
University of Massachusetts Amherst University of Massachusetts Amherst 

ScholarWorks@UMass Amherst ScholarWorks@UMass Amherst 

Doctoral Dissertations Dissertations and Theses 

5-8-2020 

RESISTIVE SWITCHING CHARACTERISTICS OF RESISTIVE SWITCHING CHARACTERISTICS OF 

NANOSTRUCTURED AND SOLUTION-PROCESSED COMPLEX NANOSTRUCTURED AND SOLUTION-PROCESSED COMPLEX 

OXIDE ASSEMBLIES OXIDE ASSEMBLIES 

Zimu Zhou 
University of Massachusetts Amherst 

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2 

 Part of the Nanoscience and Nanotechnology Commons, Polymer and Organic Materials Commons, 

and the Semiconductor and Optical Materials Commons 

Recommended Citation Recommended Citation 
Zhou, Zimu, "RESISTIVE SWITCHING CHARACTERISTICS OF NANOSTRUCTURED AND SOLUTION-
PROCESSED COMPLEX OXIDE ASSEMBLIES" (2020). Doctoral Dissertations. 1896. 
https://doi.org/10.7275/16767619 https://scholarworks.umass.edu/dissertations_2/1896 

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at 
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of ScholarWorks@UMass Amherst. For more information, please contact 
scholarworks@library.umass.edu. 

https://scholarworks.umass.edu/
https://scholarworks.umass.edu/dissertations_2
https://scholarworks.umass.edu/etds
https://scholarworks.umass.edu/dissertations_2?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F1896&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/313?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F1896&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/289?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F1896&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/290?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F1896&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.7275/16767619
https://scholarworks.umass.edu/dissertations_2/1896?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F1896&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@library.umass.edu


 

 

 

 

 

 

RESISTIVE SWITCHING CHARACTERISTICS OF 
NANOSTRUCTURED AND SOLUTION-PROCESSED COMPLEX 

OXIDE ASSEMBLIES  
 
 
 
 
 
 
 
 

A Dissertation Presented 
 

by 
 

ZIMU ZHOU 
 
 
 
 
 
 
 
 
 

Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 

of the requirements for the degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 
 

MAY 2020 
 
 

Mechanical and Industrial Engineering 
 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© Copyright by Zimu Zhou 2020 

 
All Rights Reserved 

 
 

 

 

 



RESISTIVE SWITCHING CHARACTERISTICS OF 
NANOSTRUCTURED AND SOLUTION-PROCESSED COMPLEX 

OXIDE ASSEMBLIES  
 
 
 
 
 
 
 

A Dissertation Presented 
 

by 
 

Zimu Zhou 
 
 
 
 
 

Approved as to style and content by: 
 
 
 ___________________________  
Stephen S. Nonnenmann, Chair 
 
 
 ___________________________  
Yubing Sun, Member 
 
 
 ___________________________  
Ashwin Ramasubramaniam, Member 
 
 
 ___________________________  
Jessica Schiffman, Member 
 
 
 
 
                                                                        _____________________________  
                                                                         Sundar Krishnamurty, Department Head  
                                                                         Mechanical and Industrial Engineering  



DEDICATION 
 
 

To my family 
 



 

v 

ACKNOWLEDGMENTS 

 

My deepest gratitude must be given to my advisor Prof. Stephen 

Nonnenmann, who has been encouraging, thoughtful and patient throughout my 

studies. The discussions we had during my time were invaluable to my research 

and my own development. I would also like to thank my committee members, Prof. 

Ashwin Ramasubramaniam, Prof. Yubing Sun and Prof. Jessica Schiffman for the 

encouragement, suggestions and ideas to my dissertation and presentation.  

I want to thank my former lab mates, Dr. Jiaying Wang, for the time and 

efforts preparing my samples. Dr. Jiaxin Zhu, who taught me so many experiments 

in the early days. I would also thank Jacob Davis, Selena Cho, Serzat Safaltin and 

Jieun Park. All of you were great source of support and friendship.  

I would also like to thank my collaborators. Prof. Jonathan De Roo and 

Pedro Dominguez for prepared and characterized many samples in my projects. 

Prof. Alfred Crosby was especially generous in allowing the use of his laboratory 

instrument. Prof. Kevin Kittilstved, Muhammad Abdullah, Xiangxi Meng and Nick 

Hight-Huf provided in-depth data analysis to my research. I would also thank Dr. 

Alexander Ribbe for all the support in UMass AFM facilities. I also appreciate Dr. 

Uzodinma Okoroanyanwu, Tim Walsh and Drew Griffin for the support and 

insights during my job search.  

Special thanks to my rock climbing partners Rachel Aronow, Cristian 

Rodriguez, Kim Du, Marcia Rojas, Sam Bill, David Meier and Dylan Barber. 

Thanks for helping me to get through my research projects and bouldering 

projects.   



 

vi 

In the last, I thank my parents, my grandparents, my aunt family and my 

girlfriend, for all the support during my six-year Ph.D. study. Their love keeps me 

alive here 7386.66 miles away from home. 

  



 

vii 

ABSTRACT 

RESISTIVE SWITCHING CHARACTERISTICS OF 
NANOSTRUCTURED AND SOLUTION-PROCESSED COMPLEX 

OXIDE ASSEMBLIES  
 

MAY 2020 
 

ZIMU ZHOU 
 

B.S., SHANGHAI DIANJI UNIVERSITY 
 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Advisor: Professor Stephen S. Nonnenmann 
 

 

Miniaturization of conventional nonvolatile (NVM) memory devices is 

rapidly approaching the physical limitations of the constituent materials. An 

emerging random access memory (RAM), nanoscale resistive RAM (RRAM), has 

the potential to replace conventional nonvolatile memory and could foster novel 

type of computing due to its fast switching speed, high scalability, and low power 

consumption. RRAM, or memristors, represent a class of two terminal devices 

comprising an insulating layer, such as a metal oxide, sandwiched between two 

terminal electrodes that exhibits two or more distinct resistance states that depend 

on the history of the applied bias. While the sudden resistance reduction into a 

conductive state in metal oxide insulators has been known for almost 50 years, the 

fundamental resistive switching mechanism is a complex phenomenon that is still 

long-debated, complex process. Further improvements to existing memristor 

performance require a complete understanding of memristive properties under 

various operation conditions. Additional technical issues also remain, such as the 
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development of facile, low-cost fabrication methods as an alternative to expensive, 

ultra-high vacuum (UHV) deposition methods. 

This collection of work explores resistive switching within metal oxide-

based memristive material assemblies by analyzing the fundamental physical 

insulating material properties. Chapter 3 aims to translate the utility and simplicity 

of the highly ordered anodic aluminum oxide (AAO) template structure to 

complex, yet more functional (memristive) materials. Functional oxides 

possessing ordered, scalable nanoporous arrays and nanocapacitor arrays over a 

large area is of interest to both the fields of next-generation electronics and energy 

storing/harvesting devices. Here their switching performance will be evaluated 

using conductive atomic force microscopy (C-AFM). Chapter 4 demonstrates a 

convective self-assembly fabrication method that effectively enables the synthesis 

of a low-cost solution processed memristor comprising binary oxide and 

perovskite ABO3 nanocrystals of varying diameter. Chapter 5 systematically 

compares the influence of inter-nanoparticle distance on the threshold switching 

SET voltage of hafnium oxide (HfO2) memristors. Utilizing shorter phosphonic 

acid ligands with higher binding affinity on the nanocrystal surface enabled a 

record-low SET voltage to be achieved. Chapter 6 extends the scope to the fine 

tuning of solution processed memristors with two types of perovskites 

nanocrystals. The primary advantage of nanocrystal memristors is the ability to 

draw from additional degrees of freedom by tuning the constituent nanocrystal 

material properties. Recent advancement of solution phase techniques enables a 

high degree of controllability over the nanocrystal size and structure. Thus, this 
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work found in this dissertation aims to understand and decouple the effects of the 

geometric size and substitutional nanocrystal parameters on resistive switching.  
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

 

 

1.1 Motivation and Background 

 

In 1959, Richard Feynman gave the famous lecture “ There's Plenty of Room 

at the Bottom: An Invitation to Enter a New Field of Physics” at the annual meeting 

of American Physical Society (APS).[1] He proposed manipulating and controlling 

matter “on a small scale” – atomic scale. Although the talk did not draw too much 

attention in 1960s and 1970s, researchers considered its significance in catalyzing 

the development of nanotechnology as a nascent field in 1980s and 1990s. As we 

are approaching the physical limit of Moore’s Law,[2] emerging memories show 

great promise on next-generation non-volatile memory (NVM) devices.   

Modern computer and portable electronic device processing capability is 

heavily reliant on memories. The well-known computer memory hierarchy is 

mainly comprising of three memory components: cache, main memory and 

storage memory.[3] For over three decades, the mainstream memory 

technologies are flash, dynamic random-access memory (DRAM) and static 

random-access memory (SRAM).[4] The working principles behind these 

memory technologies are all based on charge storage mechanism. With the rapid 

development of high-density and low-power-consumption memories, 

conventional charge-storage memory technologies quickly approach the limit of 

device miniaturization, when device lateral size shrinks down to 10 nm and below 
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because of the difficulty of retaining enough electrons in one single cell.[5] The 

inevitable leaking of electric charge will result in performance degradation and 

system reliability. In this context, intense researches have been focusing on 

emerging memories with low operating voltage (<1 V), long retention time (>10 

years), fast read/write speed (< ns) and most importantly, exceptional scalability 

(<10 nm).[6] 

Fortunately, there are many materials that exhibit robust hysteresis 

response to external electrical stimulation such as resistance, polarization and 

magnetization. Several types of emerging memories based on different working 

principles have been proposed to address this bottleneck.  Examples are 

ferroelectric RAM (FRAM)[7,8], magnetic RAM (MRAM)[9,10], phase-change 

RAM (PRAM)[11,12], resistance RAM (ReRAM or RRAM)[13,14], molecular 

switching memories/computing[15,16] and DNA memories.[17] Nevertheless, 

among them, FRAM, MRAM, PRAM and RRAM are typically considered as the 

emerging memories due to the current development and industrial acceptance.  

FRAM memory, well-known its extremely high endurance and low power-

consumption, stores the signal ’0’ and ‘1’ by switching ferroelectric polarization 

between two distinguishable states.[18] MRAM switches the direction of 

magnetic moment, is of great interests in more extreme working conditions such 

as military use and aerospace applications.[9] Though both FRAM and MRAM 

have been on the market for more than 10 years, they only share a small portion 

in industry due to the difficulty of down scaling.[5] PRAM, sometimes referred as 

PCRAM (Phase-Change RAM), is typically made of chalcogenide materials. Data 

storage is based on thermally induced material phase change between crystalline 
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and amorphous[19], which causes resistance and reflectivity change of the 

material.[20] RRAM, also known as memristors, got its name since it is a resistor 

which “remembers” the amount of current that last passed through by exhibiting 

different resistance states.  The concept was first proposed by Chua in 1971 as the 

fourth basic circuit element alongside capacitor, resistor and inductor since the 

behavior of memristor cannot be described my any other combinations of already 

known circuits elements.[21,22] With demonstrated lower programming voltage, 

faster read/write speed and remarkable scalability, RRAM is expected to replace 

existing NOR flash storage[6] or even NAND (NOT-AND) flash storage[23]. 

Memristor cells typically possess a metal-insulator-metal (MIM) structure 

comprising an insulating oxide sandwiched between two metal electrodes (top 

and bottom electrodes) with two or more distinct resistance states as the binary 

numbers of 0 and 1, constituting a conventional two-terminal structure devices 

with tunable electrical resistance upon external bias.[24] This reversible and 

nonvolatile resistance switching process between high resistance state (HRS) and 

low resistance state (LRS) is known as resistive switching (RS). 

 

1.2  Remaining Challenges and Goals 

 

Recent advancement in nanotechnology has enabled the current RRAM 

device scalability down to nanometer regime in last two decades. However, several 

challenges still remain to be addressed for the future high-performance devices: 

1. Conventional top-down and ultra-high vacuum (UHV) deposition 

methods can achieve atomic level control fabrication but suffer from low 
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overall productivity. Due to the expensive fabrication equipment and 

relatively small working area, these high-cost approaches have limited 

potentials in the battle of next-generation memory devices[25]. Cost-

efficient and facile fabrication methods are necessary in order to 

revolutionize the market. 

2. The development of manufacturing method of integrating memory 

devices and circuits onto flexible and soft substrate is urgently required 

for wearable or printable electronic devices.[26] The study of NVM 

devices stretchability are still largely remained blank as most 

conventional MIM structure device materials are made of brittle 

ceramics. To solve this issue, the device with robust mechanical property 

and sufficient flexibility is required. 

3. Although our technology has already achieved material atomic level 

manipulation, the precise nanometer resolution reproduction over a 

large area – mesoscale materials, is still a demanding process. The use 

of a template-based and self-ordered porous structure, anodic 

aluminum oxide (AAO), is an ideal master material for translating its 

own ordered nanostructure to those multifunctional materials which are 

difficult to pattern by traditional methods. 

 

1.3  Dissertation Outline 

 

Chapter 1 introduces the overall background, motivation and the remained 

challenges of the RRAM device. Chapter 2 presents a literature review of resistive 
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switching in detail, including classification of resistive switching and conductive 

filament formation mechanism. The most recent progress of RRAM devices, 

including the ultra-low energy consumption, fast-switching, high endurance and 

long retention devices are also reviewed. The discussion includes a thorough 

background knowledge of basic scanning probe microscopy (SPM) and modified 

variants such as conductive atomic force microscopy (C-AFM). The chapter also 

covers the current challenges and research motivations of future RRAM devices in 

the last.  

Chapter 3 reviews the current progress of different approaches to synthesize 

ordered porous multi-component complex materials over a large scale. Starting 

with a brief background and survey with anodic aluminum oxide (AAO), one of the 

most used nanoporous templates, the chapter extends the scope to the direct 

anodization of more functional transition-metal binary oxides templates. The 

focus then shifts to the recent developments of porous complex functional 

materials templates, such as carbides, nitrides and perovskites (ABO3) oxides 

fabrication utilizing AAO as master template, which would be extremely difficult 

to pattern over a large scale by conventional lithographic techniques. Highly 

ordered resistive switching HfO2 nanocapacitors and TiO2 nanoporous arrays are 

synthesized utilizing template assisted method as examples. 

Starting from Chapter 4, studies involving solution-processed memristors 

comprising quasi-0D metal oxide nanoparticles are introduced. Chapter 4 

introduces the fabrication of quasi-0D nanoparticles and solution-processed 

memristor. Two excellent previous studies regarding solution-processed 

memristor from our group have also been summarized. These pioneering studies 
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inspire my research motivations to further investigate low-cost but high-

performance memristor devices.  

Chapter 5 continues the storyline on solution-processed memristor, 

focusing on reducing RRAM device resistive switching operating voltage by 

making shorter ligand nanoparticle assemblies in order to decrease device overall 

energy consumption. A record-low switching voltage of solution-processed 

memristor has been achieved utilizing HfO2 nanoparticles capped with 2-

ethylhexyl phosphonic acid. The relationship between switching voltage and ligand 

length is also confirmed.  

Chapter 6 is a comprehensive study of the nanoparticle size effect and 

substitutional effect on RRAM device switching voltage. By comparing the 

different sizes BaZrO3 and SrZrO3 nanoparticles capped with same phosphonic 

acid ligand, the trend between resistive switching voltage and nanoparticle size has 

been observed. By comparing the same size BaZrO3 and SrZrO3 nanoparticles, the 

effect of perovskite oxides substitutional effect on resistive switching is revealed. 

Through a series of systematic comparison experiments, we propose materials 

parameters including nanoparticle size, surface defects and geometric packing 

density, which are neglected in many studies but exhibit significant effect on the 

resistive switching performance of nanocrystal assemblies. 
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CHAPTER 2 

MEMRISTOR FUNDAMENTALS 

 

2.1 Basics of Resistive Switching 

 

Resistive switching (RS) is a reversable nonvolatile phenomenon which 

changes resistance between a high resistance state (HRS) and low resistance state 

(LRS) based on the history of the applied external bias or current pulsing. This 

effect allows the fabrication of a new type of random access memory (RAM) device 

-- resistance random access memory (ReRAM or RRAM)[13], a promising 

candidate of next-generation electronic memory device competing with other new 

materials including ferroelectric random access memory (FeRAM)[27], 

magnetoresistive RAM (MRAM)[9] and phase-change RAM (PRAM)[11]. In 

resistive switching, the as-prepared memory cell usually needs to be activated by 

applying high voltage/current as initialization step (electroforming), which leads 

to the dielectric soft breakdown and results in a large decrease of the resistance. 

This electrochemical process creates a conductive path which ultimately connects 

top and bottom electrode. Subsequently, a reversible and controllable change in 

resistance between low resistance (LRS/ON state) and high resistance (HRS/OFF 

state) can be achieved by applying electric field that exceeds a threshold value 

(Vthreshold). The resistance switching from HRS to LRS is defined as ‘set process’ and 

switching from LRS to HRS is ‘reset process’. Thus, one can define four different 

resistance states of one memristor cell: 1). as-fabricated state; 2). as-electroformed 

state; 3). HRS and 4). LRS. In general, the as-fabricated state has a higher 
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resistance comparing to HRS[28] while as-electroformed state is comparable to 

LRS[29]. The operating voltage of a memristor is usually denoted as VSET and 

VRESET. Another term used to quantitively determine the performance of a 

memristor is the ON/OFF ratio defined as ROFF/RON. 

 

2.2 Classification of Resistive Switching 

 

On the basis of I-V characteristics, resistive switching behavior can be 

classified into two categories: unipolar switching (URS), bipolar switching (BRS), 

threshold switching (TS) and complementary switching (CRS).[30–33] Unipolar 

switching only depends on the amplitude of in the input (voltage/current) and has 

been found in many binary transitional oxides such as NiO[34,35], ZnO[36], 

HfO2[37] and TiO2[38]. Bipolar switching shows directional resistive switching 

depending on polarity and amplitude.[39] This type of resistive switching can also 

be observed in HfO2[37,40], TiO2[41,42] and perovskite oxides such as BaTiO3 

(BTO)[43,44], SrZrO3 (SZO)[45,46] and BaZrO3 (BZO)[47]. Unlike unipolar and 

bipolar switching, threshold switching is a reversible volatile process where upon 

the application of an applied bias generates current flow and a significant amount 

of internal Joule heating[48,49]. In fact, it is not uncommon that two or even three 

types of resistive switching behaviors coexist in one type of material. This is due to 

the conductive filament formation and rupture is largely determined by Joule 

heating induced by the electrical current.[35,41,50] Complementary resistive 

switching is a relatively new concept first proposed by Eike Linn and Rainer Waser 

in 2010.[31] A typical CRS cell is comprising of two anti-serial connected BRS 
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memory cells. By merging two resistive cells into one structure, sneak path 

problem is greatly resolved and hence the device power consumption is drastically 

reduced. In 2012, single resistive cell CRS based on tantalum oxide was reported 

by Yang et al., which is a promising candidate for large-scale crossbar resistive 

arrays[51].  

 

2.3 Resistive Switching Mechanisms 

 

The exact origin of resistive switching behavior is a long-debated issue and 

it depends on electrode material, insulator material and operating methods. Most 

resistive switching behavior can be categorized into anion migration, cation 

migration and thermochemical reaction[52]. 

Figure 2-1 (A) Typical unipolar resistive switching and (B) bipolar 
resistive switching. (C) Schematics of virgin state memristor (D). As-

formed state(E). LRS and (F). HRS 
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In anion migration type resistive switching, the charged non-stoichiometric 

ions (e.g. oxygen vacancies or oxygen ions) will migrate inside of the insulator as 

driven by external voltage. Therefore, there will be a local valence variation at the 

insulator/electrode interface due to the accumulation and redistribution of 

charged ions.[53] In n-type storage materials, the insulator already has excessive 

positive charged oxygen vacancies (VO), as illustrated in Figure 3a. The positively 

charged oxygen vacancies will move along the electrical field direction and 

accumulate at the bottom cathode/insulator interface (Figure 3b). The conductive 

filament is subsequently formed since the accumulated oxygen vacancies are 

extending to the top electrode (Figure 3c). Therefore, the formed cone shape 

conductive filament has the thinnest spot near top electrode. Most of the Joule 

heating will be generated at the thinnest part and conductive filament will rupture 

Figure 2-2 (a)-(d) Charged ion behaviors in n-type storage materials; 
(e)-(h) charged ion behaviors in p-type storage materials. 
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near the top electrode under reverse voltage (Figure 3d).[54] On the contrary, in 

p-type storage materials, the filament rupture region is on the opposite electrode. 

The more prevalent negatively charged oxygen ions (Figure 3e) will migrate and 

accumulate to the anode/insulator interface and thus generating cation vacancies 

nearby (Figure 3f). The accumulated cation vacancies are hole carriers in p-type 

semiconductors served as top electrode extension reaching to the bottom electrode 

(Figure 3g). Therefore, the conductive filament is breaking at the vicinity of bottom 

electrode under the reversed electrical field (Figure 3h). Anion-type memristors 

always result in a valance change within the storage materials and are categorized 

as valance change memories (VCM).[55] This type of resistive switching behavior 

is usually observed in non-stoichiometric metal oxides such as HfOx[56], 

TaOx[57,58], BaTiO3-x[59] and nitrides such as NiN[60]. 

Another category is cation-migration memristors, often referred as 

electrochemical metallization memory (ECM). In ECM cells, one side of the 

electrode is usually an electrochemically active metal such as Ag[61] and Cu[62]. 

The other electrode is electrochemically inert such as Pt and W. The redox and 

electrochemical dissolution process take place under high electrical stress. The 

produced cation ions such as Ag+ and Cu2+ migrate along electrical field direction 

to the cathode acting as conductive bridge and form conductive filament, which 

short circuits top and bottom electrode switching device from HRS to LRS. Thus, 

ECM memory is also referred as conductive bridging RAMs (CBRAMs)[63]. 

Conductive filament is ruptured because of the Joule heating induced by negative 

bias. Intensive researches have been carried out to investigate cation-migration 

resistive switching, including the use of Ag[64], Al[65], Ti[66], Zn[67] and so on. 
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Thermochemical based RRAM often exhibits unipolar and threshold 

switching behavior. In non-polar switching, the RESET process is not due to the 

retraction of migrated charged ions. The Joule heating can greatly increase the 

temperature in the conductive filament necking area and thus rupture the filament. 

Because Joule heating is induced by current, which is independent to voltage 

polarity, thermochemical reactions usually take place in non-polar switching.[13] 

Alternatively, unipolar and threshold switching can be triggered in bipolar 

switching RRAM cells by introducing higher Joule heating in the process. There 

are three common ways to control Joule heat in resistive switching process: i). 

Current compliance.[50,68] For example, Razi et al. observed transition from 

bipolar switching to threshold switching behavior in Ag/BTO/Ag by increasing the 

current compliance to 10-4 A in a 142 nm thin film structure.[68] ii). Ambient 

temperature. The thermal bi-stability of the conductive filament and also be 

observed by conducting I-V cycles in both low and high temperature.[35] iii). Metal 

electrode thickness. In addition, unipolar and threshold switching can also be 

induced by varying electrode thickness and hence controls the Joule heat 

dissipation.[34] 

 

2.4 RRAM Device Performance and Challenges 

 

The critical parameters to evaluate the performance of a RRAM device are 

endurance, stability, read/write speed, retention time and energy 

consumption.[69] Lee et at. reported a TaOx based asymmetric passive switching 

device with extremely high endurance and stability up to 1012  cycles.[32] Sub-
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nanosecond resistive switching was achieved by voltage cycling at 20 GHz on 

tantalum oxide memristor.[70] Gao group demonstrated Ag/P3HT:PCBM/ITO 

device has minimal storage degradation up to 9 months in room temperature and 

over 10 years by extrapolating the experimental data.[64] Ultra-low energy 

consumption RRAM with less than 0.1 pJ per bit and more than 5×107 cycles 

endurance has also been realized in Hf/HfOx RRAM device.[71] All of these 

amazing records were achieved within recent 10 years and each one of the 

characteristic is far superior than current FLASH memories. However, integrating 

all exciting aspects into one single system is still a challenge.  

Theoretically speaking, RRAM devices have excellent scalability since the 

minimum device active area is defined as one single conductive filament (CF). 

Depending on different resistive switching mechanisms, the area of one single CF 

is often a few atomic units.[72] However, instead of forming one main filament, 

CF-based resistive switching tends to form multiple branched filaments.[67,73] 

The thinner and weaker filaments introduce intense operational parameters 

variations such as operating/switching voltages, ON/OFF ratio and hence cause 

further device performance issues such as retention and endurance problems.[74] 

In CF-based resistive switching, the formation and rupture of CF does not depend 

on both electrodes. This phenomenon is verified by conducting I-V curves on same 

type of devices with different electrode sizes.[75] Studies focusing on conductive 

filament real-time observation have been carried out utilizing transmission 

electron microscopy (TEM) and conductive atomic force microscopy (C- 

AFM).[76–78] 
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2.5 Atomic Force Microscopy (AFM) Characterization 

 

As the miniaturization of devices goes down to nanoscale range, atomic 

force microscopy is the optimal option for memristor local characterization. An 

atomic force microscope (AFM) consists of a piezoelectric actuator, a micro-

machined probe with an extremely sharp tip (1~30 nm) at the end, a laser, a 

position sensitive, four-quadrant photodiode, and a feedback loop control system, 

as illustrated in Figure 4a.[79]  There are three common surface imaging modes: 

contact mode, tapping mode and non-contact mode. The general AFM working 

principle is to first align the laser pointing on the back side of the cantilever, so the 

laser signal is reflecting to the photodiode as input. During scanning, cantilever 

deflection (contact mode) or cantilever oscillation amplitude (tapping mode and 

non-contact mode) is set to a fixed setpoint depending on tip-sample interaction. 

The AFM probe deflection or oscillation amplitude will change as the probe scans 

the sample and encounters height variations on sample surface and hence leads 

laser point movement on photodiode due to the laser beam deflection on cantilever. 

The AFM feedback loop will constantly adjust the piezoelectric actuator height to 

keep the setpoint constant. The movement of the actuator is then recorded as 

sample microstructure dimension data. The phase and amplitude image in tapping 

and non-contact mode provides extra sample property information such as 

mechanical property and viscoelasticity.[80] 

Because of the multi-functional AFM probe, AFM provides additional 

capabilities over conventional electron microscopy techniques such as scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). For 
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example, magnetic force microscopy (MFM) is based on AFM technique scanning 

with a magnetized probe measuring sample magnetic field gradient.[81] Because 

of the ultra-shape tip and accurate force modulation, AFM is also largely used for 

ultra-thin sample nanoindentation for sample mechanical testing.[82,83] AFM 

also has a broad variations for electric property measurement with metalized probe 

including surface potential (Kelvin-Probe Force Microscopy)[84,85], electrostatic 

force microscopy (EFM)[86,87], piezo force microscopy (PFM)[88,89] and 

conductive atomic force microscopy (C-AFM).[90–92]  

Conductive-AFM (C-AFM) uses a conductive AFM probe (metal coated or 

N-doped silicon) as a movable electrode. In Asylum Research ORCATM C-AFM 

system, AFM samples stage serves as bottom electrode and applies bias while 

conducive probe is held grounded. In C-AFM mode, AFM operates in contact mode 

while biasing sample from bottom electrode. The current flows through conductive 

probe and then passes into amplifier as current signal output as the tip scans on 

sample. The surface topography and current mapping is thereby recorded 

simultaneously. The dual gain module uses two separate standard module and is 

capable of measuring current from ~ 1pA to 10μA. The major advantage of C-AFM 

over conventional probe station is its application in many nano-scale electronics 

due to its sharp conductive tip and accurate force.[93] For example, Walker et al. 

firstly demonstrated and measured the electrical conductivity of an 10 nm Archaeal 

protein nanowire by placing the probe with 1 nN force after calibration.[92] As the 

technology advances, C-AFM is becoming one of the major characterization tools 

for RRAM nano-scale devices.[94]  
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2.6 Summary 

 

This section covered the working principles and recent progress of RRAM 

devices. Virtually all recent studies utilize costly and time-consuming conventional 

ultra-high vacuum (UHV) deposition and lithographic patterning methods. A more 

cost-effective and efficient fabrication approach necessary for RRAM to standout 

in the competition of emerging memory. In addition, the rapid development of 

wearable and printable electronics market demands a flexible but robust device 

which would be difficult to processed by traditional top-down fabrication methods. 

Two different low-cost and facile methods for fabricating unique complex oxide 

nanostructures that exhibit promising functionality, including resistive switching 

will be demonstrated in subsequent chapters: 1). Nanoporous arrays using a 

modified top-down approach inspired by the production of anodic aluminum oxide 

(AAO); and 2) nanoscale assemblies comprising solution-processed binary oxide 

and perovskite oxide nanocrystals using a blade-assisted convective assembly 

approach. 

Figure 2-3 (a) Schematics of AFM. (b) Conductive-AFM illustration. In 
Asylum Research AFM system, sample bias is applied from bottom 

electrode and conductive probe is held grounded. 
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CHAPTER 3 

PRODUCING NANOPOROUS ARRAYS WITH FUNCTIONAL 

COMPLEX OXIDES 

 

3.1 Introduction 

 

The use of template-based synthetic processes has rapidly grown over the 

last two decades due to their relative simplicity compared to expensive lithographic 

approaches and effectiveness in producing scalable 1-D and 0-D nanostructure 

arrays. Porous membranes such as anodized metal oxide templates[95–97], 

mesoporous carbon[98], zeolites[99], polymer templates[100,101] and 

nanochannel arrays on glass[102] have been employed in biomedical, 

optoelectronic, and sensing applications. The majority of templates fabricated 

comprise binary metal oxides due to their high thermal stability, mechanical 

compliance, relative abundance, and facile fabrication method. Since the alumina 

self-organized mechanism was first reported by Keller more than 60 years ago, 

anodic aluminum oxide (AAO) received immediate interest as a means to 

synthesize nanoscale structures and devices[103,104]. During a single-step 

anodization, the pores develop randomly on the oxide surface, limiting their use as 

a template. The electrochemical oxidation of transition metals, including hafnium 

(Hf)[95,105], tantalum (Ta)[106–109] and titanium (Ti)[110–112], also produce a 

porous thin film structure on their surface. Older studies that achieved ordered 

nanostructures required time/cost intensive methods such as focused ion beam 

(FIB) milling, scanning probe scraping, or hard SiC/Si3N4 molding to produce a 
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pre-pattern step on the surface[113–115]. In the mid-1990s, Masuda and Fukuda 

overcame this challenge by pioneering a two-step anodization process in an acidic 

electrolyte that produced an aluminum oxide thin film which possessed a uniform 

nanoporous internal structure[104]. Unlike conventional lithographic processes, 

this inexpensive method enables scalable formation of a periodic pore network 

over a relatively large area by adjusting parameters such as applied voltage, 

temperature, and electrolyte selection. 

Here we review the latest advances in nanoporous templates that extend 

beyond anodic aluminum oxide templates to include nanostructured complex 

materials derivatives. This review begins with a brief survey of anodic aluminum 

oxide (AAO), the most commonly used nanoporous template for 1D and 2D 

nanomaterials fabrication. The scope of nanoporous templates is then extended to 

include transition metal oxides and alloy oxides. These metallic-derived templates 

use the same AAO anodization technique but possess more inherent functionality 

than a wide-gap insulator such as alumina. In the final portion of the review the 

focus shifts to highlighting recent developments of complex compound porous 

templates requiring the use of AAO reverse templates, a nanoporous template that 

mirrors the porous network of AAO yet comprise multicomponent, functional 

materials such as carbides, nitrides, and perovskite (ABO3) oxides. 

 

3.2 Anodic Aluminum Oxide (AAO) Fabrication and Its Applications 

 

High purity aluminum (>99.99%) is first annealed in inert atmosphere at 

500°C to release internal mechanical stress. The aluminum foil is degreased in 
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organic solution and then polished to obtain a clean and defect-free surface ready 

for first anodization. Anodizing voltage, type of electrolyte and temperature are the 

key factors affecting AAO membrane feature, such as pore diameter (Dpore), 

interpore distance (Dint) and oxide layer thickness.  Amongst three most used 

electrolytes, sulfuric acid shows best results in terms of pore structure and 

distribution, oxalic acid yields pores with moderate size and regularity, phosphoric 

acid gives largest but least uniform pores.[116] After the first anodization, the 

aluminum is exposed in the mixture of chromic and phosphoric acid solution at 

50°C. This chemical etching step selectively removes oxide layer without damaging 

aluminum substrate, leaves an ordered and textured surface for second 

anodization. 

To successfully form AAO, the second anodization is usually carried out 

under the same condition as the previous step. In some special cases, mostly for 

ultrathin AAO membrane fabrication, the second anodization condition varies in 

time or operating temperature to obtain membrane in desired thickness. Nielsch 

et al. reported 10% porosity is the optimum condition for self-ordering porous 

alumina structure due to the 1.2 volume expansion rom aluminum to alumina.[117] 

In order to increase porosity, immersing template in 5 wt % phosphoric acid at 

room temperature is a common post anodization process which further enlarges 

pore size without changing interpore distance. [118–120] Also, some other groups 

demonstrated a novel method to precisely reduce pore size by atomic layer 

deposition (ALD), which is well-known for uniformity and thickness control. [121–

123] By coating Al2O3 on the template surface, pore diameter can be narrowed 

down to 5 nm without bringing impurities to the sample.[124] 
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Figure 3-1 (A) commercially available high purity aluminum foil. (b) 
Removing organic contaminants by degreasing. (c) Removing surface 

aluminum oxide by electro-polishing. (d) First anodization forms 
irregular nanoporous structure. (e) Chemically dissolve unordered 

Al2O3 leaves ordered indentation on aluminum foil. (f) Second 
anodization generates highly ordered AAO nanostructure. 

    

The AAO fabrication process enables tailoring of pore diameter (Dpore), 

interpore distance (Dint) and oxide layer thickness by controlling parameters such 

as the anodizing voltage, temperature, and electrolyte type. For a two-step 

anodization, the high purity aluminum undergoes an initial anodization step 

followed by a chemical etching step (typically with chromic/phosphoric acid) that 

selectively removes the newly formed, yet irregularly patterned aluminum oxide 

layer without damaging the aluminum substrate, resulting in an ordered and 

textured surface available for a second anodization. This textured surface creates 

accurate pore growth positions during the second anodization since pore 

nucleation preferentially occurs at surface defects. The second anodization is 

usually carried out under the same condition as the first step. The duration of this 

second anodization process will control the final thickness of the AAO membrane. 

The AAO geometric structure is also adjustable by post-anodization processing. 
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Immersing the template in dilute phosphoric acid at room temperature enlarges 

the AAO pore size without changing the interpore distance.[118–120] Conversely, 

conformal Al2O3 coatings through atomic layer deposition (ALD), a method with 

high uniformity and thickness control,[121–123] is capable of narrowing the pore 

diameter down to 5 nm.[124] For more details concerning conventional AAO 

fabrication technique and its direct applications in nanomaterials, we suggest 

reading some excellent review articles on AAO fundamental principles, techniques 

and applications.[113,125–128]   

 

3.2.1 AAO Template Assisted Fabrication of Nanodots Arrays 

 

Aluminum anodization is a cost-effective, highly-controllable, and easily 

scalable process that produces an ordered array of vertical channels that have been 

used extensively for the fabrication and synthesis of nanostructures and devices 

ranging from 0-D (nanodots, nanoislands) to 1-D (nanowires, nanotubes). 

Ultrathin AAO templates, defined as those possessing an aspect ratio (pore depth 

to pore diameter ratio) of less than 10, can be separated from its host aluminum 

substrate and transferred to second, arbitrary (functional) substrate when 

reinforced with a polymer coating such as poly (methyl methacrylate) (PMMA) or 

polystyrene (PS) that assists with mechanical compliance. 

AAO-directed fabrication of ordered 40 nm Au nanodot arrays on a silicon 

substrate were among the first templated synthetic studies conducted in the late 

1990s.[129] This method circumvented the need for costly electron beam 

lithography, which typically suffers for low throughput due to its prolonged 
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exposure time. Other metals, such as Au, Ni, Co, and Fe, have also been deposited 

on a variety of substrates using this approach.[130,131] Recent studies that 

employed ultra-low aspect ratio membranes (1:2) have extended this approach to 

achieve nanoisland diameters down to 16 nm.[132] High-density nanoisland 

arrays have also be extensively studied as an ideal architecture for functional 

oxides, which exhibit remarkably different properties than conventional bulk 

materials. 

Ultrathin AAO template is a suitable candidate for aggressive fabrication 

condition since Al2O3 is a high temperature and chemical resistant material. This 

unique advantage enables the coexistence of ferroelectricity and resistive switching 

behavior on one individually addressable nanocapacitor. Liu group fabricated 60 

nm epitaxial BiFeO3 nanodots on Nb-SrTiO3 substrate using high temperature 

pulsed laser deposition (PLD) through ultrathin AAO template.[133] Interfacial 

based resistive switching performance can be greatly enhanced by surface charge 

redistribution induced by ferroelectric switching.[134] The pioneering work of Lee 

et al. reported on the ultrathin, template-directed fabrication of a versatile 

metal/oxide/metal (M-O-M) (Pt/PZT/Pt) nanoisland nanocapacitor structure 

deposited on MgO single crystal substrate .[135] The isolated pattern localized the 

electric field distribution, minimized the effective cross-talk between structures, 

and enabled each nanocapacitor to be individually addressable , thus the array 

exhibited an extremely high storage density (176 Gb inch-2).[135] Template-

directed fabrication of nanocapacitors comprising functional materials such as 

HfO2 and Ag2S (not shown), have been used to form nanoscale memristive cells, 

which show controllable resistive switching (RS) properties suitable for 
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nonvolatile memory applications.[121] The combination of highly tunable, scalable 

templates and thin film deposition creates large arrays of M-O-M nanocapacitors, 

thus becoming one of the most precise and convenient methods in nanomaterials 

test structure fabrication. Other studies deposited cobalt ferrite oxide (CFO) 

nanodots epitaxially through ultrathin, template-directed pulsed layer deposition 

(PLD). By tuning the anodization conditions, the magnetic behavior of nanodots 

(60-300 nm diameter and 60-500 nm interpore distance) were observed via 

magnetic force microscopy (MFM), with clusters comprising smaller diameter 

nanodots exhibiting dipole-dipole interactions of opposite phase and larger 

diameter nanodots possessing opposing phases within a single structure.[136] 

Our group also successfully fabricated individually addressable functional 

metal oxides functional nanodot arrays using ultra-thin AAO template assisted 

method.  Figure 3-2 (a) shows the M-I-M nanodots arrays fabrication process. A 

piece of polystyrene (PS) reinforced ultrathin AAO membrane (100 – 200 nm, 

TopMembrane, Shenzhen China) is first transferred to a metalized substrate with 

PS side facing up.  PS is subsequently dissolved by immersing the sample in 

acetone for 30 minutes. Metal oxide material is deposited by either RF sputtering 

or atomic layer deposition (ALD). Nanocapacitor top metal electrodes can be a 

metalized probe (typically Pt) or one additional step of metal deposition to yield 

ordered arrays of nanocapacitor arrays (Figures 3-2(b) and (c)). Figures 3-2 (d) 

and (e) show the C-AFM I-V spectroscopy response of 20 nm and 100 nm diameter 

nanocapacitors, respectively. The structures display countereightwise bipolar 

switching, characteristic of filamentary - type mechanisms. Comparison of 100 nm 
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and 20 nm diameter HfO2 nanocapacitors show that smaller nanocapacitors 

become more rectifying and exhibit a greater degree of asymmetry.  

 

3.2.2 AAO Template Assisted Fabrication 1-D Nanostructures 

 

Figure 3-2 (a) and (b), schematics of AAO templated assisted 
nanocapacitor fabrication. (c) SEM image of Pt/HfO2/Pt 

nanocapacitor with partially removed AAO template. (d) and 
(e), local I-V response of 20 nm and 100 nm HfO2 

nanocapacitor respectively 
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One dimensional nanostructure such as nanorods, nanowires, and 

nanotubes demonstrate enormous potential in the fields of magnetic, electronic, 

and optoelectronic devices. Nanorods possess an aspect ratio of less than 10, while 

nanowires are defined by an extremely high aspect ratio, usually exceeding 1000. 

The high degree of controllability of AAO dimensions, including accurate control 

of nanowire length and diameter, motivates the use of AAO-template-assisted 

approaches such as electrodeposition and sol-gel as attractive alternatives to 

multistep lithographic methods. 

Examples include high density nickel (Ni) nanowires arrays , which 

exhibited an increase in magnetic coercivity with decreasing Ni nanowire diameter 

and subsequently improved magnetic hardness.[137] Each nanowire was capable 

of being switched independently, thus producing a recording density up to 155 

Mbit/mm2 for Ni nanowire array, significantly higher than the density within 

currently available hard drives (5.74 Mbit/mm2).[127] One-dimensional 

nanostructures inherently possess high surface-to-volume ratios, motivating their 

use as next generation power source electrodes and microbatteries. Freestanding 

aluminum nanorod electrode arrays were produced by template-directed 

electrodeposition,[138] which were subsequently coated with a thin layer of 

titanium dioxide (TiO2) via atomic layer deposition (ALD), which resulted in an 

increase of the overall capacity by an order of magnitude and the stability for over 

50 charge-discharge cycles.[139]  

AAO templates also assist the synthesis of low melting point metals, 

semiconductors, and functional polymers nanowires by vacuum melting and 

solution wetting[140–145] Due to its inherently porous nature and 
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biocompatibility, AAO is also widely applied in biochemical fields such as drug 

delivery, tissue engineering and biocapsules.[146–149] 

 

3.3 Transitional Metal Oxides and Alloy Templates   

 

The enhanced surface area of template-fabricated 0-D and 1-D 

nanostructures motivates their use in gas sensing,[110,150] photovoltaic,[151] and 

water splitting[108,109,152,153] applications, among others. Over the past 20 

years attempts to extend template fabrication beyond Al2O3 to construct 

nanoporous networks in other functional (binary) metal oxides have progressed 

rapidly. Since the discovery of self-organized pores within TiO2 in 1999,[154] 

advanced anodization methods have been applied to a wide variety of transition 

metals. Unlike AAO, which comprises a continuous porous network, anodic 

titanium oxide (ATO) templates consists of individual nanotubes produced by a 

one-step anodization process (Figure 3-2a).[97] Annealing the amorphous, as-

grown ATO template converts it into its crystalline anatase form, which possesses 

Figure 3-3 (a). Typical ATO nanotube arrays from Ref 3, 2008 
Wiley-VCH; (b). Pd quantum dots deposited on ATO arrays 

from Ref 64, 2012 American Chemical Society.  
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a higher charge carrier mobility.[155] ATO nanotubes possess a large surface area 

and a short diffusion pathway, and thus attracts considerable interest as anodes in 

dye-sensitized solar cells (DSSCs), which have been extensively studied as an 

energy harvester due to their excellent light to electricity conversion 

efficiency.[111,112,156–158] The photocatalytic activity can be further enhanced 

through the deposition of noble metal nanoparticles over the nanotubular 

structure surface (Figure 3-2b).[159]  

Due to the relative easiness to manipulate the oxygen concentration, TiO2 is also a 

prototypical dielectric material for memristor research to reveal filament type 

resistive switching working mechanism due to the localized drift of oxygen 

vacancies.[160] In 2009, Hewlett-Packard a flexible solution processed Al-TiO2-Al 

memristor achieved less than 10 V operating voltage (relatively low power for 

flexible and ON/OFF ratio greater than 10,000.[161] The spin-coated so gel 

method was the first attempt making flexible memristive device. Though TiO2 

based memristor does not have the best overall performance as compared to the 

newly-invented memristive structure, it is one of the first and most extensively 

studied memristive material.[162] 

Tantalum pentoxide (Ta2O5) is a high- dielectric used in a wide range of 

applications such as dielectric layers for storage capacitors,[163] implant 

coatings,[106] as well as an efficient photocatalyst for water decomposition.[164] 

Anodization and annealing processes of high purity tantalum create a facile 

fabrication route for Ta2O5 semiconductor nanotube arrays. As one of the most 

stable transition metals, Ta-based Ta2O5 can withstand ultra-high temperatures 

without compromising its microstructure. Tantalum oxide drew much attention 
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recently in emerging memory field due to its extreme high endurance of cycles and 

uniform switching.  It is reported that engineered Ta2O5/ Ta2O5-x/ TaOX exhibit 

nearly unlimited endurance of 1011 cycles at 30 ns with highly uniform switching 

of bit error rate below 10-11.[165] Kim et al. also reported a self-limited mechanism 

enhancing the uniformity of both SET and RESET resistance with Ta2O5/ TaOX  

structure.[166] .[109]  

Due to the nature of self-organization, nanoporous binary oxide templates 

result from competing chemical dissolution and electrochemical formation 

processes.[126] Use of a single type of metal limits the geometric degrees of 

freedom and thus yield a hierarchically ordered structure. As shown by the various 

examples above, materials functionality is greatly enhanced by the multi-scale 

features of the nanoporous template. Such an approach motivated exploration into 

the synthesis of multicomponent oxides by the anodization of alloys. The 

anodization of Group VB and IVB valve metal alloys has two main advantages: 1) 

Biocompatibility. Transition metal alloys have been widely studied and used for 

implants due to their superior biocompatibility and corrosion resistance compared 

to their (individual) metallic constituents.[167–169] 2) Transition metal-like 

properties. Anodization ideally maintains balance between chemical dissolution 

and oxide formation. The chemical properties of transition metals minimize two 

major problems hindering common alloy anodization: i) different dissolution rates 

of the constituent elements and ii) varying reaction rates in different alloy phases. 

This unique feature ensures the uniformity of self-organization during anodization 

of binary oxides. 
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Yasuda demonstrated excellent structural flexibility and controllability of 

alloy oxides nanotube by tuning the zirconium titanate (ZT) nanotube arrays 

morphology (Figure 3-3a).[170,171] Pure zirconia nanotubes processed by 

conventional methods possessed a nominal diameter of 50 nm and a length of 17 

µm,[172] while pure titanium oxides nanotubes possessed a nominal diameter of 

100 nm and a length of 2.5 µm.[111] When anodizing a 50:50 wt% Ti-Zr alloy in 1M 

(NH4)SO4 + 0.5 wt% NH4F solution, the oxides matrix showed significantly higher 

controllability of the structure: the pore diameter ranged from 15 to 470 nm and 

the length up to 21 µm, depending on the anodization conditions. Anodization of 

the single-phase metal alloy Ti29Nb13Ta4.6Zr in a fluoride-based electrolyte 

produced a unique two-scale pore diameter (d = 32 nm; 55 nm) within a single 

oxide porous template (Figure 3-3b).[173] Auger electron spectroscopy (AES) 

determined that the tantalum oxide composition was increased in both 32 nm and 

55 nm nanotubes in comparison with other metal oxides throughout the alloy 

oxides layer, which proves the higher chemical dissolution rate of the other metal 

oxides. This coincides with the fact that Ta2O5 has the highest chemical stability 

Figure 3-4 (a). FE-SEM image of Ti-Zr alloy arrays with ~ 90 nm 
diameter and ~ 30 nm wall thickness, reproduced with permission 
from Ref 76, 2007 Wiley-OCH; (b). Alloy nanotubes broken off at 

different height levels from Ref 79, 2006 Wiley-VCH. 
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among all other transitional metal oxides, which means it has the lowest chemical 

dissolution rate.[107] The results demonstrate even subtle changes in alloy 

chemical composition can induce large variations in oxide formation, thus 

motivating new anodization processing directions for multi-scale porous template 

fabrication.  

 

3.4 Functional Reverse Template 

 

The well-studied effects of anodization conditions on sample morphology 

and geometry enables fine tuning of pore size, pore density and channel length of 

oxide templates. Routine production of pore diameters ranging from 20 nm to 500 

nm and aspect ratios from < 10 to 1000s yield a robust, versatile platform to 

explore size effects within nanoscale materials. The preceding sections highlighted 

three primary advantages of using oxides templates. 1) Template-directed 

nanostructure deposition: Due to their highly uniform, periodic porous structure, 

oxide templates enable top-down, size-controlled fabrication of electrochemically 

deposited or sputtered/evaporated metal and metal-oxide nanostructures. 2) 

Catalyst supports: Various catalytic processes are greatly enhanced due to the 

extremely large surface area provided by oxide templates. 3) Inexpensive, facile 

fabrication. Uniform nanoscale features are easily reproduced without using 

traditional expensive lithographic techniques. Applications utilizing AAO 

templates, however, are restricted by the limited, inherent functionality of alumina 

or other binary oxides. 
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From an application standpoint, developing 2D nanoporous arrays in 

complex oxides confer functional properties that extend beyond AAO templates to 

include ferroic behavior, defect-mediated memristive switching, and 

biocompatibility, among many others.  Due to their chemical stability fabrication 

of 2D templates comprising complex oxides and noble metals must use 

conventional methods such as lithography and nanoimprinting. These expensive, 

time-consuming techniques severely hinder the development and application of 

functional oxide templates. Thus, 2D functional material template fabrication 

requires new template-assisted methods to create ordered, nanoporous arrays. The 

so-called 2D anti-dot nanostructure remains one underexplored, yet viable option 

towards achieving these nanoporous arrays. Three major anti-dot array fabrication 

methods exist: 1) direct deposition; 2) plasma etching; and 3) reverse replica 

fabrication. 

 

3.4.1 Direct Deposition: Magnetic Storage Media 

 

Direct deposition uses the engineered AAO template of a chosen geometry 

and dimensions as the substrate for conventional deposition methods such as 

sputtering, atomic layer deposition (ALD) and thermal evaporation.[174–176] 

Well-developed deposition techniques are able to control the deposition thickness 

on the Angstrom (Å) level and thus preserve the original morphology of AAO 

template.[122,177] Porous magnetic structures have been extensively studied in 

the last decade due to their potential as ultra-high density magnetic storage media 

and the rich, fundamental physics underlying their operation.[178–180] As 
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compared to individual nanodots, anti-dot arrays generally display two advantages: 

i) superparamagnetism does not exist nor hinder the data-storage unit size since 

the storage device is a continuous film;[181] and ii) coercivity and remanence can 

be controlled by varying anti-dot pore size.[182] However, most studies utilize 

inefficient traditional patterning approaches such as block co-polymer templating 

and lithography. Expensive fabrication equipment, small deposition areas, and 

relatively large feature sizes (200 nm to 400 nm) all limit use of these techniques 

in producing next-generation anti-dot device arrays.[179,180] AAO templates 

represent a viable alternative due to easily tunable pore diameters below 50 nm. 

AAO-produced magnetic 2D nanostructures have displayed a storage density of 1 

Tb in-2,[183] motivating further miniaturizing of magnetic storage components 

and creating a competitive candidate system for future high-density magnetic data 

storage devices. 

While vacuum deposition techniques can routinely produce complex oxides 

thin films with other functionalities such as resistive switching and ferroelectricity, 

deposition of ultra-thin films on AAO surfaces to produce anti-dot arrays have 

been mostly limited to magnetic metals as the deposited thin film cannot be 

separated from the AAO template. This renders alumina, an electrical insulator, as 

a poor substrate for developing modern metal-insulator-metal (MIM) structured 

nanocapacitors. 
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3.4.2 Dry Etching: Multiferroic Bismuth Ferrite Anti-Dot Arrays 

 

Combining conventional AAO-directed fabrication with top-down ion 

etching methods allows the user to separate film fabrication from morphology 

modification, resulting in a more flexible operating parameter window while 

improving thin film quality. In this process a pre-engineered through-hole AAO 

serves as a nanostructured mask (Figure 3-4 a-i) as transferred on a desired 

substrate (Figure 3-4 a-ii) comprising a functional material, either a metal or metal 

oxide. Then ordered  nanohole arrays are fabricated by conventional dry etching 

processes such as ion milling, reactive ion etching (RIE) and plasma etching 

(Figure 3-4 a-iii, iv) [126,130,184–194] Due to its high tolerance to oxygen etching 

AAO makes an ideal material for high aspect ratio etching masks. In 1999, the 

Masuda group first translated the highly ordered nanochannel structures of AAO 

into III-V semiconductors (GaAs and InP) by using reactive beam etching 

(RBE)[191] (Figure 3-4 b). Their group also used oxygen plasma etching to form 

ordered diamond sub-100 nm anti-dot arrays over 1 cm2,[188] an area which 

would be extremely time-consuming to cover by traditional lithography methods 

(Figure 3-4 c). Nanoporous diamond thin films are promising candidates for future 

high performance nanocapacitors due to high charge per unit capacitance ratios 

that exceed those of graphitic carbons.[192] 
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Tian et al. extended this method to complex oxides field by synthesizing 

BiFeO3 (BFO) anti-dot arrays.[186] Here thin layers of SrRuO3 (SRO) and BiFeO3 

(BFO) were first grown epitaxially on SrTiO3 (STO) by pulsed layer deposition 

(PLD), then an ultra-thin (aspect ratio < 8) AAO membrane was then transferred 

to the substrate as a morphology modification mask. Subsequently, the as-

prepared sample was etched by an Ar+ ion beam followed by mechanical removal 

of the AAO. Variation in the etch duration produced different ordered 

nanostructure morphologies: nanorings (5 mins), anti-dots (10 mins, Figure 3-4 

d[186]), nanochains (20 mins), and nanodots (25 mins). This efficient, precise 

approach is also exploited in the fields of advanced optoelectronic devices,[193] 

photonic bandgap waveguides,[187] and anti-reflection coatings.[194] However, 

as AAO is also removed during the etching process, its pore size is continuously 

increasing while its thickness is decreasing, thus structural controllability is always 

Figure 3-5 (a) schematics of etching method procedure. 
Reproduced with permission from Ref 30, 2014 American Chemical 

Society; (b) AFM image of GaAs nanoporous thin film with 60 nm 
diameter pores from Ref. 191, 1999 IOP Publishing; (c) SEM image 

of diamond anti-dot arrays from Ref. 188, 2000 Wiley-VCH; (d) 
Topography of anti-dot BFO arrays. Reproduced with permission 

from Ref 186, 2016 IOP Publishing. 
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an issue. Overall proper balance between the AAO mask feature size, AAO 

thickness, and final feature size in the target oxide are all critical to successful anti-

dot formation. 

 

3.4.3 Negative Replica Method 

 

A negative replica template is a secondary mold with a nanopillar surface 

structure that mirrors the original AAO tunnel structure. Polymer solutions with 

lower surface energy than aluminum oxide tend to spontaneously wet the inner 

surface of the AAO channels.[105] Thus, high performance polymers are 

frequently chosen as the secondary mold material since they can be directly 

injected into template channels to form a negative replica. The desired complex 

oxide, nitride, or carbide is subsequently deposited evenly on the negative mold 

surface which forms the duplicate of the original AAO master porous structure. 

The final template with structures identical to the AAO master is then obtained by 

selectively removing the secondary mold. Masuda formed functional replica 

membranes of Pt[104], Au[104], Ni[195], and CdS[195] by injecting PMMA as a 

sacrificial secondary mold. Nanoporous polymeric replicas can also be obtained by 

using metallic secondary molds (Figure 3-5).[196,197] The thickness of metallic 

replicas is limited by the ability to form polymer secondary replicas with high 

aspect ratios. To address this limitation one innovative study electrochemically 

deposited the mold materials to the side of AAO instead of infiltrating the 

secondary mold into the AAO channels, thus providing sufficient mechanical 
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support to keep the PMMA nanopillars upright. The resulting Ni reverse template 

achieved a high aspect ratio of 20. 

The negative replica synthetic method is amenable to processing an array of 

commercially available high-performance polymers such as poly (ether- ether-

ketone) (PEEK) and poly(tetrafluoroethylene) (PTFE), which are extremely 

difficult to modify using conventional methods.[126] Pellets of the selected 

polymer are placed on the top of AAO template and simply melted to infiltrate the 

AAO pores. As such, virtually all polymer solutions with lower surface energy than 

aluminum oxide can serve as a negative replica material using the template wetting 

method. After removing AAO, the polymeric negative replica with reverse AAO 

nanostructure (positive nanopillars) is subsequently used as a mold to fabricate 

anti-dot arrays with complex materials (Figure 3-7a). The only disadvantage of this 

method is that reverse template nanostructures will aggregate into bundles and 

lose their order (Figure 3-7 inset) when its aspect ratio exceeds 5, due to strong 

Figure 3-6 Schematics of anti-dot arrays fabrication. Starting material 
is AAO templates coated with a thin conductive layer. (1) Secondary 

mold injection. Metal secondary mold can be electro-chemically 
deposited into channels while polymer mold spontaneously covers the 

channels. (2) free standing secondary mold is obtained by selective 
etching of AAO template. (3) Polymer/metal antidot arrays are 
formed by wetting or electro-chemical deposition respectively. 
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capillary forces between nanopillars.[198] For example, Martin et al. melted PEEK 

(aspect ratio < 6) , a highly chemically stable polymer into the original, engineered 

AAO template at 390°C, then selectively dissolved the aluminum substrate and 

AAO in an acidic solution of CuCl2 and NaOH 10 wt% respectively, without 

damaging PEEK nanorod.[198] The self-standing PEEK nanorod template was 

then taken as a mold for silicon nitride (SiNx) deposition and thermally removed 

at 600°C. The resulting SiNx template perfectly preserved the original AAO 

Figure 3-7 (a) AFM image of PEEK nanorod arrays and inset PEEK 
nanorods aggregate in bundles when aspect ratio exceeds 5; (b) 

AFM image of TiO2 nanoporous template synthesized by negative 
replica method; (c) Schematics of C-AFM testing on TiO2 anti-dot 

arrays; (d) Local I-V curve obtained on TiO2 arrays displays bipolar 
resistive switching behavior. 
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template nanoporous network structure. The SiNx template displayed many 

superior properties compared to the original AAO master template, including 

greater high temperature strength, abrasive resistance, and chemical inertness. 

Our group used the negative replica method to successfully fabricate a 70 nm pore 

size through-hole continuous TiO2 anti-dot array, where TiO2 was sputtered to 

PEEK nanorod arrays to form a nanoporous structure. The PEEK template was 

subsequently thermally removed to leave a free-standing TiO2 anti-dot array 

(Figure 3-7b). The as deposited nanoporous TiO2 anti-dot arrays were attached to 

high temperature resistant conductive carbon paste as substrate to retrain its 

structure during thermal annealing process (Figure 3-7c). The nanoporous TiO2 

anti-dot array shows bipolar resistive switching under conductive AFM (Figure 3-

7d).  This method demonstrates its ability to fabricate complex and functional anti-

dot arrays and considering the advances of vacuum thin film deposition techniques 

(sputtering, ALD, PLD), extending the negative replica sequence to materials 

beyond binary oxides. 

While the fabrication of the PEEK nanomold is costly and time-consuming, 

thermal removal of the final nanoporous template is destructive. To reduce the cost 

of the precursor wetting method, Martin et al. fabricated an ordered, 120 nm 

diameter nanopillar array of poly(tetrafluoroethylene) (PTFE) that extended over 

large (cm2) areas.[199] The PTFE negative replica was subsequently immersed in 

a 10 wt.% solution of poly(vinyl alcohol) (PVA), a well-known biocompatible 

material, and then dried in vacuum to form anti-dot arrays. Since the nanomold is 

not damaged during the process, the PTFE nanomold could be directly separated 

from the anti-dot template using tweezers and reused for preparing additional 
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templates, thus increasing throughput and cost-efficiency. Preserving the original 

ordered nanoporous structure after removing the AAO master template, however, 

is still a challenging step in template-directed replica synthesis. Also, while most 

high-performance polymeric materials are chemically robust, their low thermal 

stability restricts the overall processing temperature window, which is a significant 

issue as most complex oxides require high, elevated temperatures to produce the 

desired (and often functional) phase. Thus, an additional post annealing step is 

required to functionalize the as-deposited film, which could also potentially 

damage the nanoporous network. 

Another route towards non-destructive replication transferred the AAO 

nanoporous structure to a silica (SiO2) template.[200] Here an amine-modified 

resin was injected into the AAO channels and exposed to UV light (350-400 nm) 

to form cross-linked polyacrylate nanofibers inside the pores. The nanofiber arrays 

were then gently separated from the AAO template by attaching to a piston and 

lifted with a force around 0.4 N at a rate of 0.1 mm/min. The resulting negative 

polyacrylate replica array was covered with a sol-gel to form porous silica template, 

which was finally detached from the nanofiber arrays using tweezers. The as-

prepared nanofiber arrays perfectly replicated the AAO porous structure up to an 

aspect ratio of 10; higher aspect ratio structures (~ 30) showed the tendency to 

bend and agglomerate. This issue can potentially be solved by modifying the AAO 

template morphology or using higher-strength materials as the negative replica. 

This non-destructive method enables multiple duplicate templates from a single 

AAO template by recycling both the AAO template and its negative replica, which 

greatly reduces cost and labor of the entire process. 
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3.5 Closing Remarks 

 

Due to the nature of self-organization in nanopore formation, direct 

anodization is unable to produce an ordered porous structure in complex materials 

such as carbides, nitrides, or perovskite oxides. With the help of modern 

fabrication techniques, self-ordered nanoporous templates have been utilized to 

bridge the gap between anodized templates and patterned complex materials. 20 

nm and 100 nm diameter memristive HfO2 nanocapacitors are synthesized with 

the help of ultrathin AAO template and exhibit size effect. This chapter also 

surveyed a selection of direct anodization of binary metal oxides templates and 

templated assisted fabrication of functional porous templates using methods 

ranging from ion etching to reverse template replication. As an example, TiO2 

nanoporous arrays are fabricated AAO negative replica method using PEEK as a 

mold.  The obtained ATO template showed resistive switching behavior under C-

AFM I-V measurements. Continued improvement in deposition techniques and lab 

facilities will spawn future synthetic routes towards facile fabrication of complex 

material templates with flexible dimensions to potentially serve as matrices for 

advanced nanocomposites to be filled with complementary materials pairings to 

produce enhanced electrical, electrochemical, ferroic, biological, and 

optoelectronic properties and functionality. 
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CHAPTER 4 

SOLUTION-PROCESSED MEMRISTOR 

 

 

4.1 Zero-Dimensional Nanocrystals and Functionalization 

 

Resistive switching behavior has been observed in numerous materials 

including transitional metal oxides[40,41,201], nitrides[202] and complex metal 

oxides such as perovskites[88,203]. Most MIM memristors are 1D resistive 

switching materials such as binary oxide nanowires[204,205] ,individual 

perovskite nanotubes[206] and vertically aligned carbon nanotubes[207], or 2D 

thin films[208,209], which commonly evolve expensive top-down and UHV 

fabrication techniques. These conventional fabrication approaches have limited 

potentials on next-generation device due to its expensive fabrication equipment 

and relatively small deposition area[25]. A promising alternative is the zero-

dimensional nanocrystal (NC) solution-processed technique. Zero-dimensional 

(0D) nanostructures attracted much attentions over the last decade in the field of 

resistive switching[210–212]. For example, studies demonstrated solution-

processed 10 nm Ag2Se nanoparticle RRAM[213] device shows bipolar switching 

characteristics with low power consumption (< 1.5 V) and high reliability 

(retention > 105 cycles). Simon et al. synthesized 80-150 nm TiO2 nanoparticles 

showed both bipolar switching and complementary switching behavior[214]. 

Complementary resistive switching is a newly introduced state which exhibits high 

overall resistance which effectively suppresses leakage current[31]. While in 
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contrast, conventional atomic layer deposition (ALD) grown TiO2 layer only shows 

standard bipolar switching behavior under the same condition. However, studies 

and applications addressing quasi-zero-dimensional nanostructure are still scarce, 

mainly due to difficulties of patterning ordered architectures during fabrication, 

which is a prerequisite in modern memory devices.   

 

4.2 Synthesis of Nanocrystals 

 

Metal oxides nanocrystals in this study are synthesized via a microwave-

assisted solvothermal method, which is a popular chemical synthesis approach 

producing highly homogeneous and mono-dispersed nanoparticles. Solvothermal 

method usually grows single crystal nanocrystals under high temperature in 

organic solvents such as methanol[215], 1,4 butanol[216], toluene[217] within or 

on the surface of a substance.[218] The crystalline structure formation is 

performed in a sealed steel autoclave under supercritical pressure in order to 

achieve the temperature above solvent boiling point. Solvothermal approach 

enables the high controllability over nanoparticle shape, size, interparticle distance. 

An additional thermal treatment is necessary for the final product to ensure 

nanoparticle crystallinity.[219] Solvothermal method offers better overall 

crystalline quality as compared to widely used sol-gel method due to its amorphous 

nature.[217]  
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4.3 Fabrication of Solution-processed Memristor 

 

Various fabrication techniques have been developed which allows solution-

processed multi-component patterning including dip-pen nanolithography 

(DPN)[220–222], wet stamping[223] and spin coating[224]. However, these 

techniques have the drawbacks such as long deposition times, low controllability, 

or requiring complicated setups. Kim et al. proposed a facile and high-productive 

flow coating technique, which is a dynamic self-assembly method functionalizes 

nanoparticles by patterning monodisperse, highly crystalline inorganic zero-

dimensional nanocrystals into ordered structures over large areas[225–228].  In 

the flow coating process, a razor blade is held at a fixed height (usually < 0.5 mm) 

above a rigid substrate, which is affixed and moved in a ‘stop-and-go’ motion by a 

programmable nanopositioner. The NC solution (usually a few µl) is subsequently 

injected between razor blade and substrate using a micropipette. The solution 

remains confined between razor blade and substrate due to capillary forces. 

Nanoribbon height and width dimensions are mainly determined by 

nanopositioner stopping time (td), moving distance d and substrate moving speed 

v. Flow coating technique exhibits excellent controllability over nanoparticle 

assemblies at nanometer scale heights, micrometer scale width and flexible scale 

in length (depending on blade length and solution amount), which is a perfect 

candidate for functionalizing zero-dimensional complex oxides nanoparticles. 

 

4.4 Advantages of Solution-processed Memristor 
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Solution-processed RRAM device overcomes three major limitations that 

hindering the application of conventional vacuum-deposited devices: (1) 

Complicated fabrication process. All physical deposition methods require high 

vacuum and high temperature. Most modern vacuum deposition instruments also 

require clean room working environment. (2) Low productivity. Deposition rate is 

usually low due to the nature of vacuum deposition. (3) Inflexible. the brittle and 

rigid natures of ceramic films which greatly limit their application in next-

generation devices where flexibility is required, such as wearable electronics. 

Wang et al. firstly demonstrated the resistive switching behavior in 

nanoribbons comprising solution-processed strontium titanite nanocrystal 

(STONC) linked by oleic acid ligands, which exhibits up to 104 switching on/off 

ratio (HRS resistance/LRS resistance) and no obvious retention loss after 1000 

cycles[227]. One key advantage of STONC nanoribbon is the structure can be 

release into liquid and redeposit to an arbitrary substrate without losing its original 

structure and functionality (Figure 5a). Figure 5b shows the local I-V testing on 

one bent STONC nanoribbon deposited on Pd/PET substrate. The calculated strain 

is 3% induced by placing a steel rod underneath the ribbon. The collected I-V 

curves preserve the identical response and curve fitting, indicating the same 

conduction mechanism in the process. The mechanical reliability of nanoribbon 

shows substantial promise in the application of future flexible and printable 

electronic elements[26]. 

 

4.5 The Impact of Ligands in Solution-processed Memristors 
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In addition, Wang et al. also investigated the effect of ligand on the 

memristive behavior by local conductive testing after annealing the nanoribbons 

at 500◦C for 2 mins. As the annealing step removed the presence of ligands, the 

HRS conductive mechanism switched from trap-assisted tunneling (TAT) to the 

behavior of Fowler-Nordheim tunneling[229]. This interesting phenomenon 

confirms that ligands play an important role of reducing current, which might be 

a breakthrough for next-generation low power consumption memory devices. 

However, there are only a few studies realized and addressed this profound ligand-

mediated interparticle effect which concluded carrier mobilities decrease with 

increasing ligand length[230,231]. 

Subsequently, another work has been done determining resistive switching 

character of nanoribbon comprising hafnia (HfO2) nanocrystals with different 

organic capping layer, oleic acid (HfO2-O), dodecanoic acid (HfO2-D) and 

undecanoic acid (HfO2-U)[226]. To better evaluate the impact of ligand length on 

switching behavior, the interparticle distances have been estimated based on 

covalent chain length: HfO2-U (1.44 nm), HfO2-D (1.57 nm) and HfO2-O (2.2 nm). 

Figure 6 presents SET and RESET voltages for three HfO2 systems. It clearly shows 

that SET voltages increase with ligand length. RESET voltages exhibit similar 

relationship but with less dependence on ligand length. Since the experimental 

condition such as AFM tip, nanocrystal type and size are kept the same, we posit 

that resistive switching operating voltage increases with ligand length.  
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4.6 Summary  

 

In summary, I reviewed the recent studies functionalizing zero-dimensional 

nanocrystals utilizing solution-processed flow coating techniques to investigate 

the resistive switching properties. Most studies that have been done are limited to 

densely packed 1D and 2D nanostructures. Whereas the investigation of resistive 

switching mechanism between nanoparticles, particularly the effect of chemical 

ligands, is still in preliminary stage. Utilizing the cost-effective flow coating 

technique, previous studies demonstrated the possibilities of reveal the 

relationship between resistive switching operating voltage and chemical ligand 

length.  However, only three types of ligands capped in one particular oxide has 

been thoroughly studied. In-depth studies such as nanoparticle surface area size 

effect and structural effects are still waiting to be explored. 
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CHAPTER 5 

PHOSPHONIC ACID LIGANDS FOR NANOCRYSTAL SURFACE 

FUNCTIONALIZATION SOLUTION-PROCESSED MEMRISTORS 

 

5.1 Introduction 

 

Surface engineering of colloidal nanocrystals (NCs) is a prerequisite for 

advanced applications such as solar cells,[232,233] thermoelectrics,[234] field 

effect transistors,[235] smart windows,[236] superconductors,[237,238] 

catalysis,[239] and memristors.[226] Modern threshold memristive devices 

garner intense research interest due to their ability to emulate synaptic responses 

in neuromorphic computing and logic gate applications.[240] Threshold switching 

is a reversible volatile process where upon the application of an applied bias 

generates current flow and a significant amount of internal Joule heating,[54] 

which once above the metal-insulator-transition,[241,242] rapidly activates the 

device and maintains a low resistance state (LRS) until the voltage is removed and 

resets to an insulating high resistance state (HRS). Threshold logic memristors 

exhibit faster switching speeds, lower power consumption, higher scalability, and 

greater 3D stackability than standard complementary metal-oxide-semiconductor 

(CMOS) circuits, thus promoting further miniaturizing for next-generation 

neuromorphic computing components that extend beyond Moore’s Law. [2,243] 

These nascent computing applications require large crossbar device arrays to 

operate, where threshold selector devices are used to suppress sneak currents 

between neighboring cells.[244] 



 

48 

 

5.2 Motivations 

 

Memristors typically possess a metal-insulator-metal (MIM) structure 

comprising an insulating oxide sandwiched between two metal electrodes 

fabricated by top-down, ultra-high vacuum (UHV) thin film deposition processes. 

These conventional fabrication approaches are limited due to expensive 

fabrication equipment and small deposition areas.[25]  A burgeoning alternative 

is the deposition of monodisperse, highly crystalline inorganic nanocrystals using 

solution-processed flow coating,[228] a facile and cost-effective approach which 

enables controlled formation of thin-film transistors and highly scalable 

nanostructure arrays for future flexible large-area electronics.[245] In addition, 

conductive atomic force microscopy (C-AFM) has the ability to locally interrogate 

electrical properties across length scales (a few nanometers to 100 μm) relevant to 

both individual NCs and the nanoribbon assemblies. We used c-AFM analysis to 

show that operating parameters such as set/reset voltage and LRS/HRS ratios of 

the nanoribbons inversely scale with the length of the ligand used to stabilize the 

NCs in solution.  

Recent studies demonstrated tailorable resistive switching behavior within 

individual solution-processed comprising single-crystalline strontium titanate 

nanocubes (STONCs) upon transfer from the original hard substrate to metallized 

flexible polymeric substrate.[227] Subsequent studies showed that operating 

parameters such as set/reset voltage, and LRS/HRS ratios inversely scaled with 

increasing ligand length in solution-processed hafnium oxide (HfO2) 
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nanoribbons.[226] Since lower set/reset voltage means lower data read/write 

voltage and hence leads to lower overall device energy consumption, shorter 

ligands are always desired. However, ligands shorter than dodecanoic acid result 

in unstable dispersions, thereby restraining the minimum set voltage that could be 

used to switch the ribbons of NCs.[225] In general, phosphonic acids are more 

expensive and less commercialized. We chose phosphonic acid over previously 

used carboxylic acid because phosphonic acid have a much higher binding affinity, 

which enables us to stabilize shorter ligands on nanocrystal surface. It is reported 

that long-range charge carrier mobility in nanocrystal systems is mainly nearest-

neighbor hopping, which is inversely scales with capping ligand length.[230] Here 

we expand the investigation of ligand chemistry on memristive behavior to include 

the evolution of threshold properties of HfO2 nanoribbons over a series of five 

phosphonic ligand capping layers. Use of 2-ethylhexyl phosphonic acid produces a 

high dispersible system and an ultrashort ligand length that results in a record-low 

operating voltage, thus exhibiting enormous promise for future flexible electronics 

due to reduced waste heat and lower energy consumption. 

 

5.3 Experimental Methods 

 

Here, we explored the functionalization of NCs with phosphonic acid 

derivatives 1−5 (Scheme 1) and their fabrication into memristor devices. We 
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selected novel, branched phosphonic acids (1 and 2), a versatile polyethylene 

glycol[246–248] derivative (3), yet unreported oleyl phosphonic acid (4), and a 

prototypical straight chain derivative (5). The convenient synthesis of these 

phosphonic acids is followed by surface functionalization methods that are facile, 

even for the branched substrates. Finally, using these ligands, we deposit HfO2 

NCs into ribbons of NCs by a simple flow coating process and measure their local 

memristive current−voltage response with c-AFM. 

All nanocrystal capped with five ligands fabrications, nuclear magnetic 

resonance spectroscopy (NMR), X-ray powder diffraction (XRD) and transmission 

electron microscopy (TEM) characterizations are accomplished by our 

collaborator in Columbia University, Ghent University, University of Basel. 

Ligands 1− 5 are utilized to prepare memristors based on hafnium oxide NCs. HfO2 

NCs (d = 3.75 nm, Figure 7a and 7b) are synthesized in benzyl alcohol from 

Figure 5-1 (A) TEM image of HfO2 NCs functionalized with 1. (B) TEM 
image of HfO2 NCs functionalized with 5. (C) Schematics of target 

phosphonic acid ligands. 
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hafnium (IV) tert-butoxide.[242] Flow coating technique was used to synthesize 

HfO2 nanoribbons. A 15 mm razor blade edge was aligned parallel to the Ti/Pt-

coated Si substrate at the height of 0.1-0.3 mm. 10 μL HfO2 NC solution was 

injected between razor blade and substrate using a micropipette. The solution 

remains confined between razor blade and substrate due to capillary forces. The 

substrate movement was subsequently controlled by a programmable 

nanopositioner (Burleigh Inchworm controller 8200). The parameters in the study 

were as follows: solution concentration = 1mg/ml, stopping time td = 2000 ms, 

moving distance d = 200 µm and blade speed v= 1500 µm/s. HfO2 nanoribbons 

were deposited on a silicon wafer (undoped ⟨100⟩, University Wafer Inc.) coated 

with 15 nm thick Pt thin film serves as bottom electrode. Prior to use, blades and 

substrates were washed in soap water, distilled water, isopropyl alcohol, toluene 

and blow-dried with filtered N2 gas. Nanoribbons were made by same flow coating 

Figure 5-2 (a) AFM topographic image of HfO2 nanoribbon. 
(b) AFM height profile image of HfO2 nanoribbon. (c) Optical 

microscope image of HfO2 nanoribbons. 
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technique with the height ranging from 100-200 nm and width of ~ 8 nm. All five 

types of nanoribbons with different ligands had similar geometric profile. 

The local conductive measurement was performed on an AFM (Cypher ES 

ORCA, Asylum) at room temperature. A Pt tip (25Pt400B, Rocky mountain 

Nanotechnology) with the frequency of 10 kHz was used. The bottom electrode (Pt 

thin film) was pasted by silver paint (Ted Pella) to a conductive sample holder 

connected to AFM to form an electric circuit. The sample was biased from bottom 

electrode (up to ±10 V) by AFM while the tip was kept at 0 V during testing. All 

measurements started at 0 V and followed by a positive voltage sweep through the 

set process, back through and continue through the negative voltage region. I-V 

curves were collected at positions of equivalent thickness on each ribbon at a 

sample rate of 2 kHz. 

 

5.4 Results and Analysis 

 

40 individual I-V curves were collected over four separate, individual 

nanoribbons for each type of ligand. All five nanoribbons showed threshold 

switching behavior. It should be noticed that as we gained more insights on ligand 

structure, it became obvious that ligands are not extending out as a straight chain. 

Instead, the chains are reaching out zig zag with an angle around 109◦. Therefore, 

given that the C-C bond distance is usually 140 pm, the best estimation of the chain 

length is:  

                 ligand length ≈  𝑛 × cos (
180°−109°

2
) × 140 𝑝𝑚                           (1) 
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where n is the number of atoms in the longest chain. But it is still rather 

inaccurate to direct calculate ligand length according to the atom numbers. Thus, 

instead of estimating the ligand length, we proposed to use the number of carbons 

in the longest chain of the ligand. 

As shown in Figure 9, we observed the expected trend where operating 

voltage scales with ligand size. Here, the set voltage varies from extremely high (4.4 

± 0.7 V) for ligands 4 and 5 to a -low (1.0 ± 0.3 V) for ligand 1. It was previously 

demonstrated that the minimum threshold switching voltage of 1.2 ± 0.3 V using 

the mixture of dodecanoic acid and 10-undecenoic acid as ligands adsorbed on the 

HfO2 NCs.[226] Although carboxylic acid have a reasonable high affinity for metal 

oxides[249,250], ligands shorter than dodecanoic acid results in unstable 

dispersions and thus hindering further reducing threshold switching voltage. The 

use of 2-ethylhexyl phosphonic acid ligand 1, combining a high colloidal stability 

with a compact ligand shell, results in a record-low threshold switching voltage of 

1.0 ± 0.3 V, which is promising for next-generation flexible and wearable electronic 

devices.  

Note that ligand 3 violates the trend and displays higher set voltages than 

expected for its ligand length. This may be caused by the presence of the free ligand 

(which proved difficult to remove from the nanocrystals as described above) or by 

the nature of the polyethylene glycol chain. Note that the triangular cross-section 

of the nanoribbons creates a thickness-dependence in the memristive response. 

The thickest portion of the nanoribbons is difficult to electroform using the ±10 V 

bias supply of the microscope. Therefore, we performed all conductive probe 
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measurements in thinner areas of equivalent thickness (∼80 nm) for each 

nanoribbon tested. 

 

5.5 Local Resistive Switching Thickness Dependency 

 

Since all nanoribbons have cylindrical profiles as shown in Figure 8a and 

8b, it is important to clarify that different switching voltages are not the results of 

local I-V measurements height variations. Therefore, an independent study about 

resistive switching thickness dependency on HfO2 nanoribbons has been carried 

out. I-V curve sweeps with the voltage amplitude of 4 V were done on three 

different locations on nanoribbon with relative thickness of 80 nm, 140 nm and 

200 nm as shown in Figure 9a and 9b. At 80 nm location (Figure 9c), conductive 

Figure 5-3 (A−E) I−V curve of the threshold switching ofHfO2 
nanoribbons using 1−5, respectively, as ligand. (F) Switching voltage 

in function of the ligand chain length. 
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filament was successfully formed as demonstrated by a sudden current increase 

around -1.1 V. At 140 nm location (Figure 9d), some current variations were 

Figure 5-4 Thickness dependence study of HfO2 with ligand 3. (a) 20 
μm × 20 μm AFM scan of nanoribbon and (b) sectional height image 

along the red line. (●), (▲) and (♦) indicate three local c-AFM tests 
with thin (~80 nm), medium (~140 nm) and thick (~200 nm) 

thickness. (c)-(e) are the corresponding I-V responses of the first 
voltage sweeping (±4V). The electroforming step showed 

dependence on nanoribbon vertical thickness. Ref 9. SI also has 
similar study on HfO2 nanoribbon thickness dependent 

measurement. 
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observed but clearly no strong conductive filament was constructed. At 200 nm 

location (Figure 9e), there was no current response at all as compared to the 

previous two measurements. This interesting phenomenon could be explained by 

the formation and rupture theory of conductive filament. During electrical forming 

stage, the newly created conductive filament must extend from one electrode to the 

opposite electrode. While in set/reset processes, conductive filament only ruptures 

at its thinnest area which is usually less than a few nm.[30,54] Therefore, there is 

strong thickness dependency in electro-forming step. 

 

5.6 Summary 

 

We developed a scalable synthesis of new phosphonic acid surfactant 

ligands. We subsequently showed their superiority in functionalizing nanocrystal 

surfaces. Using a flow coating technique, we fabricated nanoribbons comprising 

HfO2 nanocrystals capped with five types of phosphonic acid ligands. Threshold 

switching operating voltages of five ligands were statistically determined by c-AFM. 

2-ethylhexyl phosphonic acid leads to a record-low operating voltage in the 

resistive switching of HfO2 NC assemblies. We observed the nanoribbon operating 

voltages inversely scale with the length of the ligands. Since phosphonic acid has 

higher bind affinity, shorter ligand 1 is successfully obtained and leads to a record-

low operating voltage among all resistive switching of HfO2 nanocrystal assemblies. 

The results are consistent with the previous measurements on HfO2 nanocrystals 

stabilized by carboxylic acid ligands, which validates the performance of the 

fabrication technique and characterization method. Considering their high binding 
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affinity, we expect the synthesized ligands to be heavily used to functionalize 

surfaces, even beyond the nanocrystal field. 
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CHAPTER 6 

SOLUTION-PROCESSED MEMRISTIVE ASSEMBLIES 

COMPRISING POLYDISPERSE NANOCRYSTALS 

 

6.1 Introduction 

 

Resistive switching behavior has been observed in numerous materials 

including transitional metal oxides[40,41,201], nitrides[202] and complex metal 

oxides such as perovskites[88,203]. The majority of memristive systems, such as 

2D thin films [208,209], 1D nanowires[204,205], nanotubes [207,251], and 

nanodots utilize expensive, UHV-based fabrication approaches that require long 

deposition times. Sol-gel spin-coated ZnO thin films[36] and hydrothermally 

prepared TiO2 thin films[252] represent two examples of inexpensive, high-yield 

alternative fabrication processes reported in the last decade. More recently 

solution-processed fabrication of zero-dimensional nanocrystals (NC), have 

garnered significant research focus as materials in memristive or resistive 

switching applications [210–212]. Various fabrication techniques have previously 

been developed to enable solution-processed multi-component patterning, 

including dip-pen nanolithography[220–222], wet stamping[223], and spin 

coating[224]. These techniques, however, require complicated, time-consuming 

procedures and offer low controllability over material microstructures. Kim et al. 

proposed a facile and high-productive flow coating technique, which is a dynamic, 
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self-assembly method that patterns monodisperse, highly crystalline inorganic 

zero-dimensional nanocrystals into ordered assemblies over large areas[225–228].   

We recently demonstrated a memristive and tailorable nanoribbon 

comprising single-crystalline strontium titanate nanocubes (STONC) capped with 

oleic acid ligands.[227] The as-fabricated nanoribbons were capable of being 

transferred to a second, arbitrary substrate with a different metallized surface as a 

result of the robust mechanical properties of the nanoribbon. Motivated by 

potential ligand chemistry effects, a follow-up study showed that operating 

parameters such as set/reset voltage, and LRS/HRS ratios inversely scaled with 

increasing ligand length in solution-processed hafnium oxide (HfO2) 

nanoribbons.[226] Since lower set/reset voltage leads to lower overall device 

energy consumption, the observed trend suggested that shorter ligands were 

optimal. Subsequently, a phosphonic acid ligand library was developed to replace 

previously used carboxylic acids. Phosphonic acids possess a higher binding 

affinity which enables the functionalization of shorter ligands to decrease the 

interparticle core-core distance and increase the tunneling probability.[253][230] 

The use of 2-ethylhexyl phosphonic acid produces a high dispersible system and 

an ultrathin ligand shell that results in a record-low threshold voltage in a solution-

processed memristor, thus exhibiting enormous promise for future flexible 

electronics due to reduced waste heat and lower energy consumption. 

In this work, we extend our scope to include the study of resistive switching 

behavior in nanoribbons comprising mixtures of monodisperse and polydisperse 

barium zirconate (BaZrO3; BZO) and strontium zirconate (SrZrO3; SZO) 

perovskite nanocrystals capped with phosphonic acid ligands.  The limited number 
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of studies of resistive switching behavior within BZO and SZO have been restricted 

to thin film systems.[254–256] Jo et al. observed the transformation from bipolar 

to unipolar switching in a SrRuO3/Cr:SZO/Pt stack induced by a high substrate 

temperature caused by Joule heating.[257] Both resistive switching behavior and 

Figure 6-1 (a) and (b), TEM images of BZO-5 and SZO-9 
nanocrystals. (c) and (d), XRD analysis of BZO and SZO 

nanocrystals. (e) Schematics of flow coat process. 
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the switchable diode effect have also been reported in Ag/BaZrO3/SrRuO3 

multilayers.[47] All reported BZO and SZO systems have been grown by vacuum 

deposition techniques. Here we use a low-cost flow coating method to assemble 

BZO and SZO nanoparticles into highly ordered nanoribbons. Moreover, we 

demonstrate the impact of nanoparticle size and polydispersity, as well as A-site 

substitutional effects on resistive switching operating voltages by studying 

assemblies comprising various diameters of BZO (2.7 nm and 5 nm) and SZO (2.4 

nm and 9 nm) nanoparticles. 

 

6.2 Experimental Methods 

6.2.1 Sample Fabrication Methods 

 

Barium isopoxide, strontium isopropoxide and zirconium isopopoxide (Alfa 

Aesar, > 98%): potassium hydroxide (Sigma Aldrich, ≥85%), ethanol (Acros 

Organics, 99.5%) , toluene (>99%, Acros Organics) and 2-[2-(2-

Methoxyethoxy)ethoxy]acetic acid (Sigma Aldrich, technical) were used without 

further purification. (2-hexyldecyl) phosphonic acid (HDPA) was synthetized 

according to De Roo et al.[225]   

Double metal oxide nanocrystals with composition BaZrO3 (BZO) and 

SrZrO3 (SZO) were synthetized via a microwave-assisted solvothermal method. 

Custom bimetallic precursors are prepared from commercial individual 

isopopoxides metal sources via alcohol thermal exchange. The resulting materials 

are subjected to a thermal process in a CEM Discovery SP microwave (max. output 
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300 W) equipment. Samples are prepared by dissolving the bimetallic precursors  

(0.2 g, 0.30 mmol (BaZrOR6) and 0.31 mmol (SrZrOR6)) in a basic KOH ethanol 

solution (4 mL). The thermal process includes a plateau for 30 minutes. The main 

parameters optimized in order to obtain the desired final crystallite size are the 

base concentration and the set temperature. Recovered nanosuspensions are 

washed three times with acetone and centrifuged at 5000 rpm for 2 min. SZO 

nanopowders can then be stabilized directly in (2-hexyldecyl) phosphonic acid 

(HDPA) acid in toluene. An excess amount of ligand and the use of ultrasounds is 

Figure 6-2 (a), (c) and (e), AFM topography and profile images for 1 s 
stopping time nanoribbon, 6 s stopping time nanoribbon and 

continuous thin film and (b), (d) and (f) corresponding AFM profile 
images. (g) Optical microscope image of BZO nanoribbons. (h) Height 

and width versus stopping time of flow coat process. 
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employed in order to ensure a good dispersibility. The excess can then be removed 

by successively precipitating the particles with acetone and redispersing the solid 

in toluene. BZO on the other hand, required a pre-stabilization in other family of 

ligands (acids) and then a ligand exchange. The BZO nanocrystals are stabilized in 

2-[2-(2-Methoxyethoxy) ethoxy] acetic acid) with methanol as solvent. The 

exchange is performed by dropwise adding a solution of a HDPA-toluene solution, 

with the result of the precipitation of the particles. The solid is recovered by 

centrifugation and redispersed in toluene. Further purification is done until no 

MEEAA 1H-NMR peaks are observed. Figure 6-1 (a) and (b) present TEM images 

of 5 nm BZO and 9 nm SZO nanocrystals. 

The XRD pattern of BZO and SZO nanocrystals are shown in Figure 6-1 (c) 

and (d). All the peaks indexed are in line with cubic phase BaZrO3 and SrZrO3 

reported in Ref. 258 and 259. [258,259]Sample substrate was silicon wafer 

(University Wafer, <100>, 500 um thickness) coated with 5 nm Ti and 35 nm Pt 

by thermal evaporator (CHA SE-600) to serve as sample bottom electrode. The 

flow-coating process was conducted in a homemade setup that consists of a razor 

blade and substrate which was attached to a computer-controlled nanopositioner 

(Burleigh Inchworm controller 8200). During fabrication 3~5 L of the 

nanoparticle containing solution was injected in between the blade and the 

substrate and was confined due to capillary forces. The nanopositioner is 

programed to move in a ‘stop-and-go’ motion, where the stopping time (td), step 

size (d), and substrate moving velocity (v) dictate the overall nanoribbon 

microstructure as shown in Figure 6-1 (e). Nanopositioner motion can also be set 

with a slower moving speed and no stopping time to flow coat thin film structure. 
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The film thickness depends on the substrate moving velocity and the nanoparticle 

solution concentration. A pronounced, quasi-nanoribbon structure is formed at 

the edge of thin film due to the initial solution injection in between the blade and 

substrate.  

 

 

6.2.2 Sample Characterization Methods 

Solid state techniques used to characterize the obtained powders include: 

Powder X-Ray diffraction (PXRD, Thermo Scientific ARL XTra diffractometer 40 

kV 40 mA) using Cu Kα radiation (0.15418 nm) for crystal structure identification, 

Table 6-1 Threshold switching operating voltages of BZO and SZO 
nanocrystal assemblies. 

Table 6-2 Bipolar switching SET and RESET voltages of BZO and 
SZO nanocrystal assemblies. 
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via comparison with ICSD standards,  and Transmission Electron Microscopy 

(TEM, JEOL JEM-2000FS operated at 200 kV with Cs corrector)  for morphology 

and size distribution assessment. Solution techniques were used for the 

characterization of the solutions, which include Dynamic Light Scattering (DLS, 

Marlvern Nano ZS) with backscatter detection of 173° for solovodynamic diameter 

and Nuclear Magnetic Resonance (NMR, Bruker 300MHz Avance I Ultrashield) 

operating at 1H frequency of 500.13 MHz for solution purity check.  

The local resistive switching response was measured at room temperature 

using Asylum Research Cypher ES ORCATM conductive-AFM module. A 

conductive Rocky Mountain Nanotech 25Pt400B cantilever with an 8 N/m spring 

contact and a fundamental resonant frequency of 10 kHz was used to perform all 

topographic and conductive imaging. Conductive silver paste (TED PELLA, Inc.) 

fixed the sample bottom electrode to the conductive wired sample puck to form the 

C-AFM electrical circuit. The conductive cantilever is connected to an ORCATM 

dual-gain transimpedance amplifier and held at ground while the sample is biased 

Figure 6-3 (A) Threshold switching behavior of 2.7 nm BZO 
nanocrystal assemblies. (B) Bipolar switching behavior of SZO-2.4 

and BZO-5 mixture nanocrystal assemblies. 
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from bottom electrode during electrical testing.  Local resistive switching I-V 

curves were collected in current-voltage (I-V) spectroscopy point-mode. The bias 

applied to Pt substrate ranges from 1 V to 5 V depending on nanoribbon actual SET 

voltage at a frequency of 0.99 Hz. The cantilever deflection setpoint was held at 

0.02 V to ensure sufficient tip-sample contact without mechanically inducing 

artificially high current values.[93] 

 

6.3 Results and Analysis 

 

Figure 6-2 (a) - (d) show AFM topography images of individual nanoribbon 

with nanopositioner stopping time of one second, six seconds and their 

corresponding AFM height profile images respectively. The one second stopping 

time produced a nanoribbon width of ~ 3.6 m and 100 nm height; the six second 

stopping time produced a nanoribbon width of 16 m and 500 nm height. To 

demonstrate the versatility of flow coating process, we fabricated a BaZrO3 thin 

film using a single step size 5 mm with no stopping time (Figure 6-2 c). The average 

thickness of as-fabricated BaZrO3 thin film is 117.9 nm ± 22.1 nm. While less 

uniform, the high productive fabrication process of nanoscale thin film with length 

and width in millimeter takes less than 10 seconds. The uniformity of nanocrystal 

assemblies can be further improved by utilizing finer blade and advanced 

nanopositioner system. Figure 6-2 (g) is the optical microscope image showing 

highly ordered arrays of individual nanoribbons deposited on Ti/Pt-coated silicon 

substrate utilizing the flow-coating technique. The nanoribbon dimensions are 

well-controlled by varying the substrate stopping time, as shown in Figure 6-2 (h).  
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Interestingly, we observed threshold switching within six nanocrystal 

assembly systems and bipolar switching within four nanocrystal assembly systems 

(Table 1). The transition between bipolar switching to threshold switching can be 

explained by current induced Joule heating. Except SZO-2.4, all threshold 

switching current saturated at 10 µA under C-AFM I-V spectroscopy, which is the 

maximum detection range of Asylum Research ORCATM dual-gain cantilever 

holder (Figure 6-3a as an example). It is reported that C-AFM current density at 

tip-sample junction can be up to 109 A/cm2 since most modern C-AFM is not 

equipped with current compliance function.[94,260] We estimate that the actual 

current value in LRS is much higher than 10 µA. In bipolar switching assemblies, 

besides BZO-5, all the LRS current are all below 10 µA (Figure 6-3b). Several 

studies have proved that Joule heating will shift nonvolatile bipolar or unipolar 

switching to volatile threshold switching by I-V cycling at higher temperatures[35], 

reducing heat dissipation by decreasing metal electrode thickness[34] and 

increasing current compliance to induce higher amount of Joule heating.[261] 

Considering threshold switching exhibits much higher LRS current than bipolar 

switching. We posit that the transformation between bistable bipolar switching 

and monostable threshold switching is due to unstable conductive filament caused 

by current induced Joule heating.  

Fabricating nanoribbons comprising nanocrystals of varying diameter 

enables size-dependent studies of the resistive switching operating voltages. 

Within both BZO and SZO systems, SET voltage is inversely proportional to 

nanocrystal size. Several studies suggested that the metal oxides nanocrystal, such 

as CeO2, BaTiO3 and PbTiO3 lattice parameters will significantly increase as the 
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nanoparticle size decreases below a 

critical diameter of range from 11 to 

100 nm.[262–265] The minimum 

lattice parameter expansion within 

BZO nanocrystals was observed to be 

0.5%.[266] Therefore we posit that 

smaller BZO and SZO nanocrystals 

have higher lattice parameters than 

their larger diameter nanocrystal 

counterparts. The larger unit cell 

facilitates more structural 

fluctuations and hence leads to 

increased oxygen vacancy 

diffusion.[267] The highly active 

oxygen ions (vacancies) enhance the 

resistive switching process and t hus 

lower the switching voltage.[268] 

Figure 6-4 (a) and (b) present the 

cumulative distribution of SET 

voltage within BZO and SZO 

nanocrystal assemblies. Both small 

nanocrystal assemblies show lower 

and uniform SET voltages. SZO-9 

system shows much higher SET 

Figure 6-4 (a) and (b) Cumulative 
probability of BZO-2.7 (blue), BZO-5 
(grey) and SZO-2.4 (black) ~ 3.88 eV 
and SZO-9 (purple) SET voltages. (c) 
135 cycles I-V sweeping on BZO-2.7 

nanoribbon. 
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voltages with a wide fluctuation range from 1.64 V to 5.98 V. Figure 6–4 (c) 

presents 135 consecutive threshold switching cycles with in one BZO-2.7 

nanoribbon. Most if the selectivity remains around 103 suggests the stable 

switching behavior even without the protection of current compliance.  

Figure 6-5 (a) and (b) present Tauc plot for BZO and SZO systems where 

the linear fitting of (αhv)2 term on X-axis intercept evaluates the material direct 

band gap. Both smaller sized nanoparticles display narrower band gaps as 

compared to the larger nanoparticles possibly due to the presence of oxygen 

vacancy (VO).[269] We suspect that these VO create sub-bandgap energy levels, and 

the charge transfer transitions involving these impurity level can give rise to this 

bandgap reduction.[270] This assumption is also further supported by enhanced 

resistive switching performance such as lower SET voltage and improved switching 

parameter uniformity. These observations supported the defects-induced 

resistance behavior of smaller size particles in line with previous 

literature.[271][272]  

Variations in the switching voltages could also be attributed to changes in 

the packing efficiency for the various diameter constituent nanocrystals within the 

same nanoribbon geometry. Moreover, polydisperse systems will produce higher  

packing factors than monodisperse systems.[273]. Since the C-AFM 

measurements were conducted at an 80 nm equivalent thickness area with a tip 

radius of 35 nm, we assume the electrical field is confined in a 40 nm in radius and 

80 nm high cylindrical space. The packing density for monodisperse and 

bidisperse spheres in a cylindrical container can be expressed as:[274] 

𝐷 = 0.604 − 0.1812𝛽𝑟                                                (1) 
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𝐷1,2 = 0.791 − 4.06𝑟1 − 0.342
𝑟1

𝑟2
− 5.02𝑟2               (2) 

Where 𝛽 is the cylinder surface to volume ratio, 𝑟1 is small particle radius 

and 𝑟2 is large particle radius. Interestingly, the resistive switching SET voltage in 

both BZO and SZO systems decrease with increasing packing density as shown in 

Figure 6-5 (c) and (d). Under the same relative thickness, a higher nanoparticle 

packing density reduces the inter-particle distance. It is reasonable to assume the 

conductive filament is easier to form in more tightly packed nanocrystal assemblies. 

The switching voltage is reduced since less inter-particle carrier hopping per unit 

length is required. Varying the nanocrystal size also affects its shape, surface 

charge distribution, surface trap density and packing density[230,275]. Thus, 

quantitative correlations between nanocrystal size and resistive switching 

performance still remains tedious.  

The BZO system exhibits a lower operating voltage than the SZO system for 

the same approximate nanocrystal diameter, suggesting that additional 

contributions are occurring beyond the size effect. BZO-2.7 displayed an average 

switching voltage of 1.39 ± 0.19 V while SZO-2.4 displayed an average switching 

voltage of 1.53 ± 0.16 V, resulting in a significant statistical difference with a 

calculated p-value less than 0.0001. Site defects/vacancies usually serve as the 

mobile charge carriers to facilitate conductive filament formation.[276] While both 

systems possess the ABO3 perovskite crystal structure, studies show that BZO 

nanoparticles possess significantly more A-site vacancies as compared to SZO 

nanoparticles because the lower Ba2+ diffusion rate during synthesis results in 

fewer A-site vacancies being filled.[266,277] We assume that both BZO and SZO 
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have the same approximate B-site vacancy density as B-site vacancies in perovskite 

structures are less prevalent for two main reasons:[278] (1) B-site has high charge. 

B-site defect is not thermodynamically favored because of its high charge and 

relatively small size. (2) B-site structural stability. Compared to the 12-fold 

cuboctahedral A-site the B-site cation forms a more stable BO3 octahedral 

structure. The lower BZO operating voltage can be therefore be attributed to a 

higher charge carrier density. Barium also possesses a lower electronegativity than 

strontium ; subsequently the Ba-O bond (343 kJ/mol) is weaker than Sr-O bond 

(454 kJ/mol).[279,280] The lower strength of the Ba-O bond enhances the 

Figure 6-5 (a) and (b) Band gap estimation using Tauc plot. BZO-2.7 
(blue) ~ 3.88 eV and BZO-5 (grey) ~ 4.12 eV, SZO-2.4 (black) ~ 3.9 eV 

and SZO-9 (purple) ~ 4.36 eV. (c) and (d) Relationship between 
packing density and SET voltage within BZO and SZO systems 

respectively. 
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mobility of oxygen ions which further facilitates and enhances resistive 

switching.[281]  

 

6.4 Summary 

 

In summary, we introduced a low-cost and versatile flow coating fabrication 

approach to produce memristive nanoribbons comprising BaZrO3 and SrZrO3 

perovskite nanocrystals. We demonstrated the impact of nanocrystal size and 

polydispersity effects on resistive switching operating voltages by comparing 

different sizes BZO and SZO nanoparticle assemblies. We also studied A-site 

substitutional effect by directly comparing resistive switching SET voltages of BZO 

and SZO nanoribbons comprising same size nanoparticles. The recent 

advancement of solution processing techniques provides a low-cost and facile 

synthesis of complex functional nanocrystals with high controllability over particle 

size, inter-particle distance and material structure. We thus expect this study will 

motivate the works investigating applications on next-generation flexible 

electronics toward novel functional nanostructures which involves controlling 

material size and structural effects. In addition, the use of advanced scanning 

probe techniques to investigate multifunctional perovskite here also promotes the 

studies of materials with coupled magnetic, electric and structural order effects 

such as ferromagnetism, ferroelectricity and ferroelasticity.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE OUTLOOK 

7.1 Conclusions 

 

The dissertation topics cover ordered functional nanoporous template with 

its applications in nanoelectronics and solution-processed memristor. It first 

thoroughly reviews the state-of-the-art ordered nanoporous functional templates 

fabrication approaches starting from anodic aluminum oxide (AAO), a highly 

ordered porous membrane achieved by direct anodization. Individually 

addressable HfO2 nanocapacitor arrays with ultrahigh density were fabricated 

using AAO template. The chapter also shifts the highlight to transitional binary 

metal oxides templates and their applications, which are fabricated using same 

anodization method but exhibit more functional in many areas such as emery 

harvesting, sensors and human implants. The second half of the chapter reviews a 

series of synthetic approaches using AAO as master template of nanoporous 

membranes with complex materials including perovskites oxide and nitride, which 

are extremely difficult to pattern over a large area using conventional lithographic 

methods.  Large area memristive TiO2 nanoporous template was synthesized 

utilizing AAO negative replica method.  

After the pioneering solution-processed memristor works from our group, 

HfO2 nanoribbons with 5 phosphonic acid ligands with different lengths were 

measured using conductive AFM. Statistical results showed that resistive 

switching operating voltage scales with ligand length by collecting 40 results from 
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each type of memristor. Moreover, by conducting switching voltage thickness 

dependency studies, I also confirmed that different switching voltages were not 

caused by testing location dielectrics thickness variation.  

In the second solution-processed memristor research, two types of 

perovskites nanoparticles, BaZrO3 and SrZrO3, capped with same phosphonic acid 

ligand but in two different sizes were chosen. Material substitutional effects and 

nanoparticle size effects were considered to cause the switching voltage variations. 

By comparing same size BaZrO3 and SrZrO3 nanoparticles, BaZrO3 showed lower 

switching voltage due to possibly higher A-site defects concentration which leads 

to higher oxygen vacancy concentration. Smaller nanoparticles also exhibit lower 

switching voltage due to surface relaxation resulted higher oxygen vacancy 

mobility and higher nanoparticle packing densities which reduce overall inter-

particle charge carrier hopping energies. For the first time, 50/50 mixture 

component systems were used in solution-processed memristors to create 

variations in packing densities to examine the nanoparticle size effects.  

 

7.2 Future Work 

 

While conductive AFM demonstrates its ability to locally testing RRAM 

device resistive switching property, there is still plenty of room for further 

improvement of AFM conductive testing. C-AFM is a more practical 

characterization tool in terms of surface scanning and qualitative determination of 

conductive region over a specific area. Most commercial C-AFM does not come 

with current compliance and is able to apply voltage up to 10 V which creates a 
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huge problem for local resistive switching testing. The effective electron flowing 

area of a conductive probe, different from actual contact area, depending on a 

series of parameters such as scanning force, cantilever stiffness, apex radius and 

relative ambient humidity ranges from 1 to 700 nm2.[94] Since no commercial C-

AFM applies current limitation, current passing through probe apex can cause an 

ultra-high current density up to 109 A cm-2  in LRS.[260] This extremely high 

current is very harmful and likely to result in sample dielectric breakdown, probe 

apex local anodic oxidation, melting of the metal coating layer or even melting of 

pure Pt apex due to Joule heating.[282] For this reason, RRAM device endurance 

measurement, one of the most crucial performance testing of an electronic device, 

is extremely to carry out utilizing C-AFM. To solve this problem, C-AFM can be 

conducted in vacuum or dry nitrogen ambient. Local redox reaction can be greatly 

reduced since probe apex water meniscus at tip/sample surface is eliminated. 

External source meter with accurate control of current compliance should also be 

plugged into and override AFM circuit for current limitation purposes.    

Utilizing 0D nanoparticles, solution-processed memristors have more 

degrees of freedom in terms of electrical property tuning by varying nanoparticle 

size and capping ligand. As described in chapter 4 and chapter 5, the long-debated 

oxygen vacancy mediated charge carrier transport mechanism can be revealed by 

creating nanoparticles with different oxygen defects concentrations caused by 

nanoparticle size effect. The flow-coating fabrication technique is also a convective 

and low-cost alternative approach of patterning regular nanostructures over a 

large scale. However, the lack of microstructure control such as film roughness 

variation, still needs to be addressed since high deposition uniformity is always 
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required in integrated circuit devices. Besides, considering the revolution in 

electronic device miniature, it is important to examine the resistive switching 

uniformity under elevated working temperature since chemical ligands might be 

modified.  

After more than three decades of development, modern atomic force 

microscope is able to achieve sub-nanometer resolution easily. Other derivatives 

of AFM have also emerged such as different electrical property measurements, 

magnetic measurements, thermal measurements and force measurements. Till 

now, three major draw backs hinder the further application of this technique: (1). 

operation easiness and scanning speed. Unlike different electron microscopy 

techniques, depending on different operation modes, AFM requires much a series 

of pre-scanning preparations such as laser alignment, cantilever frequency tuning 

and other calibrations. The complicated system calibration sometime even 

requires using different samples, which often discourages low-level AFM users. (2). 

Inconsistent scanning results. Atomic force microscope characterization results 

are highly reliant on user’s experience and skill. The micro-machined probe 

empowers AFM testing in many research fields but also bring in uncertainties. For 

example, tip-sample contact resistance is a changeable factor relevant to contact 

force, apex radius and cleanness of the sample. These parameters will also change 

during measurement due to sample surface roughness variation and tip weariness. 

A more intelligent AFM controlling software is urgently needed to help users to 

make decisions. For instance, one AFM manufacturer invented True Non-

ContactTM technique which yields same resolution surface image without bringing 

tip-sample into contact. This approach greatly reduces tip apex weariness issue 
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which would be difficult to detect using conventional tapping mode AFM. (3) AFM 

scanning rate. At industrial level, critical dimension scanning electron microscopy 

(CD-SEM) is one of the most popular tools in semiconductor wafer metrological 

fields. Although as compared to SEM, AFM is not advantageous in scanning speed, 

it measures materials without material related properties (conductive and non-

conductive) and does not cause sample electron beam damage.[283] As the 

advancing of technology, latest industrial level AFM is capable of 300 mm wafer 

automated inspection.[284] 
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APPENDIX 1     

ATOMIC FORCE MICROSCPE MECHANICAL TESTING 

 

Atomic force microscope has been used to investigate nanomaterial 

mechanical properties for more than three decades. Comparing to conventional 

nanoindentation and tensile test techniques, AFM has a unique advantage over 

conventional nanoindentation techniques – micromachined probe. The fine AFM 

force control and ultra-sharp tip are able to precisely maintain an extremely 

shallow sample indentation depth during nanoindentation process. This feature 

enables the mechanical property testing of ultra-thin nanomaterials since 

conventional nanoindenter (radius ~ um) is not sensitive enough to detect the 

subtle sample deformation.   

I assume the reader is fully aware of basic AFM operation including laser 

alignment, cantilever tuning and basic tapping mode and contact mode scanning. 

Here, I will start from the point where laser is correctly aliened (SUM signal 

normal), cantilever deflection zeroed and is positioned at sample surface. Before 

every AFM mechanical testing, the most important preparations are to calibrate 

three properties: 1) deflection sensitivity; 2) spring constant; 3) tip radius/shape. 

In Asylum Research AFM system, deflection sensitivity also called InVOLS 

(Inverse Optical Lever Sensitivity). The unit of deflection sensitivity is nm/V. 

Deflection sensitivity describes the relationship between the laser movement due 

to cantilever deflection on photodiode (in volts) and actual cantilever deflection (in 

nm).[285] This is not a cantilever or photo detector specific property. It is the 

overall sensitivity of the AFM system including cantilever, photodetector, relative 



 

79 

laser spot and working environment (in air or liquid). Whereas cantilever spring 

constant is a material property which does not change with different working 

environments. Asylum Research software has a very convenient, fully automatic 

deflection sensitivity and spring constant calibration function – GetrealTM, as 

shown in Figure A-1. Click Thermal in the main tab and then click GetReal in 

thermal graph tab. A probe selection panel will pop out with a list of Asylum 

branded cantilever. If you do not find your probe on the list, simply choose the last 

option “custom rectangular probe” and input cantilever specifications from specs 

sheet on the box. The computer will do a rectangular beam dimensional modelling 

fitting according to your input. In the main tab -> Force -> Cal. Tab (Figure A-2), 

three green lights in front of Defl InvOLS, Amp InvOLS and Spring Constant 

means these three parameters have been properly tuned. However, one can also 

readjust these parameters in post data analysis process in elastic tab. The most 

precise way to calibrate tip shape and cone angle would be SEM imaging. But I 

Figure A-1 Asylum Research software thermal tuning tab. 
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often found that cantilever specs sheet on the box is good enough for 

nanoindentation.  

The main testing parameters for nanoindentation are force distance, scan 

rate, trigger channel and trigger point. They can be found in force -> Misc tab. 

Choose all parameters properly and then do a ‘single force’ to perform one single 

mechanical testing. After single force, open Master Force Panel in AFM Analysis 

and go to elastic tab for force curve analysis. Correctly analyzing the force curve is 

the key to extract sample mechanical property.  Figure A-3 shows a standard AFM 

force curve image. The Y-axis is force. Positive force means the force direction 

towards sample (press) and negative force means force direction towards tip 

(adhesive). The X-axis is tip sample separation. Negative value means tip-sample 

separation and positive value means sample indentation depth. Red curve is 

approaching curve, blue curve is retracting curve. Brown dashed line is the model 

fit of tip approaching movement and blue dashed line is the fit of retracting 

Figure A-2 Asylum Research software force calibration 
window. 
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movement. The task here is to adjust contact model parameters to fit the force 

curves by adjusting contact models (Hertz, DMT, JKR and Oliver-Pharr), tip 

geometry, fit regions and model assumptions. The fitted results will be shown in 

the lower right corner of elastic tab. 

 

 

 

 

 

 

 

 

Figure A-3 A typical force curve on an adhesive PDMS 
sample. 
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APPENDIX 2 

AFM VISCOELASTIC MAPPING (AM-FM) 

 

AM-FM mode is the combination of amplitude modulation and frequency 

modulation AFM. In this mode, the cantilever is simultaneously driven by two 

sources: the first mode is mechanically driven by shake piezo at fundamental 

frequency like the normal AFM, the second mode is photothermally driven by the 

secondary blue laser at a much higher frequency.[286] The major advantage of 

photothermal excitation over conventional shake piezo is it is inducing thermal 

stress and then causing cantilever oscillation directly on the cantilever beam, 

instead of shaking cantilever, which also mechanically drives cantilever holder and 

working ambient (e.g. liquid) simultaneously.[287] 

The operation of AM-FM is straightforward but tricky. To start, go to tune 

tab -> advanced, switch tune drive from piezo to blue drive to turn on the 

secondary blue laser. Move the blue laser spot position to the bottom part of the 

cantilever and tune both lasers. The first mode target amplitude is 2V, frequency 

is cantilever fundamental frequency f0. Second mode target amplitude should be 

much lower than first mode, typically 25 mV, frequency is one of the higher 

eigenmode frequencies. It should be noted that Asylum software default setting is 

second eigendmode (~ 6 × f0). One should manually adjust the upper and lower 

bounds of second mode to locate the desired eigenmode resonance frequency. 

After first round tuning, move blue laser spot around to maximize the 

Amplitude 2 on Sum and Deflection panel. You will lose some Amplitude 1 signal 

so retune both lasers after the process. Then use GetReal function to calibrate 
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cantilever spring constant and deflection sensitivity. After calibration, you should 

see two green lights in AMFM panel lever tab. After cantilever pre-engage and 

approaching, retune the tip again to make sure amplitude 1 is 2V and amplitude 2 

is 25 mV. Before scanning, click engage on sum and deflection panel to engage the 

tip. Make sure phase 1 is somewhere between 40~80° and phase 2 is slightly less 

than 90°. If phase 2 is hopping (which is quite common, especially on AC240TSA-

R3), try to use higher eigenmode. Young’s modulus mapping can only be calculated 

in repulsive 2nd mode region. One plausible for extremely unstable phase 2 is the 

second eigenmode frequency peak is very close to the integer multiplication of 

fundamental frequency f0. In other word, they are in harmonics. Two close enough 

peak can confuse second lock-in amplifier. So, the secondary cantilever is being 

driven by first and second mode simultaneously. To solve this problem, simply use 

third eigenmode, which is 17.5 times fundamental frequency. However, an extra 

tip-sample stiffness calibration is needed for third eigenmode imaging since the 

third mode cantilever spring constant is much higher. 
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APPENDIX 3 

ULTRA-THIN AAO TRANSFER 

 

For two-step anodization AAO fabrication and barrier layer removal, read 

through reference [288]. The ultrathin anodic aluminum oxide (AAO) membrane 

we bought from TopMembrane, Shenzhen is double-thorough template, 

reinforced with polystyrene, without aluminum substrate and barrier layer. Open 

the box, ultrathin AAO looks like a piece of cellophane. Be very cautious here, do 

not flip AAO membrane. Only the front side (facing up) is coated with polystyrene 

as shown in Figure A-4(a). Always keep reinforced side up! Cut a small piece of 

membrane and put it onto water. Keep polystyrene side facing up (Figure A-4c b). 

Use substrate to take the floating AAO membrane. The motion must be quick or 

there will be wrinkles (Figure A-4c). You can use flat-head tweezer to gently pull 

AAO on the size if there is wrinkle. Rinse transferred AAO with chloroform or 

toluene to remove polystyrene (Figure A-4 d). 

Figure A-1 Schematics of ultrathin AAO transfer. 
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