiii 
 

Figure 7.1. XRD pattern of powder made from concentrated solution of CdS in PVP polymer 

matrix ................................................................................................................................. 94 

Figure 7.2. Two Raman spectra, (a) and (b) measured for two identical samples of CdS NPs in 

PVP polymer matrix .............................................................................................................94 

Figure 7.3. SEM images of CdS nanoparticles captured at varying magnifications. The upper- 

right picture shows a cross-section view of the CdS thin film, while the lower- right image 

shows an extensively damaged region that provides insight into the film thickness. ............. 95 

Figure 7.4. UV-visible spectra of CdS nanoparticles in different matrices. .......................... 97 

Figure 7.5. Photoluminescence of CdS solutions within the gelatin matrix at varying pH levels.

 ........................................................................................................................................... 98 

Figure 7.6. Spectral transmission characteristics of CdS in a gelatin matrix at varied pH values

 ........................................................................................................................................... 99 

Figure 7.7. (a) Schematic diagram of the device structure and the electrical connections 

(sandwich structure fabricated using free standing film of CdS in PVP). (b) Current-voltage 

characteristic of sample with nanoparticles of CdS in a PVP matrix................................... 101 

Figure 7.8. Behavior of the I-V loops after the application of three sequential voltage ramps

 ......................................................................................................................................... 102 

Figure 7.9. Current-voltage characteristic of a 2 µm thick free-standing film of CdS in PVP 

matrix ................................................................................................................................103 

Figure 7.10. Measurements with applied voltage on the gate. The inset is a schematic diagram 

of the MISFET structure where the transistor channel is a drop cast CdS film ..................... 104 

Figure 7.11. Current-voltage characteristics of Au/CdS(PVP)/Au planar structures drop cast in 

an ATO substrate .............................................................................................................. 105 

Figure 7.12. Current-voltage characteristics loops measured in a planar device using a CdS 

thin film in a gelatin matrix (Au/CdS (gelatin)/Au) .............................................................. 106 

Figure 7.13. Typical I-V characteristics of a gold/CdS (gelatin(PVP)/gold planar structure 107 

Figure 7.14. Typical I-V characteristics for an Au/CdS (gelatin (PVP)/Au planar structure 

(Sample type 12) ................................................................................................................ 107 

Figure 7.15. Typical I-V characteristics of an Au/CdS (PSSNa)/Au planar structure (Sample 

type 6, 7 and 8) ...................................................................................................................108 

Figure 7.16. Typical I-V characteristics of a planar structure (Au/CdS (PSSNa)/Au) (Sample 

type 6, 7 and 8). ..................................................................................................................109 

Figure 7.17. Heterojunction device structure and resistive switching behavior. (Schematic 

diagram showing the device structure, (b) Resistive switching from a HLR to a LRS. (b) typical 

I-V curve for a HRS and (d) Typical I-V curve for the LRS ................................................... 110 



xiv 
 

Figure 7.18. Current-voltage characteristic for a n++Si/Ag heterojunction without the CdS thin 

film ................................................................................................................................... 111 



xv 
 

INDEX OF TABLES 

 

 

Table 5.1. Dependence of the position of calculated maximum of luminescence of CdS 

nanocrystals  on the pH values of solution ..............................................................................75 

 

Table 6.1. The effect of the concentration of aqueous gelatin solution on the size of CdS 

nanoparticles… ................................................................................................................... 79 

 

Table 6.2. Photoluminescence of CdS nanocrystal in gelatin and in different host matrices…86 

 
Table 7.1. List of devices fabricated using CdS nanoparticles embedded on different host 

matrices .............................................................................................................................. 92 

 

Table 7.2. Absorption of samples contained CdS NPs in different host matrices ................. 97 



xvi 
 

LIST OF ABBREVIATIONS 
 

 

 

BRS Bipolar Resistive Switching 

CdS Cadmium Sulfide 

CMOS Complementary Metal-Oxide Semiconductor 

DB Dielectric Breakdown 

DC Direct Current 

DMF Dimethylformamide 

DRAM Dynamic Random-Access Memory 

E Electric Field 

Eg Energy Band Gap 

ETL Electron Transport Layer 

HRS High Resistance State 

HTL Hole Transport Layer 

IV Current Voltage 

JV Current density Voltage 

LED Light Emitting Diode 

LiF Lithium Fluoride 

LRS Low Resistance State 

MIM Metal Insulator Metal 

MIS Metal Insulator Semiconductor 

MISFET Metal-Insulator-Semiconductor Field-Effect Transistor 

MOS Metal–Oxide–Semiconductor 

MOSFET Metal-Oxide Semiconductor Field-Effect Transistor 

MRAM Magnetic RAM 

NC Nanocrystal 

NDR Negative Differential Resistance 

NP Nanoparticle 

NVM Non -Volatile Memory 



xvii 
 

OLED Organic Light Emitting Diode 

PL 

PVP 

Photoluminescence 

Polyvinylpyrrolidone 

PSSNa 
Poly (sodium styrene sulfonate) 

QD Quantum Dot 

RAM Random Access Memory 

RRAM Resistive Random-Access Memory 

RS Resistive Switching 

SEM Scanning Electron Microscope 

SSD Solid State Drives 

URS Unipolar Resistive Switching 

XRD X - Ray Diffraction 



1  

 

 

 

 

 

Chapter 1 

 

 
General introduction to dissertation and structure 

 
 

This chapter presents the motivations, challenges, and research objectives of this thesis. It 

also provides an overview and a description of the thesis organization. 
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1.1. Introduction. 

 

 

In this chapter, we present the scientific and technological context underpinning the research 

conducted in this thesis. Given that this study revolves around the characterization of two 

distinct materials, namely CdS nanoparticles and the halide LiF, we offer an overview of the 

scientific and technological significance of these materials. 

In the context of diode-like structures involving semiconducting polymers, LiF plays a role as 

a thin insulating layer. In practical terms, the function of the LiF layer closely resembles that 

of thin oxide layers like Al2O3 and TiO2. Consequently, the existing body of literature on 

memory devices utilizing thin oxide layers becomes highly pertinent in comprehending the 

objectives and research areas addressed in this thesis. 

This chapter begins with a historical overview of the utilization of metal nanoparticles in 

technological applications, accompanied by an exploration of the initial physical models 

employed to elucidate the peculiar electrical and optical characteristics exhibited by these 

nanoparticles. Furthermore, it furnishes a context for understanding the significance of oxide- 

based memories, briefly delineating the breakthroughs in this field. 

This work on the LiF based diodes for memory applications was inspired by previous 

studies carried out by the research group and reported in the references [1]–[7]. 

 

 
1.2. Motivations and research objectives. 

 
At present time, the processes occurring in nanocomposite films are the subject of 

intensive research in connection with fundamental scientific problems and the exceptional 

performance properties of film materials. Although the beginning of the boom in research and 

the use of nanomaterials occurred within the 80s-90s years of the last century, the first mention 

of the physics of nanoscale systems can be found in the scientific literature much earlier. So, 

back in the first half of the 19th century, a message appeared on the method of preparation of 

metal-polymer nanocomposites. This was due to research on colloidal solutions. A polymer 

matrix was needed as a convenient way to fix nanoscale metal particles. 

Following this pioneering research in nanocomposites outlined above, other metal- 

polymer nanocomposites emerged, and a characteristic feature of these novel materials was the 
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different colour of the prepared compounds. Many attempts were made to explain this colour 

of colloidal systems, and it was only in 1908 that an adequate solution of Maxwell's equations 

was found by Gustav Mie [8], which made it possible to relate the colour of colloidal particles 

to their size and to observe wave scattering by particles. 

The polymer host matrix is typically providing a unique physico-mechanical 

characteristics of nanocompositions, such as processing properties and high flexibility. 

Meanwhile the structure has a high sensitivity and effective photoluminescence properties. It 

is possible to control the structure of the material by changing the synthesis conditions and 

composition, and its chemical, catalytic, and sensory properties [9]. There are two methods for 

producing nanocomposites. The first strategy is to inject pre-synthesized nanoparticles into the 

polymer matrix, and the second is to make them in situ, i.e., nanoparticles are generated in the 

polymerized matrix at the time of composite production, allowing for a uniform distribution of 

nanoparticles. To obtain in situ nanocomposites of various compositions based on cadmium 

sulphide nanoparticles in a polymer matrix, characterise their structure, determine the 

relationship between the initial concentrations of precursors and the size of the nanoparticles 

formed, and examine their spectral and luminescence properties, the second method was used 

in the current study. 

Due to their unique characteristics, materials containing nanoparticles dispersed in a 

matrix are widely used in a variety of applications. Among the practically important properties 

of metal-containing nanocomposites, are the conductive, magnetic, photoelectric, sensor, 

dielectric, and catalytic properties. It is interesting that the same composites can demonstrate 

different physical and chemical properties, for example, they can turn out to be good sensors 

and at the same time exhibit exceptional catalytic properties. Of course, such a variety of 

properties opens up practically unlimited possibilities of using these nanomaterials and at the 

same time causes certain difficulties in their study and interpretation of the results. 

The issue is that there is no developed regular mathematical apparatus for describing 

the properties of nanoparticles that make up these materials. On the one hand, nanoparticles are 

too small to fully use standard statistical methods, furthermore a sufficiently large number of 

atoms and molecules of which they are composed excludes the possibility of directly using the 

methods of quantum mechanics. Therefore, each time it is necessary to make sure that the 

approximations used are reasonable, and sometimes to develop a special mathematical method. 
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If for the spectral characteristics of nanoparticles, it is possible to trace a smooth 

transition with a change in size from the atomic level to the macroscopic level, then several 

other properties of nanosystems are qualitatively different, and sometimes have nothing to do 

with the properties of macroscopic systems. These include catalytic, thermodynamic, kinetic 

and sensory properties. Moreover, this is significant, even when changes in the size of the 

particles that make up the nanosystem occur only within the nanoscale. We also note that, for 

small particles, an important role is played by a significantly larger surface fraction compared 

to an ordinary solid and large nanoparticle. 

If the size and distance between nanoparticles are in the nanometer range, a number of 

possibilities arise. Thus, changing the size of nanoparticles can be controlled by the width of 

the energy band gap. When the concentration of the inorganic filler is close to percolation 

threshold, the electrical and optical the properties of hybrid semiconductor-polymer systems 

can change significantly with not big change in the distance between particles or with a change 

in their surface characteristics. 

A number of examples can be cited when, depending on the size of nanoobjects, their 

physicochemical properties change. Thus, with a change in the size of nanoclusters, not only 

the radiative lifetime corresponding to the optical transition from the excited state to the ground 

state changes, but also their melting temperature in a very wide range. 

The sensory properties of nanosystems are also highly dependent on the size of nano- 

objects. Moreover, the most noticeable changes occur in small particle sizes. Similar 

phenomena are observed when studying the properties of nano-catalysts. 

Interestingly, the properties depend not only on the size of nanoobjects, but also on their 

shape [10]. Thus, it was possible to detect extremely high sensitivity of sensors based on porous 

nanotubes and nanofibers. 

In addition to specially synthesized nanosystems, there are also natural nanoobjects; the 

size of these objects can reach hundreds of nanometers. These primarily include biological 

systems [11], for example, cells, in which various processes take place, and the size of nano- 

systems has a significant effect on the patterns of these processes. 

Memory devices, particularly resistive random-access memories (RRAM), have 

emerged as a front-runner in numerous technological domains in recent years [12]. This is made 

possible by its high-speed operation, structural simplicity, low power consumption, 
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adaptability potential, and memory storage properties with high density. To create an efficient 

and miniaturised memory device based on the resistive switching effect, researchers must 

investigate a variety of materials and production approaches. 

Along with the solution of purely scientific problems, much attention is currently paid 

to the development and use of nanotechnology. Thus, the magnetic properties of 

nanocomposites play a key role in the development of information technologies in connection 

with the possibilities of increasing the density of magnetic recording of information and the 

effect of giant magnetoresistance, which is used in read heads and non-volatile memory 

elements. There are exists a number of examples of the effective use of nanotechnology - 

creation and industrial production: 

a) laser diodes designed for the visible and near infrared spectral region; 

 
b) ultrafast field-effect transistors; 

 
c) avalanche photodiodes for fiber-optic communication lines, etc. 

 
Due to the use of nanotechnology in the formation of ultrathin layers that made it 

possible to realize in these devices parameters that were fundamentally unattainable by 

traditional methods. Currently, the main methods for growing films of semiconductor 

compounds with a thickness of several nanometers are colloidal chemistry molecular beam 

epitaxy, and vapor deposition of organometallic compounds [13]–[16]. 

Although the processes and phenomena discussed above belong to different areas of 

physics, chemistry and biology, they have something in common; the size of the objects in 

which these processes take place. This dissertation is devoted to the discussion of the 

regularities of various phenomena in nanoscale systems. 

The main goal of this thesis work is to develop and characterize different resistive 

switching devices, to perform techniques for fabrication nanoparticle-based electronic devices 

and find out universal experimental methods to investigate electrical and physicochemical 

behaviour of obtained samples. Also, along with studying of semiconductor colloidal 

nanocrystals of cadmium sulfide, we are going to compare their electrical behaviour with LiF 

diodes and reveal the unique electroforming and resistive switching characteristics. 
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1.2.1. Review on semiconductor nanocrystals and their practical use. 

 
Semiconductor nanocrystals are particles with sizes ranging from units to tens of nano- 

meters. Researchers claim that the main difference between nanocrystals and macroscopic 

crystalline semiconductors is the unique appearance of the size quantization effect, which 

makes it possible to set the effective band gap of nanoparticles by using nanoparticles of a 

particular size [17]–[19]. Such objects possess narrow-band luminescence, the spectral position 

of which is determined by the size of nanoparticles and does not require changing the material 

from which they are made. 

Due to their unique electronic and optical properties, nanocrystals have great potential 

for creating new optical devices - light sources with specified characteristics, in particular, 

lasers, organic light-emitting diodes, as well as photodetectors, solar cells, luminescent 

biomarkers, etc. 

The production of nanocrystals by epitaxial methods requires expensive equipment and 

high qualifications of service personnel [20]–[22]. Therefore, devices made by this method are 

expensive. In addition, the production process is associated with the use of exclusively 

poisonous gas carriers and requires additional measures to ensure the safety of work on the 

equipment used. 

Relatively recently appeared colloidal synthesis method of the semiconductor 

nanoparticles, wherein the nanocrystal growth occurs in solution. This method is extremely 

cheap, since no expensive equipment is required for the synthesis of nanoparticles, and the 

precursors used are available and much less hazardous. This production method turns out to be 

scalable and allows one to obtain nanoparticles with specified characteristics on an industrial 

scale. Modern methods of synthesis make it possible to obtain a solution of nanocrystals with 

a size spread of no more than 7%. Great progress has been made in the synthesis of cadmium 

chalcogenides (CdSe, CdS, CdTe). Colloidal solutions of nanocrystals can be deposited on the 

substrate using spin-coating techniques, inkjet printing, and techniques continuous applying 

material (roll-to-roll casting). These technologies can significantly reduce the cost and expand 

the production of devices based on the use of such nanomaterials and have a significant 

competitive advantage in relation to vacuum technologies currently used for the production of 

semiconductor partitions. 

Application of the colloidal synthetic methods require the use of the special measures 

to prevent aggregation of several nanocrystals and providing colloidal stability of solutions - 
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surface coating with organic ligands. Usually, nanocrystals of cadmium chalcogenides are 

coated with oleic acid molecules, which provide colloidal solubility in most non-polar organic 

solvents. 

Since the ratio of the number of surface atoms to the number of atoms in the bulk of 

nanoparticles increases with decreasing size, surface states have a significant effect on the 

optical characteristics of nanocrystals [23]. Their main manifestation is the formation of 

nonradiative relaxation channels due to dangling bonds. Coating (passivating) the surface with 

organic ligands allows saturating the dangling bonds at some surface atoms and increasing the 

luminescence quantum yield. Topics not less, even in the passivated nanoparticles quantum 

yield is significantly limited. This is due to the impossibility of saturating the dangling bonds 

of all surface atoms. Therefore, in devices where nanocrystals are embedded in functional 

matrices, surface states can have a significant effect on the interaction of nanocrystals and the 

matrix. The local environment of nanocrystals can be molecules of liquids and gases sobbed 

on the surface. In this case, the specific interaction of such molecules with surface states can 

lead to the appearance of new optical properties that arise selectively for certain types of 

compounds. This opens up possibilities for creating detectors of gases, vapours of liquids with 

low concentrations, and various sensors. 

Surface states can also lead to the appearance of emitting centers and to a significant 

change in the structure of the luminescence spectra of nanoparticles. This feature may be in 

demand when creating new light sources with specified spectral characteristics. For this 

essential information about the nature of the surface states, as well as on ways to control their 

properties, we were investigating the optical properties of CdS nanoparticles. 

Despite the large number of works devoted to the study of semiconductor nanocrystals, 

information on their surface states turns out to be very limited. In this case, surface states have 

unique properties, which are determined not only by the material, but also by the size and shape 

of nanoparticles, as well as a passivator. In view of the complex structure of the surface of 

nanocrystals, it is difficult to predict theoretically the properties of such states. The lack of 

proven techniques for characterizing surface states in nanocrystals does not allow one to 

reliably establish their properties, find ways to control them, and designate their application 

areas. Therefore, the development of methods for studying surface states is an urgent task. 

When used as matrices to create CdS nanoparticles and CdS/polymer nanocomposites, 

polymers have a number of benefits [24]. Contrarily, nanoparticles in solution with 
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homogeneous confinement and a narrow size distribution can be created using polymers with 

a certain spatial morphology as precursors. In addition, polymers, which are well known for 

their ability in effectively regulating particle size and size distribution, are able to perform 

surface passivation, avoid nanoparticles from agglomerating, as well as regulate the degree of 

dispersion of NPs. 

The size of particles and their properties are greatly influenced not only by the method 

of synthesis, but also by the conditions of its flow. Therefore, it is necessary to carefully select 

and control the synthesis conditions, such as starting reagents, reagent concentrations, 

temperature, etc. 

 

 
1.2.2. State of the art about electroforming process 

 
Oxide based memories require an electroforming process to become programmable 

memories. Electroforming is a dielectric soft-breakdown mechanism leading to non–volatile 

memory behaviour [4]. Typically, electron trapping occurs at the early stages of electroforming. 

An electric field is created across the oxide by the trapped charges. Soft breakdown takes place 

when the internal field approaches a critical value, leading to an active memory diode. By 

applying a voltage between the electrodes, the conductivity of the oxide is altered, enabling 

data to be stored in a non-volatile manner [25]. The process can then be reversed, and the data 

erased by applying a voltage of the opposite polarity to the memory cell. 

The mechanism of electroforming is common to all oxide-based memories, but it has 

not yet been fully elucidated. It is commonly accepted that the electroforming process determines 

the main properties of the switching properties, namely the on-off ratio, the retention time, and 

endurance. Despite this important role, electroforming has not been proper addressed in the 

literature. The main reason for this lack of understanding relies on the experimental difficulties 

in detecting the charges that become trapped at the oxide/polymer interface. This charge build- 

up and their temporal dynamics is not trivial to observe. 

The definition of word “forming”, or the now more commonly utilize as 

“electroforming”, became used to describe the process by which the insulating material’s 

conductivity is altered when a voltage above a certain threshold voltage is applied [25]. 

Initially, the insulating materials investigated were inorganic insulators such as Al3O2 

(Hickmott 1962, 1965; Barriac 1969), SiO (Simmons & Verderber 1967), ZnS (Sutherland 
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1971) and TiO (Ansari & Qadeer 1985) [26]–[29]; however, organic and polymeric insulators 

were soon investigated and also found to exhibit similar electroforming behaviour (Hogarth & 

Zor 1975; Hogarth & Iqbal 1979) [30]. 

However, there was still a lot of uncertainty over the mechanisms that were 

responsible, with theories such as: 

a) metal ion injection from the electrodes, leading to impurity bands in the insulator; 

b) conducting filamentary pathways forming owing to electrolytic processes; 

c) formation of filaments from the metallic electrodes, carbonaceous material from the insulator 

itself or from sources introduced during manufacture of the devices; 

d) tunnelling between metal islands produced during the electroforming process. 

Most papers published that attempt to explain the phenomena observed in electroformed 

metal–insulator–metal (MIM) claim that filamentary formation occurs in the insulating 

material, forming a low conductance pathway between the electrodes (Dearnaley et al. 1970; 

Sutherland 1971; Hogarth & Iqbal 1979; Ray & Hogarth 1984, 1990; Biederman et al. 1989; 

Pagnia 1990). Significant efforts have been done to image filaments using various microscopy 

techniques such as scanning electron microscopy, transmission electron microscopy (Pagnia et 

al. 1987) and scanning tunnelling microscopy (Pagnia 1990; Brauer et al. 1994), there are 

several evidence for their existence. Recently Hickmott published a work about electron 

emission and ultraviolet electroluminescence from valence-band states and defect conduction 

bands of electroformed Al-Al2O3-Ag diodes [31] and about millimeter distance effects of 

surface plasmon polaritons in electroformed Al-Al2O3-Ag diodes [32]. Also, the important 

discoveries were described in his work about electroforming and Ohmic contacts in such type 

of diodes [33]. 

For the high conductivity semiconductor materials, sometimes it is not possible to 

distinguish between the onset of these two processes (switching and electroforming), and it is 

highly probable that the two processes are initiated simultaneously. Electroforming is normally 

observed in insulating materials (following Ray and Hogarth 1984), where there is a very rapid 

increase in the current drawn at a particular moment. Afterwards samples showed the typical 

electroforming characteristic of voltage-controlled differential negative resistance (VCNR) for 

increasing and decreasing voltages. The basic characteristics observed for both these 

phenomena are discussed in the paper from reference [34]. 

Dearnaley [35] presented a theory of the oxide-coated cathode, which model is 

presented in order to explain a variety of previous observations on the oxide-coated thermionic 



10  

cathode, as well as the behaviour of a number of other oxide layer structures. For the filament 

growth and switching in amorphous oxide films was shown a model at ref. [36]. Following the 

theory, the conducting filaments with molecular dimensions form through the oxide covering 

during the activation process. Such a mechanism is responsible for the electrical conductivity 

of the oxide and its high thermionic emission efficiency. 

Such conducting filaments may have a structure that resembles a chain of metal atoms 

divided by oxygen vacancies, most likely clustered along oxide grain boundaries. The 

relationship between the old and current ideas of oxide-coated cathode behaviour has been 

investigated. Several experimental techniques were done on electroforming of Metal-Oxide- 

Metal thin film sandwiches. Samples have been electroformed and they exhibit negative 

resistance by controlling the voltage. 

The evidence in favor of localized or filamentary conduction is given at work of D. 

Oxley [37]. In 1971, R. R Sutherland presented a theory for negative resistance and memory 

effects in thin insulating films and its application to Au-ZnS-Au devices [29]. The main point 

of his model was based on the bias induced formation and thermal rupture of conducting 

filaments. Professor C. A. Hogarth and T.Iqbal (at Brunel University) reported the 

electroforming of thin films of polypropylene. It was shown that on exceeding a threshold 

applied voltage, thin films of evaporated polypropylene in the form of a sandwich between 

metal electrodes (aluminium or copper) undergo an electroforming process. The results are 

consistent with a theory based on the generation of conducting filaments during the forming 

process. 

A. J. Kenyon, M. Singh, M. Buckwell, et.al [38] carried out a study of the relationship 

between oxide microstructure at the scale of tens of nanometers and resistance switching 

behaviour in silicon oxide. By offering an initial structured distribution of defects that can serve 

as precursors for the formation of chains of conductive oxygen vacancies when the proper 

electrical bias is applied, columnar structure in the case of sputtered amorphous oxides enables 

effective resistance switching. Increasing the roughness of the electrode interface reduces 

electroforming voltages and the distribution of switching voltages [39]. Field enhancement at 

rough interfaces contributes to these phenomena owing to alterations in oxide microstructure 

templated by interface structure. 

Different characteristic electroforming behaviour in Pt/TiO2/Pt resistive switching cells 

depending on atmosphere were investigated in reference [40]. Authors performed 



11  

electroforming effects on the composition, electrical resistance of switching cells and their 

structure. Also have been discussed the correlation between the electroforming procedure and 

the resulting bipolar switching behaviour. Electroforming behaviour depends on atmosphere, 

it is possible to define symmetric or asymmetric electroforming, and a resulting bipolar 

switching characteristic. From the experimental results authors suggest a possible mechanism 

for electroforming in Pt/TiO2/Pt in terms of the formation of oxygen gas and vacancies in the 

vicinity of the anode. 

The main aim of our investigation is to find out the physical mechanism that led to 

electroforming and resistive switching in LiF diodes and CdS-based structures. To achieve this 

goal, we used small-signal impedance methods. In the next chapters we will show the most 

relevant measurements, described the electrical behaviour of electronic devices based on CdS 

NPs in different host matrices and Al/LiF/polymer/Ba-Al diodes during their pristine, on- and 

off-states, as well as frequency dependence of the capacitance and resistance, and electrical 

noise measurements. Also, will be discussed electroforming process and analysed the negative 

differential resistance (NDR) of the memory device. 

More detailed information and current understanding about electroforming of resistive 

switching devices will be presented in the Chapter 2 and in Chapter 4. 

 
 

1.3. Structure of dissertation 

 
In Chapter 2 is given a detailed review and analysis of the literature on the topic of the 

thesis. Understanding the early stage of electroforming may allow us to optimize the 

electroforming procedure and fabricate resistive switching devices with better characteristics. 

Furthermore, the role of the polymer layer in controlling the electronic mechanism is explained. 

Chapter 3 provides experimental details of the sample fabrication and characterization 

techniques that were used in the thesis. The optical techniques to characterize nanoparticles 

and nanocrystals, their concepts, and methods are presented. Morphological and optical 

characterization techniques, based on spectroscopic analysis (UV-Visible Spectroscopy), 

Photoluminescence (PL), Scanning electron microscopy (SEM), X-ray diffraction and Raman 

spectroscopy are also discussed. The detailed process of fabrication and encapsulation of 

resistive switching diodes based on LiF and CdS nanoparticles were also presented in this 

chapter. Finally, the electrical characterization techniques and the schematic diagrams of the 

device’s structure based on CdS NPs and LiF resistive switching device are presented. 
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In Chapter 4 is the electroforming and resistive switching on LiF diodes is presented 

and discussed. The diode devices of an Al/LiF/polymer/Ba-Al diodes were turned into 

programmable resistive switching memories by applying a voltage above a critical value. Here 

we study in detail the electronic process occurring prior to electroforming of the memory 

device. Accumulated charge at the interface LiF/polymer creates an internal electric field that 

eventually causes the rupture of the dielectric properties. Understanding the early stage of 

electroforming may allow us to optimize the electroforming procedure and fabricate resistive 

switching diodes with better memory characteristics. Furthermore, the role of the polymer layer 

in controlling the soft breakdown mechanism may be better understood. A model to explain the 

resistive switching behaviour and relevant effects are proposed in this chapter. 

Chapter 5 performs the synthesis details of CdS nanocrystals that are placed in a 

dielectric matrix of photographic gelatin. The use of such particles is very promising in various 

fields, from biology and medicine to photoelectronic devices, optical switches, sensors, 

electroluminescent devices, lasers, etc. For all these applications, it is important to know the 

specifics of the interaction of nanoparticles with a radius in placed host matrix. CdS 

nanocrystals in the gelatin matrix with different рН values and their optical properties were 

investigated and discussed the influence of this value on the optical absorption and 

luminescence, and its direct influence on the size of nanoparticles. 

Chapter 6 is devoted to the influence of the structure of nanoparticles on their 

physicochemical properties. It presents the results of an experimental study by modern 

analytical methods of CdS nanoparticles in various polymer host matrices. The structure and 

optical properties of these nanoparticles and the composition of their surfaces were determined. 

This chapter also provides a comparison between the physical and chemical properties of the 

nanoparticles, deposited by various methods on the substrate of different nature. Parameters 

such as the radius and the optical band gap were obtained. 

Chapter 7 is devoted to research on hybrid nanomaterials based on polymers and 

semiconductor nanoparticles. It is taken into account that the electrical, optical, and structural 

properties of the nanocomposite substantially depend on the particle size. To preserve these 

unique properties of the nanocomposite, it is necessary to provide a controlled distribution of 

nanoparticles in the polymer matrix, which is a nontrivial task due to the strong tendency of 

nanoparticles to aggregate. One of the promising methods for the formation of thin-film hybrid 

nanocomposites with a high degree of filling is the surface polymerization process and a sol- 

gel technology. The influence of formation and conditions of drying on the crystal structure 
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and morphology of thin film nanocomposite, as well as their relationship to the structure of the 

optical properties were discussed. 

Investigation of optical and morphological properties of the CdS nanoparticles in 

different host matrices and electroforming of nanodielectrics based on NPs are presented in 

Chapter 7. There is an analysis of the results of a comprehensive structural study (data obtained 

by XRD, SEM and Raman measures were used) with different average nanoparticles sizes in 

the range of 2-11 nm. The optical and electrical properties of these materials and possible 

reasons for the revealed size effects are also discussed. Electroforming of nanodielectrics based 

on CdS nanoparticles in different host matrices is presented by the end of current chapter. 

Particularly, sandwich structures (Au/CdS (PVP)/Au) fabricated using CdS free standing films, 

planar structures (Au/CdS (PVP)/Au cast in glass substrates and planar structures using gelatin 

(Au/CdS (gelatin)/Au) were electrically characterized. Also, electrical properties of n++Si/CdS- 

PVP/Ag heterojunction structures sandwich structures and planar devices using polystyrene 

sulfonate sodium salt/CdS (PSSNa)/Au were investigated. Finally, in Chapter 8 the overall 

conclusions concerning the electrical characterization of resistive switching devices are 

presented and critically analysed together with the suggestions to the future work. 



14  

 

 

 

 

 

Chapter 2 

 
Foundations of Resistive Switching and Devices Based 

on CdS Nanoparticles 

 
 

This chapter reviews the current developments in resistive switching devices. It presents the 

major unsolved challenges and leads to the motivation of this thesis. The description of the 

resistive switching phenomena, their classification, the physical models to explain the physics 

of the switching mechanism, the materials used, including bulk materials and composites with 

nanoparticles; the limitation that prevented until now the commercialization of resistive 

switching memories is also explained here. The chapter also conducts a thorough review of 

materials properties pertaining to CdS nanoparticles, with a specific focus on their optical and 

electrical characteristics that are shaped by their nano-scale dimensions. 
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2.1 Introduction 

 
The rapid advancement of micro- and nanoelectronics has been a driving force behind 

the exponential growth of modern information technologies. These technologies necessitate the 

creation of memory solutions with substantial capacity and rapid data read-write capabilities. 

The demand for non-volatile memories with extensive storage capacity has surged, alongside 

the need for smaller devices capable of storing ever-increasing volumes of data to support our 

information-rich society. Portable hard disks, Solid State Drives (SSD), and flash memory 

devices are representative examples of commercial memory devices. These memory devices 

allow data to be retained without continuous application of power, meaning that they are “non- 

volatile”. The market of non-volatile memory is a business worth billions of dollars, and it is 

expected to keep growing in the future [41], [42]. In this regard, the largest companies 

producing electronic component bases (IBM, Samsung, Intel, Sharp, Hewlett Packard, SONY, 

Panasonic, etc.) are actively developing fundamentally new elements of non-volatile memory 

with high working characteristics and scalability. 

This thesis centers around the investigation of resistive switching phenomena as a foundation 

for developing memory devices. Resistive switching involves an alteration in the electrical 

resistance induced by applying a voltage. It is important to note that resistive switching is a 

non-volatile process, meaning that the changes in resistance persist even without an applied 

voltage, and it is entirely reversible. 

A fundamental distinction exists between memory systems based on resistive switching and 

most contemporary semiconductor memory technologies. Unlike conventional methods that 

store information in the form of an electric charge, resistive switching operates by altering the 

electrical resistance of a material. This unique characteristic eliminates the concern of charge 

leakage. In simple terms, data can be retained within a resistive switching device for as long as 

the constituent materials endure. To put this into perspective, flash memory begins to lose 

recorded information within a year of storage without access to an electrical current. A 

computer with resistive switching type of memories will consume ten times less electricity, but 

also can operate without reboots - when turning off /on, always remembering and returning its 

last working state. 
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This chapter reviews the basic concepts behind resistive switching phenomena necessary to 

understand the experimental work carried out in this thesis. 

In spite of the advantages of the resistive switching phenomena to make non-volatile memories, 

a number of technological difficulties has prevented until now the commercialization of 

memories based on resistive switching. Because of this, the research in resistive switching has 

evolved and focused in exploiting the resistive phenomena in neuromorphic devices. 

In contrast to conventional memory devices, neuromorphic devices are engineered to have a 

multitude of conducting states. These electrical states are so finely graded that the shift in 

resistance appears more akin to a continuous spectrum rather than distinct, well-separated 

conduction states. When a series of consecutive voltage pulses is applied, corresponding 

changes in electrical resistance occur, emulating the behaviour of neural synapses. 

Consequently, neuromorphic devices have the capacity to replicate the functionalities of 

synapses and neurons. This chapter also provides an overview of the latest advancements in 

this field. 

Finally, this thesis also explores thin films of CdS nanoparticles for memory applications, the 

fundamental concepts about nanoparticles are also briefly review in this chapter. 

 

 
2.2 Resistive switching 

 
The resistive switching (RS) phenomenon consists of the change of resistance when a 

voltage pulse is applied. It was first reported by Hickmott in 1962 [26]. Within resistive 

switching memory cells, such as those in Resistive Random-Access Memory (RRAM), a 

common configuration comprises a capacitor-like MIM structure, composed of an insulating 

or resistive material ‘I’ sandwiched between two (possibly different) metals ‘M’. In the context 

of this review, the material ‘I’ are oxides, halides, or higher chalcogenides which typically show 

some ion conductivity [43]. 

Resistive switching can be classified into two distinct categories based on their control 

mechanism: unipolar or bipolar [44], [45]. In unipolar switching, both VSet and Vreset voltages 

share the same polarity. The memory changes from a high resistance state (HRS) to a low 

resistance state (LRS) at a particular voltage, VSet, and returns to the HRS at VReset. Figure 1 

shows a schematic diagram depicting a resistive switching of a unipolar type. The I-V curves 

of both LRS and HRS are symmetric, and the type of electrode is relatively unimportant. Some 
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authors [46] claim that the direction of the switch is dictated by the magnitude of the applied 

bias rather than its polarity. Memory devices studied in this thesis are of unipolar type, however 

unlike the behaviour depicted in Fig. 2.1, VSet occurs at lower voltage than VReset. 

 

 
 

 
 

Figure 2.1. Typical I-V characteristics of unipolar resistive switching type. 

 

 
According to some studies, the type of electrode used does not affect the switching in unipolar 

switching [47]. Unipolar resistive switching, is mostly observed in transition metal oxide [48]– 

[50], TiO2 [51], Al2O3 [52], NiO [53], SiO, Nb2O5 [54], YCrO3 [55], LMO [56], CoOx [57]. 

Unipolar resistive switching requires a “forming process”. The forming process is a procedure 

in which a high voltage bias is applied to the sample, during which the resistance suddenly 

decreases. The process is similar to the soft-breakdown of dielectric materials [58]. The 

electroforming will be discussed later on this chapter. 

Resistive switching is categorized as bipolar or antisymmetric when the VSet occurs at one 

voltage polarity, while the VReset occurs at the reversed polarity. The I-V curves are asymmetric 

and depend on the type of electrode [46]. A typical I-V characteristic of the bipolar resistive 

switching effect is shown in Figure 2.2. A good example of bipolar type of switching was 

reported for La0.7Zn0.3MnO3 prepared by the sol-gel method [59], and for amorphous Sr-doped 

LaMnO3 thin films [60]. Resistive memories based on this material exhibit a high RHRS/RLRS 

ratio (>104), stable write/erase endurance (>102), and long retention (>104 s at room 

temperature). 
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Figure 2.2. Typical I-V characteristic of bipolar type of switching 

 

 
 

The coexistence of both bipolar and unipolar resistive switching behaviour is possible, as it has 

been was reported for Ag/ZnMn2O4/p
+-Si device [61]. 

Taking in account of its single polarity operation, an unipolar memory is more 

promising since it enables enormous scale bridge logic-in-memory circuits with the greatest 

integration density and easier external control circuits [62], [63]. However, due to the random 

activation of conducting filaments, unipolar memory typically exhibits poor switching 

uniformity and hence cannot meet the rigorous uniformity requirement for logic-in-memory 

applications [64]. 

 

 
2.3 Limitations of Resistive Random Access Memory (RRAM) devices 

 
Although resistive switching devices based on a MIM structure can exhibit excellent 

performance their commercialization has been prevented by a major limitation known as 

crosstalk. This limitation is because all RRAM have symmetrical I-V curves. This symmetry is 

a major handicap because memory cells are organized in a matrix [65]. Individual memory 

elements are organized into square arrays with several cells divided into rows (words) and 

columns (bits) as shown in Fig. 2.3. A reading voltage is simultaneously applied to all the 

device in the reading line. Therefore, this voltage can read the information in memory cell but, 

simultaneously can also program (or erase) the nearby cell. For this reason, each cell must have 

a second element that controls how the cell is addressed by the bias. The component can be a 
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transistor or a rectifying diode or other non-linear element. The introduction of a diode or a 

transistor element in the cell significantly reduces crosstalk. 

 

 

 

Figure 2.3. Organization of resistive switching memories (memristor) in cross bar 

arrays. A transistor is required to sect each individual memory on the array. 

 

 

 
2.4. Terminology and requirements of memory-based devices 

 
The scientific community in the memory field uses a complex terminology. These terms are 

used to classify the type of memory but also the benchmark their basic performance against 

competing technologies. Below, we summarize the basic terminology used in the field as well 

as some of the requirements to fulfil if the technology intends to replace commercially available 

technology. 

Operating voltage. Operating voltage is voltage used to program or to erase the memory. The 

common rule state that a high operating voltage is a fatal flaw in practical application. That 

happens because a high operating voltage means high power consumption. Also, reliability can 

be a problem with a high operating voltage. If RRAM devices are to be competitive with 

commercially available Flash memories, programming and erasing voltages should be reduced 

to a few volts. [66] 

Write operation. In order to be compatible with CMOS technology, write voltage (Vwr) should 

be below 1 V. To compete with DRAM specifications and to outperform current available Flash 

memories, which have a programming speed below 10 ms, the RRAM must have a write 
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voltage pulses duration (twr) below 100 ns which has a programming speed of some 10 ms, or 

even <10 ns to approach high-performance SRAM.[65] The length of the write voltage pulses 

(twr) should be <100 ns. 

Read voltage. Read voltages (Vrd) need to be significantly smaller than write voltages (Vwr) in 

order to prevent a change of the resistance during the read operation. Because of constraints by 

circuit design, Vrd cannot be less than approximately one tenth of Vwr. An additional 

requirement originates from the minimum read current (Ird). In the ON-state, Ird should not be 

less than approximately 1mA to allow for a fast detection of the state by reasonably small sense 

amplifiers. The read time (trd) must be in the order of twr or preferably shorter. 

On-off ratio. The on-off ratio, the ratio between the high resistance state (HRS) and the low 

resistance state (LRS). The on-off ratio plays an important role in RRAM applications because 

it directly influences the accuracy of programming and erasing. Although an RHRS /RLRS ratio 

of only 1.2 to 1.3 can be utilized by dedicated circuit design as often used in magnetoresistive 

Random-Access Memory (MRAM), RHRS /RLRS ratios >10 is required to allow for small and 

highly efficient sense amplifiers and, hence, RRAM devices are cost competitive with Flash. 

Endurance. Endurance is the number of programming cycles that a memory can undergo 

without failure. Contemporary Flash memory shows a maximum number of write cycles 

between 103 and 107. RRAM should provide at least similar endurance, preferably a better one. 

Retention time. Retention time, the length of time a memory cell will stay in one state after 

programming, indicates the intrinsic ability of a memory cell to retain its content. A data 

retention time (tret) higher than10 years is required for universal non-volatile memory. This 

retention time must be kept at thermal stress up to 85 ºC and small electrical stress such as a 

constant stream of Vrd pulses. The combination of requirements on the write operation, the 

read operation, and the behaviour sets a voltage-time dilemma which is not addressed in most 

of the papers published on resistive switching so far. A ratio Vwr/Vrd of ten at most needs to lead 

to an acceleration of the switching kinetics of tret/twr, i.e., approx. 1016! 

 

 
2.5. Electroforming 

 
Electroforming is a process that causes an irreversible or a long-lasting changes in the 

electrical properties of the materials. In this thesis two distinct types of electroforming are 

studied. The first type of electroforming is responsible for memory behaviour on LiF based 
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diodes (see Chapter 4) it is a phenomenon commonly observed in memories based on transition 

metal oxides as well. The second type of electroforming is observed in thin films of CdS 

nanoparticles embedded into a polymer matrix as detailed in Chapter 7. It is important to note 

that the nature of these two electroforming processes differs significantly between the two 

device structures. In LiF diodes, electroforming manifests as a soft-breakdown dielectric 

mechanism, ultimately giving rise to non-volatile memory[4]. Before electroforming occurs, 

the device behaves as an insulating material without memory characteristics. During 

electroforming electrical bistable defects are created. The occupancy of these defects modifies 

the carrier injection across the device leading to memory behaviour. 

Chapter 4 of this thesis is entirely dedicated to unravelling the electronic processes taking place 

at the polymer/LiF interface before electroforming occurs. Gaining a comprehensive 

understanding of this process is of paramount importance as it serves as the foundation for 

optimizing and ensuring the reliability and reproducibility of the electroforming process. 

It is worth noting that electroforming has posed a significant challenge in the context of 

resistive switching memories. This is because electroforming plays a crucial role in 

determining the final memory properties of these devices. However, electroforming is not yet 

a fully reproducible process, and the associated variability does not align with the stringent 

requirements of the industry. 

Similar to the electroforming phenomenon observed in oxide-based memories, electroforming 

in CdS-based thin films also exhibits a significant initial trapping current. However, as detailed 

in Chapter 7, it is noteworthy that the electroforming in CdS-based thin films diverges from the 

conventional bistable and electrically programmable defect creation process. Instead, this 

electroforming process transforms the samples into insulators with robust dielectric strength. 

This electroforming may be exploited in write one read many times (WORM) type of memory. 

To our knowledge, the electroforming of a dielectric material induced by trapping current has 

not been documented in the existing literature. 

 

 
2.6. Memristors 

 
Resistance switching memory cells can be considered "memristors" (resistance with a memory 

effect) which have been predicted in 1971 by Leon Chua as the fourth basic circuit element 

because of the conceptional symmetry with the resistor, inductor, and capacitor, later extended 
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to memristive devices [67]. Leon Chua notice that there is no passive element that connects the 

magnetic flux and charge. Like passive resistance, this element (memristor) links current and 

voltage, however, the resistance value of this element after power off depends on the total time 

dependence of the signal (current) that has passed through it. In other words, the state of the 

element after the power is turned off depends on the evolution of its previous states, i.e. element 

has a memory effect. 

These three passive elements - a resistor, a capacitor and an inductor - are considered basic 

in electrical engineering, since an electrical circuit of any complexity can theoretically be 

reduced to an equivalent circuit built solely from resistances, capacitances and inductances. At 

the same time, one position - correlating charge and magnetic flux - remained in a beautiful 

symmetrical picture unoccupied by anything (Figure 2.4). Therefore, Chua in 1971, based on 

considerations of mathematical aesthetics, offered his “memristor” to the vacant position. A 

memristor is a passive element in microelectronics that can change its resistance depending on 

the charge flowing through it (current integral during operation). 

 

 

 

 
 

Figure 2.4. Illustrative image of Chua's theoretical assumption about the passive 

elements of an electrical circuit. 

 

 
Chua's original idea in the 1970s did not find any practical application and was perceived 

as a mathematical fantasy, nothing more. But in the late 1990s, the Quantum Information 

Systems Laboratory was created at the HP Labs research center to not only keep up with the 

industry, which is steadily reducing microchip elements, but also to have an idea in advance 

how all this will work when, in 15-20 years, the basic components of electronic circuits will be 
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reduced to sizes on the order of a few molecules. Scientists intelligently began to create an 

innovative memory device based on the phenomenon - as a specific type of resistive RAM 

memory. More precisely, such a memory that works faster than ordinary RAM, but at the same 

time, when the power is turned off, it remembers its state. 

 

 
2.7. Resistive switching phenomena for artificial synapses and 

neuromorphic computing 

Classical resistive switching devices often exhibit a multitude of switching levels, although this 

may be appealing for multilevel memories, in practical terms this was not considered a 

desirable characteristic for two-level (on/off) or a digital type memory. However, in recent 

years, number of devices has been engineered and optimized to take advantage of this multitude 

of conductive states. The reason for that is that neuronal synapses have a similar behaviour. 

The more they are excited, more conductive become, a phenomenon is termed “potentiation”. 

In Neuroscience, long term potentiation is a persistent strengthening of synapses based on 

frequent patterns of activity. Due to the ability to continuously change the conductivity 

depending on the applied electrical signal, the novel engineered resistive switching devices are 

now being considered as the element base of a new generation non-von Neumann computers 

with multilevel logic [68], as well as electronic synaptic devices and neuromorphic computers 

[69]. Alongside with this experimental work also theoretical works have been devoted to 

designing systems of programmable logic elements based on memristors [70]. Memristor 

devices inspired by biosynapses, have received a lot of interest as a crucial step towards high- 

performance artificial neuromorphic computation [71]. The use of memristors as synapses of 

neuromorphic systems [72] promises to increase the computational efficiency of non-von 

Neumann computers [73], [74], [75]. 

 

 
2.8. Physical models to explain the resistive switching phenomena 

 
The physics behind the resistive switching (RS) phenomena is diverse, as discussed in 

various studies [3], [24], [76], [77]. In essence, two distinct models have been advanced to 

explain the resistive switching phenomena. One model is based on the field assisted migration 

of atoms across the entire device. The other model is based on the creation defects that locally 

change the barrier for carrier injection. This modification of the carrier injection creates a high 
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conducting path a across the device behaving like a filament. These defects are often attributed 

to the presence of oxygen vacancies. Although, this local path for the electrical conduction 

behaves as a filament it fundamentally differs from a metallic filament that results from the 

migration of metallic species across the entire sample. 

Resistive switching in transition metal oxide has been explained in terms of the 

diffusion oxygen vacancies as extensively discussed in previous research [78]. In resistive 

switching memory devices, the formation of conductive filaments is a key element. A 

filamentary (thermochemical) model has been proposed as the underlying mechanism for this 

switching phenomenon, with the primary cause being attributed to the electromigration of 

oxygen vacancies [55]. A compelling illustration of this model is the design of multistate 

memristors as synaptic connections for brain-inspired computing by changing the oxygen 

vacancy profile of tin oxide switching elements [79]. 

The mechanisms governing the formation and disruption of conductive filaments can 

be categorized into two primary divisions: the thermochemical effect and the electrochemical 

effect, as detailed in reference [66]. According to the thermochemical effect, Joule heating is 

responsible for both the production and rupture of conductive filaments [51]. 

Filamentary resistive switching is accompanied by the formation of conductive 

channels referred to as filaments, within the dielectric layer. Typically, these filaments consist of 

defects in the crystal lattice of the dielectric, which may include metal ions or oxygen 

vacancies. The formation of filaments is characterized by an abrupt decrease in resistance and, 

accordingly, an increase in the strength of the current flowing through the dielectric layer.  

Remarkably, these filaments can be so thin that they consist of only a few atoms atom in their 

narrowest cross-sectional dimension. Such ultra-thin filaments can exhibit quantum behavior. 

Our research group has also proposed a model to explain the electrical bistability observed in 

oxide/polymer interface [80]. This model relies on the phase coexistence of two 

thermodynamically stable phases. The two phases occur in the two-dimensional double layer 

consisting of trapped electrons in the organic semiconductor and holes trapped at defects in the 

metal oxide. A schematic representation of this model is depicted in Fig. 2.5. One phase 

contains mostly ionised defects has a low work function, whereas the second phase, which 

contains mostly neutral defects, has a high work function [80]. Current filaments are created 

by the phase domains with a low work function. These charged domains basically behave as 

electrical double-layers near metal electrode [81]. 
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It is worth highlighting the occurrence of phase coexistence in many physical systems, a notable 

example are ferromagnets. The phase coexistence depends on temperature. At critically high 

temperatures, the phenomenon of phase coexistence dissipates, causing the domains to cease 

to exist. Interestingly, this delicate balance between phases can be actively manipulated by 

external physical factors, such as the application of a magnetic field in the case of ferromagnets. 

In our model, image charges in the metal should be taken into consideration when investigating 

the electrostatic potential energy of arrangements of trapped charges. Charge configurations 

forming quartets of charges have the lowest energy. These extended defects are schematically 

represented in Figure 2.5. The quasi-particle consists of a trapped electron in the organic 

semiconductor, an ionized defect in the metal oxide, and their two image charges in the metal. 

This assembly of condensed charges effectively forms a bilayer, comprising positive defects 

within the oxide and negatively charged trapped electrons within the organic semiconductor. 

In electroformed metal oxide organic semiconductor interfaces, charges accumulate around the 

oxide/organic semiconductor interface. The off-state is made up of arrays of mostly neutral 

defects with a high work function. The on-state is made up of arrays of mostly ionised defects 

with a low work function. 

 

 

Figure 2.5. (a) Illustration depicting charge distribution near the interface between oxide and 

organic semiconductor materials in electroformed metal oxide-organic semiconductor diodes. 

(b) Schematic representation illustrating the formation of a current filament. 

(a) (b) 
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In some resistive switching devices the operation relies on the migration of anions. Example of 

materials where this type of switching occur are TiOx, NiOx. The migration of anions is usually 

described by the migration of their positively charged analogues, i.e. oxygen vacancies in oxides 

and nitrogen vacancies in nitrides. During resistive switching, the migration of these positively 

charged vacancies, can lead to change in the valence of cations, thereby providing conditions 

for flow of electric current. In the literature, memristor structures based on anion migration are 

commonly referred to as valency change memory (VCM) [82]. Figure 2.6 schematically shows 

the processes leading to change in resistance in cells based on n- and p- type semiconductor 

materials. In this case, one main channel is formed, which ensures the flow of electrical current. 

 
 

 
 

Figure 2.6. Schematic representation of the kinetics of anion-dominated switching in 

p-type semiconductors (a-d) and n-type semiconductors (e-h) 



27  

Figure 2.6 (a) represents the initial state with randomly distributed mobile oxygen ions; 

 
(b) Nucleation and subsequent growth from the anode to the cathode of conducting p-type 

channels consisting of cationic vacancies during formation; 

(c) Low-resistance state of a memory cell with a fully formed channel, the thinnest region of 

which is located near the cathode; 

(d) The high-resistance state of the cell, after a partial rupture of the conductive channel in the 

thinnest region; 

(e) Initial state with randomly distributed oxygen vacancies. 

(f) The nucleation and subsequent growth from the cathode to the anode of n-type conducting 

channels, consisting of oxygen vacancies, during the molding process; 

(g) Low resistance state of a structure with a fully formed channel for current flow, the thinnest 

region of which is located near the anode; 

(h) High-resistance state after a partial channel break in the thinnest region. 

 

 
2.9 CdS nanoparticles embedded into polymer matrices: A review 

 
Cadmium sulfide (CdS) is a semiconductor material with a direct band gap, width 

remarkable luminescent properties. CdS nanocrystals exhibit a broad range of potential 

applications in in diverse fields such optical switches, sensors, electroluminescent devices, 

lasers and biomedical tags as extensively reviewed in references [83]–[87]. Semiconductor 

nanoparticles display size-dependent luminescence, optical characteristics, and electrical 

behaviors, leading to their utilization in various applications across numerous domains [88], 

[89].CdS nanoparticle belongs to the group of Chalcogenides, it is an II-IV group 

semiconductor. The CdS nanoparticles exhibits size dependent properties due to its very high 

surface to volume ratio and quantum confinement at the nanoscale. Among the interesting 

properties, it has been reported that CdS energy band gap increases as the particle size decreases 

[90], [91]. Furthermore, CdS nanoparticles also have very high photosensitivity rendering them 

promising candidate for harvesting visible light. Specifically, they have the potential to enhance 

the efficiency of solar cells as detailed in [92]. Additionally, CdS nanoparticles have found 

utility in various biological applications as discussed in [93]. 

In recent years, there has been a growing interest within the scientific community in 

polymer–nanoparticle composite materials. These nanocomposite materials exhibit distinctive 

and highly desirable characteristics, encompassing mechanical strength [94], electrical 
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conductivity [95], optical and thermal properties [96]. The interesting material properties arise 

from the interaction between the polymer matrix and the nanoparticles, heavily influenced by 

the dispersion state of these nanoparticles [97]. 

 
2.10. Basic optical properties of nanoparticles and nanocrystals 

 
Semiconductor nanocrystals, characterized by their small crystalline structure, have 

optical and electrical properties that are intricately linked to their size. These nanocrystals, 

typically measuring between 1 and 100 nm, fill the gap between small molecules and large 

crystals. They exhibit discrete electronic transitions that are similar to those of isolated atoms 

and molecules and by allowing the use of crystalline materials' advantageous properties [98]. 

It is important to discuss the electrochemical properties of CdS quantum dots. The most 

visible result of the size effect for semiconductor nanoparticles is that the band gap (Eg) can be 

changed by modifying the particle size. Absorption of a photon with energy equal to or greater 

than the band gap in a semiconductor leads in the excitation of one electron from the valence 

to the conduction band, leaving a hole in the valence band. Due to the electrostatic interaction 

between the opposing charges, such an electron-hole pair, or exciton, is held together. The 

average distance between the photogenerated electron and hole is known as the Bohr radius, 

which measures the extension of the exciton wavefunction over the crystal lattice. Due to 

quantum confinement, the optical and electrical properties of a material become dependent on 

its physical dimension when the particle's size approaches the Bohr radius. Under these 

conditions, the semiconductor's band structure transforms into discrete levels, and the energy 

difference between the highest occupied and lowest unoccupied levels widens as particle size 

decreases, resembling the behaviour of an electron trapped inside a three- dimensional box. The 

Bohr exciton diameter (aB), which can range from 1 nm to more than 100 nm depending on the 

material, defines the exciton's limited size within the crystal. 

As a result of the nature of quantum dots (QDs) as systems that sit between bulk 

materials and molecular species, there are some situations in which a description in the context 

of molecular orbitals is preferable over that in band theory. Additional information about the 

fundamental aspects can be found in the references [99]–[101]. 

The optical band gap (ΔEop), can be measured from spectroscopic data and is related to the 

electrochemical band gap ∆𝐸𝑒𝑙, by the equation: 

 
 

∆𝐸𝑜𝑝 = ∆𝐸𝑒𝑙 − 𝐽𝑒,ℎ (3.1) 
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where Je,h is the total Coulomb interaction energy of the electron–hole pair. Hence, for any 

given quantum dot, the electrochemical energy gap is expected to be larger than the optical 

energy gap [102]. 

In assessing the impact of quantum effects resulting from nanoparticle size on the 

broader optical and electrical characteristics, a range of methodologies has been employed, 

including cyclic and differential pulse voltammetry [103]. Electrochemical studies have 

demonstrated several distinct oxidation and reduction peaks in the voltammograms with the 

peak positions being nanocrystal size dependent. In general terms, electrochemical methods are 

very sensitive to the nanocrystal surface states, providing valuable complementary information 

for understanding the optical properties of nanoparticles [104]. A recent communication [105], 

reported about novel electrochemistry of cadmium sulfide quantum dots (Q-CdS) in N,N′-

dimethylformamide (DMF). This reference establishes a clear correlation between the 

electrochemical band gap and the electronic spectra of CdS nanoparticles in DMF. For a 

comprehensive exploration of the structure and photophysics of semiconductor nanocrystals, 

an excellent review [19] is readily accessible. This review described the fundamental aspects 

related with optical properties of nanoparticles. The theoretical background is complemented 

with very interesting examples of optical spectra for absorption and emission, fluorescence 

spectra, X-Ray data for different types of semiconductor nanoparticles. CdS quantum dots and 

their size-dependent optical properties of thiol capping are also described in reference [106]. 

The QDs have been characterized by UV–Vis, photoluminescence, Fourier-transform infrared 

spectroscopy, X-ray diffraction, and fluorescence lifetime measurements. From the XRD 

analysis, it is found that the crystal structure of all samples was cubic. The findings reported in 

reference [106] are in close agreement with the results presented and discussed in this thesis. 

 

 

2.11. Nanoparticle-based devices for resistive switching 

 
Nanoparticles have found applications in resistive switching devices, and in this context, 

we review the foundational aspects associated with the use of nanoparticles in memory-type 

devices. 

Nanoparticles are generally categorized as the class of materials that fall between the 

molecular and bulk solid limits, with an average size between 1 – 100 nm. Semiconductor 
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nanoparticles, referred to as quantum dots, with dimensions in the order of nanometres have 

been the subject of intense research, due to their unique optical, electronic, physical and 

chemical properties [90], [107], [108]. 

The uniform dispersion of nanoparticles within nanocomposites is frequently used, such 

as when they are embedded within a polymer matrix, to attain specific electrical or dielectric 

characteristics [109]. Nevertheless, achieving a uniform dispersion of ultrafine particles within 

a polymer matrix can be challenging when integrating pre-made nano-sized particles, primarily 

due to the propensity for nanoparticle for agglomeration. The most promising strategy for 

mitigating these challenges and enhancing the dielectric properties of nanocomposites involves 

the in-situ or direct formation of nanoparticles within the polymer matrix [110]. 

The general classification of nanoparticles based on their dimensionality, morphology, 

composition, uniformity, and agglomeration was reviewed in reference[111]. Important 

nanoparticle morphological characteristics are flatness, sphericity, and aspect ratio. A general 

classification exists between high- and low-aspect-ratio particles. High-aspect-ratio particles, 

exemplified by nanotubes and nanowires exhibit diverse morphologies, ranging, helices, 

zigzags, belts, or nanowires with varying diameters with length. In contrast, low-aspect-ratio 

morphologies encompass shapes such spherical, oval, cubic, prism, helical, and pillar 

morphologies. Powders, suspensions, and colloids are all examples of particle collections. 

Nanoparticles with interesting optical, dielectric, electric, magnetic, biological and 

catalytic properties have been explored in a number of applications [58], [90], [99], [112]– 

[114]. Nanoparticles have also played a pivotal role in the development of various devices [24], 

[42], [115]–[117], [118], [119]. These nanoparticles, depending on their chemistry and 

electromagnetic characteristics, can exist in different forms: as dispersed aerosols, in 

suspensions/colloids, or in agglomerated states. In this thesis, our primary focus revolved 

around the utilization of CdS nanoparticles embedded within the structure of polymer thin 

films, a configuration characterized by a low aspect ratio. 

Polymer nanocomposites with high dielectric constant have also been under intense 

research [120]. Polymer nanocomposites hold considerable interest for two reasons. Firstly, 

they offer large interfacial exchange coupling due a dipolar interface layer, resulting in an 

enhancement in polarization and polarizability in polymer matrix, particularly in near the 

interface [121]. As a result, enhanced dielectric constant can be expected in the polymer matrix 
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near the interfaces. Secondly, the presence of nanoscale particles enables to reduce the thickness 

of polymer matrix film to nano-scales, and thus increase its high breakdown strength. 

Nanoparticles base on binary metal sulphide semiconductors such as ZnS [122], Ag2S 

[123], SnS [124], CdSe [125] and others, have attracted the attention of many investigators due 

to their advantageous structures and nanostructures and their high chemical and thermal 

stability [126]–[128]. Most of these semiconductor sulphides exhibit a narrow band-gap, which 

makes them potential candidates for applications in the field of solar cells and as thin film 

electrodes[129]. Recently, these binary sulphides have been used in other application areas, 

such as gas sensors and opto-electronic devices [130], [131]. 

Nanoparticles have been also explored in resistive switching memory devices. Two 

examples of the memory devices based on nanoparticles are represented on Figure 2.7. A 

memory device based on indium-oxide nanoparticles is shown in Figure 2.7 (a) [132] and a 

thin-film planar structures using AgCl nanocrystals embedded in a polymer blend is shown in 

Figure 2.7 (b) [133]. 

The observation of switching and memory phenomena in planar structures with non- 

reactive electrodes shows that this device configuration is an interesting tool to get insight into 

the resistive switching mechanism. Such planar structures exclude that resistive switching in 

these systems is related with migration of metal ions into the bulk layer. 

The resistive switching mechanism of nanoparticles embed into polymer composites has not 

been well determined. Some mechanisms have been suggested, such as charge trapping and 

detrapping [134], and charge transfer between NPs and polymers in an electric field [135]. 

 

 

Figure 2.7. a) CMOS-full-compatible fabrication techniques were used to insert indium 

oxide (In2O3) nanoparticles in a dielectric matrix; b) AgCl nanocrystals embedded in a 

polymer blend with interdigitated gold microelectrode arrays. Adapted from reference 

[133]. 
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2.12.  Summary 

 
A diverse array of resistive switching devices, constructed from various bulk materials 

or composites employing nanoparticles, has emerged. These memory devices often meet the 

necessary performance criteria for commercial viability, with interesting attributes such as a 

high on-off ratio, rapid switching speed, and remarkable endurance. Nevertheless, their path to 

commercialization has encountered impediments due to a critical challenge: the majority of 

these switching devices exhibit symmetrical current-voltage characteristics. This symmetrical 

behavior requires the inclusion of a non-linear element to govern how each cell in a memory 

array is addressed. To overcome this limitation non-linear elements or selectors such as 

transistors have been rooted in Complementary Metal-Oxide-Semiconductor (CMOS) 

technology. However, a significant hurdle arises from the incompatibility of the driving 

voltages of CMOS devices with the unique materials employed in resistive switching 

components. Additionally, some of the fabrication processes for these novel materials do not 

align with the established practices of CMOS technology. Until now the resistive switching 

phenomena has not led to commercially available memories. The recent trend in research 

suggests that the resistive switching should be explored to make neuromorphic devices. 
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Chapter 3 

 
Sample fabrication and characterization techniques 

 
 

This chapter describes the sample fabrication procedures and the characterization techniques. 

Characterization methods include optical, electrical, morphological, and structural 

characterization. Two types of electrical techniques were used, current-voltage characteristics 

and small-signal impedance measurements. Impedance measurements were complemented 

with equivalent circuit modelling in addition, standard material characterization methods to 

evaluate the morphology and the structure of the materials are also described here. 
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3.1. Introduction 

 
This chapter provides a succinct overview of the methodologies employed in both 

sample fabrication and characterization. We explore the strategies utilized to control 

nanoparticle concentration and size, recognizing their critical influence on the material's 

properties. 

Width the objective to understand the effect of nanoparticle size on the electrical and 

optical properties, we employed various analytical techniques, including structural analysis 

methods such as scanning electron microscopy, and optical methods like UV-VIS 

spectroscopy. UV-VIS spectroscopy offers an indirect means of assessing nanoparticle size 

through its impact on the material's band gap. 

To comprehensively characterize these materials, we used two fundamental device  

structures: two-terminal devices, which integrate an active layer within a sandwich-like 

configuration, and three-terminal devices, exemplified by the field-effect transistor. Each of 

these device architectures is briefly explained within this chapter. 

. 

 

3.2. Morphological and optical characterization techniques 

 
The conventional methods employed for particle size determination can be found in the 

listed references [98], [114], [136]–[140]. While there is a variety of tools accessible for 

nanoparticle size determination, a concern arises from the fact that many of the high-throughput 

methods available do not meet the rigorous accuracy criteria outlined by the National Institute 

of Standards and Technology for defining particle size distribution. In this section, we briefly 

outline the methods employed to determine nanoparticle sizes and their associated properties. 

 
(a) Spectroscopic Analysis (UV-Visible Spectroscopy) 

UV-VIS spectroscopy is a technique used to quantify the light that is absorbed and 

scattered by a sample (a quantity known as extinction coefficient, which is defined as the sum 

of absorbed and scattered light). In its simplest form, a sample is placed between a light source 

and a photodetector, and the intensity of the light beam is measured before and after passing 

through the sample. These measurements are compared at each wavelength to quantify the 

sample’s wavelength-dependent extinction spectrum. The data is typically plotted as extinction 

coefficient as a function of wavelength. To ensure the accuracy of the measurements, each 
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spectrum is corrected for the background using a “buffer blank” to guarantee that spectral 

features arising from the buffer are excluded the sample extinction spectrum. 

 
UV-VIS absorption is a very first characterization method for the nanoparticles because 

the absorption features give information about the nanoparticle formation, the band gap and the 

size distribution of the nanoparticles. However, it is an indirect method for determining the 

particle size. The band gap of the particles can be calculated from the excitonic peak position, 

which is used to determine the particle size with the help of curves of energy gap versus size 

obtained from theoretical models such as effective mass approximation or semi-empirical tight- 

binding approximation. 

The average radii r of cadmium sulfide nanocrystals were determined from the optical 

absorption spectra, by using expressions for the threshold energy of interband absorption. 

These optical absorption spectra were measured on an SF-26 spectrophotometer spanning a 

wavelength range from 320 nm to 600 nm. To reduce the errors associated with the influence 

of light scattering in the short-wavelength range (320-360 nm) a filter USF-2 was used for 

cutting the visible area of the spectrum. Our measurements maintained an accuracy, with an 

error margin not exceeding ±1%. The steady-state absorption and transmittance UV- Vis 

spectra were obtained using a Shimadzu UV3101PC spectrophotometer scanned between 350 

nm and 600 nm. 

 
(b) Photoluminescence (PL) 

CdS nanoparticles were embedded into different polymeric matrices. It is worth noting 

that polymeric matrices themselves could show PL, which can, in turn, influence the spectral 

characteristics of nanostructure. In connection to this, to determine the individual irradiative 

characteristics of CdS nanocrystals. In light of this, conducted a comparative analysis of the 

spectral characteristics of CdS nanocrystals within different host matrices, all under identical 

experimental conditions. This approach allowed us to discern the distinct radiative properties 

of CdS nanocrystals. 

Luminescence properties of CdS have been well described in several excellent 

monographies and reviews [141]–[145] It is well-established that monocrystals of CdS have 

luminescence in blue, green, red and infrared regions of spectra. 

Several studies into the properties of nanocrystals (NCs) suggest that due to the small 

size, is anticipated to have a significant impact on the recombination processes involving 

surface defects [14].This effect is particularly evident in the luminescent characteristics of 
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nanocrystals. Our objective is to investigate how the luminescent properties of cadmium sulfide 

nanocrystals depend on the type of matrix in which they are embedded. To achieve this, we 

conducted photoluminescence emission and excitation measurements on both liquid samples 

and films of CdS. These measurements were carried out on a SPEX Fluorolog fluorimeter at 

room temperature measured in the range 350 nm to 750 nm. For the excitation luminescence 

was excited by a pulse laser LCS-DTL-374QT with a wavelength 355 nm excitation of light 

(maximum average power - 35 mW, pulse duration at 1 kHz ~ 1 ns, radiation pulse energy at 

1 kHz ~ 20 μJ). 

 
(с) Scanning electron microscopy (SEM) 

SEM is now well established as a method for the study of the structure of nanocrystals. 

This technique employs a focused beam of high-energy electrons, which interacts with the 

surface of solid specimens to produce a diverse range of signals. SEM is capable of achieving 

resolutions better than 1 nm and clear images can be obtained of surface using steps 0.1 to 0.2 

nm high. The image intensities are influenced only by the top few layers of atoms, and surface 

layers consisting of a fraction of a monolayer of foreign atoms can give high contrast [146]. 

The images made by scanning electron microscopy may be correlated with experimental data 

from diffraction patterns on the surface and with microanalysis of the surface performed by use 

of electron energy loss spectroscopy. Usually, when the images are obtained in the scanning 

mode, with an electron beam of small diameter focused on the specimen, the diffraction and 

microanalysis data may be obtained from very small regions of the surface. 

Surface morphology of the nanoparticles possess various shapes and surface structures 

that plays a key role in exploiting its properties. Some of the shapes include spherical, flat, 

cylindrical, tubular, conical and irregular shapes with surface like crystalline or amorphous 

with uniform or irregularities on the surface. The surface is generally determined by electron 

microscopy imaging techniques [147]. 

For the nanoparticle characterization process, we used a state-of-the-art scanning 

electron microscope: the Zeiss Supra 25 field emission SEM (FESEM) microscope. This 

instrument has a high resolution, currently at approximately 2 nanometers. Additionally, it is 

equipped with an advanced EDX Detector X-Flash 3001, featuring Quantax technology by 

Bruker AXS, Berlin, Germany. This EDX detector operates efficiently without the need for 

liquid nitrogen, as it is Peltier cooled with a cooling time of less than 30 seconds. 
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(d) X-ray diffraction (XRD) 

XRD method is often used to measure the sizes of particles and crystallites in polycrystals in 

nanoscale. XRD has a good potential for the analysis of nano-structures, because the width and 

shape of reflections yield information about the substructure of the materials (sizes of 

crystallites, microstrain of a lattice, dislocation structures, etc.) [140]. English physicists Sir 

W.H. Bragg and his son Sir W.L. Bragg in 1913 developed a model to explain why the cleavage 

faces of crystals appear to reflect X-ray beams at certain angles of incidence (theta,Θ)[148]. 

Bragg’s Law describes by the following equation: 

 

 
 

𝑛λ = 2𝑑 sin Θ (3.1) 
 
 

Where the variable d is the distance between atomic layers in a crystal, and the variable lambda 

λ is the wavelength of the incident X-ray beam; n is an integer. This observation is an example 

of X-ray wave interference, commonly known as X-ray diffraction (XRD), and was direct 

evidence for the periodic atomic structure of crystals postulated for several centuries. The 

Braggs were awarded the Nobel Prize in physics in 1915 for their work in determining crystal 

structures beginning with NaCl, ZnS and diamond. Although Bragg's law was used to explain 

the interference pattern of X-rays scattered by crystals, diffraction has been developed to study 

the structure of all states of matter with any beam, e.g., ions, electrons, neutrons, and protons, 

with a wavelength similar to the distance between the atomic or molecular structures of interest. 

The chemical or elemental composition should determine the purity and performance 

of the nanoparticle. Presence of higher secondary or undesired elements in the nanoparticle 

may lower its efficiency and lead to secondary reaction and contamination in the process. The 

composition measurement is usually carried out by X-ray photoelectron spectroscopy [149]. 

The crystallography of nanoparticles is carried out by a powder X-ray determine the structural 

arrangement. 

In this dissertation, the structural characterization of the CdS nanoparticles was carried 

out using X-ray diffraction (XRD) at room temperature in a Philips PW 1710 diffractometer 

using Cu K-α radiation (λ=1.54184 A), in a Bragg-Brentano geometry, offering high-resolution 

and high beam-intensity. For a typical XRD diffractogram, the 2Θ angle was scanned in the 

range 15º<2Θ<70º. XRD analysis made using the dried powders obtained by precipitation by 

means of ionic strength adjustment. 
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(e) Raman spectroscopy (RS) 

Raman spectroscopy is a versatile method for analysis of a wide range of samples. It resolves 

most of limitations of other spectroscopic techniques. It can be used for both qualitative as well 

as quantitative purpose. Qualitative analysis can be performed by measuring the frequency of 

scattered radiations while quantitative analysis can be performed by measuring the intensity of 

scattered radiations [150]. Raman spectroscopy technique is capable of analysing solid and 

liquid samples quite rapidly. The simplification of spectra caused by resonance allows the easy 

identification of species contained in complex mixtures. 

In this thesis, room temperature micro-Raman spectra were measured on a Jobin–Yvon 

T64000 spectrometer equipped with liquid nitrogen cooled CCD detector using the 514.5 nm 

excitation line of an Ar+ laser, with an incident power of 0.2 mW on the sample surface in a 1 

m spot and backscattering geometry. 

 

 

 

3.3. Sample fabrication and characterization 

 
3.3.1. Fabrication and encapsulation of resistive switching diodes based on LiF 

 
Samples of LiF diodes were fabricated at Philips High Tech Campus (Eindhoven) as a 

result of a collaborative project in resistive switching. The methods of preparation are described 

in references [5],          [7], [151]–[153]. Indium-tin-oxide(ITO)/alkali 

halide/poly(spirofluorene)/Ba/Al diodes were fabricated by thermal sublimation of alkali 

halide under 10-6 millibar onto glass substrates with patterned ITO. ITO substrates were 

cleaned, using in order, acetone, soap scrubbing, and isopropanol. The poly(spirofluorene) 

(Merck, SPB-02T) was dissolved in toluene at a concentration of 10mg/ml and spin coated at 

a speed of 3500 rpm. Subsequently, Ba and Al were deposited by sublimation under vacuum. 

Diodes on ITO substrates were kept under inert atmosphere (N2, O2, H2O<1 ppm) at all times 

during fabrication and characterization. The Al bottom electrode was deposited by vacuum 

sublimation using a patterned mask. The LiF was deposited by thermal sublimation under high 

vacuum onto the entire substrate area. The layer of poly(spirofluorene) semiconducting 

polymer (CB01, Covion) was spin cast in air from toluene at a concentration of 10mg/ml and 

spin coated at a speed of 3500 rpm. The top Ba/Al top electrode was thermally sublimated 

under vacuum through a shadow mask. All the diodes were encapsulated with stainless steel 

caps glued onto the substrate. At the site where the glue is applied, the semiconducting polymer 
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was removed by laser ablation to avoid the diffusion of water through the polymer. A getter 

was placed into the stainless-steel cap to exclude water. The encapsulated diodes have active 

areas of 1 or 9 mm2. Due to the encapsulation, the devices are stable for years. 

Throughout the electrical characterization studies, positive bias is defined as the ITO 

bottom electrode being charged positive. 

 

 
3.3.2 Fabrication of CdS nanoparticles and nanocrystals 

 
The synthesis of nanoparticles with specific size and controlled size distribution is a 

crucial aspect of nanoscience. Achieving these characteristics necessitates meticulous control 

over various conditions, including the choice of solvent, structural parameters, temperature, 

and more. In our quest to obtain CdS nanocrystals embedded within polymer matrices, we 

harnessed several methods. One approach involved the chemical precipitation of cadmium 

sulfide nanoparticles [114]. Additionally, we explored the creation of nanocomposites, wherein 

conducting polyaniline was integrated with CdS nanoparticles through an in-situ process, 

achieved by oxidizing the complex formed between aniline and cadmium sulfate [154], [155]. 

In this thesis the CdS nanoparticles were prepared in different host matrices. 

Polyvinylpyrrolidone (PVP), Sodium polystyrene sulfonate (PSSNa), Dimethylformamide 

(DMF) and Photographic gelatin were used as host matrices. Polyvinylpyrrolidone (PVP) is 

suitable for polymer matrix because it is readily soluble in water and many other organic 

solvents like Ethanol. PVP has a high dielectric strength, it has a good charge storage capacity 

and dopant-dependent optical properties [156]. Poly (sodium 4-styrenesulfonate) (PSS) is a 

well-known polyelectrolyte [157]. PSS may be used to produce mechanically stable and very 

reproducible coatings. DMF (Dimethylformamide) is common solvent for chemical reactions 

[158]. Dimethylformamide is an organic compound with the formula (CH3)2NC(O)H. Preferred 

IUPAC name is N,N-Dimethylformamide. It is used as an industrial solvent and in the 

production of fibers, films, and surface coatings. 

The choice of the nanoparticle stabilizer is determined by many factors. The major 

factor is the ability to hinder coagulation of the particles, preventing their further growth. This 

property of the stabilizer is determined by the mechanism by which it interacts with the surface 

of the particles. Owing to adsorption of molecular groups on the surface of the nanocrystal 

formed, passivation of the surface occurs, changing its surface potential and the concentration 

of nonradiative recombination centers [159]. Moreover, the utilization of non-toxic materials 
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is of paramount importance in the development of synthesis methods. In this regard, gelatin 

emerges as a natural polymer often used in the preparation of photographic materials, rendering 

it a suitable candidate as a stabilizer. 

Gelatin is a high molecular weight compound, the elementary unit of which in the 

isoelectronic state is represented in the form H2N–R1–COOH, consisting of amino (H2N), 

carboxyl (COOH), polar, and nonpolar basic and acidic groups (R1). Gelatin is a good 

dispersion medium for nanoparticles and microparticles. Solutions containing metal and 

chalcogen ions rapidly penetrate the gelatin. Gelatin solution can form gels from which, when 

polymerized, rather strong and transparent films are obtained. However, the distinguishing 

features of gelatin are not limited to only colloid protective functions. Owing to its acid-base 

properties, gelatin can take on a positive or a negative charge. Thus, for example, as the pH of 

the medium increases, dissociation of the COOH groups occurs to form H+ and COO–, and the 

gelatin molecule takes on a negative charge, which can substantially affect the adsorption 

interaction with the surface of particles dispersed in it. Furthermore, the presence of chemically 

active impurities in the gelatin can affect the emission characteristics of the nanoparticles. 

Based on the above, there is interest in obtaining and studying nanocrystals of cadmium sulfide 

by sol-gel technology using a gelatin solution as the stabilizing agent. The process of synthesis 

of cadmium sulfide nanocrystals was monitored using optical absorption and luminescence 

spectroscopy. 

To synthesize CdS nanocrystals we employed the sol-gel technology (patented by V. 

A. Smyntyna et al. in Ukraine) [160]. The synthesis process of these CdS nanocrystals follows 

a specific procedure. Aqueous solutions containing cadmium and sulfur salts (specifically 

Cd(NO3)2 and Na2S) were introduced simultaneously, at a consistent rate, into a 5% gelatin 

solution, all while maintaining continuous stirring at 40°C. This approach employed an 

equimolar ratio of cadmium and sulfur salts. The formation of cadmium sulfide was achieved 

through an exchange chemical reaction facilitated in the presence of the gelatin solution: 

Cd(NO3)2+Na2S     CdS+2NaNO3 

The solution was stirred and turned to yellow color immediately due to the formation of CdS 

nanoparticles. The colloidal solution formed was sprinkled onto glass substrates specially 

treated for better adhesion of the films, which after sprinkling were dried in air at room 

temperature during at least 24 hours. Polymerization of the gelatin occurred during drying. The 

finished samples were films of thickness 5–10 µm, containing cadmium sulfide nanocrystals 

dispersed in a gelatin matrix. Depending on the technological factors (concentration of 
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reactants, synthesis temperature, concentration of gelatin), the color of the films varied from 

pale yellow to bright orange. 

The pH of the solutions were adjusted throughout the synthesis procedure. We 

increased the pH by introducing an alkaline sodium hydroxide (NaOH) solution, while for pH 

reduction, we utilized hydrochloric acid (HCl) or acetic acid (CH3COOH). pH measurements 

were carried out using an ionomer-based pH meter. The resulting solutions exhibited a 

spectrum of colors, ranging from light yellow (at pH 4) to a deeper, darker yellow (at pH 10). 

Upon completion of the synthesis process, the solution containing suspended CdS 

nanoparticles within the gelatin matrix was carefully drop-cast onto glass substrates. 

Subsequently, it was allowed to dry, leading to the solidification of the gelatin gel. 

Using the previously outlined preparation technique, we successfully embedded 

cadmium sulfide nanoparticles into various polymer matrices. These matrices included 

photographic gelatin; N, N-dimethylformamide (DMF) from AnalaR NORMAPUR®, 

polyvinylpyrrolidone (PVP) with a molecular weight of 40 kD, and polystyrene sulfonate 

sodium salt (PSSNa) with a molecular weight of 30 kD. All purchased from Sigma Aldrich®. 

Electrical and optical measurements were carried out both in liquid solutions as well as 

in solid thin films deposited on different types of substrates. Once the synthesis is completed, 

a drop of solution containing suspended nanoparticles of CdS, was dropped on the substrates 

and left dried during 24 hours at room temperature. Solutions with high concentration of CdS 

nanoparticles were produced by centrifugation. When dried in the oven at 65 °C overnight, the 

thin films naturally peel-off from the glass substrates leading to a free-standing film with 

thickness in the range 2-5 µm. 

Different kind of substrates were used; (i) transparent glass slide coated with a gold 

contact, (ii) thermally oxidized silicon wafers and highly doped n-type silicon wafers. 

Schematic diagrams of the device structures using CdS NPs thin films are shown in Chapter 7. 

 
 

3.4. Devices and electrical characterization techniques 

 
Several electrical characterization techniques were used, these include current-voltage 

characteristics (I-V), electrical impedance as function of the frequency and electrical noise 

measurements. For electrical measurements, samples were deposited on different types of 

substrates. Namely, highly doped n-type silicon wafers, glass slides coated with a thin layer of 

gold (thermal evaporated), and transistor like architectures where the dielectric layer is SiO2 
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(600 nm thick) or a ATO layer (200 nm thick). The transistor was a metal-insulator- 

semiconductor field-effect transistors (MISFETs) type. MISFETs with different type of 

dielectric layers were fabricated. Some MISFETs were based on thermal oxidized silicon 

wafers (see Fig. 3.1 (a)) Other MISFETs use for dielectric layer, a thin film known as ATO 

(see Fig. 3.1 (b)). ATO is a dielectric of successive intercalated layers of Al2O3 and TiO2 

deposited by atomic layer deposition. ATO is deposited on top of ITO coated glass substrates. 

MISFET based on ATO are transparent. ATOs substrates were purchased from Planar Systems, 

Finland. 

 

Figure 3.1. Schematic diagrams of the MISFET structures used as electrical 

characterization tool. (a) MISFET based on a silicon substrate, (b) MISFET based 

on  ATO substrate from Planar Systems and (c) the schematics of the top electrode 

interdigitated geometry. Interdigitated electrode dimensions are L=10 μm and 

W=1000 μm. There are 11 interdigitated fingers which make the total width of the 

device equal to 10.000 μm. 
 
 

 

CdS free standing films were also obtained by peeling-off the deposited thin-films from 

the substrate. These films are typically 2- 3µm thick. Electrical connections were made by gold 

wires connected using conductive silver paint to both surfaces of the free-standing film. 

Current–voltage (I–V) curves were obtained using a Keithley 487 picoammeter. Current 

sweeps and constant current stress were carried out by a semiconductor parameter analyser, 

Agilent 4156C. A blue LED (350 650 nm, max=440 nm) was used as optical excitation 

source. 
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MISFET devices were often only used as a two terminal device. In the two terminal 

configuration, the MISFET structure was basically operating as planar junction with two 

symmetric gold electrodes. During this characterization, the silicon substrate (or the ITO Layer) 

is kept grounded to avoid charging of the dielectric layer by free charges passing through the 

CdS thin film. Prior to measurements, the quality of the dielectric was also evaluated by 

applying a strong electric field across it. 

Measurements were also carried out using a MISFET channel only the polymer (PVP) 

matrix (without the nanoparticles). The goal was to inspect for the effects of the polymer matrix 

alone on the electrical properties. 

Nonvolatile resistive switching memories studied in this thesis were based on a LiF 

layer and an organic semiconductor, the spirofluorene. Figure 3.2 shows the schematic diagram 

of the LiF based device. Figure 3.2 (a) is a photograph of an encapsulated device. Figure 3.2(b) 

is the top view where 5 devices with three different active areas are highlighted. The internal 

structure of the memory device is a sandwich structure containing a few layers schematically 

shown in Figure 3.2 (c). It consists of an Al top electrode, a layer of LiF with thickness of 20 

nm, a polymer - spirofluorene (80 nm), and a Ba/Al (5 nm/100 nm) bottom electrode that forms 

an ohmic contact with the polymer. Positive bias voltage refers to the top Al electrode being 

positive with respect to the bottom Ba electrode. 

Figure 3.2. (a) Photograph of an encapsulated LiF device, (b) Top view showing two 

devices with two different areas, active areas of 1 and 9 mm2 were used in this study. 

(c) Schematic diagram showing the device structure and the electrical connections. 
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Chapter 4 

 
Electroforming and resistive switching on LiF diodes 

 
This chapter describes electroforming and resistive switching mechanism in Al/LiF 

/poly(spirofluorene)/Ba/Al diodes. Pristine devices were turned into programmable resistive 

switching memories by applying a voltage value called the forming voltage. When the 

amplitude of the applied voltage reaches the forming voltage, a sharp and irreversible increase 

in the conductivity is observed. After this electroforming process, the devices exhibit bistable 

I-V characteristics symmetrical with respect to the polarity of the applied voltage, and a 

negative differential resistance (NDR) region in the ON state. Once electroformed, the diode 

behaves as a memory and can be programmed between a high conductive and a low conductive 

state using voltage pulses below and above the NDR region, respectively. 

Small-signal impedance measurements reveal that an internal field due to trapped 

electrons at the LiF/polymer electroforms the device. This study looks into detail at the 

trapping/departing kinetics and their influence on the hysteresis loops of resistance and 

capacitance vs voltages curves. The detrapping current causes two anomalous effects; (i) a 

negative differential resistance region on the resistance vs voltage curve and, (ii) an excess 

small-signal capacitance in capacitance-voltage curves. Both anomalous behaviors are only 

observed on the return path of a voltage-sweeping scan. 

Frequency and bias dependence of the impedance confirms that LiF/polymer interfacial 

traps are still playing a role when the device is electroformed. 
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4.1 Introduction 

Resistive switching memories based on binary transition metal oxides, perovskite-type 

complex and in large-band-gap oxides, and metal halides are Metal-Insulator-Metal (MIM) 

structures that after an application of a voltage or a current are turn into programmable memory 

devices. As fabricated, MIM devices have very high resistances and need to be activated in 

order to function as a memory device. The activation process entails subjecting the MIM 

structure to a biased voltage stress bringing it close to the threshold for the insulator dielectric 

breakdown. During this soft-dielectric breakdown, defects are induced into the insulator. This 

initializing effect, driven by the intense electric field strength, is commonly known as 

electroforming. Electroforming gives rise to a network of percolating paths that facilitate 

charge transport, often referred to as conducting filaments. The number of filaments created 

during electroforming determines the number of resistance levels that can be programmed 

within the device. This network of programmable filaments holds particular significance for 

neuromorphic-like devices characterized by a wide distribution of resistance levels. 

The electroforming and the subsequent defect creation are proceeded by a trap filling 

process. While the research has extensively explored the defects generated during 

electroforming, studies addressing the early stages of electroforming where interfacial traps are 

filled by the applied voltage are scarce. This gap in the research is somewhat surprising, given 

that oxides cannot undergo electroforming without this trap-filling process. It is important to 

underscore that trap-free oxides submitted to an electric stress solely experience hard dielectric 

breakdown leading to a permanent damage of the insulator. The attainment of reversible or 

programmable resistive states are only possible to achieve if the insulator has surface impurities 

(traps). Remarkably, historical research conducted between the 1960s and 1970s revealed that 

an unidentified layer of carbon significantly enhances the reproducibility of memories [153]. 

Diodes fabricated in high vacuum did not exhibit switching behavior. Achieving reliable 

memories necessitated the introduction of oil vapour contamination from a rotary pump [161]. 

The accumulation of charge within these impurities generates an internal electrical field across 

the oxide, triggering a soft dielectric breakdown and yielding bistable defects within the oxide 

layer. Basic memory properties, such as, on-off ratio, charge retention time and number of 

programmable conductance levels should be largely influenced by the density and spatial 

distribution of surface traps. Furthermore, it is widely recognized that resistive switching 

processes are inherently filamentary in nature, with only a fraction of the sample undergoing 

switching behavior. 
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The spatial arrangement of switching regions across the entire device area is inherently 

linked to the distribution of traps on the surface of the insulator. Hence, identifying the chemical 

origin of these traps is crucial towards creating high-performance resistive switching memories. 

For instance, mastering the art of uniformly distributing traps across the device surface holds 

the potential to render the entire device area programmable, ultimately yielding a memory 

device with an exceptionally high on-off ratio. 

Despite the crucial role that traps play, influencing both electroforming and memory 

performance, critical trap properties, including their energetic depth, density, and chemical 

origin, have remained largely unexplored in existing literature. This knowledge gap stems from 

the formidable experimental challenges associated with detecting charges trapped at the 

insulator surface. 

In resistive switching devices traps exhibit rapid filling kinetics, typically occurring 

within seconds, while their emptying process is considerably slower, spanning hours, days, or 

even months. These long-time constants make unpractical the observation of the trap filling 

and emptying kinetics using classical approaches. These methods were originally tailored for 

silicon-based devices, where even a trap with an energy depth of 0.1 eV is already considered 

a deep trap and empties in a time scale of seconds. 

In this study, we gather information about the traps by employing small-signal 

impedance measurements. However, we deviate from the conventional approach used in 

silicon-based metal-oxide-semiconductor (MOS) devices, where the focus lies on examining 

the frequency response of trap filling and emptying kinetics. Instead, our approach centers on 

measuring how trap occupancy modulates the quasi-static impedance of the device. To enhance 

our understanding of trap locations within the device's geometry, we complement the 

impedance measurements with equivalent circuit models. 

 
The organization of this chapter is as follows: following an overview of the 

experimental details, we embark on a review the current understanding about electroforming 

of memory devices. Subsequently, we consolidate insights from various studies reporting the 

observation of traps at the onset of the electroforming alongside a diverse array of electro-optic 

techniques employed to investigate these trap states. We then present and discuss the results. It 

is shown that a trap filling process cause abnormal hysteresis on the impedance versus voltage 

curves. Specifically, the neutralization of traps manifests as a negative differential resistance 

(NDR) region on the resistance-voltage curve and an abnormal excess capacitance 
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in the capacitance-voltage plot. The changes caused in the impedance after electroforming are 

also discussed. Finally, the implications of this knowledge in the development and optimization 

of resistive switching memory devices are discussed. 

 
4.2 Experimental section 

Figure 4.1 shows a schematic diagram of LiF diode structure. The photograph of the 

diode is presented on the Figure 4.1 (a). The structure of the diode is schematically depicted in 

Figure 4.1 (b). It consists of an Al top electrode, a layer of LiF with thickness of 20 nm, a 

polymer - spirofluorene (80 nm), and a Ba/Al (5 nm/100 nm) bottom electrode that forms an 

Ohmic contact with the polymer. Positive bias voltage refers to the top Al electrode being 

positive with respect to the bottom Ba electrode. Current – voltage (I-V) characteristics were 

measured using an Agilent semiconductor parameter analyser 4155C. I-V measurements were 

carried out with scanning speed from 10 mV/s up to 100 mV/s for Capacitance-Voltage (C-V) 

plots. Impedance vs. voltage characteristics were measured by impedance analyser Fluke 6406. 

 
 

Figure 4.1. (a) Photograph of several encapsulated LiF based devices. (b) Schematic diagram 

showing the device structure and electrical connections. (c) Flat band diagram illustrating the 

valence and the conduction bands of poly(spirofluorene) and LiF and the work functions of Al 

and Ba with respect to the vacuum level. 
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4.3. Trapping of electrons in the initial stages of electroforming: a review. 
 

Existing reviews about electroforming are essentially focused on two aspects of 

electroforming, (i) on the electrical procedures to achieve electroforming [162]–[165] and, (ii) 

on the nature of the defects created during electroforming [166]. In contrast, this review is 

focused on the trapping phenomena occurring in the early stages of electroforming. 

The basic methods of electroforming rely on applying a voltage or a current sweep. 

When using a voltage sweep, it is typically necessary to incorporate a compliance current to 

mitigate the effects of Joule heating and imped hard dielectric breakdown. In contrast, 

electroforming driven by a current-sweep ensures that the current passing through the device 

remains under control, eliminating the need for compliance. The precise nature of the defects 

created during electroforming is still a matter of debate. The models proposed in the literature 

vary according to the material used. For instance, electroforming of Al2O3 has been attributed 

to formation and ionization of defects [33], [167], [45]. Electroforming of TiO2 based memory 

devices has been shown to induce a phase transition to the Magnéli phases (TinO2n-1) at 

localized spots and is associated with formation of oxygen vacancies [167], [168]. Similarly, 

electroforming of niobium oxide (Nb2O5) results in formation of suboxide phases [167]. Also 

for hafnium oxide (HfO2), electroforming has been related to oxygen vacancies [166]. In Cr 

doped SrTiO3, oxygen vacancies have been imaged after electroforming and seem to determine 

the path for electrical conductivity [33]. In general terms, we may summarize the current view 

of the electroforming as follows: The application of a forming voltage introduces oxygen 

vacancies by oxidation-reduction reactions with the metal contacts. A continuous sequence of 

oxygen vacancies forms a filamentary conduction path across the oxide and leads to a low 

resistance state. Applying a reverse voltage changes the number or distribution of oxygen 

vacancies and causes the rupture of the conducting filament. Many review articles presented 

diagrams illustrating this mechanism [33], [167], [169]. However, electroforming and 

switching have also been reported in many non-oxide based MIM systems, including nitrides, 

halides, and pnictides [30], [151], [169], [170]. Electroforming and switching in these non- 

oxide systems does not involve oxygen vacancies. In order to explain electroforming in these 

systems Hickmott [167], argued that the formation of defect conduction bands in non-oxide 

systems can occur when the defect concentration is large enough, ≳1019 cm−3, as it is likely to 

be in amorphous or evaporated films. The existence of defect conduction bands in MIM diodes 

that depends on the details of formation of the insulator also explains why such a wide range 
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of metals, both reactive and unreactive, can be used for the counter electrodes. Supporting this 

electronic view is the observation of electroluminescence [32], [171]. 

For the LiF diodes under study in this chapter, the nature of the defects created during 

electroforming has been previously studied and reported by the Eindhoven group [151]. For 

the LiF it is proposed that a self-trapped exciton dissociates into a Frenkel defect pair consisting 

of an anion vacancy filled with an electron (F-center) and a halide interstitial (H-center). Under 

prolonged bias stress, defects will accumulate, and F-center aggregates are formed. The 

electroformed alkali halide layer is considered as a highly doped semiconductor with metallic 

transport characteristics. 

Electronic models are very appealing because if electroformed MIM diodes are to be 

used for memristors or for non-volatile memories they require high switching speeds. 

Electronic process is significant faster than electrochemical based process that depend not only 

on electron motion but also on chemical reactions between insulator and metal. 

In the context of the present work, interesting models are the ones that rely in a pure 

electronic mechanism as the one proposed in the early days of the history of resistive switching 

memories by Hickmott [36], [172], [161], [162]. According to Hickmott’s model, 

electroforming induces the creation of an impurity energy band in the oxide band gap, which 

serves as a low-energy electronic pathway [26], [27]. This impurity band is strategically 

positioned in the vicinity of the Fermi level of the cathode, facilitating the injection of electrons 

into the impurity band. Hickmott proposed that this impurity band has origin on the impact 

ionization of immobile impurities. Simmons and Verderber proposed a similar model, differing 

only in the origin of the impurity band [45]. In their model, metal ion injection from the 

electrode was regarded as the origin of the impurity that forms the impurity band in the 

forbidden gap. Alternatively, Dearnaley et al. [28] introduced the filament mechanism where 

conducting filaments (CFs) are introduced in the insulating matrix during forming. This, in 

turn, results in non-uniform conductivity within the switching material [27]. In the filament 

model, it is assumed that CFs originate from multiple points at the insulator/anode interface, 

where the local electric fields are concentrated [46]. 

 
Studies reporting trapping phenomena prior to electroforming are not abundant in the 

literature. Most of the work in this topic has been carried out by groups led by Dago de Leeuw 

at Philips (Eindhoven), Stephen Meskers at TU/e (Eindhoven) and by Gomes H.L. at the 

University of the Algarve (Portugal). Together, these groups have collectively published a 

number of studies, which provide direct evidences of a trapping phenomena occurring in the 
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early stages of electroforming. These studies were conducted in resistive switching memories 

integrating polymer layers. It is worth noting that while these devices contain a polymer layer, 

they are often colloquially referred to as "polymer-based resistive switching memories." In 

reality, the switching layer in these devices remains an oxide, such as Al2O3 or a halide for 

instance LiF. Therefore, their basic switching mechanism is indistinguishable from an oxide- 

based memory. Importantly, unlikely, most of the MIM type of devices documented in the 

literature, polymer based resistive memories are not MIM but instead, metal-insulator- 

semiconductor (MIS) structures. In a MIM structure the charge carrier communicates directly 

with the metal bands, and this makes both the charge carrier injection and extraction a relative 

fast process but also difficult to measure. 

The semiconducting polymer layer in series with the insulator has the interesting effect 

of slowing down the carrier injection as well as the carrier extraction into the trapping sites. 

This slowing down of the trap filling kinetics is due to the relatively low mobility of the 

–conjugated polymer. The poor carrier extraction and injection has a detrimental effect in the 

switching speed of a memory. For this reason, memories integrating –conjugated polymers have 

not attracted the attention of the scientific community. However, MIS type of memories using 

a polymer as a semiconductor layer are a powerful characterization tool to provide insight into 

the fundamental physics occurring in the early stages of electroforming of oxides, halides and 

other resistive switching materials. This aspect has not been fully appreciated by the scientific 

community, as most of the characterization studies are still carried out in MIM structures 

optimized to operate as resistive switching memories. 

Evidence for trapping at the onset of electroforming can be provided by a number of 

methods and techniques. These include; (a) quasi-static capacitance-voltage (QSCV) methods, 

in which a voltage ramp or a voltage step is applied to change the trap occupancy and the 

corresponding quasi-static changes in capacitance as well as in resistance are monitored; (b) 

photo-induced current transient spectroscopy methods where traps are filled with a voltage and 

neutralized by exposure to polymer band-gap light; (c) quenching on the semiconductor 

polymer photoluminescence or, (d) changes in the optical reflectivity caused by the presence 

of free carriers, and finally (e) by low frequency noise measurements. Figure 4.2 shows a 

schematic diagram where the methods to detect traps in polymer based resistive memory 

devices are briefly outlined. In the following paragraphs, a short description of each method is 

provided. 
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(a) Capacitor displacement current method 

 
The capacitor displacement method makes use of MIS capacitor. Before the 

displacement current method is explained and their use justified it is useful to recall the 

behaviour of the small-signal capacitance when the MIS diode is driven by a bias sweep 

voltage. Under forward bias, free charge carriers accumulate at the insulator/semiconductor 

interface and the measured capacitance is the insulator capacitor (CI). Under reverse bias, the 

semiconductor is depleted of free charge carriers and the measured capacitance is the series 

sum of the semiconductor capacitance (Cs) and insulator capacitance (CI). Therefore, a C-V plot 

evolves from a low capacitance plateau under reverse bias to a high capacitance plateau under 

forward bias. This is the typical behaviour of trap free MIS capacitor. Under the presence of 

deep traps this behaviour is different. Under forward bias, the current that flows through the 

device is a transient current that only lasts a few milliseconds, which is the typical time required 

to fill the traps. Once the traps are filled, the current stops and the semiconductor becomes 

depleted of free carriers. Small-signal impedance methods of measuring the capacitance have 

difficulties in capturing this transient change in capacitance (in a time scale of milliseconds). 

In a small-signal C-V plot the depletion and accumulation plateaus on the C-V curve will not 

be observed and the C-V is flat. This is because at a particular test signal frequency and under 

steady state, the traps become filled very fast and the impedance analyser only perceives the 

steady state capacitance which is the series sum of Cs and CI. 

In order to measure the changes in trap occupancy, the capacitance cannot be measured 

by a small ac signal method but instead by the displacement current method. This method relies 

on driving MIS capacitor by a well-defined voltage ramp speed (dV/dt). The measured current 

is is a displacement current (I), which is related with the capacitance according to equation 

(4.1). 

𝑑𝑉(𝑡) 
𝐼(𝑡) = 𝐶 

𝑑𝑡 

(4.1) 

 

Where C is the device capacitance and dV/dt is the voltage ramp speed. 

 
Figure 4.2 (a) illustrates the experimental procedure. When a MIS capacitor with all the traps 

emptied is submitted to a voltage ramp, a current flow through the semiconductor layer and 

fills the traps at the insulator/semiconductor interface. This trap filling current effectively 

bypass or “shorts” the capacitance of the semiconductor layer. The measured displacement 

current corresponds only to the insulator layer capacitance (CI). Once the traps are filled, the 
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current trough the semiconductor stops. The semiconductor becomes depleted of free carries 

and behaves as an insulator. The semiconductor capacitance (CS) appears now in series with 

the insulator capacitance (CI). The device behaves as a two-capacitance layers in series and the 

displacement current measures the series sum of CI and CS. In summary, upon the application 

of a forward bias-sweep voltage to a trap empty MIS capacitor, the measured capacitance is 

high and equal to CI. If the voltage ramp is stopped the capacitance rapidly decays to the series 

sum of CI and CS. In the return path of the bias-sweep voltage the traps remain filled and 

measure capacitance also corresponds to the series sum of CI and CS. This change between the 

two capacitance values is schematically represented in Fig. 4.2 (a). The high hysteresis I-V loop 

can only be repeated if the sample is left resting for a few days under short-circuited conditions. 

The use of the current displacement method to study electroforming in Al2O3 and LiF based 

devices has been reported in the references [36], [172]. 

Alternatively, traps may also be filled with a voltage step. The corresponding decay in 

current is monitored as function of time. This method is known as current transient 

spectroscopy (CTS) method. However, in our LiF capacitors, the filling time is not controlled 

by the traps but, as it will be shown later, the trap filling kinetics is controlled by the time of 

flight of the charge carrier trough the semiconducting polymer layer. Therefore, current 

transients do not provide information about the traps, but instead, they reflect the charge 

transport mechanisms across the low mobility conjugate polymer. 

(b) Photoinduced detrapping measurements 

 
A convenient way to neutralize traps is to expose the MIS capacitor to polymer band-gap light. 

Photogenerated holes will recombine with the trapped electrons leading to a trap neutralization 

process. This trap neutralization can be monitored by recording the associated current transient 

during illumination. Under illumination, discharging currents are observed on the time scale of 

hundreds of seconds as is schematically shown in Fig. 4.2 (b). The density of trapped charge 

can be calculated from the area under the optically induced current transient. Detrapping 

transients are faster for higher optical power, in agreement with first order kinetics. Once the 

traps have been emptied optically, the filling of the traps can be repeated. Charging of traps by 

an applied voltage and discharging them by exposure to light is a fully reversible process. The 

basic steps of this method are depicted in Fig. 4.2 (b). This method was reported in a study by 

Qian Chen et al.[172] 
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Figure 4.2. Schematic diagram representing several methods which have been used in 

the literature to gain information about interfacial traps at the insulator/semiconductor 

interface. (a) displacement current method, (b) optical induced detrapping, (c) 

Quenching of the photoluminescence and (d) change in the optical reflectivity caused 

by the presence of charge carriers. 

(d) 
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(c) Photoluminescence 

 
Free charge carriers flowing in and out of the trapping sites, may also be detected by the 

changes caused in the photoluminescence of the polymer. In photoluminescence experiments 

electrons are excited from the valence to the conductance band of the semiconducting polymer 

by a light source with energy larger than the bandgap. As a consequence, the photo-excited 

carriers relax and then spontaneously recombine with holes in the conduction band. In the 

case of direct semiconductors, the excess energy is emitted in the form of light (spontaneous 

emission). In -conjugated polymer the presence of charge carriers interferes and causes a 

quenching on the photoluminescence. For the LiF/polymer interface, Bory B. et al. [1] have 

shown that upon the application of a voltage ramp above a certain voltage, the 

photoluminescence intensity drops (see the schematic diagram on Fig. 

4.2 (c). This change in the photoluminescence was attributed to injection and consequent 

accumulation of electrons near the LiF/polymer interface, which then are captured at interfacial 

trapping sites. 

(d) Optical reflectivity measurements 

 
When the memory device has a transparent bottom ITO contact, illumination trough the contact 

provides direct access of the light to the sample. In addition, the Ba/Al top contact is highly 

reflective, allowing for reflectivity measurements. Upon application of a stepped bias voltage, 

the intensity of the reflectivity band increases slowly over time. Importantly, upon removing 

the applied bias, the reflectivity reverts spontaneously and slowly approaches its original level 

before application of bias stress. The recovery can be accelerated by application of reverse bias. 

The experimental procedure is illustrated in Fig. 4.2 (d). By measuring the current density 

through the diode simultaneously with the change in reflectivity at the wavelength of 800 nm 

during the bias stress and the subsequent recovery, Bory B. et al. [151] established a correlation 

between the changes in optical properties and the charging on trap occupancy. During recovery 

from the bias voltage stress under short circuit conditions, a spontaneous discharging current 

with sign opposite to that of the current density during bias voltage stress was observed. The 

decay of the short-circuit discharging current takes place on the same timescale as the decay of 

the differential reflectivity. The correlation between optical and electrical signal indicates that 

coloration and its recovery are related to charging and discharging of traps at the LiF/polymer 

interface. 
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(e) Electrical noise measurements 

Evidences for traps can also be found from low frequency electrical noise. Prior to 

electroforming (pristine samples) show a low frequency noise that follows a 1/f frequency 

dependence. After the electroforming the noise changes to a frequency dependence of the type 

1/f 3/2 [7], [46]. Hence, upon electroforming a new physical mechanism becomes active. This 

mechanism is a switching-on and switching-off of conducting filaments. Authors affirm in 

reference [47] that while the statistically significant capture/emission of electrons at electron 

trap sites controls the charge transport, discrete variations in current-voltage or current-time 

properties are being develop. 

 
4.4 Results and discussion. 

Figure 4.3 compares three I-V curves corresponding to the different electrical states of LiF 

memory device. The lowest (a) I-V curve corresponds to the pristine state. The middle (b) curve 

corresponds to the off-state (after electroforming) and the top curve (c) corresponds to the on- 

state. The pristine state is irreversible. The on-state was recorded to sufficiently high voltages 

to observe the differential negative resistance curve. During the NDR region, the device 

partially switches-off, as a consequence the return path of the I-V curve occurs at a lower current 

than the forward path. This leads to an I-V curve with hysteresis. 

To program the memory in the off-state (middle curve in Figure 4.3 we applied a voltage above 

the NDR region for a few seconds (2 s). To restore the on-state we apply for several seconds a 

voltage below the NDR region. The on/off ratio is roughly 100. 

 
 

 
Figure 4.3. Current-voltage (I-V) characteristics of the device in the different sates: (a) 

pristine, (b) off-state and (c) on-state. 
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To inspect for difference on the impedance on the different device states. The small-signal 

impedance properties of the LiF diode on the different states were also recorded. Figure 4.4 

shows the frequency dependence of the capacitance for the on- and for the off-state. As 

described in a previous Chapter (fundaments of electrical techniques) the system behaves as a 

two-layer system. The transition from the low frequency capacitance plateau to the capacitance 

plateau located at high frequencies, defines the Maxwell-Wagner relaxation which is located at 

around 10 kHz for a typical LiF diode. At low frequencies we see essentially the capacitance of 

the interface, and at high frequencies (above the Maxwell-Wagner relaxation) we see the series 

sum of the bulk and interfacial capacitance. When programmed in the one-state the bulk polymer 

layer is expected to be more conductive because the Al electrode is now injecting electrons into 

the polymer. This carrier injection causes that the polymer layer is more conductive. The 

resistance curve on Figure 4.4 (b) agrees with the I-V curves discussed above. 

 
 
 

 
 

Figure 4.4 Frequency dependence of the capacitance and resistance for both on- and 

off-states. 

 

 
 

4.4.1 Early stages of the electroforming of the LiF/polymer interface. 

In previous sections we present the behavior of different device states and how they are 

programmed, we now proceed to discuss each resistance state individually. We begin by 

presenting the behavior of the pristine state and how the pristine state is modified (or 

electroformed) to turn the device into a programmable memory. The early stages of the 
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electroforming process were monitored using both quasi-static current-voltage characteristics 

and small-signal impedance techniques. 

 
(a) Quasi-static current-voltage characteristics 

Figure 4.5 shows an early forming loop while the sample is in the pristine state. The LiF diode 

behaves initially as a leaky capacitor. This capacitor-like behaviour is clearly seen for negative 

applied voltages when the current is exclusively the displacement current. 

 

 
Figure 4.5. Current-voltage characteristics (I-V) of a LiF diode in a pristine state. 

 
 

Under reverse bias, the I-V loop in Fig. 4.5 has a symmetric hysteresis behaviour caused by the 

displacement current (I=CdV/dt) where C is the diode capacitance and dV/dt the ramp speed. 

For positive applied voltages above 1.5 V, the current rises rapidly. The I-V curve has a non- 

symmetric behaviour, and the returning path has a discharging negative peak. This behaviour 

can only be explained if the free charge carriers are injected into the polymer layer and 

temporally stored into shallow traps. When the electric field begins to be removed (in the return 

path) the stored charge is released and gives rise to a negative peak on the I-V characteristic. 

Since positive applied bias to the Al electrode corresponds to the injection of electrons into the 

polymer, this means that there is an electron charge density that is injected and temporally 

stored in the device. 
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(b) Hysteresis effects in the R-V and C-V curves 

Small-signal capacitance (C) and resistance (R) are usually sensitive to trap filling process 

and can in principle, reveal the trapping dynamics occurring at the interface. Here we explore 

the changes on the capacitance-voltage (C-V) loops and resistance-voltage loops (R-V) caused 

by a trap filling process. Both C-V and R-V plots revealed a marked hysteresis behaviour 

depending on the bias sweep direction and signal test frequency. 

Fig. 4.6 shows several R-V curves recorded at the test frequency of 200 Hz for increasing 

voltage range. The first voltage scan is from 0 V until 2 V and the last voltage scan until 4 V. 

As expected, in the forward voltage scan, the resistance decreases with the applied voltage. 

However, in the return path an abnormal behaviour is observed. There are three aspects to note. 

First, in the return path, the resistance is higher than the forward path causing a hysteresis loop. 

Second, the resistance reaches a maximum and then increases while the voltage decreases, 

leading to a voltage region with negative differential resistance (NDR). This NDR region can 

extend over a range as large as 1 V. After passing the NDR region, the R-V curve returns to the 

normal voltage dependence. Third, the end point of the R-V curve depends on the maximum 

voltage reached in forward path. For a constant scanning speed, the higher the applied voltage, 

the lowest it is the resistance maximum. This observation strongly suggests at the end of the R- 

V hysteresis loop the charge carries have not yet reached equilibrium. 

Figure 4.6. Small-signal resistance-voltage curves recorded at increasing voltage ranges. 

The resistance was measured at the frequency of 200 Hz. 

 
To understand why the return path has initially a higher resistance than the forward path, we 

have to note the small-signal resistance is sensitive to the free carrier concentration on the 

polymer layer. During the forward scan, we inject free charge carriers which travel across the 



59  

polymer layer and get trapped at sites located at the LiF/polymer interface. This transient flow 

of carriers across the polymer causes a decrease in the polymer resistance. The trapped charge 

creates an internal field that opposes the external applied voltage. During the forward voltage 

ramp all the injected electrons get trapped and the corresponding internal field is equal to the 

external applied field. Therefore, in order to inject more electrons into the polymer, we have to 

keep increasing the external voltage. During the voltage return path, the trapped charges are 

not immediately neutralized. This delay between charge filling and charge neutralization causes 

a difference between the internal and the external voltages. The effective voltage across the 

device is now a complex an interplay between filling and the trap emptying kinetics. This 

interplay between the two processes, causes two unusual features on return path of the R-V 

curve; first, in the initial return path the resistance is temporally much higher that under the 

forward path (the external bias does not inject carriers, and the number of charges released from 

the traps is low. Second, a NDR region appears. The NDR region is caused by the release of 

trapped charge. This released charge will flow back into the polymer layer increasing the free 

carrier concentration. Alternatively, trapped electrons are neutralized by a hole current. On the 

grounds of the present experimental evidence the two processes are indistinguishable. Both a 

hole and an electron current will temporary increase the bulk conductance giving rise to a NDR 

region. Once the trapped electrons are neutralized, the hole current fades away and the R-V 

curve returns to the normal voltage dependence. Finally, the maximum voltage reached in a R-

V loop affects the position of the maximum in resistance as well as the value of the resistance 

in the end point of the hysteresis loop. We propose this behaviour is because the higher the 

applied voltage, the higher will be the density of trapped electrons. 

Capacitance-voltage (C-V) curves were also recorded together with their corresponding R-V 

characteristics. The C-V curves recorded for increasing voltage ranges are shown in Fig. 4.7. 

The hysteresis behaviour observed at low bias in the C-V characteristics was recorded 

by increasing the maximum voltage range. The strategy behind this procedure is to control the 

density of stored electrons in the film and see the corresponding effects on the capacitance. 

Figure 4.7 shows three C-V plots for three different voltage ranges, loops labelled (a), (b) and 

(c). The capacitance is flat until 1.3 V. Above 1.3 V the capacitance increases linearly with the 

voltage (part of the curve labelled (i) on Figure 4.7). If the voltage scan is stopped at 2 V (loop 

(a)), then in the return path the capacitance stays high and even increases while the voltage is 

decreasing. This unusual voltage dependence stops at around 1 V. For voltages below 1 V the 

capacitance returns to the normal voltage dependence. For the subsequent C-V loop (b) 

recorded for higher applied voltage a similar behaviour was recorded. However, the 
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capacitance shows a plateau for voltages above 2 V. The loop (c) follows a similar behaviour 

as the previous ones, but for voltages above 3.5 V the capacitance increases dramatically. This 

sharp increase in capacitance without hysteresis will be discussed later. 

 

 

Figure 4.7. Small-signal Capacitance-Voltage curves recorded at increasing voltage 

ranges. The capacitance was measured at the frequency of 200 Hz. The labels (a), (b) 

and (c) refer to hysteresis loops recording to increasing voltage ranges. 

 
The observation of an anti-clockwise hysteresis both on the R-V as well as on the C-V 

curves suggest that the two behaviours must be related. In other words, the NDR region in the 

R-V curve must be related with the abnormal increase in capacitance on the return path of the 

C-V curve. As discussed above, we propose this abnormal hysteresis behaviour is caused by 

trapping of electrons near the LiF/polymer interface. 

We now proceed to explain the abnormal increase in capacitance in the return path of a 

C-V loop. The proposed explanation is supported by the equivalent circuit show as inset on Fig. 

4.7. At low applied bias the capacitance is flat, basically the impedance analyser is probing the 

series sum of the polymer layer capacitance (CS), and LiF layer capacitance (CI). As the external 

voltage increases electrons are injected into the polymer and they get trapped at the 

LiF/polymer interface. The corresponding electron current increases the polymer bulk 

conductance. This increasing in bulk conductance effectively short-circuited the capacitance of 

the bulk polymer layer. Therefore, the capacitance becomes essentially dominated by the LiF 

insulating layer. For voltages above 1.2 V the device behaves a Metal-Insulator-Semiconductor 
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(MIS) diode driven into accumulation. The capacitance plateau corresponds to the LiF layer 

capacitance. In the voltage return path, the capacitances do not follow the original forward bias 

path, but over a small voltage range, the capacitance is higher than the one measure in the 

forward path. In addition, the capacitance keeps increasing as the voltage decreases until a 

maximum is reached at approximately 1.2 V. After the maximum, the capacitance follows the 

expected voltage dependence. 

Anti-clockwise hysteresis loops in C-V plots are unusual. To explain this anomalous 

behaviour, we have to go back to the hysteresis loop on the R-V curve described above. The 

peak in capacitance occurs at the same voltage where the NDR region in the R-V curve occurs. 

Therefore, it is plausible to assume that both, the abnormal rise in capacitance and the NDR 

region are caused by the same physical mechanism. 

Assuming that the trap neutralization, is due to electrons flowing out of the traps, them 

the diode current is dominated by a minority carrier current which flows through the polymer 

by a diffusion process. Diffusion is a rather slow process, and for relatively high frequency 

diffusion currents cannot follow the voltage changes instantaneously; the current starts lagging 

the voltage and a shift of the phase of the current relative to the voltage occurs. The increasing 

phase shift is interpreted by the impedance analyser as an increasing capacitance. Excess 

capacitance by the presence of diffusion currents have been reported by other authors, se for 

example the work of Werner J. et al.[173], [174]. It must be noted that this is not a true 

capacitance in the sense that the device can store charge, this is the definition of static 

capacitance! but is rather an as-measured capacitance caused by a phase shift between the ac 

current and the ac voltage. 

In summary, we propose, that the abnormal increase in capacitance during the voltage 

return path is due to a diffusion current that neutralizes the traps. It is important to mention that 

this effect is responsible for a relatively small rise in capacitance of about 1 nF in a total change 

of 6 nF. 

The abnormal hysteresis loops observed both on the C-V and R-V plots are a 

consequence of a transient diffusion current which neutralizes the trapped electrons at the 

LiF/polymer interface. This transient current temporarily increases the polymer conductivity 

causing on the R-V curve a NDR region and on the C-V characteristic an excess capacitance. 

Figure 4.8 summarizes both the resistance and capacitance behaviour. 
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Figure 4.8 Voltage dependence for capacitance (a) and resistance (b). 

 
 

The anomalous hysteresis behavior observed both on the R-V and C-V loops described in detail 

above is strongly frequency dependent as depicted in Figure 4.9. For frequencies above 600 Hz 

the anomaly disappears. This strong frequency response of the NDR agrees with the view of a 

diffusion current. Slow carriers cannot follow the high frequency signal. 

 
In summary, electrons injected into the polymer drift to the insulator-polymer interface and get 

trapped there. Once the external applied voltage is lowered, which happens once the voltage 

sweep direction is reversed, electrons start to flow out of the traps and move across the polymer 

layer by diffusion. The increase in the free carrier concentration temporarily increases the 

polymer conductance giving rise to a NDR region on the R-V curve. Simultaneously, the trap 

neutralizing diffusion current also causes an excess capacitance as measured by the impedance 

analyser. This excess capacitance causes an anti-clockwise hysteresis on the C-V loop. 
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Figure 4.9. Resistance versus voltage curves recorded for several frequencies. For the 

sake of simplicity only the reverse scan is represented. 

 

 
 

(c) Current transients 

In order gain information about the trap filling kinetics current transients were measured 

as function of the applied voltage. To measure the trap filling kinetics a voltage step of was 

applied and the corresponding changes in current were monitored as function of time. Figure 

4.10 shows the plot of the current as function of time. The current was monitored for several 

applied voltages. In a log(I) vs log(t) plot the current follows a linear behaviour with a  slope of 

1.12. This means that the current follows a power law of the type I(t)=t0
1.12 where t0 is a constant. 

This power law behavior is typical of a system where traps are progressively filled until 

the internal filled created by the trapped charges is equal to the external applied voltage. 

The rate limiting process for trap filling is proposed to be the dispersive hopping process 

(electron transport trough the polymer) with a long tailing of hopping time distribution, 

The current through the diode can be expressed as 
 

 
𝑑𝑉(𝑡) 𝑉(𝑡) 

𝐼(𝑡) = 𝐶 = 
𝑑𝑡 𝑅𝑝𝑜𝑙𝑦(𝑉(𝑡)) 

(4.2) 

 
 

Where C is the capacitance of the LiF layer and Rpoly is the resistance of the polymer layer. 
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𝑛𝑉𝑛 

Transport of electrons through conjugated polymers is a trap limited process. This transport is 

phenomenologically approximate Rpoly by 

𝑟 
𝑅𝑃𝑜𝑙𝑦(𝑉(𝑡)) = 

𝑉(𝑡)𝑛
 

(4.3) 

Where r and n are parameters that dependent on the energy distribution of the traps. For 

conjugated polymers n usually follows in the range 3 to 7. The differential equation 4.2 for V(t) 

can be solved by integrating by parts yielding the following expression for the current 

1+
1

 
𝑛 

1 1 
𝐼(𝑡) = ( ) 

𝑟 𝑛 1  𝑛 
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) 

 
(4.4) 

 

When 𝑡 ≫ (
  

) we can simplify as: 
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𝑛

)
 

(4.5) 

 
 

 

Where Vo is the initial voltage drop over the polymer. From the experiment, we obtain a 

power-law dependence of the current I on time with an exponent 1.12. 

From the J-V characteristics we obtain and exponent 3. This is in reasonable agreement with 

the exponent =1.12 from time domains measurements as described by Eq. 4.5. 

 

Figure 4.10. Transient response of the current during trap filling. The filling was done 

by the application of a voltage step. Measurements were done in the pristine state. 
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4.4.2 Small-signal impedance of the electroformed device 

In the above sections the analysis has been focused on the pristine state. It is important 

now to proceed and see how the impedance changes upon electroforming. Figure 4.11 

compares the R-V curves when the sample is electroformed. When the sample is in the pristine 

state the hysteresis is fully reversible (the starting point is equal to the end point). This is true 

if the scanning speed is low (20 mV/s). The electroforming was carried out by increasing the 

voltage up to 8 V (see curve (c) in Figure 4.11). As expected, when the device is electroformed, 

the final state has a significant lower resistance (1 MΩ) when compared with the pristine state 

resistance (16 MΩ). 

It is interesting to note that the NDR region (in the reverse scan) is still observed even 

in the electroformed state, but in comparison with the pristine state, the NDR occurs for voltage 

below 1 V while in the pristine state the NDR was occurring below 2V. The presence of the 

NDR behavior confirms that the trapped electrons at the LiF/polymer interface are still present 

in the electroformed device. 

 

 

 
Figure 4.11. Voltage dependence of the resistance during the electroforming process. 

Curve (a) was measured in the pristine state. During the curve (b) the device was 

electroformed. 

 
Figure 4.12 shows the frequency dependence of the capacitance for different applied voltages. 

The device still exhibits a Maxwell-Wagner relaxation which is now shifted from 10 kHz 

(pristine state) above 100 kHz (electroformed state). This shift to high frequencies of the 

Maxwell-Wagner relaxation is a consequence of a polymer bulk layer much more conductive 
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owing to the relative high current density now passing through the electroformed device. The 

electroforming modifies the carrier injection, and the Ba/Al contact becomes an ohmic contact. 

Apart from the frequency shift on the impedance curve, the major difference between the 

pristine and the electroformed device is the existence of a pronounced low frequency 

capacitance tail that increases dramatically with the applied voltage. This low-frequency rise 

in capacitance can be interpreted in terms of filling of shallow states at the LiF/polymer 

interface. As the forward bias increases there is a significant population of shallow trap states 

filled by electrons. The electrons occupying these shallow states contribute to the capacitance 

at low frequency. At low bias voltages the injected electrons exclusively occupy relatively deep 

trap states at the LiF/polymer interface and do not contribute to the capacitance at intermediate 

frequency. 

 

 
Figure 4.12. Frequency dependence of the capacitance for different applied voltages 

for the electroformed LiF sample. 

 
The frequency dependence of the resistance for different applied bias is represented in Figure 

4.13. For low applied bias the resistance is strongly frequency dependent and becomes 

frequency independent for high-applied bias. We propose this behavior is caused by the very 

high carrier injection at high bias. At low applied bias the shallow states and still filled and 

emptied by the ac signal. When the frequency increases less, and fewer states are able to 

respond to the ac signal causing a pronounced resistance drop with increasing frequency. This 

frequency dependence will be swapped by the very high carrier injection at high bias. The free 

carrier density trough the diode is now so high that it dominates the diode resistance and 

prevents the observation of the observation of shallow states. In other words, the filling and 
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empty of shallow states that is responsible for the low-frequency dependence of the resistance 

is now swamped by high dc current. 

The electroformed sample exhibits electrical fluctuations which resemble to noise. 

Interestingly, the magnitude of the electrical fluctuations is higher in the high resistance state. 

Figure 4.14 shows the changes in the electrical noise as a function of the voltage. 

 

Figure 4.13. Frequency dependence of the resistance for different applied voltages 

for the electroformed LiF sample. 
 

 

 

 
Figure 4.14. Transient measurements with different bias voltage. Results were 

recorded on electroformed device. 
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4.5. Discussion 

In this chapter we analysed in detail the changes occurring at the LiF/ polymer interface 

upon electroforming. These use of the small signal impedance measurements in the pristine 

state revels that electrons are stored (trapped) at the LiF/polymer interface. The stored charges 

build up an internal field. Once the external voltage is removed the stored charge does not come 

out immediately. This delay between filling and emptying of the traps leads to a peculiar 

behavior of the resistance and capacitance as function of the bias sweep direction. During a 

forward voltage scan the external voltage injects electrons increasing the free carrier density in 

the polymer bulk region. The trapping current is a temporary effect, and eventually will stop 

when the field due to the stored electrons becomes equal to the external applied field. In the 

reverse voltage scan a complex dynamic occurs. The external voltage decreases, but the stored 

electrons do not come out immediately, therefore, the internal field will become higher than 

the external applied voltage. The interplay between the internal and external voltage is 

controlled by the rate of decrease of the external voltage and by the emptying kinetics of the 

electrons out of the shallow states. For a certain voltage range the detrapping current can still 

increase while the external voltage is lowering, this gives rise to a NDR region on the R-V 

curve. 

This NDR region observed on the resistance vs voltage curves is clear evidence for the 

presence of trapped electrons. This stored charge will be responsible for the soft-dielectric 

breakdown and resistive switching memory properties. 

Transient current measurements upon a step voltage excitation reveal that the trap filling 

kinetics is controlled by the slow hopping charge transport mechanism across the polymer bulk 

layer. 

Small signal impedance measurements after electroforming show that the shallow states 

are still present and trapping substantial amount of charges at the LiF/polymer interface. 

Therefore, these interfacial traps do not only play a role in the electroforming but also have an 

active role in the switching behavior of the memory. Based on the frequency and bias 

dependence of the impedance we can conclude these traps have a broad distribution in energy. 
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4.6. Conclusions 

In summary, this chapter reports a detailed investigation of the different electrical states 

of the memory device, namely, the pristine, the off-state and on-state. It is concluded that when 

the device is in the pristine state, the current flowing through the device upon the application 

of an external bias is a transient trapping current. Once the field is removed the trap emptying 

process generates a current of opposite sign which causes a NDR region on the R-V curves and 

an excess capacitance on the C-V curves. The excess capacitance is not a static capacitance but 

a small-signal capacitance. The slow diffusing out of electrons out of the device causes the 

phase angle between voltage and current, which is interpreted by the impedance analyser as an 

additional capacitance. 

Trapping of electrons at the LiF is still occurring even after the diode is electroformed. 

Evidence for these traps is provided by the frequency and voltage dependence of the 

capacitance and resistance. Therefore, it is proposed that the interfacial LiF/polymer interfacial 

traps play an important role not only in causing the soft-dielectric breakdown of the LiF 

(electroforming) but also in the switching properties of the electroformed diode. 
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Chapter 5 

 
 

Synthesis of CdS nanocrystals in a gelatin matrix: 

The effect of the pH on the size of nanoparticles 

 
Cadmium sulfide nanocrystals were synthesized via a sol-gel process within a gelatin solution. 

This chapter outlines how pH manipulation governs the size of these CdS nanocrystals. As the 

pH of the solution decreases from 10 to 6, the nanocrystal radius concomitantly diminishes 

from 8 to 3.5 nm. To understand these synthesized CdS nanoparticles, we conducted thorough 

characterizations involving optical absorption and photoluminescence studies. These 

investigations yielded valuable insights into the optical properties of these nanocrystals. 

 

 

 

 

 

 

 

 

 

 
This work has been published by V. I. Boshernitsan, V. A. Smyntyna, V. M. Skobeeva, and N. 

V. Malushin, “Synthesis of CdS nanocrystals in the gelatin matrix with different рН values and 

their optical properties,” Physics and chemistry of solid sate”, vol. 16, no. 4, pp. 692-694. 

doi: 10.15330/pcss.16.4.692-694. [175] 
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5.1. Introduction 

 

Semiconductor nanocrystals (NCs) are used in a broad range of applications including 

solar cells, nanoelectronics, optics, molecular, cellular biology, and in medical diagnosis [131], 

[176]. One interesting feature of nanocrystals in the polymer matrix is their high chemical 

surface activity. This is a thorough consideration of the interfacial electronic and 

physicochemical processes that transpire at the boundary between the nanocrystal and the 

hosting matrix. These interactions impact the optical and luminescent properties under the 

influence of various external factors (temperature, type of stabilizer, concentration of the initial 

components and ratios, pH, etc.) [19]. 

The primary aim of this chapter is to describe the synthesis of CdS nanocrystals within  a 

gelatin matrix. We systematically investigate the influence of solution pH on the average 

nanocrystal size, elucidating the underlying mechanisms behind this phenomenon. 

 
5.2. Experimental 

Nanocrystals of cadmium sulfide that were obtained by the sol - gel technology from 

solutions of salts cadmium (cadmium nitrate) and sulfur (sulphide sulfur) in the colloidal 

solution of gelatin [99], [159]. The formation of CdS nanoparticles is a result of the following 

exchange reaction: 

Cd(NO3)2+Na2S CdS+2NaNO3. 

The pH of the solutions was varied by adding an alkaline solution or hydrochloric acid to the 

solution. The color of the solutions ranges from light yellow (at pH = 6) to dark yellow (at pH 

= 10). Once completion of the synthesis of the nanocrystals is complete, the solution with 

suspended CdS nanocrystals, was sprayed on a glass substrate and left dried for several days to 

hardening the gelatin gel. 

Average radius (r) of cadmium sulfide nanocrystals was evaluated from the optical 

absorption spectra and by using the relations for the threshold energy of interband absorption. 

According to the theory of interband absorption, in the absorption spectrum should be observed 

series of discrete lines. The absorption threshold, that means, the energy of the first optical 

transition, is called the effective band gap of the nanocrystal (hω01) and it is provided by Eq. 

5.1. 
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h01  Eg   
2r2

 

 

(5.1) 

 

 

Where μ is given by 
  

   
memn 

me  mn 

 

 

 
(5.2) 

 

 

Eg is the optical band gap of bulk crystal, me and mn are electron and hole effective mass 

respectively, r average radius of the nanoparticle and ħ the Planck constant. According to Eq. 

5.1, it becomes evident that the effective width of the band gap increases as the size of the 

particles decreases. 

Optical absorption spectra were recorded using an SF-26 spectrophotometer within the 

wavelength range spanning from 320 nm to 600 nm. To mitigate potential errors stemming 

from light scattering, particularly in the shorter wavelength range (320-360 nm), we employed 

a USF-2 filter to selectively truncate the visible spectrum. Measurement error did not exceed ± 

1%. Luminescence was excited by pulse laser (LCS-DTL-374QT) with a wavelength 355 nm 

excitation of light. The maximum laser power used was 35 mW. 

 
5.3. Results and Discussion 

 

CdS nanocrystals in gelatin solution with different pH values were studied using optical 

absorption and luminescence techniques. The effect of storage time in air on the optical 

properties was also explored. The absorption spectra of CdS nanocrystals in gelatin solution 

with increasing values of pH, from 6 to 10 are shown in Figure 5.1. A noticeable shift of the 

absorption edge towards higher energy compared to the band gap of single crystal of cadmium 

sulfide band gap (Eg = 2.5 eV) is observed. 

 
The average size of nanocrystals was determined using the energy data of the first optical 

transition. The values of the effective widths of the nanocrystal forbidden zones were obtained 

by extrapolating the straight line in the absorption curves (Fig. 5.1) to the wavelength axis and 

calculated using the equation for diameter of nanocrystals of the group A2B6 [177]. 
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As the pH value decreases from 10 to 6, significant reduction in the average size (radius) of the 

synthesized nanocrystals, diminishing from 8 to 3.5 nm. This pH-dependent behavior in CdS 

nanocrystals' absorption spectra can be elucidated by considering the reactions taking place 

during synthesis. It is primarily based on the hydrolysis of cadmium salts and sulfur, where the 

distribution of hydrolysis products is pH-sensitive. Specifically, at a pH below 6, the solution 

becomes enriched with cadmium ions (Cd2+) while containing fewer hydrogen sulfide ions (HS-

), consequently limiting the availability of hydrogen sulfide ions and leading to smaller 

nanocrystal sizes. In the pH range between 7 and 8, cadmium ions and hydrogen sulfide ions 

are roughly balanced, resulting in an increase in nanocrystal size. For a pH above 8, the 

concentration of cadmium ions decreases, but the presence of hydroxide cadmium ions (CdOH- 

) and hydrogen sulfide ions (HS-) increases, facilitating further nanocrystal growth. This model 

is confirmed by the changes in the absorption spectra depicted in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.1. The optical density spectra of CdS nanocrystals as a function on the pH of 

the gelatin solution. 

 
This study also investigates how the molar composition of the solution affects the 

emission spectrum of CdS nanocrystals, which emit light within the visible spectrum. The 

luminescent behavior of CdS nanocrystals is attributed to band-to-band or exciton 

recombination, with contributions from defects found in the bulk material and on the crystal 

surface. These defects primarily manifest as vacancies in the cadmium and sulfur ions. Altering 
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the sulfur and cadmium ion content in the solution can result in an excess of these ions, 

influencing the luminescent properties. 

Figure 5.2 shows the luminescence spectra of colloidal solutions containing 

nanocrystals synthesized at varying pH values, ranging from 6 up to 10. The predominant 

feature in this spectrum is a broad luminescence band with its peak centered around 600 nm. 

Remarkably, the contour of this luminescence band undergoes significant changes in response 

to alterations in the solution's pH. Specifically, as the pH level increases, there is a pronounced 

decrease in luminescence, accompanied by a subtle shift towards longer wavelengths. This 

phenomenon suggests a variation in the concentration of defects responsible for radiative 

(emitting) recombination. This finding agrees with the results of luminescent in nanostructure 

CdS with ZnS shells reported in reference [159]. Authors of this paper noted that the 

luminescence spectrum of samples obtained at lower pH values exhibited a discernible shift 

towards higher wavelengths. In contrast, samples prepared at pH> 8 displayed a broader 

luminescence spectrum that extended into shorter wavelengths. 

 

Figure 5.2. The photoluminescence spectra of CdS nanocrystals, 

obtained in solutions with different pH values. 
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On the basis of the data presented above, we can deduce that alterations in the acidic/alkaline 

balance induce the formation of nanocrystals with varying sizes and differing stoichiometries 

of atoms on their surfaces. In acidic environments nanocrystals with an excess of cadmium on 

the surface will be formed, whereas in alkali environments those with an excess of sulfur 

become prevalent. Furthermore, for pH> 8 hydrolysis produces cadmium hydroxide, resulting 

in its increased concentration with rising pH. Concurrently, an increase in pH leads to higher 

sulfur concentrations both in the solution and on the nanocrystal surfaces, concomitant with a 

reduction in luminescence intensity. This observation suggests that the presence of sulfur in the 

nanocrystals suppresses the luminescence of cadmium sulfide and for the long-wavelength 

luminescence can be responsible for the presence of sulfur vacancies [178]. 

To discern the constituents of the long-wavelength luminescence, we performed curve 

fitting on the experimental data using Gaussian curves. The maxima positions of the 

luminescence bands' components are presented in Table 5.1. Interestingly, at pH values of 6 

and 8, we observed two luminescence bands in the colloidal solutions. However, in samples 

with a pH of 10, three distinct luminescence bands emerged. An additional short-wavelength 

band, with a wavelength of λ = 470 nm, was observed at pH of 10, positioned at the edge of the 

absorption spectrum. 

The presence of edge luminescence in CdS nanocrystals is typically observed in 

samples with surface modifications. Furthermore, as indicated in the literature, this surface 

modification can be facilitated under specific synthesis conditions attributed to the formation 

of a cadmium hydroxide shell [176]. An increase in the alkalinity of the solution, particularly 

at pH> 8, promotes the development of this shell and the potential precipitation of the 

compound onto the nanocrystal surfaces. This shell effectively passivates surface states. We 

can corroborate this hypothesis regarding the nature of the long component by examining the 

intensity ratio of the component bands, denoted as Iλ2/Iλ3 (refer to Table 5.1), which decreases 

with increasing alkalinity. 

 
Table 5.1. Dependence of the position of calculated maximum of luminescence of CdS 

nanocrystals on the pH values of solution 

 

рН λ1 

(nm) 

λ2 

(nm) 

λ3 

(nm) 

I λ2/I λ3 

6 - 593 701 1.7 

8 - 590 700 1.83 

10 470 608 711 2.74 
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5.4. Conclusions 

 

The following conclusions can be drawn from the investigation into the impact of pH on the 

size of the synthesized CdS nanoparticles: 

 CdS Nanocrystals were successfully produced using the method of colloidal chemistry 

employing gelatin as a stabilizer; 

 The solution’s pH has a direct influence on the nanocrystal size, namely a decrease in 

average size of the nanocrystals from 8 to 3.5 nm with decreasing pH from 10 to 6; 

 The variations in nanocrystal size stem from alterations in the acid-base balance, 

brought about by the hydrolysis of the salt components during synthesis. 

 . The luminescence in the long wavelength region of the spectrum can be attributed to 

defects present on the surface of the CdS nanocrystals, specifically sulfur vacancies. 
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Chapter 6 

 
Establishment of formation mechanisms for optical 

properties of colloidal solutions and nanofilms of CdS 

 

In this chapter the optical properties of CdS nanoparticles which exhibit the quantum-size 

effects are presented and discussed. The photoluminescence of CdS nanocrystals in different 

host matrices is also reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This work was published by V. Smyntyna, V. Boshernitsan, V. Skobeeva, “The influence of 

inter-phase physical and chemical processes on the optical properties of CdS nanocrystals in 

gelatin,” Electronics and information technologies. Issue no. 2, pp. 51–56, 2012. ISSN 2224- 

087X. [179] 



78  

6.1. The influence of inter-phase physical and chemical processes on the 

optical properties of CdS nanocrystals in gelatin 

 
6.1.1. Experimental results and discussion 

Nanocrystals of CdS were obtained by using the method described in Chapter 5. After 

the synthesis process, the colloidal solutions of nanocrystals were diluted with distillation water 

in a ratio of 1:1 and 1:3. For undiluted solutions, the concentration of gelatin was 5%, for diluted 

in the ratio 1:1 and 1: 3 - 2.5 and 1.7%, respectively. 

The optical absorption spectra of colloidal solutions were investigated. In Figure 6.1 

are shown normalized absorption spectra of CdS nanocrystals at different gelatin 

concentrations, 5% (curve 1), 2.5% (curve 2), 1.7 % (curve 3). As it seen, with a decrease of 

gelatin concentration, particle size decreases. This is evidenced by the shift of the absorption 

edge toward higher energies with reduced the concentration of gelatin in the colloidal solution. 

It was noted that the absorption edge of all the spectra is located in the interval energies greater 

than the band gap of the bulk single crystalline cadmium sulfide (Eg = 2.5 eV), which is one 

of the manifestations of quantum-dimensional effects in synthesized nanocrystals. 

It was revealed the effect of reducing the average size of nanocrystals with a decrease 

in the concentration of gelatin in colloidal solution, which is the result of dissolution of 

nanocrystals due to the decrease in the stabilizing properties of gelatin (see Table 6.1). 

The average radius of nanocrystals of cadmium sulfide, r, were estimated from optical 

absorption spectra using expressions of threshold energy interband absorption that has meaning 

of "effective" energy gap of nanocrystal Eg and energy of size quantization electrons and holes 

in the valence band and the conduction band. 

It has also been found that the physicochemical properties of colloidal solutions of CdS 

nanocrystals change over time. Absorption spectra showed an increase in the absorption 

capacity of nanocrystals when stored for one month in ambient air. 

When colloidal solutions of CdS nanocrystals are stored in ambient air over long 

periods of time (several weeks) a phenomenon named "focusing of their sizes" occurs. This 

phenomenon means that the particle size distribution gets narrow. The narrowing of the particle 

size distribution upon storage time, is observed for all colloidal solutions of CdS nanoparticles 

obtained in gelatin matrix. These findings correlate with the luminescent studies data. The 

luminescence spectra of CdS nanocrystals obtained at different gelatin concentrations are 

shown in Figure 6.2. The concentration of gelatin in colloidal solutions was 5% (curve 1), 2.5% 

(curve 2) and 1.7% (curve 3). 
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Figure 6.1. Normalized absorption spectra of CdS nanocrystals at different 

concentrations of gelatin concentrations, (1) 5%, (2) 2.5%, and (3) 1.7 %. 
 

 

 

 

Table 6.1. The effect of the concentration of aqueous gelatin solution on the size of CdS 

nanoparticles. 

 

Gelatin concentration 

(%) 

Eg 

(eV) 

r 

(nm) 

5.0 2.52 11.0 

2.5 2.58 5.5 

1.7 2.71 3.4 
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Figure 6.2. Photoluminescence spectra of CdS nanocrystals 

at different gelatin concentrations, %: 5% curve 1, 2.5% curve 2, 1.7% curve 3. 

 

 

In all samples, prevails a luminescence band centered approximately at a wavelength 

λmax = 610 nm. The width of the luminescence band decreases with increasing gelatin 

concentration. This behaviour indicates that the particle size distribution gets narrow, meaning 

that there is also a “focus on size”. The intensity of the luminescence band maximum increases 

with the increase in the bulk density of the nanoparticles in the samples, indicating an increase 

in the number of particles in solution, in particular medium sized particles (their contribution 

to luminescence is the highest). 

In summary, quantum-size effects were observed in CdS nanocrystals obtained by the 

method of colloidal chemistry in aqueous gelatine solution. Nanoparticle size formation 

depends on the properties of the stabilizer (gelatin matrix). When the concentration of the 

stabilizer decreases, the particle size decreases. In the case of long-term storage of colloidal 

solutions of CdS nanocrystals occurs a phenomena called "Size focusing". An increase in the 

absorption capacity of nanocrystals is observed and the luminescence intensity increases. 
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6.2. Luminescent properties of CdS nanocrystals in different host 

matrices 

Additional experimental data about CdS nanoparticles embedded in different polymer host 

matrices is provided here. Furthermore, measurements of photoluminescence, excitation and 

emission spectra are also presented and discussed. 

 
6.2.1. Experimental details 

Several insulating polymers were used as host matrices for the CdS nanocrystals, 

namely, photographic gelatin, polyvinylpyrrolidone (PVP), polystyrene sulfonate (PSSNa) and 

a solvent dimethylformamide (DMF). The pH value of the solutions varied between 4 and 5. 

Measurements were carried out, both in liquid solutions as well as in thin films of nanoparticles 

deposited on glass substrates. After completion of the synthesis process, the solution which 

contained suspended in polymer nanoparticles of CdS was sprayed on glass substrates and left  

dried during for 24 hours at room temperature. From the absorption spectra were determined 

the size of nanoparticles. In the matrix of photographic gelatin nanoparticles had dimensions 

(average radius) from 5 to 10 nm, depending on pH (such dependence was explained earlier in 

Chapter 5). In polyvinylpyrrolidone (PVP) matrix nanoparticles of CdS had a diameter D=8.2 

nm (r=4.1 nm), and in polystyrene sulfonate (PSSNa) D=7,5 nm. 

Photoluminescence (PL) spectra were recorded using a LCSDTL-374QT pulsed laser 

(excitation at 370 nm, pulsing at 700 kHz). Luminescence was excited by the solid-state 

samples pulsed laser with the following specifications: maximum average power of 5 mW, 

pulse duration at 1 kHz ~ 1 ns, pulse energy at 1 kHz ~ 20 µJ, the emission wavelength of 355 

nm. The luminescence was registered with the detector PMT-106, which has a maximum 

spectral sensitivity in the range of 400-440 nm. Emission was recorded with the FEU-100 

photoelectron multiplier. The IR PL signal was studied with the MDR-6 monochromator and 

recorded with the IR photoresist. The luminescence signal was excited using light-emitting 

diodes (Edison Opto Corporation), with maxima of emission at 375, 400, 460, 550, and 640 

nm, and an ILGI-503 pulsed nitrogen laser emitting at a wavelength of 331.7 nm. 

The PL decay profiles of CdS nanoparticles have been investigated, it was used LED 

laser (excitation - 370 nm), pulsing laser (700 kHz) and femtolaser. Figure 6.3 illustrates the 

sample of CdS nanoparticles imbedded in gelatin matrix. During the measurements, the liquid 

solution was inside of the glass cuvette as shown on the figure 6.3 (a). Figure 6.3 (b) shows the 

PL of thin film of nanoparticles deposited on the glass substrate. 
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For the absorption spectra a solution of pure gelatin was used as a reference (see Figure 6.4). 

This sample has no color, it is transparent. Figure 6.5 illustrates the samples of thin films of 

CdS nanoparticles in gelatin matrix with different pH values. It is visible the difference in 

colors of the films depending on the pH of initial solution that was deposited on the glass 

substrates. All samples were transparent. 

a) b) 
 

 

Figure 6.3. Samples of CdS nanoparticles in gelatin matrix during PL measurements. 

Liquid solution in the cuvette (a) and thin film on the glass substrate (b). 

 

 

Figure 6.4. Samples in cuvettes with solutions contained CdS nanoparticles in gelatin 

matrix (yellow) and pure gelatin (transparent). 
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Figure 6.5. Samples of thin films of CdS nanoparticles in gelatin matrix with 

different pH values. 

 

 
In the following Chapter 6.2.2, experimental results about photoluminescence spectra will be 

discussed (Figure 6.6) both in liquid samples and in films of CdS were measured using 

fluorimeter. In the table 6.2 showed excitation and emission wavelength values for each sample 

of solutions of CdS in different matrices. Also, in table are performed PL and PLE of films CdS 

in gelatin matrix with different pH values. 

 

 
6.2.2. Photoluminescence of composite structures based on CdS nanocrystals 

 
One of the features of crystals having a nanoscale range and isolated in a polymer matrix 

is the essential chemical activity of its surface. Therefore, experimental studies of nanosystems 

with nanocrystal matrix between the phase boundaries and the study of processes occurring on 

this boundary are relevant. Heterogeneous systems contain nanocomposites and nanostructures 

created by nano-objects with different optical characteristics. Properties of such nanostructures 

are due to the presence of heterogeneities, boundaries, which lead to complex interactions of 

the electromagnetic field with structural elements. Particular importance is the study of 

complex hybrid systems, consisting of semiconductor quantum dots (QD) and biologically 

active molecules [180]. 

Several studies of the properties of nanocrystals (NCs) suggest that due to the small size 

of particles strong effects caused by surface defects are expected namely on the charge 

recombination processes that occur with the participation of surface defects [14]. This will be 
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especially evident in the luminescent characteristics of nanocrystals. Our goal is to determine 

the dependence of luminescent properties of nanocrystals of cadmium sulfide from the type of 

matrix they are incorporated. 

The technology we used to obtain CdS nanocrystals is the method of chemical synthesis 

from solutions of cadmium and sulfur salts in an aqueous solution of photographic gelatin, 

dimethylformamide (DMF), polyvinylpyrrolidone (PVP) or polystyrene sulfonate (PSSNa). 

This method was described in the Chapter 3 of current thesis. Such method allows to grow 

nanocrystals with an average radius in the range from 1.5 up to 5–6 nm. In such crystals, the 

ratio of the surface area of the nanocrystal to its volume varies significantly with size, which 

means that the number of uncompensated valences of atoms reaching the surface of the 

nanocrystals differs significantly. In addition, when comparing small nanocrystals to large 

nanocrystals, the surface defect may also increase due to environmental influences, for 

example, through interaction with the surrounding polymer molecules. 

The experiments showed that the luminescence of nanocrystal samples embedded into 

different host polymer matrices, has different optical properties. Figure 6.6 shows the PL 

spectra of samples prepared using different host matrices. According to the data depicted in 

Figure 6.6, the radiation intensity increases with increasing optical power. However, regardless 

of its value, nanocrystals have one wide band with a maximum at λmax = 500 nm. The nature 

of this band might be associated with deep centers of radiation and is found in nanocrystals 

with a high concentration of defects, including surface ones. Such luminescence is called 

"defective" - a term that is broad used in international works on luminescent studies of 

nanocrystals in the case of indication of the nature of the radiation bands in nanocrystals [9]. 

Note that the localization of the maxima of the luminescence bands at deep centers depends on 

the nature of the defects, ie. on the energy of their ionization. According to our observations, 

and other works in the literature, the long-wavelength region of the spectrum on cadmium 

sulfide nanocrystals reveals three luminescence bands, which are localized at λmax = 580, 670 

and 750 nm and whose appearance depends on various factors (technology, experimental 

conditions, etc.) [143]. The contour of the integral band of the glow of the nanocrystal is formed 

from their total contribution. 

Characteristically, in some samples do not observe zone-band, or exciton luminescent 

which is a sign of the dominant role of surface defective luminescence, rather than volume 

properties. Instead, in the spectra along with long-wavelength radiation, a short-wavelength 

intense narrow luminescence band with λmax = 480 nm is observed, the nature of which is 
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determined by band-band, or exciton, luminescence. The presence of such a band indicates a 

competitive advantage of the recombination channel associated with recombination in the 

volume of cadmium sulfide nanocrystals over the surface recombination, as it was previously 

confirmed in ref. [181]. The dependence of the intensity and contour of the defective 

luminescence on the radiation power attracts attention. First, the glow intensity of all bands 

initially increases with increasing luminescence excitation power. Secondly, the ratio of bands 

forming the total contour of defective luminescence changes with changing power. Due to this 

fact, it is possible to observe glow bands in the long-wavelength region of the integrated 

spectrum. 

Experimental data of photoluminescence excitation and emission spectrum are shown 

in Table 6.2. Performed measurements were done for films of CdS in gelatin matrix with 

different pH values and solutions of CdS in different host matrices. 

The nature of this luminescence can be attributed to exciton or edge luminescence. At 

high pH, the long- wavelength band localized at a wavelength of 700 nm dominates, the nature 

of which is associated with intrinsic defects in nanocrystals [142]. Samples containing a short- 

wavelength emission band λmax = 470 nm until 498 nm, have an excess of cadmium and thus 

its nature can be associated with interstitial cadmium and the nature of the long-wavelength 

band (716-754 nm) should be associated with cadmium vacancies. In the photoluminescence 

spectra of nanocrystals obtained at values рН ≥ 7 the luminescence in the region of 630 nm is 

recorded. According to the results, this band may be due to an associative defect associated 

with cadmium and sulphur vacancies. 

The fact of the dependence of the circuit on the power of radiation excitation is 

explained by various parameters of the centers of luminescence, it can be the subject of further 

research, as well as the nature of the individual components of the luminescence band. Some 

of the electrons might be captured by traps on the surface of the particle, and due to the excess 

of the positive charge inside the nanoparticle, an electric field arises, which causes a sharply 

inhomogeneous distribution of positive and negative charges. It is shown that such a consistent 

consideration leads to a noticeable difference between the results obtained earlier by 

approximate methods. Along with the case when the statistical description of conduction 

electrons in a nanoparticle is valid, low electron concentrations and one-electron quantum states 

are also considered. 
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Table 6.2. Photoluminescence of CdS nanocrystals in gelatin and in different host matrices. 

 
Films of CdS in gelatin matrix 

PL pH=4 Excitation: 330, 335, 365 nm 

 pH=6 365, 380, 400, 420 nm 

 pH=8 333, 365, 380, 400 nm 

PLE pH=4 Emission: 425 nm 

 pH=6 565nm 

 pH=8 400, 425, 440, 450, 565 nm 

Solutions of CdS in different matrices 

PL DMF Excitation: 365, 380nm 

 PVP 365, 380, 400, 420 nm 

   

PLE DMF Emission: 435, 450, 475 nm 

 PSS 470, 650, 660 nm 

 PVP 480, 500, 530, 550 nm 

 
 

Results of the investigations showed that CdS nanocrystals, grown in different 

polymeric matrices have intrinsic defects, which cause their luminescence in green and red 

regions of the spectrum [145]. The chemical nature of defects, responsible for these bands is 

identical to analogous luminescence centers in monocrystals. At the same time matrix 

significantly influences on intensity of luminescence. This influence can have different 

mechanisms. Probably, the most simple can be the mechanism of reabsorption for light quanta 

at luminescence of matrix by semiconductor nanocrystals. 
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Figure 6.6. Examples of measurement results for PL and PLE of solutions of CdS in 

different host matrices. 
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6.3. Conclusions 

In this chapter the physical and chemical properties of CdS nanoparticles were studied. The 

samples were obtained by the method of colloidal chemistry in aqueous gelatin solution. The 

findings show that the nanoparticle size depends on the properties of the stabilizer (gelatin host 

matrix). Upon decreasing concentration of the stabilizer, the particle size decreases. Long-term 

storage (several weeks) of colloidal solutions of CdS nanocrystals in ambient leads also to a 

narrowing of the particle size distribution, which we name here "size focusing". An increase in 

the absorption capacity of nanocrystals is observed and the luminescence intensity increases. 

Quantum-size effects were observed. 

The experimental data presented in this chapter shows a significant effect of interphase 

surface processes on the absorption and luminescence. Photoluminescence studies showed that 

the change in the average radius of cadmium sulfide nanocrystals from 3.4 nm to 11 nm 

significantly affects the spectrum of their radiation, namely, due to the larger ratio of surface 

to volume in nanocrystals of smaller size, do not observe zone-zone, or exciton, luminescence. 

In larger nanocrystals, the contribution of surface recombination decreases, and the presence 

of a short-wavelength band indicates a competitive advantage of the recombination channel. It 

is associated with recombination in the volume of cadmium sulfide nanocrystals over surface 

recombination. 
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Chapter 7 

 
Characterization of the CdS nanoparticles in different host 

matrices: Evaluation of CdS thin films in device structures for 

dielectric and memory applications. 

 
This chapter provides a detailed morphological, and structural characterization of CdS 

nanoparticle in solution. The CdS nanoparticles were also incorporated into several type of host 

polymer matrices and the corresponding thin films were integrated in several types of device 

structures used as an electrical characterization tools. Device structures encompass simple 

sandwich structure between two symmetric electrodes, field effect transistors, and 

heterojunctions. The investigations reveal a transformative electroforming process occurring 

within the thin films of CdS nanoparticles embedded in PVP, resulting in a significant alteration 

of electrical conduction properties. We propose to further investigate this phenomenon as a 

potential application for "write once, ready many times" (WORM) type of memory It is found 

that the thin films of CdS nanoparticles embed into PVP undergo an electroforming process 

that modifies the electrical conduction. It is proposed to explore this phenomena as write once 

and ready many times (WORM) typo of memory. Heterojunctions, also exhibit resistive 

switching phenomena with an interesting rectifying behaviour, but limited by the short lifetime 

of the high conductive state. 
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7.1. Optical and morphological characterization of CdS nanoparticles in 

different host matrices. 

 
7.1.1. Introduction 

Since cadmium sulfide is a direct band gap material, it can be used in photoelectronic 

devices. The luminescent property of CdS nanocrystals has wide potential applications for 

different optical devices. Also, semiconductor nanoparticles show size-dependent 

luminescence, optical and electrical properties which find a number of applications in many 

areas as discussed previously. There are different techniques to obtain and characterize CdS 

nanocrystals embedded in polymer matrices, some of them were presented in Chapter 3 of this 

thesis. 

The aim of this work was to investigate nanoparticles of cadmium sulfide in the 

colloidal solution of different polymers and host matrices. Thin-film devices based on CdS NPs 

were fabricated and characterized. Upon electroforming, it was found that CdS thin films 

behave as a nanodielectric. The optical, electrical, morphological, and structural 

characterisation of the CdS thin films is presented here. 

 

 
 

7.1.2. Experimental 

 
 

(a) Sample preparation 

Nanoparticles of cadmium sulfide in different matrices, namely, photographic gelatin, N,N- 

dimethylformamide (DMF), polyvinylpyrrolidone (PVP), polystyrene sulfonate sodium salt  

(PSSNa), were obtained using a patented variation of the sol-gel method described in detail in 

Chapter 3, based on a colloidal chemistry method [159] , Patent of V. A. Smyntyna et.al.[182]. 

Briefly, in the case of photographic gelatin, an aqueous solution of cadmium nitrate (Cd(NO3)2) 

- (0.025M) was mixed with a 5% solution of photographic gelatin, and, under continuous 

stirring, a sulphide sulfur (Na2S) solution (0.05M) was slowly added drop-by-drop. The mole 

ratio of solution's components were the following: 1:3:1, i.e. 1 part of Cd(NO3)2 + 3 parts of 

polymer + 1 part of Na2S. The process was carried out at 40 0C, under continuous stirring for 

60 minutes. This synthesis of cadmium sulfide proceeds according with the following exchange 

reactions: 

Cd(NO3)2+Na2S       CdS+2NaNO3. 
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Gelatin isolates the nanoparticles in the volume and stabilizes their growth. Usually, the 

concentration of gelatin (or other polymer/solvent) was 5 %. 

In the case of photographic gelatine, the synthesis process was completed by adjusting the 

solution's pH. This adjustment was achieved by adding either an alkaline solution (sodium 

hydroxide - NaOH) to raise the pH or an acid solution (hydrochloric acid - HCl or acetic acid 

- CH3COOH) to lower it. This pH manipulation was employed to precisely control the size of 

the nanoparticles, as described in Chapter 3. The obtained pH values were 4, 6, 8 and 10, 

resulting in solutions embedded in a gelatin matrix displaying a range of colors, from light 

yellow (at pH = 4) to dark yellow (at pH = 10). 

Colloidal solution of the product was deposited on a glass substrate by drop cast. Sub- 

sequently, it was left in air to be dried at a temperature of 35 ºC, for 24 hours. This duration 

allowed for the complete polymerization of the gelatin. As a result of this process, thin film 

comprising cadmium sulfide nanocrystals dispersed within a gelatin matrix were successfully 

produced with nanocrystals of cadmium sulfide dispersed in a gelatin matrix were obtained. 

The thickness of these films typically ranged from 5 to 10 µm, depending on the amount of 

liquid initially deposited on the glass substrate. 

The CdS nanoparticles were separated from the liquid phase using a centrifugation pro- 

cess that lasted for 30 minutes. After this separation, they were carefully dried in an oven. The 

resulting product, which exhibited an orange color, was subsequently finely changed into pow- 

der manually using a mortar. This powder was then subjected to structural and morphological 

analysis. 

The above-described processes were repeated for other types of polymers and solvents, 

in order to obtain CdS nanoparticles in different host matrices, we used N,N-dimethylforma- 

mide (DMF) (AnalaR NORMAPUR), polyvinylpyrrolidone (PVP) (Sigma Aldrich) with a 

molecular weight of 40 kD, and polystyrene sulfonate sodium salt (PSSNa) with a molecular 

weight of 30 kD. 

 
(b) Characterization techniques 

An optical analysis of the samples across various mediums was carried out, including liquid 

solutions, powders, and thin-films. Additionally, we performed electrical measurements on 

both free-standing films and drop-cast thin films, using a range of substrates that encompassed 

Metal-Insulator-Semiconductor Field-Effect Transistors (MISFETs) and heterojunctions. 

Electrical measurements were carried out using a picoammeter/voltage source, 

(Keithley 487) in dark conditions under ambient atmosphere at room temperature. Several 
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types of devices based on thin films on top of substrates and free-standing films were fabricated 

and characterized. Electrical connections were established by gold wires connected using 

conductive silver paint to both surfaces of the free-standing film. 

Metal-insulator-semiconductor field effect transistors (MISFET) substrates used in the 

present work (Planar Systems Inc, Finland) were composed of indium tin oxide (ITO)-coated 

glass (8Ω∕sq)(8Ω∕sq) onto which ∼220nm∼220nm of ATO (Al2O3) was deposited by ALD. 

MISFET substrates were cleaned by ultrasonication in a mild detergent solution, rinsed 

in   ultrapure   water,   followed    by   drying   using   a   hot-air    blower.   Subsequently, CdS 

film, ~1µ thick, was drop cast onto the substrates. 

Devices based on nanoparticles of CdS were divided into groups, depends on the host 

matrix. CdS nanoparticles mainly were incorporated into PVP polymer, polystyrene sulfonate 

sodium salt (PSSNa), photographic gelatin and DMF solvent. Table 7.1 summaries the samples 

and their basic properties. 

We categorized devices utilizing CdS nanoparticles according to their host matrices. 

The primary hosts for CdS nanoparticles included PVP polymer, polystyrene sulfonate sodium 

salt (PSSNa), photographic gelatin, and DMF solvent. A summary of the sample structure along 

with their basic electrical properties is shown in Table 7.1. 

 
 

Table 7.1. List of devices fabricated using CdS nanoparticles embedded on 

different host matrices. 
 

Sample Sample structure Electrical properties and 

behaviour 

 
1 

Sandwich structure (CdS+PVP on 

n+Si substrate completed with top Ag 

contacts. 

Rectifying diode exhibiting 

resistive switching 

2 
Sandwich structure fabricated on free 

standing films (Au/CdS(PVP)/Au) 

Capacitor-like behaviour 

3 
Planar structure with interdigitated 

electrodes (Au/CdS(PVP)/Au) 

Capacitor-like behaviour 

4 CdS(PVP) on MISFET structure Field-effect transistor 

5 
Sandwich structures with free 

standing films (Au/CdS(PVP)/Au) 

Capacitor-like after charge 

trapping (electroforming) 



93  

6 CdS+PSSNa on MISFET substrate Capacitor-like behaviour 

7, 8 
CdS(PSSNa) poly(sodium styrene 

sulfonate) on MISFET substrate 

Capacitor that changes to a 

rectifying diode behaviour 

9, 10,11, 

and 12 

Au/CdS(gelatin)/Au on ATO (Al2O3) 

substrates 

Capacitor-like behaviour 

13 Au/CdS + Gelatin /Au Capacitor-like behaviour 

14 Au/(CdS+PVP+PANI)/Au  

15 Au/(CdS + DMF)/Au  

 

 

 

7.2. Characterization of CdS nanocrystals 

7.2.1. Morphology and structure of NP 

The structural analysis of the synthesized CdS NPs has been carried out using XRD technique. 

The XRD pattern consists of three diffraction peaks. Figure 7.1 presents the X-ray diffraction 

(XRD) pattern of the powder obtained from a concentrated solution of CdS NPs within a PVP 

polymer matrix. The XRD peaks exhibit significant broadening, suggesting the presence of 

small grain sizes. This broadening, along with the low intensity of the primary diffraction peak 

at 2Ѳ = 260, indicates the formation of CdS nanoparticles with small dimensions [118]. The X-

ray diffraction (XRD) measurements confirm the formation of single-phase CdS nanoparticles 

in a cubic crystal structure. 

The XRD pattern prominently displays three broad peaks at 2Ѳ values approximately 26, 44, 

and 52 degrees, readily assignable to scattering from the (111), (220), and (311) 

crystallographic planes, respectively, of cubic CdS [183], [184]. In line with this observation, 

a similar XRD pattern reported in reference [185], also features diffraction peaks located at 

26.1, 43.8 and 51.5 degrees, correspondingly indexed as (111), (220) and (311) crystallographic 

planes. This consistent pattern reinforces the assertion that the synthesized CdS NPs adopt a 

face-centered cubic phase with the zinc blende structure [186]. 

The determination of the CdS particle size (D) was performed by calculating it from the full 

width at half-maximum of the (111) peak, employing the Debye-Scherrer equation as shown 

below 

 
 

𝐾𝜆 
D = 

βcos(𝛩) 

 

(7.1) 
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Where K is a shape factor constant (~0.9), λ is the X-ray wavelength, β is the full width at half- 

maximum of the diffraction line, and 𝛩 is the angle of diffraction. The particle sizes fall within 

the range of 5–15 nm, specifically referencing the (111) crystal plane. 

Raman spectra confirmed the presence of CdS nanoparticles in the samples, with the 

predominant peak occurring at a wavenumber of 302.4 cm-1 (Figure 7.2). 

 
. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. XRD pattern of the powder derived from a concentrated CdS 

solution within a PVP polymer matrix. 
 
 

 

Figure 7.2. Two Raman spectra, denoted (a) and (b), measured for two identical 

samples of CdS NPs within a PVP polymer matrix. (b) - Gaussian curve fitting. 

(111) 

(220) (311) 

(a) 
(b) 
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To calculate the crystallite size by using Raman spectroscopy, we used the Tuinstra Koenig 

relation: 

Crystallite size (La) = 2.4×10-10 [wavelength of laser (nm)]4 / ID:IG ratio; 

Ratio of the intensity of D- Raman peak and G- Raman peak (ID/IG) is often used for 

characterization in order to estimate number and size of the clusters and investigate how the 

interference effects in the film influence this ratio. The calculated size of the nanoparticles fell 

within the range of 2 to 5 nm. 

 
 

Figure 7.3 shows scanning electron microscopy (SEM) pictures of CdS nanoparticles. The 

nanoparticles have spheres or rod-like shapes. Such results correlate with relevant information 

in the literature [187]. There is a possibility they are hollow; however, this must be confirmed. 

Surface effect had an influence on the nanoparticle’s properties. It is important to reveal the 

chemical activity on the surface of nanocrystals, which are isolated in a polymer matrix. More 

investigation about the surface effect will be discussed in the next chapters. 

 

 
Figure 7.3. SEM images of CdS nanoparticles captured at varying magnifications. The 

upper-right picture shows a cross-section view of the CdS thin film, while the lower- 

right image shows an extensively damaged region that provides insight into the film 

thickness. 
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7.2.2. Optical Characterization 

 
 

The UV-visible absorption spectra of the CdS nanoparticles in solution was 

investigated. Across all sample types, we observed weak, broad absorption shoulders falling 

within the range of 380-450 nm. In contrast, bulk CdS typically exhibits an interband 

absorption transition at approximately 515 nm [188]. 

Our analysis of the UV-Vis spectra allowed us to ascertain several key parameters, 

including the energies associated with the first optical transition, the half-width of the peak in 

the differential curves, and the size of the nanocrystals. To determine the average nanocrystal 

size, we leveraged the energy data from the first optical transition. Additionally, we obtained 

the values for the effective widths of the nanocrystal forbidden zones by extrapolating the 

absorption curves (as depicted in Fig. 7.4) onto the wavelength axis, and calculated using the 

equation for diameter of nanocrystals of the group A2B6 [177]. 

Based on the optical measurements, we estimated the nanoparticle sizes (diameter) as 

follows: 7.5 nm for CdS in a PSS host matrix, 8.5 nm for CdS in DMF, and 8.2 nm for CdS in 

PVP. Detailed experimental results are presented in Table 7.2, along with a comparison to 

samples hosted in gelatin matrices. 

In this scenario, the quantum size effect isn't readily apparent, indicating that we can 

reasonably regard the average radius of these nanoparticles as exceeding 5 nm. Furthermore, 

the long-wavelength edge of the absorption band, primarily attributed to the largest 

nanocrystals in the mix, exhibits a noticeable shift towards higher energies when compared to 

the bandgap energy of bulk CdS. 

Figure 7.4 depicts the absorption edge of the nanocrystals is progressively converging 

with the energy value of the bulk cadmium sulfide band gap (2.5 eV= 495.9 nm). In this case 

the quantum size effect is not observed, and we can consider the average radius of NP larger 

than 5 nm. The long-wavelength edge of the absorption band, determined by the contribution 

of the largest nanocrystals, is shifted relative to the bandgap energy of bulk CdS towards higher 

energies. 
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Figure 7.4. UV-VIS spectra of CdS nanoparticles in different host matrices. 

 

 

 

 

Table 7.2. Absorption of samples contained CdS NPs in different host matrices 
 

Matrix λ (nm) E (eV) Diameter (nm) 

DMF 516 2.40 8.5 

PVP 510 2.43 8.2 

PSS 497 2.49 7.5 

Gelatin 463 2.68 5.8 
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Photoluminescence spectra (PL) of both liquid samples and CdS films were measured using 

fluorimeter. CdS nanocrystals have strong luminescence, characterized by a broad band in the 

visible region of the spectrum. The peak of this luminescence band varies depending on the pH 

of the solution used during the NCs synthesis. All nanostructures synthesized within polymers 

(PVP, PSS), exhibited luminescence bands that included contributions from both the polymer 

and the nanocrystals. It is worth mentioning that the polymers themselves also emitted 

luminescence, with their excitation spectrum predominantly situated in the short-wavelength 

region. Figure 7.5 shown curves corresponding to the three values of pH, where the excitation 

wavelengths for polymer luminescence were unlikely to interfere. The graph shows that at pH 

values of 4, 6, and 8, the emission peaks are located at 630-650 nm, 550-580 nm, and 525-555 

nm respectively. 

 

 
Figure 7.5. Photoluminescence of CdS solutions within the gelatin matrix at varying 

pH levels. 

 

 

Typically, at low pH values (pH = 4), the maximum bandwidth is observed at longer 

wavelengths compared to the luminescence of the samples obtained at pH=6 and 8. This 

behavior can be explained by the different stoichiometry of nanocrystals. At pH=4 in the 

growth solution, concentration of cadmium ions prevails over the concentration of sulfur ions. 

As a result, the main defects in these samples will be generated by sulfur vacancies, which 

contribute to long-wavelength luminescence. This assertion finds support in the luminescence 

spectra of nanocrystals grown within a natural polymer, gelatin. Gelatin itself does not 

luminesce in the visible region of the spectrum and therefore, the observed luminescence in 
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these nanostructures can be attributed solely to the nanocrystals. In this context, a similar trend 

is noticeable: at lower pH values, the luminescence peak shifts towards longer wavelengths. 

These findings are further corroborated by the transmission spectra of CdS films within a 

gelatin matrix at various pH values, as illustrated in Figure 7.6. 

Transmission spectra were recorded for films of CdS embedded in a gelatin matrix at 

varying pH values. The collected data indicate that the polymers themselves do not play a 

significant role in shaping the defective composition of nanocrystals. Instead, this crucial role 

is played by the pH solution. In Figure 7.6, the transmission spectra for CdS films within a 

gelatin matrix at different pH values are depicted. Optical measurements allowed us to estimate 

the size of the nanoparticles to be in the range 5-8 nm. These experimental findings align with 

the production processes. Specifically, to achieve a higher concentration of nanocrystals, high 

concentrations of the initial components must be employed within the matrix. 

 
 

Figure 7.6. Spectral transmission characteristics of CdS in a gelatin matrix at 

varied pH values. 
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7.3. Electroforming of nanodielectrics based on CdS nanoparticles in 

different polymer host matrices 

 
 

7.3.1 Electrical characterization 

In recent times, there has been a growing interest in materials containing nanostructures 

capable of modulating or influencing their dielectric properties. These materials are known as 

nanodielectrics [58], [120], [189]–[192]. 

Due to their promising attributes for applications in both organic and inorganic field effect 

transistors, significant attention has been directed towards molecular and macromolecular high- 

permittivity gate dielectric materials. Two categories of thin films have shown particular 

potential: self-assembled nanodielectrics and cross-linked polymer blends [193], [194]. The 

approaches for computing the effective permittivity of nanodielectric have also been under 

discussion. This pursuit aims to design enhanced nanostructures characterized by higher 

capacitances, reduced leakage current densities, and lower operating voltages. 

This section describes electroforming of nanodielectrics based on nanoparticles CdS in the PVP 

matrix. In order to understand the role of the host matrix on the electrical properties, CdS thin 

films were prepared in different host materials including gelatin, PVP, PSSNa and 

PEDOT:PSS. Furthermore, several device architectures were also prepared and characterized. 

These include sandwich structures, field effect transistors and heterojunctions established with 

a highly n-type doped (n++) silicon substrate. The following sections describe and discuss the 

basic electrical properties recorded using different host matrices materials and device 

architectures. 

 
(a) Sandwich structures (Au/CdS (PVP)/Au) fabricated using CdS free standing films. 

Drop casts thin films of CdS NP easily peel-off from the substrate. These free-standing 

films were used to fabricate sandwich structures with thermal evaporated gold electrodes on 

both sides of the film. 

 
Fig. 7.7 illustrates a typical I-V curve recorded in these free-standing films. The I-V curve is 

highly asymmetric, characterized by a large hysteresis loop. This electrical asymmetry is a 

result of transient phenomena that occurs on the initial I-V curve. The application of a voltage 

ramp or a voltage step to the CdS samples alters the injection of charge carriers into the device. 

Consequently, during the subsequent voltage ramp the injected current remains low. The 
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alteration in the carrier injection is a transient phenomenon, resulting in a distinctive asymmetry 

in the I-V characteristics as illustrated on Figure 7.7 (a). This electrical asymmetry arises from 

the applied bias modifying the sample, and it is a long-lived change. During the reverse path of 

the voltage bias sweep, the current exhibits a comparatively lower magnitude.5 

 

 

 
Figure 7.7. (a) Schematic diagram of the device structure and the electrical connections 

(sandwich structure fabricated using free standing film of CdS in PVP). (b) Current- 

voltage characteristic of sample with nanoparticles of CdS in a PVP matrix. The voltage 

ramp speed is 0.1 V/s. 

 

 

The presence of an asymmetric hysteresis loop in Figure 7.7 (a) is attributed to the fact that the 

bias sweep scan was initially initiated with negative polarities. 

If the positive polarities were instead applied first, the large hysteresis loop would have been 

recorded in the positive quadrant of the I-V plot. This asymmetry disappears when multiple I- 

V loops are recorded sequentially, as depicted in Figure 7.8. In Figure 7.8, three consecutive I- 

V loops are presented. While the first I-V loop is strongly asymmetric the third I-V loop 

becomes fully symmetric. This transformation indicates that the sample undergoes 

modification, ultimately behaving like a pure capacitor. The residual recorded current (I) is 

essentially due to the displacement current (I=CdV/dt), where C is the device capacitance and 

dV/dt represents the voltage ramp speed. 

 
We can speculate that the initial current originates from oxidation/reduction of chemical 

species within the CdS thin film, possibly occurring at the interface between the PVP matrix 

and the CdS nanoparticles. This field-induced or current induced electrochemical process 
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blocks further carrier injection. However, it remains unclear whether this electrochemical 

mechanism results in a permanent alteration or if it represents a reversible effect. It's 

conceivable that, over time, perhaps after several months of storage under short-circuit 

conditions, the sample may regain its original behavior. 

 

Figure 7.8. Evolution of I-V loop behavior following three sequential voltage 

ramps. 

 

 

An electrical field of approximately E≈108 V/m can be applied across the junction without 

causing dielectric breakdown. Figure 7.9 shows a displacement current loop measure up to 

50V. Remarkably, this field strength is nearly at the threshold required field to cause dielectric 

breakdown in conventional oxide layers such as aluminum oxide (E=109 V/m). This 

exceptional high dielectric strength is surprising in view of the high density of CdS 

nanoparticles present in the host polymer matrix. 

We propose that the electrochemical mechanism generates specific defects or species 

capable of storing a cloud of charges on the surfaces of CdS nanoparticles. This charge 

accumulation must be compensated by nearby trapped charges within the polymer, potentially 

resulting in the creation a Coulomb blockade effect [195] which hinders the electrical 

conduction across the nanoparticles-polymer matrix. Nevertheless, further investigation are 

required to elucidate the origin of this high dielectric strength [196]. 

When metal or semiconductor particles, such as quantum dots, are scaled down to 

nanoscale, they exhibit an electrically insulating property known as the Coulomb blockade 

effect. The Coulomb blockade effect has been investigated for field-effect transistors by 

adjusting the tunnel resistance [197]. Recent findings [198], suggest that employing a dielectric 
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polymer with surface-engineered ceramic fillers exploiting the a Coulomb-blockade effect of 

metal NPs, could be a potential technique for high energy storage devices.. However, there has 

been limited research into dielectric energy storage systems thus far. 

 

 

 

Figure 7.9. Current-voltage characteristic of a 2 µm thick free-standing film of CdS within a 

PVP matrix. 

 
It is of interest to determine whether the process responsible for the electroforming of the CdS 

thin film is a voltage-drive or a current driven process. To gain insight into nature of the 

electroforming, we fabricated a Metal-Insulator-Semiconductor (MIS) Field Effect Transistor 

(FET) structures, hence referred to as MISFETs. In these structures, the channel layer of the 

transistor consists of a CdS thin-film drop cast on top of MIS structure. The drain and source 

terminals were fabricated with two gold fingers deposited by thermal evaporation and separated 

apart by 1mm. The dielectric layer is an ATO layer (Al2O3) deposited by atomic layer 

deposition (ALD) on top of an ITO coated glass substrate (see chapter on experimental and 

methods). These substrates are readily available commercially and were purchased from Planar 

Systems Inc, Finland. The MISFET device structure is depicted on the inset of Figure 7.10. 

Figure 7.10 illustrates the MISFET I-V characteristics in the voltage range Vds=[0;10] V with 

applied voltage on the gate Vg=[0V- 20V]. 

The drain-source current only initiates a noticeable increase above 4 V, indicating the 

presence of a built-in barrier at the electrodes. For voltages exceeding 4 V the current increases 

linearly with the applied voltage. The transversal field applied on the gate can modulate the 

electrical conduction on the CdS thin film. However, this modulation of the transistor channel 
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conduction is relatively poor. Modulation of the transistor channel was observed both for 

positive polarities as well as for negative polarities, which suggest that the CdS thin film is an 

ambipolar material. Increasing the gate voltage for voltages higher than 20 V, a saturation of 

the drain-source current modulation is observed. Since the ATO surface is Al2O3 layer which 

absorbs several chemical species (water and oxygen) which can act as charge carrier traps. We 

suspect that the device electrical behaviour (lack of channel current modulation at high fields) 

is determined by the presence of traps on the Al2O3/CdS interface. 

 

 
 

Figure 7.10. Measurements with applied voltage on the gate. The inset is a schematic 

diagram of the MISFET structure where the transistor channel is a drop cast CdS film, 

1µm thick. 

 

 

(b) Planar structures (Au/CdS (PVP)/Au cast in glass substrates (Samples 2 and 3) 

 
Samples of the sandwich type, previously described above, were fabricated with free 

standing thin films. Additionally, CdS thin-films were also fabricated on glass substrates by 

drop casting process. These substrates feature pre-existing interdigitated gold electrodes 

arranged in a planar architecture. The minimum distance between the electrodes is 1 mm. 

Consequently, the electrode spacing in these samples is significantly larger compared to the 

freestanding films discussed earlier, which typically have thicknesses in the range of 2-5 µm. 
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The electrical characterization of these type of samples confirms the insulating nature of the 

CdS thin films. Devices behave as pure capacitors up to ± 50 V as shown in the inset of Fig. 

7.11. Leakage currents, and electrical instabilities only appear at voltages as high 125 V. This 

voltage corresponds to an electrical field of E=125/0.01=12.5 kV/cm. Typical I-V 

characteristics are shown on Figure 7.11. 

During the electrical characterization of the planar samples, we did not initially observe 

the initial charging or electroforming phenomenon, as mentioned earlier for the freestanding 

samples. The primary reason for missing this behavior was our lack of awareness regarding 

this transient phenomenon at that time. It was only during later data analysis that we recognized 

the presence of transient charging currents. It is possible that the distinctive behavior of the first 

I-V loop went unnoticed, and we focused solely on the stable and reliable I-V curves. 

 

 
 

 

Figure 7.11. Current voltage characteristics of Au/CdS(PVP)/Au planar structures drop 

cast onto an ATO substrate. 



106  

(c) Electrical properties of planar structures using gelatin (Au/CdS (gelatin)/Au). 

 
Sample type 9, as indicated in Table 7.1, was fabricated with CdS within a gelatin host matrix. 

These thin films were dropping cast onto an insulating ATO substrate featuring pre-existing 

interdigitated gold electrodes. The I-V characteristics exhibited the expect capacitor-like 

behaviour, as illustrated in Fig. 7.12. Devices were exposed to ambient light, but no noticeable 

changes were detected. 

To investigate whether the inclusion of PVP could influence the electrical behavior, 

samples with PVP incorporated into the gelatin matrix were also prepared (sample 12 in Table 

7.1). Figure 7.13 shows a typical I-V characteristics for a gold/CdS (gelatin(PVP)/gold planar 

structure. In the first scan, the I-V curve shows a large hysteresis loop (for negative polarities). 

This hysteresis once again results in an apparent asymmetric I-V behavior mirroring the 

behavior of the free standing Au/CdS(PVP)/Au samples reported above. This finding suggests 

that the presence of PVP on the host matrix is responsible for the transient charging effect. 

 

 
 

 

 

Figure 7.12. Current-voltage characteristics loops measured in a planar device 

using a CdS thin film within a gelatin matrix (Au/CdS (gelatin)/Au). 
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Figure 7.13. Typical I-V characteristics of a gold/CdS (gelatin(PVP)/gold 

planar structure. 
 
 

 

 
 

Figure 7.14. Typical I-V characteristics for an Au/CdS (gelatin (PVP)/Au planar 

structure (Sample type 12). 
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(d) Electrical properties of planar devices using polystyrene sulfonate sodium salt/CdS 

(PSSNa)/Au. 

To investigate the influence of the polymer host matrix, PVP was also replaced by PSSNa. 

The testing device is a planar device architecture on top of an insulating Al2O3 (ATO 

substrate) and in top of thermally oxidized silicon wafers. Interdigitated gold fingers were 

used as electrical contacts. (Samples type 6, 7 and 8 in Table 7.1). 

Figure 7.15 presents the I-V characteristics of the device based on the CdS:PSS thin 

film. Measurements were carried out at room temperature and dark conditions. The initial I-V 

characteristic has a large hysteresis loop indicative of significant charge trapping. This is visible 

through abrupt current jumps occurring at 2 nA when the amperemeter stops to change scale. 

This temporary pause of the voltage ramp at a particular fixed voltage during the measurement 

causes the current to decrease (see inset on Figure 7.15). Consequently, during a bias sweep, 

the current undergoes repeated drops to lower levels whenever the voltage remains constant. 

 
 

 

Figure 7.15. Typical I-V characteristics of a planar structure composed of Au/CdS 

(PSSNa)/Au (Sample type 6, 7 and 8 from Table 7.1) 

 

 
Upon extending the voltage sweep to higher voltages (± 5V) reveals an I-V curve reveals humps 

and shoulders indicative of oxidation and reduction peaks. A typical I-V curve illustrating these 

distinctive features is shown on Figure 7.15. As the voltage continues to rise, up to 

approximately (± 10 V), the I-V curve becomes approximately linear. However, the I-V curve 

on Figure 7.16 shows that the CdS/PSSNa interface is not ohmic for low applied voltages 
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(V<|3V|). We speculate that this non-ohmic behavior is caused by a strong trapping phenomena 

occurring near the electrode/CdS interfaces. 

 

 

Figure 7.16. Typical I-V characteristics of a planar structure composed of (Au/CdS 

(PSSNa)/Au) (Sample type 6, 7 and 8 from Table 7.1). 

 

 

 

 
(e) Electrical properties of n++Si/CdS-PVP/Ag heterojunction structures sandwich 

structures. Sample type 1 in Table 7.1. 

Heterojunctions fabricated using highly doped silicon substrates (n++Si/CdS(PVP)/Ag) 

were also electrically characterized. A schematic diagram of the device structure is shown in 

Figure 7.17. Heterojunctions using highly doped silicon (n++) and CdS thin films can exhibit 

resistive switching phenomena. The I-V curves can change from a high resistance state (HRS) 

to a low resistance state (LRS). Figure 7.17 (a) illustrates a typical swishing the I-V 

characteristic. The HRS state has the behavior of a typical capacitor (see Figure 7.17 (a)). The 

LRS has rectifying properties (see Figure 7.17 (c)). 
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The observation of a rectifying behavior in the LRS is particularly interesting, because 

until now all the resistive switching memories reported in the literature exhibit symmetric I-V 

characteristics when programmed into an LRS. Symmetric I-V curves can lead to crosstalk 

when memories are integrated in cross bar arrays. This crosstalk has been the major limitation 

on the commercialization of resistive switching memories. 

 

 
 

Figure 7.17. Heterojunction device structure and resistive switching behavior. 

(Schematic diagram showing the device structure, (b) Resistive switching from a HLR 

to an LRS. (b) Typical I-V curve for a HRS and (d) Typical I-V curve for the LRS. 

 

 
To ensure that this behavior was not induced solely by the highly doped silicon substrate we 

also fabricated and characterized control samples where the heterojunction was fabricated 

without the CdS layer. A typical I-V curve is shown in Figure 7.18 although is clear that the 

rectification is due to the silicon substrate, the devices without the CdS layer do not exhibit 

resistive switching behaviour. A typical I-V curve for a heterojunction without the CdS layer is 

shown in Figure 7.18. 
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Figure 7.18. Current-voltage characteristic for n++Si/Ag heterojunction 

without the CdS thin film. 

 

 

 

 
7.4. Conclusions 

Morphological, structural, optical, and electrical analysis were carried out on CdS 

nanoparticles embedded in different polymer matrices. The presence of CdS nanoparticles was 

confirmed by x-ray diffraction (XRD) spectra which exhibited the signature of the cubic 

structure of CdS. Structural characterization revealed the presence of spheres and rod-shaped 

structures. 

Optical measurements allowed for the estimation of an average nanoparticle size 

ranging from 3 to 8.5 nm. The pH of the solution has a direct influence on the size of the 

nanoparticles, the higher the pH, the larger the nanoparticle size. 

The photoluminescence of the obtained CdS nanocrystals has intensive luminescence 

with a broad band in the visible region of the spectrum. The peak of the luminescence band 

was found to be dependent on both the pH of the solution and type of the host polymer matrix. 

Several CdS thin films were prepared using different host matrices. CdS thin films 

prepared using a PVP host matrix show a trapping process possibly driven by electrochemistry. 

Following this trapping the sample transformed into an insulating material, a phenomenon 

termed by us "electroforming of a dielectric." It remains uncertain whether this material 

modification is a permanent induced change, or it has only a very long lifetime (several weeks). 
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Once electroformed, the free-standing films CdS has a dielectric breakdown field higher than 

108 V/m. We propose that this insulation behavior is due to a charge coulomb effect in the CdS 

nanoparticles. It is also suggested that this electroforming process can potentially be explored 

to make write once and read many times (WORM) type of memory. 

Heterojunctions involving n++Si/CdS-PVP/Ag show resistive switching effect. The on- 

off ratio is 6 orders of magnitude at |4V|. The LRS has rectifying properties, which is a crucial 

property for the technological application of these memory devices in crossbar arrays. 

However, the switching is not reliable. HRS and LRS states can be recorded, yet the LRS was 

found to be somewhat unstable and often spontaneously decays to the HRS. It was not possible 

to assure a very long lifetime of the LRS. The lifetime of the LRS can be just a few minutes. 

The nature of the resistive switching also remains unclear. It is conceivable that mobile silver 

ions (from the silver top contact) may contribute to the formation of silver filaments across the 

CdS thin film. Since silver ions can be mobile, it is possible that silver filaments are created 

across the CdS thin film. To validate this hypothesis, it would be valuable to fabricate 

heterojunctions with gold metal contacts replacing the silver contacts. 

MISFET type of devices where the conduction channel consists of is a CdS thin films 

show clear evidence for a field effect modulation of the channel layer conductivity. The 

transversal gate field cannot electroform the CdS layer as observed for the free-standing films. 

This finding suggests that electroforming is not a field induced process; instead, it implies that 

current plays a pivotal role in the electroforming phenomenon current plays a crucial role in 

the electroforming. This result supports the view that electroforming of the dielectric based on 

the CdS nanoparticles is driven by electrochemistry. 
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Chapter 8 

 

 
Conclusions and future work 
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The goal of this thesis is to study resistive switching devices. This study was divided 

into two main parts, each focusing on distinct materials. In the first part, the resistive switching 

phenomena on a wide band gap halide, the LiF, is presented and described. Subsequently, the 

second part of this study involves an exploration of the electrical properties of CdS 

nanoparticles within various host matrices. The motivation for studying nanoparticles was 

inspired by many reports of resistive switching systems based on nanoparticles. 

The research conducted on LiF/polymer diodes has provided valuable insights into the 

underlying physical process occurring during the early stages of the electroforming. In the case 

of CdS based systems, we achieved successful observation of resistive switching exclusively 

when a heterojunction junction was fabricated. These devices exhibit two interesting 

characteristics; (i) a substantial on-off ratio differentiating the LRS from the HRS and, (ii) the 

LRS demonstrates rectifying properties. However, it remained unclear whether the observed 

resistive switching was related to CdS nanoparticles or the migration of silver ions across the 

CdS layer. Another relevant result within the CdS/PVP system was the observation of trapping 

phenomena or a current driven electrochemical process that modifies the CdS thin film into a 

dielectric material. This transformation requires a charging current, bearing some resemblance 

to the electroforming process observed by us in the halides and oxides (reported in Chapter 4). 

This process was named “electroforming of a nanodielectric”. 

 
In the following sections, we highlight the major findings made throughout this thesis and 

their significance. Initially, we will provide a critical review of the findings from the 

LiF/polymer system, followed by a summary of the relevance and principal conclusions derived 

from the research involving CdS nanoparticles-based devices. 

 
(a) Resistive switching in LiF/polymer-based devices 

The primary novelty of this thesis work lies in the examination of the initial phases of 

electroforming. Despite the intense efforts of the scientific community, the microscopic 

physical mechanism responsible for transforming an oxide or a halide into a switchable material 

remained unknown. In our perspective, this knowledge gap can be attributed to the challenges 

associated with observing the transient electrical phenomena responsible for the generation of 

defects and the subsequent alteration of the material's electrical characteristics. The outcomes 

presented in this thesis indicate that the initial mechanism is primarily an electronic process 

instigated by a charge trapping phenomenon. The trapping of electrons at the interface



115  

insulator/polymer induces a soft-dielectric breakdown in the insulator layer and metastable 

defects are created. 

Interfacial traps (impurities) play an important role in initiating the resistive switching 

phenomena. Pure clean insulating materials do not exhibit resistive switching behavior. The 

presence of impurities rises several pertinent questions, including their specific location within 

the energy gap of the insulator. Another crucial question revolves around the existence of a 

critical trap density required to induce breakdown. Understanding the chemical origin of these 

impurities and devising methods to control their density and spatial distribution also represent 

significant research challenges. 

To provide an answer to these questions, it is of utmost importance to map and get the 

signatures of the electronic sates and eventually establish a connection between device 

manufacturing and the memory performance. However, material and device properties make 

this study, a particularly challenging one. In resistive switching devices we are dealing with 

wide bandgap materials, traps in these insulators are so energetically deep that measuring their 

signatures (energetic depth and capture cross section) is difficult. In other words, deep traps 

readily capture charge carries, but they may take months or years to release them into the 

respective energy bands. Detecting the relaxation in the frequency domain caused by the trap 

filling /emptying mechanism is unpractical using small-signal impedance methods. To identify 

trap states using electrical techniques we must instead inspect for their enduring impacts on the 

quasi-static electrical behavior of the device. 

The second challenge is related to the device architecture. Resistive switching devices 

typically adopt MIM structures. MIM structures perform well as switching devices because the 

charges carriers communicate directly with the nearby metal contact. This direct interaction 

results in fast charge carrier injection and extraction, leading to rapid switching speeds. 

However, this fast charge dynamics poses a challenge when attempting to observe these 

processes. To address this challenge, it becomes crucial to slow down the charge carrier 

dynamics responsible for the switching event. One effective approach is to introduce an 

additional semiconductor layer into the MIM structure, characterized by low charge carrier 

mobility, such as a π-conjugated polymer. 

The device is turned into a metal-insulator-semiconductor (MIS) diode. The impedance 

of a MIS device is controlled by two layers in series, a high capacitive and high resistance 

insulating layer followed by a relatively low capacitance and low resistance semiconductive 

layer. The impedance of this two-layer system has a classical Maxwell-Wagner relaxation when 

the impedance is plotted as function of the frequency. The Maxwell-Wagner relaxation 
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results from the interplay between the two layers impedance. Furthermore, the low charge 

carrier mobility within the semiconductor layer slows down the trap filling and makes it 

possible to measure the transient current that fills the traps located at the 

insulator/semiconductor interface. In this thesis, we employed MIS devices as a strategic 

approach to gain insight into charge trapping at the LiF/polymer interface and about the 

subsequent electroforming process that changes the pristine device into a resistive switching 

memory. 

Chapter 4 makes use of a MIS structures and presents a detail investigation on the 

trapping phenomena and their consequences on the device quasi-static impedance. It is 

concluded that when the device is in the pristine state, the current flowing through the device 

is a transient trapping current. Once the field is removed the trap emptying process generates a 

current of opposite sign which causes a NDR region on the R-V curves and an excess 

capacitance on the C-V curves. The excess capacitance is not a static capacitance but a small- 

signal capacitance. The slow diffusing of electrons out of the device causes an increase in the 

phase angle between voltage and current, which is interpreted by the impedance analyser as an 

additional capacitance. 

The trapping of electrons at the LiF/polymer interface continues to take place even after 

the diode is electroformed. Evidence for these traps is provided by the frequency and voltage 

dependence of the capacitance and resistance. Therefore, it is proposed that LiF/polymer 

interfacial traps play an important role not only in causing the soft-dielectric breakdown of the 

LiF (electroforming) but also, they also influence the switching behavior in the switching 

properties of the electroformed diode. 

 

 
 

Suggestions for further work 

 
While we have presented compelling evidence for a trapping mechanism occurring at 

the interface between the insulator/semiconductor interface, we have yet to obtain detailed 

information about the characteristics of these traps. To gain insight into the nature of the traps, 

temperature dependent studies must be carried out. By changing the temperature, the activation 

energy of the process can in principle be determined. Temperature-dependent experiments can 

provide the energetic distribution of traps in the band gap. Preliminary results have shown that 

the traps are not discrete but are distributed in a broad impurity band. The data presented on 

Chapter 4 showed that in the electroformed state there is large density of shallow states that 
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can respond to the ac test signal frequency below 1 kHz. Based on this preliminary evidence 

we propose to use electroformed devices where the shallow states are clearly visible on the 

impedance vs frequency plots. We intend to conduct temperature-dependent experiments, 

particularly focusing on temperatures above room temperature. 

Previous studies obtained by the research group have also showed that the traps are 

intimated related with the filamentary conduction. Essentially, traps act as micro-switches, 

when filled, induce a low resistance path (filament) across the insulator, when empty they 

switch-off the filament. Therefore, by probing filamentary conduction as function of the 

temperature, we can gain insight about the trap occupancy at a particular temperature and about 

the trap energetic depth and capture cross section. An interesting method to measure these 

micro-switching events is Random-Telegraph Noise (RTS) techniques. Therefore, we propose 

to measure the RTS noise as a function of the temperature for different applied bias. 

Unpublished results from our group also suggest that traps are metastable, which is a 

typical feature of water-related traps. Indeed, water and oxygen impurities have been suggested 

as possible candidates. In summary, the following experiments are proposed. 

1-  Study the frequency dependence of the low frequency capacitance tail reported in 

Chapter 4 for the electroformed LiF diode. We propose conducting experiments within 

a temperature range spanning from 273 K and 350 K. This temperature range has been 

selected for specific reasons: temperatures below 273 K may render traps unresponsive 

to the AC signal, whereas temperatures exceeding 350 K could potentially induce defect 

annealing processes that may interfere with the observations. 

2- Study the Random-Telegraph Noise (RTS) noise as function of the temperature. 

During these experiments it is important to prime a specific population of traps. In 

principle this selection can be done by an adequate selection of the applied bias and 

temperature. 

3- Adjust the manufacturing parameters, specifically regarding the water contamination 

and closely monitor the resulting alterations on the resistive switching properties. 

Establishing a clear cause-and-effect relationship between manufacturing procedures 

and device properties is essential for identifying the specific chemical species. 
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(b) Electrical properties of CdS nanoparticles embed into different host matrices 

 
 

This thesis provided a morphological, structural, optical, and electrical characterization 

of CdS nanoparticles embedded in different host matrices. 

In current work were prepared CdS nanoparticles incorporated in polymer matrix of 

photographic gelatin, PVP (polyvinylpyrrolidone), PSSNa - poly(sodium styrene sulfonate) 

and dimethylformamide (DMF) solvent. Cadmium sulfide (CdS) nanoparticles (NPs) were 

synthesized by a chemical method and have been characterized using such techniques as XRD 

analysis,    Raman    spectroscopy,     absorption,     and     photoluminescence     (PL) emission 

spectroscopy. The optical and morphological analysis for CdS nanoparticles were obtained by 

UV-Vis absorption spectroscopy and SEM electron microscope measurements. The 

synthesized CdS nanoparticles exhibit a spherical morphology, indicative of their cubic 

structure, and display a remarkably narrow size distribution. These CdS nanoparticles are 

known to manifest apparent excitonic absorption peaks and quantum confinement effects. 

Optical measurements reveal that the average size of these nanoparticles ranges from 3 nm to 

22 nm in diameter. 

This research uncovered the significant impact of varying pH levels and the type of host 

matrix on the size and stabilization properties of these nanoparticles. These influences are 

readily observable in the optical absorption and photoluminescence spectra, particularly in 

terms of the luminescence band's peak position and intensity. Moreover, the results underscore 

the efficacy of photographic gelatin and PVP as effective stabilizers for the formation of CdS 

nanoparticles. 

Throughout this thesis a number of device structures incorporating thin films of CdS 

nanoparticles were fabricated and characterized. These structures encompassed a range of 

configurations, including free standing sandwich structures, planar structures using 

interdigitated gold electrodes, heterojunctions with highly doped n-type silicon, and a MISFET 

device. 

The primary objective was to use the CdS thin films in in the development of resistive 

switching devices. Unexpectedly, it was observed that even when CdS nanoparticles were 

incorporated at very high concentrations within several host matrices, their behavior did not 

align with typical semiconductor characteristics, as initially anticipated. Instead, the CdS 

nanoparticles exhibited insulating properties, and this insulating behavior was induced when a 

small current was passed through the thin film containing a high concentration of CdS 



119  

nanoparticles. The findings reported in Chapter 7 indicate that this transient current causes an 

oxidation/reduction reaction which then blocks further carrier injection into the CdS film. 

Comparison with the electrical behaviour of the MISFET device indicates that the 

application of a transversal electrical field does not causes permanent changes in the CdS film. 

Therefore, it was concluded that the process is a current driven electrochemical process. We 

speculate that during the application of the current, defects are created in the thin film. These 

electroformed defects are possible located at the interface CdS/polymer interface. The defects 

act as charge carrier traps in the CdS nanoparticles surface which are compensated by opposite 

charges of opposite sign located the bulk of the nanoparticles. To summarize, each individual 

nanoparticle behaves as a micro-capacitor and the overall film behaves as an insulator. The 

electrochemistry process leads to large hysteresis on first I-V loop. This change is permanent or 

long-lived (lasting for several weeks). 

Resistive switching behaviour was observed in heterojunction devices. However, it 

should be noted that the top contact in the heterojunction is established by printing a silver ink 

contact. Therefore, it cannot be ruled out that the presence of silver or silver oxide species,  

which may form upon contact with ambient air, could potentially influence or even dominate 

the observed resistive switching phenomenon. 

 
The relevant finding from the electrical characterization of CdS heterojunctions is the 

observation of a low-resistance state (LRS) that exhibits a pronounced rectification, spanning 

approximately six orders of magnitude. To the best of our knowledge, this is the first time that 

it is reported a resistive switching memory device with a rectifying LRS. The presence of 

rectifying LRS state holds promise for addressing the critical issue of cross-talk between 

neighbouring memory pixels when integrated into crossbar arrays. Unfortunately, the lifetime 

of the LRS was not long enough, and exhibit a large variability on lifetime ranging from 

minutes to days. The origin of this variability is not clear but prevented us to claim that the 

heterojunction behaves as non-volatile memory. 
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Suggestions for further work 

 
Based on the discussion above, it is evident that this work has raised significant questions 

regarding charge trapping and transport within thin films composed of CdS nanoparticles. 

Further studies are required to elucidate the electroforming of the insulating properties as well 

as the resistive switching behaviour in the heterojunctions. Towards that end, the following 

experiments are proposed: 

 
1. Experiments on the heterojunction device. 

The silver contact needs to be replaced with a gold contact to ascertain whether the observed 

resistive switching is intrinsic to the CdS nanoparticles or triggered by silver oxide species 

infiltrating the CdS layer. Addressing the short lifespan and associated instability of the LRS 

is imperative. It's plausible that this instability stems from electrostatic interactions between 

atmospheric species and the device surface. Consequently, all forthcoming experiments should 

be conducted with the devices maintained under vacuum or within a controlled atmosphere. 

 
2. Experiments to elucidate the dielectric behaviour for the system CdS/polymer. 

The first aspect to study is to measure the kinetics of the initial current that changes the 

electrical properties of the CdS thin film. The sample should be submitted to voltages steps 

with increasing amplitude and the corresponding decay in current monitored. The activation 

energy of the process should be quantified by recording the decay time constants at different 

temperatures. 

The potential reversibility of the current-induced changes should be accurately quantified. 

After the samples have undergone electroforming, periodic monitoring is essential to assess the 

recovery time. Small-signal impedance techniques can play a crucial role in this regard, as they 

allow for monitoring the sample's resistance with minimal disturbance. 

 
3. Device modelling. 

A physical model needs to be formulated to elucidate the insulating behavior of CdS. This 

model should take into account the characteristics of CdS nanoparticles and their interactions 

within the surrounding polymer matrix. It is hypothesized that defects at the CdS/polymer 

interface might function as charge carrier traps. Compensatory charges within the bulk 

semiconductor could potentially create electrical dipoles that obstruct the flow of carriers 

between nanoparticles. 
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