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Abstract 
 

Silicon oxide (SiOx) based resistive random access memory (ReRAM) devices 

are capable of changing resistance reversibly, making them ideal candidates for 

next generation memory. In particular, silicon oxide based ReRAM device offers 

superior CMOS compatibility than ReRAM devices based on other materials. The 

purpose of this thesis is to optimise performance of SiOx based ReRAM devices 

in two aspects: device programming strategy and device fabrication methods.  

In order to optimise device programming strategy, I characterised the electrical 

properties of SiOx based ReRAM devices comprehensively, discovering a 

number of electrical phenomena in the process. Stress induced leakage current 

is related to the electroforming process, and leads to a current transient 

phenomenon that can be utilised for detecting edges in an optical image. 

Dielectric relaxation influences the readout current and can be used to 

investigate oxide quality. Delayed-electroforming is a novel phenomenon 

discovered in SiOx; to the best of my knowledge, no similar phenomenon has 

ever been reported before; it describes the formation of conductive filament 

under negligible voltage after pre-stressing. This discovery unveils the important 

role of charge injection in ReRAM devices, it also alleviates the problem of 

current overshoot. 

I also explored other more conventional methods to address current overshoot. 

After comparing these methods, I found that introducing an additional transistor 

was most effective. Additionally, a software approach also mitigates current 

overshoot without the need of additional hardware. 

Defects are vital in the operation of ReRAM devices. Starting with a SiOx layer 

grown by atomic layer deposition, I implanted this layer with noble ions to 

generate controlled defects. Such SiOx enable excellent resistance switching 

performance, comparable to the optimised sputtered SiOx. Devices fabricated 

this way allows better control of defect generation and switching performance 

can be tailored for further optimisation. 

As ReRAM continues to be intensely researched by industry and academia, 

ReRAM shows promising potential for memory storage and novel computation 

architecture. My work presented in this thesis is important for intrinsic SiOx 

ReRAM devices, the advancement in understanding and performance will benefit 

development of intrinsic SiOx ReRAM devices. The advantage of high CMOS 

compatibility allows SiOx to stand out from other ReRAM materials, with further 

development and optimisation, intrinsic SiOx ReRAM devices are well-positioned 

to emerge as the front runner for next-generation memory and computation 

technologies. 



 

 

 

Impact statement 
 

The importance of next-generation memory increases as we enter the era of IoT, 

5G, AI and big data, and ReRAM is a potential candidate that could address 

performance demands for these applications.  

My work covers many aspects of intrinsic silicon oxide-based ReRAM, which 

allows easy integration with existing CMOS technology. I discovered electrical 

phenomena in SiOx ReRAM that could potentially lead to novel applications; in 

particular, delayed electroforming is an entirely novel phenomenon. This 

discovery can be considered an experimental validation of a previously proposed 

oxygen vacancy formation mechanism; it improves our understanding of ReRAM 

because it highlights the importance of charge trapping in ReRAM, and 

temperature-dependent delayed-forming can be used to study the movement of 

oxygen in ReRAM which is related to the failure of LRS in ReRAM. 

I also optimised the yield and performance of SiOx ReRAM devices significantly 

by supressing current overshoot; percentage of switchable devices increased 

from 66.7% to 91.5%, and the average RESET current reduced by 60.4%. I 

explored different methods of current overshoot suppression, and found two of 

the methods are practical and effective. 

I proposed and implemented a novel implantation-based approach to fabricate 

intrinsic SiOx ReRAM. With further optimisation, this novel approach has potential 

to address a major challenge facing ReRAM: variability. Sample-to-sample and 

device-to-device variability may be addressed since the new processes are more 

repeatable and do not rely on random surface roughness; cycle-to-cycle 

variability may be addressed by limiting the implantation region, which would 

stabilise the filament. My initial data already show excellent performance: metrics 

such as retention, endurance and multi-level switching are comparable to our 

well-studied sputtered SiOx devices. Additionally, this fabrication approach allows 

much room for optimisation and customisation. With further research, I am 

confident this new approach will enable mass production of SiOx ReRAM and 

allow it to compete in the commercial market.  
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Chapter 1 

Literature Review 
 

1.1 Existing and emerging memory technologies 
 

1.1.1 Introduction 
  

Data storage is an essential part of digital computation, and the demand for high 

capacity, high quality storage is ever growing. Existing memory technologies 

have various shortcomings, and different types of memories are used to satisfy 

different requirements. Very fast memory such as static random access memory 

(SRAM) are used as registers and cache within processers to keep up with very 

fast instruction executions, but complexity of SRAM increases cost drastically. 

Dynamic random access memory (DRAM) is cheaper than SRAM but also 

slower, it is used to store information not immediately required for instruction 

executions. Non-volatile memory is different from SRAM and DRAM; information 

must be preserved even when power is off. Typically, non-volatile memories 

have high capacity and low cost, although the access time can be relatively long 

in comparison to volatile memories. Currently, NAND structured flash memory 

dominates the market of non-volatile memory thanks to high compatibility with 

CMOS technology and low device-to-device variability. SRAM has low capacity, 

and DRAM consumes extra energy for constant memory refresh. Additionally, 

both SRAM and DRAM are volatile, which means information is lost when power 

is off. Flash memory suffers from limited endurance, high access latency, high 

energy consumption, and limited retention. Above all, the most important two 

metrics for memory, endurance and retention degrades as Flash memory scales 

down.  

An ideal memory technology should overcome limitations of these existing 

memory technologies. A so-called “universal memory” should be accessed as 

fast as SRAM, having almost unlimited endurance like DRAM, scalable and non-

volatile like flash memory [1]. Candidates for universal memory include numerous 

emerging memory technologies, with many of them storing information with 

varying electrical resistance, although the underlying working principle varies. 

Magnetoresistive random access memory (MRAM) changes resistance by 

changing magnetic polarisation; phase changing memory (PCM) changes 

resistance by switching material phase between crystalline and amorphous; 
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redox based random access memory (RRAM) changes resistance by destruction 

and recovery of conductive filaments with redox reactions; correlated electron 

random access memory (CeRAM) relies on Mott transition to switch between 

insulator and metallic states. These memory technologies are detailed in 

remaining sections of the chapter. 

 

 

1.1.2 Dynamic random access memory (DRAM) 
 

A DRAM cell consists of a capacitor and a transistor connected in series (Figure 

1.1). The serial transistor controls charging of the capacitor, presence and 

absence of charge within the capacitor represents two states “1” or “0”. Due to 

capacitor discharging, charge in the capacitor cannot be stored for long, making 

DRAM a volatile memory. This also makes memory refresh a necessity for 

DRAM, which means information stored on DRAM has to be re-written to the 

same memory constantly. Typically, the interval between each refresh operation 

is 64 ms [2]. DRAM can switch almost infinite number of cycles to meet the need 

of constant memory refresh. It can also be switched within 10 nanoseconds. 

Another advantage of DRAM is structural simplicity, which means the cost for 

DRAM is low. DRAM provides fast and cheap information storage for the CPU’s 

logic operations, and is used as the primary memory within a computer.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic of a DRAM cell.  
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1.1.3 Static random access memory (SRAM) 
 

SRAM is another type of volatile memory. In comparison to DRAM, information in 

SRAM is stored as long as power is on and there is no need for constant memory 

refresh. SRAM is also faster than DRAM, switching in the sub-nanosecond 

regime. The main drawback of SRAM is its complexity; a typical SRAM cell 

requires 6 transistors as shown in Figure 1.2.  

Transistor T2 and T4 are P-channel MOSFETs (PMOS), while the other four 

transistors in Figure 1.2 are n-channel MOSFETs (NMOS). A pair of PMOS and 

NMOS, such as T2 and T3 makes an inverter gate. Q-bar is connected to the 

output of inverter T2T3 and the input of inverter T4T5, while Q is connected to 

the output of inverter T4T5 and the input of inverter T2T3. The combination of 

BL-bar and BL represents two states, “0” and “1”, for example, “0” could be 

represented by a combination of logic low in BL-bar and logic high in BL.   

Transistor T1 and T6 controls the connection between point Q, Q-bar with BL 

and BL-bar respectively, setting the word line to high allows read and write of the 

states of point Q and Q-bar. During a write operation, the bit lines supply voltage 

combination that needs to be stored, the supplied voltage combination will be 

stored in point Q and Q-bar after T1 and T6 are turned off.  

SRAM is extremely fast and has almost unlimited endurance, making it ideal as 

CPU cache, which requires frequent and high speed write/read operations. 

However, the complexity of SRAM limits its wider usage. Simplifying the inverter 

to a single MOSFET with a resistor reduces size of the SRAM cell, but introduces 

problems such as extra power consumption. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic of a SRAM cell.  
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1.1.4 Flash memory  
 

The basic element of flash memory is a floating gate transistor, or floating gate 

MOSFET (Metal oxide semiconductor field effect transistor). Such transistors are 

similar to traditional MOSFET but includes two extra layers in the gate terminal; 

the floating gate layer sandwiched between two insulating layers is capable of 

storing charge upon application of high voltage. If charge is stored in the floating 

gate, current cannot flow through the conduction channel. This changes the 

threshold voltage of the transistor. These floating gate transistors can be 

configured differently for different purposes. NOR flash connects individual 

transistors separately (Figure 1.3(Left)), allowing fast read/write operations. 

NAND flash connects a group of transistors together as shown in Figure 

1.3(Right). To read from individual NAND flash cell requires all other transistors 

in the same group to be turned on. This is achieved with the application of a high 

voltage to the gate; the specific transistor to be read is kept at a read voltage 

below the turn on voltage. NAND flash is slower than NOR flash, but the 

elimination of extra lines allows for higher memory density. 

 

 

 

Figure 1.3: (Left): Schematic of NOR flash. (Right): Schematic of NAND 

flash. 

 

 

NOR flash is often used for applications requiring fast memory access such as 

embedded memory in microprocessors. Memory density is of lower importance in 

such applications. NAND flash is more common due to demand for high density 

memory. Another key advantage of NAND flash is that it allows for 3D 

integration. 3D NAND flash requires a cylinder shaped transistor, which is also 

known as charge trap transistor [3]. Schematic and 3D stacking of charge trap 
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transistors are given in Figure 1.4. 3D NAND flash was reported for mass 

production in 2014 [4], In 2018, a 512-Gb 3D flash memory was reported [5]. 

With the commercialisation of 3D NAND flash, flash memory continues to 

dominate the non-volatile memory market. But there are still limitations of the 

technology, one of the main challenges being high energy consumption. Floating 

gate transistors require high gate voltage to pull electrons in and out of the 

floating gate, which is highly undesirable. In fact, the initial design of floating gate 

transistor requires voltage as high as 50 V to change charge state in the floating 

gate [6]. As flash memory scales down, it also encounters the problem of 

endurance and retention degradation (Figure 1.5) [7]. 

 

 

 

 

 

Figure 1.4: (Left): Cross section of a charge trap transistor. Taken from [3] 

© [2018] IEEE. (Right): 3D stacking of charge trap transistors. Taken from 

[5] © [2018] IEEE. 
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Figure 1.5: Endurance and retention of NAND flash memory degrades as 

technology scales. The unit in x-axis is nanometre, 2x nm means 20–29 nm. 

Taken from [7] © [2009] IEEE. 

 

 

 

1.1.5 Magnetoresistive random access memory (MRAM) 
 

MRAM makes use of ferromagnetic materials that change magnetic polarisation. 

A simple MRAM cell consists of three layers: a reference layer that retains its 

magnetic polarisation, a free layer that is capable of changing magnetic 

polarisation and an insulting layer between them. Electrons can only pass 

through a ferromagnetic layer if the spin polarisation of the electrons is aligned 

with the magnetic polarisation of the layer. Unpolarised electron currents can be 

considered to have 50% of spin-up electrons and 50% of spin-down electrons; in 

an MRAM cell that has two layers with anti-parallel magnetic polarisation, each 

layer blocks 50% of electrons having different spin polarisation to the layer, and 

the cell is in its high resistance state (HRS). Alternatively, if the two layers have 

parallel magnetic polarisation, 50% of electrons with fixed spin polarisation will be 

able to tunnel through the insulating layer. 

Early generations of MRAM used current induced magnetic fields to switch 

magnetic polarisation of the free layer. This approach requires high current and is 

highly undesirable. Moreover, the field required to switch the magnetic 

polarisation increases as the area of the MRAM decreases [8], making further 

scaling of MRAM unsustainable. 
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An approach that utilises a phenomenon known as spin transfer torque (STT) 

was demonstrated in 1999 [8]. This approach offers superior performance to that 

of conventional MRAM. In a STT-MRAM cell, electrons go through the fixed layer 

to become polarised. These spin-polarised electrons arrive at the free layer and 

switch the free layer to a polarisation parallel to the fixed layer. To switch the free 

layer to an anti-parallel state, electrons flow from the free layer to the fixed layer. 

Electrons with same polarisation as the fixed layer would pass through, whereas 

electrons with opposite polarisation will be reflected back to the free layer, 

switching the free layer back to anti-parallel state. 

Compared to the conventional MRAM, STT-MRAM uses smaller current and has 

better potential for scaling. However, high current density is required to switch 

the STT-MRAM cell rapidly; such high density could damage the insulating layer. 

[10].  

Spin orbit torque MRAM (SOT-MRAM) avoids high current in the insulating layer 

by using separate paths for writing and reading, schematic of a SOT-MRAM cell 

is shown in Figure 1.6. In a material with high spin-orbit coupling (usually a heavy 

metal), electrons with different spin will move towards opposite directions of the 

material; this is known as the spin hall effect. By introducing a layer with high 

spin-orbit coupling below the free layer, magnetic polarisation of the free layer 

can be altered by injecting current into the adjacent layer, because spin-polarised 

current will flow into the free layer and change its magnetic polarisation using the 

same mechanism of STT.  While SOT-MRAM is a more complex design than 

STT-MRAM, SOT-MRAM further reduces energy consumption and is more 

reliable since read and write are in separate paths. 

 

 

 

Figure 1.6: Working principle of a SOT-MRAM cell. Current through the 

heavy metal induces a spin current into the free layer; changing the 

direction of the current changes the direction of the spin current. 
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Voltage-controlled magnetic anisotropy (VCMA) is another route to reduce 

switching energy. Under the application of electric field, the magnetic anisotropy 

of the free layer reduces and allows the magnetic polarisation to be switched 

more easily. However, the electric field alone does not switch the magnetic 

polarisation; another switching force such as magnetic field is also required. 

Nozaki et al.[11] achieved switching of a magnetic tunnelling junction using 

voltage pulses under magnetic field.  

No movement of atoms is required for the switching of MRAM, allowing MRAM to 

have almost unlimited endurance. The main drawback of MRAM is retention and 

reliability: thermal fluctuation causes errors in stored data, particularly at high 

temperatures.  

 

 

1.1.6 Correlated electron random access memory  
 

Mott insulators are a class of materials predicted to be conductors by classical 

band theory but are insulators in practice. In a Mott insulator there is a half-filled 

d- or f-orbital, which means an extra space is available in the orbital. This allows 

conduction to occur. However, existing electrons in the half-filled band prohibit 

additional electrons to occupy the available state by Coulombic repulsion; this 

splits the energy level into a filled energy level and an empty energy level, and a 

bandgap is created (Figure 1.7). When the Fermi level is in the bandgap, the 

material is in its insulator phase. 

 

Figure 1.7: Band splitting due to Coloumbic repulsion. 
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A Mott transition only occurs in materials with high electron correlation, hence the 

name correlated electron random access memory. Transition between insulator 

and metallic phase is the result of competition between Coulombic repulsion and 

the kinetic energy of electrons. To induce a transition from insulator to the 

metallic phase, the kinetic energy of electrons can be increased by decreasing 

interatomic distance. The kinetic energy of electrons is also known as bandwidth, 

so this type of transition is also known as bandwidth-controlled transition; such 

transitions can be triggered by high pressure [12].  A Mott insulator allows 

electron transport if the electron’s kinetic energy is higher than Coulombic 

repulsion energy, so another route to induce an insulator to metallic transition is 

to reduce Coulombic repulsion; this kind of transition is known as filling-controlled 

transition [13]. 

A voltage-driven Mott transition is often associated with a filling-controlled 

transition. In a W/ Pr0.7Ca0.3MnO3(PCMO)/Pt system, movement of oxygen 

triggers switching between metallic and insulator states. Oxygen vacancy 

formation releases electrons that fill the half-filled energy level; this allows a 

transition from metallic state to insulator state. Oxidation of the PCMO surface 

reverses this process and recovers the metallic state [14]. 

Notably, Mott transition can be induced by Joule heating in a niobium oxide 

system [15], under a bias above the threshold voltage, the filaments switches 

from insulator to metallic phase, reducing resistance of the niobium oxide device. 

Furthermore, a similar niobium oxide system can be used to generate current 

spikes when DC bias is applied [16]. Such behaviour can be useful in 

implementing artificial neuron in spiking neuronal networks, which will be 

described in remaining sections of the chapter. 

CeRAM has achieved high write/read speed, low energy switching and good 

scalability. The main challenge facing CeRAM is the complexity of Mott 

insulators. Properties of Mott systems are affected by a number of factors and 

compatibility with existing CMOS fabrication is an issue. 

 

 

1.1.7 Ferroelectric random access memory (FeRAM) 
 

Ferroelectric random access memory stores information by changing the 

polarisation of ferroelectric material sandwiched between two metal electrodes. 

Polarisation of a material is usually linearly correlated with the electric field it 

experiences; ferroelectric material, however exhibits non-zero polarisation when 

the applied field is zero. This polarisation at zero applied field is known as 

remanent polarisation. The remanent polarisation can be repeatedly reversed by 
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applying voltage of different polarity as shown in Figure 1.8. Such properties 

allow FeRAM cells to be programmed and read electrically. When a FeRAM cell 

has remanent polarisation corresponding to point A in Figure 1.8, applying a 

voltage pulse that sets the polarisation to point C would result in minimal current 

because the change of polarisation from C to A is small. On the other hand, if the 

remanent polarisation is negative and corresponds to point B, applying a voltage 

that sets polarisation to point C would generate a large current. 

One of the drawbacks of FeRAM is that the read process is destructive; because 

device polarisation is always set to point C after a read process, memory refresh 

is required, similar to DRAM. In order to address such issue, the ferroelectric field 

effect transistor FeFET has been proposed. 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Change of polarisation against applied voltage in ferroelectric 

material. 

 

FeRAM requires an additional controlling transistor and appears in the form of 1 

transistor 1 capacitor (1T1C) as shown in Figure 1.9 (Left); the structure of the 

FeFET is simpler than FeRAM in 1T1C structure and similar to a conventional 

MOSFET Figure 1.9 (Right), but the gate insulator used in a conventional 

MOSFET is replaced by ferroelectric material in a FeFET. 

For FeFET devices, the polarisation state can be read by measuring the source-

drain current. Different polarisations of the ferroelectric material will apply 

voltages of different polarity to the depletion region, enhancing or depleting the 

conduction channel between source and drain. The main advantage of a FeFET 

is that it has better scaling potential than memories requiring 1T1C structures 

such as DRAM. It also allows fast and low energy switching. The main issue 
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facing FeFETs is integration of perovskite ferroelectric material with CMOS 

technology. A buffer layer is usually required to prevent diffusion between the 

ferroelectric and Si in the transistor, but this extra buffer layer limits the retention 

of FeFET devices. In the future, the use of doped hafnium oxide ferroelectric may 

provide a solution to the problem [17]. 

 

 

 

 

Figure 1.9: (Left): A transistor connected in series with a two terminal 

FeRAM. (Right): Schematic of a ferroelectric field effect transistor. 

 

 

1.1.8 Phase change memory (PCM) 
 

Thanks to low switching energy, fast switching time and good scalability, phase 

change memory is the most mature technology among all emerging memory 

technologies discussed in this chapter. The structure of a PCM cell involves top 

and bottom electrodes, a switching layer and a heating component between the 

bottom electrode and the switching layer. The switching material is commonly a 

chalcogenide such as Ge2Sb2Te5 (GST) (Figure 1.10 (Left)). At increased 

temperature, the switching layer switches between crystalline and amorphous 

phases, which correspond to low and high resistance states, respectively. 

Thermal energy required for switching is provided by Joule heating in the heater. 

A short pulse of high current possessing enough energy to reach the melting 

point of the switching material melts the low resistance state (LRS) crystalline 

material, and the device reaches a more resistive amorphous phase, this 

transition from LRS to high resistance state (HRS) is often referred as RESET 

(Figure 1.10 (Right)).   
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Speed of cooling is of essence in the switching of PCM cells; slow cooling after 

high heating would result in recrystallisation of the melted switching layer. To 

switch from amorphous phase back to crystalline phase, or to SET the device, 

the PCM is heated to above the crystallisation temperature (>500-600 K) and 

below melting temperature (>1000 K) [18]. High resistance limits the amount of 

current going thought the PCM cell, and the transition from HRS to LRS requires 

heating for a longer period of time. This process usually takes hundreds of 

nanoseconds whereas the transition from LRS to HRS usually takes tens of 

nanoseconds [19]. Both transition processes require optimisation: slow HRS to 

LRS transition limits programming speed, and the high current during the HRS to 

LRS transition increases energy consumption. Another challenge facing PCM is 

the choice of thermal insulator. Good thermal confinement could reduce 

switching energy and prevent thermal dissipation to neighbouring cells. 

 

   

 

  

  

 

 

 

Figure 1.10: (Left): Schematic of a phase change memory cell. (Right): 

Change of temperature against time during SET and RESET of a PCM cell. 
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1.2 Redox based resistance switching 
 

Because of the ease of reading and programing, previously described emerging 

memory technologies such as MRAM, PCM or CeRAM store information as 

electrical resistance. In a broad sense, they can be classified as resistive random 

access memory (ReRAM). Redox based random access memory (RRAM) is 

another class of ReRAM that that changes resistance with internal 

reduction/oxidation reactions. The phenomenon of resistance change in ReRAM 

is also known as resistance switching or negative differential resistance.  

 

1.2.1 Historical review of resistance switching 
 

The first report of resistance switching dates back to 1962 when Hickmott 

reported reversible resistance change in five metal-insulator-metal systems 

under application of various voltages [20]. He described the phenomena found in 

thin oxide films as “low-frequency negative resistance” and stated “It should be of 

general occurrence in metal-insulator-metal sandwiches” if certain conditions are 

met. Nowadays, resistance switching has been reported in a wide range of 

materials and is considered a strong candidate for next generation memory and a 

range of other applications. Although proposals to exploit the resistance 

switching effect for memory applications were made as early as 1967 [21], 

research interest in resistance switching declined in the 1980s because of the 

invention of flash memory. Research into resistance switching in the 1970s was 

reviewed by Dearnaley et al.[22]. 

In 1967, Kahng and Sze invented a non-volatile floating gate memory based on 

existing three terminal MOSFET technology at Bell Labs [6]. In 1981, this design 

was further developed into flash memory by Masuoka at Toshiba [23], a 

technology that has dominated the multi-billion memory market till the present 

day thanks to its ease of integration with silicon foundries. Consequently, interest 

in the search for new memory technologies decayed. The transistor based 

structure is a major advantage of flash, but as transistors scale towards their 

physical limit, scalability of flash memory also hits a bottleneck. In 1965, Gordon 

Moore predicted that the number of transistors in a chip will double every 12 

months (Figure 1.11) [24]. In 1975, he revised the time for doubling to be 18 

months [25]. As the minimum feature of transistors decreases to the nanometre 

range, Moore’s Law is predicted to be dead by 2025 [26]. Pursuing next 

generation memory with more scalability, faster programming speed and less 

energy consumption becomes more and more urgent as flash memory 

approaches its physical limit. 
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Meanwhile, although research in resistance switching was paused since the 

1980s, the development in microscopic and spectroscopic techniques continued 

to contribute to progress the understanding of dielectric materials. Notably, 1985 

saw the implementation of the atomic force microscope (AFM) [27], an important 

tool for characterising topographical and mechanical properties, which generated 

a Nobel Prize in 1986. 

As the need for new memory technologies resurfaces, improved understanding 

and more advanced characterisation techniques for dielectric materials facilitated 

the comeback of resistance switching. This started around the beginning of the 

21st century. Multi-level switching, nanosecond programming and low voltage 

resistance switching devices were reported and resistance switching is once 

again considered a candidate for next-generation memory applications [28] [29] 

[30]. Research into resistance switching has been growing ever since. As a 

result, applications for resistance switching have expanded from mere memory to 

a wider range of use, including neural networks, true random number generators 

(TRNGs) and logic-in-memory computation [31][32][33].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Number of transistors in a microprocessor every year. As the 

size of transistor shrinks to the nm range, quantum phenomena start to 

take effect, disrupting the basic operations of transistor. Taken from [34] © 

[2012] IEEE. 
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1.2.2 Classification and mechanisms  
 

Most ReRAM are of metal-insulator-metal structure, with the insulating layer 

being the switching layer. Resistance switching has been found in many insulator 

materials, from transitional metal oxides, chalcogenides to macromolecular 

polymers [35][36][37]. Based on the conduction mechanism of the LRS, ReRAM 

can be classified into two categories: filamentary and non-filamentary/interface.  

Filamentary resistance switching is more frequently reported. Although 

electroforming-free devices were demonstrated [38][39], most filamentary 

ReRAM require a relatively high voltage electroforming process to switch a 

pristine device into the LRS before any further resistance programming can 

proceed. This electroforming process is also known as soft breakdown, in 

contrast to non-reversible hard breakdown in dielectrics. Once the electroforming 

process is completed, a conductive filament consisting of metal ions or oxygen 

vacancies is formed, with the resistance state of the switching cell depending on 

the thickness of this conductive filament. Successive applied bias can either 

rupture the filament for the device to enter high resistance state (HRS) or repair 

this filament to recover the LRS.  

Electrical conduction in interface-type resistance switching does not rely on 

formation of a conductive filament; current goes through the whole dielectric layer 

between the electrodes instead. The reversible change in resistance is achieved 

by modification of interface states. As the distribution of charge carriers in 

metal/dielectric interface changes, the barrier height between adjacent layers of 

the switching cell alters to allow different level of current flow [40]. One 

advantage of non-filamentary switching over filamentary switching is that there is 

no need for an electroforming process which could damage surrounding 

electronics. Conduction in interface-type resistance switching devices are 

dependent on the size of electrode, while filamentary resistance switching 

devices conduct electric current only through the filaments and shows no size-

dependency, hence interface switching and filamentary switching can often be 

distinguished by size-dependence measurements.  

Filamentary switching can be further divided into three types, electrochemical 

metallisation memory (ECM), sometimes known as conductive bridge random 

access memory (CBRAM), valence change memory (VCM) and thermochemical 

memory (TCM). 

While filamentary ReRAM usually shares a typical structure of metal-insulator-

metal (MIM), material choice for the metal electrode is vital for the operation of 

ECM switching cells. One of the electrodes must be a highly diffusive metal such 

as silver or copper; the initial electroforming bias pushes metal ions from the 

diffusive electrode into the dielectric matrix to form a conductive filament. The 
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subsequent RESET process is achieved by bias of opposite polarity; this attracts 

those distributed metal ions back into the electrode, causing the resistance state 

return to the HRS. 

VCM switching depends on the dynamics of oxygen vacancies and ions intrinsic 
to the switching layer instead of metal ions from an electrode. The first 
electroforming bias allows some oxygen ions to be separated from the oxide, 
forming charged and neutral oxygen vacancies (Figure 1.12(a)). As oxygen ions 
move towards the electrode with higher electrical potential, more and more 
oxygen vacancies are formed, eventually building up a conductive filament, 
switching the cell to the LRS (Figure 1.12(b)). A reverse polarity voltage applied 
during the RESET process attracts pre-released oxygen ions back into the 
oxygen-deficient filament, causing breakage of the conductive filament and 
increasing device resistance (Figure 1.12(c)). The point of breakage is believed 
to be localised to a point close to the electrode with the higher work function [41]; 
due to the pre-existing residual filament, recovering the LRS is usually easier 
than electroforming (Figure 1.12(d)). It is often observed that the SET process 
requires a lower voltage than the electroforming voltage and that the HRS is 
generally more conductive than the pristine state before electroforming. This 
implies the existence of a residual filament after a RESET process. 

The third branch of redox based filamentary ReRAM is thermochemical memory. 

As the name suggests, thermodynamics play an important role in the switching 

process. During switching processes, movement of oxygen ions is not directed 

by applied electric field but rather the raised temperature from Joule heating. As 

the current path heats up, oxygen ions are driven away since a lower oxidation 

state is energetically favourable at higher temperature. The RESET process 

usually requires a higher current and the rupture of the filament is possibly the 

result of Ostwald ripening. According to the International Union of Pure and 

Applied Chemistry (IUPAC) [42].  Ostwald ripening is defined as “dissolution of 

small crystals or sol particles and the re-deposition of the dissolved species on 

the surfaces of larger crystals or sol particles.” This occurs because the surface 

area to volume ratio is bigger in smaller particles, smaller particles therefore have 

larger surface energy and are less energetically favoured. Similarly, a filament or 

a partial filament is less energetically favoured than a cluster of particles on the 

electrode/insulator interface; such attempt to minimise surface energy facilitates 

the rupture of filaments [43].  
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Figure 1.12: Distributions of oxygen vacancies within a bipolar valence 

change memory, and the corresponding I-V curves. In the pristine state, 

there are few vacancies and the device is highly resistive. Once 

electroformed, enough oxygen vacancies are generated to form a 

conductive path and the device enters the LRS. The device switches to a 

more resistive HRS during RESET. Part of the filament remains after 

RESET. The SET process reforms the disrupted filament. 
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1.2.3 Switching procedure  
 

Based on these switching mechanisms, the requirement of switching voltage 

polarity differs. Thermochemical memory can be switched by voltage in either 

polarity, and magnitude of current is more important, but VCM and ECM require 

a specific polarity to attract or repel ions so the conductive filament can be 

modified.   

Switching of resistance switching devices can sometimes be classified by the 

switching polarity. Unipolar switching refers to SET and RESET in the same 

polarity, as shown in Figure 1.13 (Left). While the polarity of SET and RESET are 

opposite in bipolar switching, as shown in Figure 1.13 (Right). 

Both unipolar and bipolar switching require current compliance (CC) to limit the 

maximum current through the device during the SET transition; this limits the 

amount of ion movement and prevents overgrowth of the conductive filament. A 

thinner filament is easier to rupture and allows low-energy RESET.  

 

 

Figure 1.13: (Left): I-V curves of unipolar switching. (Right): I-V curves of 

bipolar switching. The red curve indicates RESET and the black curve 

indicates SET process. 

 

 

In TCM, SET usually requires a higher voltage than RESET, whereas RESET 

uses higher current than SET [44]. This can be partly attributed to the nature of 

the transitions; SET starts in the HRS and current is harder to pass. But this also 
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suggests that the Ostwald ripening governed RESET process requires higher 

temperatures than thermally-assisted reduction.  

Bipolar devices usually see a so-called “butterfly” curve. In this the currents 

required for SET and RESET are roughly equivalent; this is because both 

processes are governed by ion migration [45]. As seen in Figure 1.13 (Right), to 

trigger a SET process, a voltage of opposite polarity to the RESET voltage must 

be used. Electroforming requires the same polarity as the SET process. Both 

processes move ions in the same direction to build or repair a filament.  

Note that ECM devices usually use positive voltage for SET and negative voltage 

for RESET, since positively charged metal ions move from the top electrode 

towards the bottom electrode to build a filament [46]. On the other hand, 

switching in VCM depends on movement of negatively charged oxygen ions and 

filament building processes are often found in the negative polarity.   

 

1.2.4 Merits and problems as memory applications 
 

Most ReRAM devices consist of three simple layers: metal-insulator-metal. This 

structure allows an easy fabrication process as well as extremely high scalability. 

In theory, the filament of ReRAM can consist of only one line of conductive atoms 

within a dielectric layer, and moving an atom in and out of the filament alters 

resistance states. However, in practice, scaling to the atomic scale affects other 

properties of the device. For example, a thin filament means the current at a fixed 

reading voltage is small, which may be below a critical reading current. In 

addition, a small breakage in the filament also lowers the HRS/LRS ratio due to 

the Schottky effect. In the presence of an electric field, the barrier height lowers 

for charge carrier emission; this increases tunnelling current in the HRS [41].  

The ultimate scaling limit of ReRAM is yet to be reached, but the demonstration 

of conductance quantisation in ReRAM acknowledges the great scaling potential 

of ReRAM devices. Conductance quantisation is a phenomenon that describes 

the conductance of a system comprising a narrowly constricted conduction 

channel quantised into multiples of the conductance quantum G0 (7.74810-5 S). 

For conductance quantisation to be observed, the width of the constriction must 

be comparable to the Fermi wavelength of electrons, which is generally tens of 

nanometres in semiconductors. Therefore, the observation of conductance 

quantisation suggests that ReRAM can be scaled to tens of nanometres [47][48]. 

Data retention refers to the amount of time data can be maintained in non-volatile 

memory once power is off. Endurance is the number of cycles that data can be 

erased and written into a memory device. ReRAM performs exceptionally well in 

both of these aspects: up to 1012 cycles, 10 ns programming time, 10 years data 



 

23 

 

retention at 85 C have been demonstrated in bilayer tantalum oxide ReRAM 

devices as early as 2011 [49]. In comparison, traditional NAND based flash 

memory offers endurance of 103-106 cycles, retention of only one year at the end 

of endurance life, and erase time in the range of milliseconds. ReRAM exceeds 

traditional memory devices in almost every single aspect and could meet the 

requirement for universal memory [50].  

Significantly lower power consumption is another advantage of ReRAM. Flash 

memory requires operation voltages as high as 15 V, whereas some low-power 

ReRAM devices switch around 0.5 V, and use currents in the range of 

nanoampere, which means nanojoule power dissipation [51]. Thanks to its 

simplicity in structure and low power dissipation, a 3D stack of ReRAM is made a 

reality (Figure 1.14 (Left)) [52]. 

However, despite the promising prospects of ReRAM, there are challenges to be 

addressed before ReRAM can truly compete with flash memory. Firstly, 

combining advantages from different ReRAM devices requires research on 

material, structure and fabrication methods. Another major roadblock towards 

massive production of ReRAM is the high variability in devices. Device-to-device 

variability is affected by material choice and fabrication methods. Research on 

these aspects helps reduce device-to-device variability and improves yield. In 

addition to device-to-device variability, cycle-to-cycle variability arises from the 

stochastic nature of ion migration. This varies the voltages and currents required 

for switching, and could cause premature failure of devices. Cycle-to-cycle 

variability is particularly problematic in multilevel memory storage: small 

fluctuations in resistance state could cause faulty readings since the resistance 

difference between states are relatively small. An approach has been proposed 

to reduce variability by increasing serial resistance. However, this comes with a 

cost of increased power dissipation and a decreased HRS/LRS window [53] [54]. 

Another obstacle for ReRAM towards high density memory is integration into 

crossbar structures. Addressing a device in a crossbar structure is done by 

applying the switching voltage in either the word line or bit line of the selected 

device, while another line connecting to the device is grounded. Sneak current 

refers to current flowing from adjacent devices causing a faulty reading (Figure 

1.14 (Right)). This is especially problematic if a large number of LRS cells are 

present while trying to read a HRS cell. To eliminate this problem, a selector 

device is connected in series with each ReRAM device. Selector devices are 

often diodes or transistors. External selectors increase fabrication cost and 

degrade ReRAM’s scaling prospect. Although built-in nonlinearity in resistance 

switching cell has been reported [55], high density ReRAM requires even higher 

nonlinearity, and this approach is not applicable for all ReRAM devices.  
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Figure 1.14: (Left): 3D stack of crossbar ReRAM devices. Taken from [52]. 

(Right): A 2D crossbar structure. Each dot in the cross is a resistance 

switching device; the red arrow indicates possible path for sneak current. 

 

Overall, resistance switching devices show great potential for memory 

applications and outperform flash memory in many metrics. However, there still 

exists a number of challenges and questions to be researched before ReRAM 

can start to take the multibillion dollar memory market. 

 

 

 

 

 

1.3 Beyond memory 
 

While ReRAM devices show great potential for memory storage, flash memory’s 

progress in scaling down to 15 nm critical dimension, multi-level storage and 3D 

implementation has also been demonstrated. As entry requirements for ReRAM 

increase, researchers turn their focus to novel applications beyond memory 

storage.    
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1.3.1 Artificial neural network (ANN) 
 

Artificial neural network has been a popular computing system used to solve 

complex problems involving multiple factors. Early generations of ANN required 

supervised training before the network can perform designated tasks; this means 

feeding datasets including both inputs and desired outputs to the neural network. 

The network weight values are then adjusted to produce the desired outputs 

when the corresponding inputs are received. The process of iteratively 

calculating network weight values based on provided datasets is known as 

backpropagation [56].  

Under the conventional von Neumann computer architecture, the operation of 

ANNs requires large amounts of data transport between processing and storage 

units; ReRAM based crossbars offer an alternative route for ANN computation 

and eliminate the need for data transport. ReRAM based physical neural 

networks also allow higher logic density and smaller energy consumption [57].  

An ANN consists of two basic components: synapses and neurons. Neurons 

serve as inputs and outputs whereas synapses connect layers of neurons. 

Synapses store weights, which will be multiplied by signals transmitting through 

the synapses. In an ANN, there is a connection between every neuron in the 

input layer and every neuron in the output layer; a synapse exists in every 

connection to modify input signals.   

A physical ANN based on ReRAM uses bit lines and word lines as input and 

output respectively. The common approach is to use voltage as input and current 

as output, while the adjustable conductance of ReRAM devices represents the 

synaptic weights. Figure 1.15 shows the topology of a one layer ANN and the 

implementation in a ReRAM crossbar [58] [59].   

ReRAM crossbars operating with voltage and resistance as input and current as 

output can also be classified as dot product engines (DPEs), since such an 

operating strategy allows easy matrix-vector multiplication.  Matrix-vector 

multiplication is a common computation task, therefore applications for ReRAM 

based DPE expands beyond ANN. For example, sparse coding was 

demonstrated in ReRAM based crossbar hardware [60]. Sparse coding is an 

algorithm converting data into sparse representation, which represents the 

original data using a dictionary of features and sparse coefficients, such an 

algorithm makes data processing and storage more efficient. Sparse coding 

requires many matrix-vector multiplication, which makes ReRAM crossbar-based 

DPE ideal for implementing the algorithm. In comparison to conventional CMOS 

based computer architecture, a ReRAM crossbar-based DPE enables faster and 

more energy-efficient sparse coding.  
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One of the main challenges facing ReRAM crossbar-based DPEs is linearity of 

resistance trajectory. Ideally, the resistance of a ReRAM device should change 

by a fixed amount when identical pulses are applied. In reality, even for identical 

pulses, the change in resistance can be different, there is no linear relationship 

between pulse parameters and change in resistance (Figure 1.16). This 

uncertainty adds extra complexity to resistance programming, and many write-

verify cycles are required to reach a specific resistance state [61].  

 

Figure 1.15: (Left): Topology of a two-layer neural network. (Right): ReRAM 

crossbar Implementation of a two-layer neural network. 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Change of ReRAM device conductance as identical electrical 

pulses are applied to the device. Ideally, device conductance changes 

linearly as more pulses applied to the device; this is the blue curve. The red 

curve shows a more realistic ReRAM resistance trajectory. 
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1.3.2 Spiking neural network (SNN) 
 

A spiking neural network is another version of ANN that bears more resemblance 

to biological brains; therefore, they are also commonly referred to as 

neuromorphic systems. Similar to the ANN described in previous section, an 

SNN consists of the two fundamental elements, neurons and synapses. Despite 

some similarities, the operation of an SNN is drastically different from that of an 

ANN that relies on backpropagation and supervised learning. Neurons in an SNN 

generate voltage spikes based on input signals. These spikes then modify the 

weights of connected synapses. In the case where a ReRAM device is used as 

synapse, electrical conductance is changed. 

Spiking time-dependent plasticity(STDP) is a learning rule discovered in 

biological systems and first reported in 1949 [62]. In this scheme, a simple neural 

system includes a pre-synaptic neuron, a post-synaptic neuron and a synapse 

between them. The synaptic weight is reinforced if the post neuron fires 

immediately after the pre neuron spikes, because this indicates a causal 

relationship between the two neurons. Alternatively, if the post neuron fires 

before the pre neuron, the synaptic weight weakens.  

In learning rules like STDP, information is coded by relative timing of the two 

neurons (which neuron fires first) and the time difference between the neuron 

spiking events. This form of information coding is known as spatiotemporal 

coding [63]. Figure 1.17 shows how an STDP system changes synaptic weight in 

response to delay between neuronal spikes. If a post-synaptic neuron spikes 

immediately after the pre neuron, synaptic weight is increased, whereas delay 

between the pre and post synaptic spikes reduces the magnitude of the change.  

In order to implement STDP with ReRAM devices, the shape of the pre-synaptic 

and post-synaptic spikes must be carefully engineered. In a bipolar ReRAM 

device, the two spikes can have identical shape but must have both positive and 

negative portions; the delay between the two spikes changes the overlapping 

pulse thus resulting in gradual SET or RESET [64].  

An unsupervised SNN based on ReRAM for pattern recognition is demonstrated 

by Pedretti et al.[65]. While learning is still required for such a system, prior 

knowledge of the correct output is not required. SNN imitates biological neural 

systems at a more fundamental level, therefore could play a key role in 

developing neuromorphic systems; because energy and time required for data 

transport between data processing and storage units are saved, such computer 

architecture is more power-efficient and powerful than the existing von Neumann 

architecture in certain tasks such as pattern recognition.  



 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17: A STDP learning rule. Delay between pre-synaptic and post-

synaptic pulses changes the synaptic weight. ∆W is the change of synaptic 

weight, ∆T is the delay between pre-synaptic and post-synaptic pulses. 

 

1.3.3 Logic-in-memory (memlogic) 
 

Another logic-in-memory computing architecture based on ReRAM devices is so-

called “memlogic” [66], which uses ReRAM devices for both Boolean logic 

operation as well as data storage. Initially proposed in 2010 by Boirghetti et 

al.[67], two ReRAM devices were used together to achieve the implication (IMP, 

which is equivalent to (NOTp)ORq) Boolean logic. This was demonstrated by 

using initial resistances of the ReRAM devices as input, and the resistance of 

one of the ReRAM devices after a clock cycle of operation is used as output. 

Because Boolean states are represented by resistance states only, this kind of 

logic is known as stateful logic. 

Stateful logic has high requirements on endurance of the device, because inputs 

need to be written into ReRAM devices repeatedly. This increases energy 

consumption [68]. In comparison to non-stateful memlogic, where inputs are 

voltages applied to the device electrodes, stateful memlogic requires more 

ReRAM devices to achieve an operation. 



 

29 

 

Siemon et al.[33] achieved 14 out of 16 logic operations with a single bipolar 

ReRAM device. The implementation of IMP and AND operation is shown in 

Figure 1.18. To achieve the same IMP operation, the top and bottom electrodes 

of the device serve as two input signals: p and q, a high voltage represents a “1” 

and a low voltage represents a “0”; output is represented by the resistance of 

device after operation: LRS represents “1” and HRS represents “0”. Before each 

cycle of logic operation, the device is SET to LRS by setting the top electrode to 

high and bottom electrode to low, so the device is initialised to the LRS at the 

beginning of each operation cycle. Among four combinations of electrode 

potentials, the device resets to HRS only if the bottom electrode is high and top 

electrode is low. Therefore, the output of a truth table is “0” for input of “01” and 

the output remains “1” for all other inputs.  

Non-stateful AND operation can also be implemented with a single ReRAM 

device; this is achieved by using two consecutive voltage pulses applied to the 

ReRAM as two inputs. The bottom electrode is always kept high for the 

implementation and a standard initialisation step is required to SET the device 

state to “1” before each operation. In such a scheme, if either p or q is SET to “0”, 

the ReRAM device experiences a positive voltage from terminal 2 and resets the 

device to “0”; only if both p and q are SET to high, the potential difference across 

the device is minimal and the device remains in “1”.  

 

 

Figure 1.18: Implementation of (Left): AND operation and (Right): IMP 

operation. Note that a small potential difference exists during the read 

operation. Taken from [33]. 
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It has been demonstrated that some ReRAM devices can be switched with 

optical stimuli as well, such ReRAM devices avoid the problem of sneaky path 

during resistance programming. It also provides an additional input terminal for 

Boolean logic operation. Tan et al.[66] demonstrated that cerium oxide-based 

ReRAM devices can be switched from HRS to an intermediate resistance state 

(IRS) by a single optical or electrical pulse; devices in the IRS has resistance 

below HRS and above LRS. To further decrease device resistance from IRS to 

LRS, an additional pulse of either kind is required.  In such devices, OR and AND 

logic can be implemented simply by changing the initial resistance. A device 

starting in HRS will require both electrical and optical input to reach LRS (“1”), 

otherwise the device remain in HRS (“0”). A device in IRS(“0”) can be switched to 

LRS by either or both input. 

 

1.3.4 Other applications 
 

Previous sections describe three ReRAM-based computing architectures that 

have gained the most research interest. This section summarises some other 

interesting ReRAM-based applications.  

The random movement of ions makes resistance switching devices inherently 

stochastic. For example, device resistance usually varies from cycle to cycle 

even if identical electrical stimuli are provided, as a result of random ion 

movement. Such stochasticity is usually detrimental to ReRAM performance but 

has found use in stochastic computing. Rather than using a single logic high 

pulse for computing, stochastic computing uses a stream of bits with a random 

sequence of logic highs. Gaba et al.[69] fabricated silicon oxide-based ECM 

devices that change switching probability when the magnitude and duration of 

the programming electrical pulse changes (Figure 1.19). Such devices produce 

bit streams of varying logic high probability when appropriate programming 

pulses are supplied. The probability of logic high within the stream of bits is then 

used for computation. A simple bitwise AND operation would give a bit stream 

with logic high probability equal to the product of logic high probability in the two 

input bit streams. If the sequences of the bits are identical rather than stochastic, 

the output of the bitwise operation gives the input bit stream instead of their 

product. Stochastic computation offers better noise tolerance and data security 

than conventional digital computation based on von Neumann architecture [69]. 
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Figure 1.19: Cumulative probability of switching events against width of 

applied electrical pulse. As pulse width increases, the probability of 

switching increases. Taken from [69]. 

 

 

 

The stochastic nature of resistance switching devices can also be useful in a true 

random number generator. After applying an electrical pulse to a volatile diffusive 

resistance switching cell [32], the device switches to the LRS with a random 

delay time (Figure 1.20). The device relaxes back to HRS when the input voltage 

is removed. Using the random delay time as a source of randomness, a true 

random number generator consisting of simple components is realised. 

Compared to existing true random number generator, diffusive resistance 

switching- based TRNG requires no post-processing and has advantage in 

power consumption. 
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Figure 1.20: (Left): Voltage response of a diffusive resistance switching 

device. The device reaches LRS after a small delay and Vout is high during 

the LRS. The device returns to the HRS once voltage is off, and Vout 

reduces accordingly. (Right):  Counts of delay times against voltage 

applied across the device. Delay time decreases as voltage increases. Both 

taken from [32]. 

 

Light-triggered ReRAM devices could function as image sensor, information 

storage and processing components; combining these functionalities allows 

mimicking of the human retina. Unlike conventional image sensors, the human 

retina is capable of sensing and pre-processing received signals. This improves 

efficiency and accuracy of further processing. Since light-triggered ReRAM 

devices have multiple resistance states, Zhou et al. demonstrated contrast 

enhancement by repeating light stimuli into light-triggered ReRAM devices; these 

ReRAM devices sense and store contrast enhanced images. Moreover, contrast 

enhanced images can be recognised more accurately by artificial neural 

networks.  

Capacitance switching is the reversible change of capacitance. Upon application 

of electrical stress, local stoichiometric change results in change of device 

capacitance and resistance. [71][72][73][74] Therefore, many resistance 

switching devices are capable of capacitance switching as well. Notably, 

associative learning has been achieved in capacitive neural networks. The 

simplest form of the neural network requires two synapses and a neuron [75] 

(Figure 1.21). The synapses are implemented by non-volatile capacitance 

switching devices, such devices are also known as “memcapacitive” devices, 

capacitance of memcapacitive devices are determined by past inputs; the 

electrical spikes through the memcapacitive synaptic weights determine the 

response of the post-synaptic neuron. Given the same pre-synaptic electrical 

spike, the post-synaptic neuron may or may not spike, depending on the weight 

of capacitive synapse. Because of voltage division between the memcapacitive 



 

33 

 

synapse and the capacitive neuron, the post-synaptic firing will back-propagate 

to the memcapacitive synapse. The back-propagated spike, in combination with 

the pre-synaptic spike, is capable of switching the memcapacitive synapse if the 

back-propagated spike is of sufficient length.  

The neuron is implemented with a so called “neuro-transistor”, which is a 

MOSFET transistor with a volatile memcapacitor on the gate terminal. The 

volatile memcapacitor switches to high capacitance state temporarily at switching 

voltages, and return to low capacitance state after a tuneable relaxation time. 

Drain of the MOSFET is supplied with a constant voltage, when the volatile 

memcapacitor is switched to high capacitance state temporarily, a back-

propagated spike is generated.  

Associative learning is the establishment of association between an 

unconditioned stimulus and a neutral stimulus; the unconditioned stimulus 

triggers a reflexive response and the neutral stimulus triggers no response. After 

a training process involving frequent and paired firing from both stimuli, an 

association is achieved and either an unconditioned stimulus or a neutral 

stimulus can trigger a response. To demonstrate associative learning in such 

capacitive neural networks, the two memcapacitive synapses start in two 

different capacitance states; spikes through the synapse with high capacitance 

can trigger a post-synaptic neuron firing and spikes through the low capacitance 

synapse trigger no response. Persistent pre-synaptic firing into both synapses 

triggers numerous post-synaptic spikes, until a long post-synaptic spike is 

generated. This long neuronal spike then back-propagates and superimposes on 

the pre-synaptic spike to switch the low capacitance synapse to high 

capacitance, allowing spikes through this synapse to trigger a response. One 

main advantage of capacitance switching devices is power efficiency, especially 

when the voltage applied is constant; the issue of Joule heating in resistance 

switching devices is eliminated.  
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Figure 1.21: S1 and S2 are two capacitive switching devices representing 

synapses connected to the food neuron and bell neuron respectively. 

Initially, only S1 is in the “ON” state, which means only electric pulses from 

the food neuron can trigger a spike in the post-synaptic neuron; the 

function of a post-synaptic neuron is achieved with a so called “neuro-

transistor”, gate terminal of the “neuro-transistor” is connected with both 

capacitive switching devices. Taken from [75]. 

 

 

 

1.3.5 Silicon oxide based ReRAM  
 

As one of the most abundant materials on earth, silicon is considered to be the 

foundation material in today’s semiconductor industry thanks to some unique 

traits. As a semiconductor, the electrical properties of silicon can be modified by 

doping with other elements. Another key advantage of silicon is the capability to 

oxidise into silicon oxide, a highly stable insulator. The interface between silicon 

oxide and silicon is less defective than most interfaces, allowing integration of 

FETs onto silicon substrates. 

The excellent compatibility of silicon oxide with existing CMOS technology makes 

silicon oxide-based ReRAM desirable [76,77,78,79,80,81]. SiOx ReRAM devices 

based on both cation and anion migration have been reported. Cation based 

SiOx ReRAM, or ECM, as mentioned in the previous section, uses diffusive metal 

electrodes to form conductive filaments within the insulating silicon oxide layer. 
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VCM, or anion based, SiOx ReRAM devices switch resistance by forming and 

rupturing oxygen vacancy filaments instead; this type of switching is also known 

as intrinsic switching, since elements outside of the SiOx layer do not participate 

in the switching process. Intrinsic SiOx ReRAM devices do not require diffusive 

electrode, which could diffuse to surrounding electronics, hence intrinsic SiOx 

ReRAM devices are more compatible with CMOS circuitry. 

Intrinsic SiOx ReRAM devices can be further divided by sensitivity to 

environmental oxygen. Intrinsic SiOx ReRAM devices based on porous SiOx 

ReRAM devices was reported in 2010 [77]. In these, conductive silicon filaments 

form on the surface of the oxide after application of a switching voltage. Such 

devices can only switch in oxygen-free environments, otherwise the exposed 

filament would be oxidised in ambient atmosphere. Intrinsic SiOx ReRAM devices 

less sensitive to environmental oxygen operate in ambient conditions, and are 

the focus of this thesis. 

In 2012, resistance switching based on electron-beam evaporated and sputtered 

SiOx were reported [76] [78]. These devices are capable of switching in ambient 

atmosphere. Both types of intrinsic SiOx ReRAM are of metal-oxide-silicon 

(MOS) structure and have similar oxide thicknesses of 35 nm and 40 nm. These 

early generations of intrinsic filamentary SiOx ReRAM devices were not 

optimised and required high operation voltages: electron-beam evaporated SiOx 

ReRAM devices had electroforming voltages around 20 V and the sputtered 

devices required switching voltages as high as 15 V. 

In 2015, conductive filaments within intrinsic SiOx ReRAM devices are visualised 

with a scalpel 3D conductive atomic force microscopy (CAFM) technique (Figure 

1.22) [82]. The location of a filament is first detected by identifying regions of high 

conductance with a planar scan of the oxide surface. The CAFM tip is then 

pressed into the SiOx to remove a layer of SiOx. Once the CAFM reaches a 

deeper layer, the CAFM scans for conductive regions again. By combining the 

layers, a 3D representation of the filament is obtained. Importantly, formation of 

the filaments during electroforming follows the columnar structure of the oxide 

formed during sputtering deposition [83].  
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Figure 1.22: The 3D visualisation of conductive filament on the left is 

obtained by combining numerous 2D CAFM scans on the right. Taken from 

[82]. 

 

In 2017, the impact of columnar structure on switching performance of sputtered 

SiOx was further confirmed with STEM scans (Figure 1.23) [84]. By increasing 

the roughness of the  bottom electrode, more pronounced columnar structures 

can be formed in the switching SiOx layer during sputter deposition. By 

engineering the SiOx microstructure, environmentally stable and intrinsic SiOx 

ReRAM devices were reported [85]. These reported devices require small 

switching voltages around 1 V, and form around 2.6 V. They are also capable of 

cycling for more than 107 cycles and store the resistance states for at least 104 

seconds under ambient conditions. 

 

 

 

 

 

 

 

Figure 1.23: Cross-sectional scanning transmission electron microscopy 

(STEM) scans of SiOx a resistance switching device. A and B points to 

bright vertical streaks, indicating columnar structures. Taken from [84]. 
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Notably, an intrinsic SiOx based 3D ReRAM crossbar was also demonstrated in 

2017 [52]. By employing a Si membrane as top electrode, the authors were able 

to stack 5 layers of SiOx devices. In these 3D ReRAM crossbars, the Si 

membranes were separated from a silicon on insulator substrate by etching the 

silicon oxide layer, then float the Si membranes in deionised water (Figure 1.24), 

the switching SiOx is produced by wet oxidation of the Si substrate, which serves 

as the bottom electrode. This demonstrates the potential of high density in SiOx-

based ReRAM devices. 

 

 

 

 

 

 

 

 

 

Figure 1.24: Production process of Si membrane which serves as the top 

electrode. (a) Si on top of a silicon on insulator wafer is patterned and 

etched by reactive ion etching. (b) the oxide layer between the Si layer and 

the Si substrate is etched by hydrogen fluoride. (c) the top Si layer 

separates from the wafer and floats on water to form a membrane. (d) The 

floating membrane getting transferred to a wafer with bottom electrode and 

switching SiOx layer. Taken from [52]. 

 

Intrinsic SiOx ReRAM devices can also be employed to implement SNNs, and 

unipolar SiOx ReRAM devices can function as both synapses and neurons. In 

2016, Mehonic et al.[86] demonstrated that supplying electrical current to SiOx 

ReRAM devices triggers voltage spikes, and the frequency of spike generation is 

controlled by the magnitude of input current (Figure 1.25). The authors attributed 

this phenomenon to the competition between SET and RESET. In the LRS, 

device resistance increases to HRS due to current-driven RESET. In the HRS, 

field across the device increases under constant current bias, triggering field-

driven SET. This competition between SET and RESET generates numerous 

voltage spikes. In 2018, similar SiOx ReRAM devices were shown to exhibit 

STDP as electrical synapses [87]. By engineering the shapes of pre and post 
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synaptic pulses, varying the delay between the two pulses changes the resulting 

composite pulse, which in turn increases or decreases device resistance. 

Light-activated SiOx ReRAM devices were demonstrated 2017 [88]. These 

devices are of MOS structure with a transparent ITO top contact. Under 

illumination, these devices SET at lower voltage than in the dark. Such an effect 

is only triggered by light possessing photon energy greater than the bandgap of 

silicon (1.12 eV). The authors hence conclude that illumination generates 

additional electron hole pairs in the silicon substrate, which assists electron 

injection into the switching layer of SiOx. These additional electrons assist 

formation of oxygen vacancies [89], hence reducing difficulty of switching.  

 

 

 

 

 

 

 

 

Figure 1.25: Generation of voltage spikes in a SiOx resistance switching 

device when constant current is being supplied. As the magnitude of 

supplied current increases, the magnitude and frequency of generated 

voltage spikes increases. Taken from [86]. 

 

 

Lastly, SiOx ReRAM devices were also used for edge detection by employing a 

current transient phenomenon [90]. Both the application and the phenomenon 

will be described in subsequent chapters.  
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Chapter 2 

Experimental techniques 
 

This chapter describes various techniques used for experiments, including 

sample fabrication, electrical characterisation and structural characterisation.  

Dr Wing H Ng and I are responsible for fabricating samples used in this thesis; 

ion implantation in samples described in chapter 5 was performed by Prof 

Andrew P Knights’ group from McMaster University. I performed other results 

described in this thesis unless otherwise specified. 

 

2.1 Electrical characterisation 
2.1.1 Keithley 4200 Semiconductor Characterisation System 

(SCS) 
 

The majority of electrical tests in this thesis were carried out using a Keithley 

4200 SCS [1]. The system includes a touch screen Windows computer, and 

electrical outputs can be controlled via the software Clarius. The system includes 

three SMUs (Source Measurement Unit) and a 4225-PMU (Pulse Measurement 

Unit); two SMUs and two channels of the PMU are connected via two RPMs 

(Remote Preamplifier/Switch Modules), this allows the output to switch between 

SMU and PMU via software. The SCS also includes two pre-amplifiers that 

expands the SMU measurement resolution from 100 nA range to 1 pA range.  

SMUs apply current or voltage to a DUT (device under test) and measure them 

as well. This allows basic electrical tests to be carried out. For example, the most 

common test I perform on ReRAM devices is an I-V sweep. This is achieved with 

SMUs.  

PMUs allow ultra-fast pulses to be generated and measured, in the 10 V output 

range. Pulse rise time can be as fast as 20 ns, and the PMU is capable of 

measuring data at maximum sampling rate of 2×108 samples per second. 

The Keithley 6430 sub-femtoamp remote sourcemeter is a portable SMU that is 

capable of measuring current as low as 10 aA [2], it performs basic functions 

such as sourcing and measuring voltage and current.  
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A Signatone 1160 probe station was used to make contact between ReRAM 

devices and electrical sources. Direct contact is made between device electrodes 

and tungsten needles inside the probe station. These needles are connected to 

electrical sources via Triaxial cables. To position the needles, micropositioners 

and optical microscopes are used. Turning the screws in the micropositioners 

moves the needle in any directions, and the micropositioners are held by 

magnetic forces to maintain a steady connection with the electrodes. 

 

 

 

2.1.2 Software programming 
 

The Keithley 4200 SCS can be controlled by built-in software such as Clarius. It 

can also be controlled by the software Matab in a Windows computer. While it 

seems convenient to use the built-in software, Clarius only allows maximum of 

4096 rows of data to be displayed and stored. It is easier to control Keithley with 

a script to perform conditional test procedure; Matlab also allows easier storage 

and visualisation of data.  

To control the Keithley 4200 SCS with Matlab, a connection between the 

computer and the Keithley 4200 SCS must be made via a GPIB cable. The 

software KXCI (Keithley External Control Interface) needs be running in Keithley 

4200 SCS and the GPIB driver NI 488.2 needs be installed in the controlling 

computer. 

Controlling the SMUs in the Keithley 4200 SCS is relatively simple: sending 

strings of user mode commands to KXCI allows functions such as current, 

voltage and time measurement, and settings such as source voltage, source 

current and current compliance can be modified. 

The PMU is a far more complex unit and is therefore more challenging to 

program. One must first write C drivers in the built-in software KULT (Keithley 

User Toolkit Library). These C drivers call the needed LPTs (Linear Parametric 

Tests) and generate designed output waveforms or return measured data. 

Communication between Matlab and pmu is again achieved via KXCI; after 

entering user library mode, Matlab can call user defined C drivers, data and 

commands can then be exchanged. 

Although simple functions can be achieved with built-in keys on the front panel of 

the Keithley 6430, it is also advantageous to program the SMU with Matlab. To 

set up communication between the Keithley 6430 and Matlab, same GPIB cable 



 

49 

 

and driver is required, and commands required to control the Keithley 6430 are 

also sent to GPIB object as strings.  

Some codes used to complete work in this thesis were adopted from legacy code 

of Luca Montesi and Daniel J. Mannion. 

 

2.2 Atomic force microscopy (AFM) 
 

Atomic force microscopy is a technique that measures the microscopic surface of 

an object under investigation. In order to obtain atomic resolution images, an 

atomically sharp tip scans the object surface and the interaction force between 

probe and surface is measured.  

Many types of forces could affect probe-surface interaction: capillary, Coulomb, 

van der Waals, etc., but intermolecular interactions are often approximated by a 

Lennard-Jones potential. A Lennard-Jones potential plot in Figure 2.1 illustrates 

the interaction force between two objects as a function of distance.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A plot of Lennard-Jones potential describing forces between 

two molecules as intermolecular distance changes. Positive force is 

repulsive, negative is attractive. 
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Electronic orbitals between a tip molecule and an object molecule will be pushed 

to overlap when the distance between the two molecules tends towards zero. 

However, this is forbidden by Pauli’s exclusion principle and the repulsive force 

between the molecules tends towards infinity. But as distance between the 

molecules increases, van der Waals force attracts the two molecules. At even 

greater distances, the force felt by the molecules diminishes. 

An AFM tip is usually V shaped [3], and it is attached to a flexible cantilever. 

Intermolecular forces cause the cantilever to deflect, and deflections of the 

cantilever are often monitored by a laser beam directed towards the cantilever. 

The reflected laser beam is detected by a photodiode and any changes of 

intermolecular forces will result in changes in the position of the reflected laser 

beam. A simplified AFM system is shown schematically in Figure 2.2. 

 

 

 

Figure 2.2: An AFM system schematic. 

 

As the AFM tip raster scans the sample surface, the distance between tip and 

surface may be kept constant by moving the cantilever up and down based on 

the detected signal. Therefore, the position of the cantilever will track topography 

of the sample surface and the sample structural information is obtained. AFMs 

working in this mode are said to be in contact mode. 

The Cantilever is further away from the sample surface in tapping mode. 

Additionally, the cantilever keeps oscillating at its resonant frequency during 

scanning. This mode is designed to accommodate softer sample surfaces; 
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thanks to shorter duration of sample tip interaction, this mode is less damaging to 

sample structure than contact mode.  

Non-contact mode operates in a similar way to tapping mode, although the tip-

sample separation is even greater. Increased separation means even less 

interaction between sample and tip, reducing damage to both. However, large 

separation also means more sensitive measurement is required to obtain the 

same resolution.    

 

2.3 Deposition techniques 
 

The following techniques described in this section are used to deposit layers of 

SiOx ReRAM devices.  

In a SiOx ReRAM device, the bottom electrode layer of molybdenum was 

deposited by magnetron sputtering; a rough Mo layer promotes growth of 

columnar structures in defective SiOx, which is grown on top of the Mo layer by 

reactive magnetron sputtering. Sputtered SiOx are prone to form columnar 

structures, and this is vital to the switching performance of SiOx ReRAM devices.  

SiOx layers deposited by atomic layer deposition (ALD) are more uniform and 

less defective than sputtered SiOx, implanting ions into ALD-grown SiOx could 

generate defects; the distribution of these generated defects are more controlled, 

potentially allowing more controlled ReRAM performance. Details of the samples 

will be outlined in following sections of the thesis.  

 

2.3.1 Reactive magnetron sputtering 
 

Sputtering is a physical vapour deposition (PVD) technique. By bombarding a 

highly pure target with high energy ions, the momentum of incident ions is 

transferred to the target; target particles receiving enough energy to overcome 

binding energy are sputtered off the surface and are deposited on a nearby 

substrate in the vacuum chamber; deposition rate is hence determined by the 

energy of incident ions. It is essential to maintain a good vacuum, so that 

sputtered particles have enough mean free path to reach the substrate. 

A simple sputtering system has the substrate attached to an anode, with the 

target on top of a cathode. During deposition, inert gas such as argon flows in the 

region between target and substrate. Due to impact by electrons, argon atoms 

are ionised and form a plasma on top of the target. Positively charged argon ions 
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are attracted towards the negatively charged target, initiating the sputtering 

process.  

During deposition, the substrate rotates to ensure uniformity of the deposited thin 

film across the substrate wafer. It is also common to introduce a magnetic field to 

confine the emitted electrons and argon plasma near the target surface. This is 

known as magnetron sputtering, shown schematically in Figure 2.3. The 

advantages of confining the plasma with a magnetron is that it accelerates the 

sputtering process by increasing the number of collision events. Additionally, 

energetic plasma particles are also prevented from damaging the deposited thin 

film on the substrate. 

Another type of sputtering is reactive sputtering, this process deposits 

compounds by reactions of target elements and another reactive gas, such as 

O2, N2, CH4 [4]; influx of reactive gas determines the stoichiometry and 

composition of the deposited film. 

Materials deposited by sputtering such as oxides or carbides are often bad 

conductors. This causes problems for DC sputtering systems. Firstly, an insulator 

blocks DC conduction; this prevents the plasma striking. A second problem for 

DC sputtering of insulating material is the build-up of electric charge on the 

surface of insulating materials. This leads to arcing, which happens when local 

current exceeds a limit and discharge results in local dielectric breakdown. Arcing 

causes damage to targets and substrates and is highly undesirable [5]. 

Radio-frequency(RF) sputtering avoids these problems. By alternating the 

voltage applied across the chamber, charge build-up is eliminated and a plasma 

can be maintained. However, RF sputtering results in a lower deposition rate. 

Additionally, more complex power control circuits are expensive and more 

difficult to control.  

In comparison with other PVD techniques such as evaporation, one key 

advantage of sputtering is that it works for materials with high melting 

temperatures. In addition, sputtering deposits purer layers. In most cases, 

sputtering can operate in lower temperature than chemical deposition processes 

and MBE, which can be advantageous in processing materials with low 

temperature tolerance. Sputtering requires no handling of potentially hazardous 

precursors or by-products, and sputtering is more versatile in terms of materials 

that can be deposited, particularly metals. However, sputtered materials tend to 

have columnar microstructures and non-uniform films can be undesirable [6][7]. 
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Figure 2.3: A schematic of a magnetron sputtering system. 

 

 

2.3.2 Electron-beam physical vapour deposition (EBPVD) 
 

Electron-beam physical vapour deposition is another deposition technique 

requiring no chemical reactions. The principle of EBPVD is simple; a source 
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material contained in a water-cooled crucible is vaporised in a vacuum chamber 

by a high energy electron beam. This vapour is then deposited onto a substrate 

to form a thin film. 

The electron beam is usually generated by a heated cathode filament in an 

electron gun. Once electrons are produced by thermionic emission, they do not 

travel towards the source material directly. Instead, guided by a magnetic field, 

the electron beam travels in circular path to reach the source material after being 

focused by a magnetic or electric field. This minimises interaction of the electron 

beam with the source material vapour. An EBPVD system is shown 

schematically in Figure 2.4. 

Similar to other PVD techniques, high vacuum is required to ensure purity of 

deposited film; high vacuum is also necessary for the electron beam to have 

mean free path long enough to reach the source material. Usually, the pressure 

required for EBPVD can be no higher than 10-4 Pa [8]. 

High temperature in EBPVD is limited to the point of contact between electron 

beam and source material. The container of the source material is water-cooled 

and can maintain a relatively low temperature. This means the vapour will not be 

contaminated by container material, and hence purer material can be deposited.  

The electron beam current in EBPVD systems is typically in the range between 

50 to 1000 mA [9]. High electron beam current results in high deposition rate, 

which can exceed 150 µm/minute. This is a main advantage of EBPVD. 

In comparison to CVD techniques, EBPVD shares advantages of other PVD 

techniques, it requires relatively low substrate temperature and avoids hazardous 

chemicals. Thanks to the high energy provided by electron beam, EBPVD allows 

deposition of materials with high melting points. EBPVD also uses source 

material more effectively than other PVD techniques, making EBPVD ideal for 

depositing expensive materials such as gold. 
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Figure 2.4: A schematic of an EBPVD system. The high energy electron 
beam stimulates the emission of source material, which deposits on the 

substrate. EBPVD offers better controllability on growth rate and deposited 
material quality than thermal evaporation. 

 

 

 

2.3.3 ALD 
 

Atomic layer deposition is a deposition technique relying on chemical reactions 

between vapour phase precursors, making it a subcategory of chemical vapour 

deposition (CVD). ALD was initially known as atomic layer epitaxy (ALE) or 

molecular layering (ML) [10] [11], but as this technique can be used non-

epitaxially, the name ALD is widely accepted nowadays. 

ALD works by delivering pulses of precursor gas into a vacuum chamber. The 

precursor reacts with the substrate surface, forming a monolayer on the surface 

by chemisorption. Any remaining precursor, as well as reaction by-products, are 



 

56 

 

purged by evacuating the chamber between pulses. A second precursor is then 

pulsed into the vacuum reactor. A reaction between the second precursor and 

product of previous reaction between substrate surface and precursor A leaves a 

layer of the desired material on the substrate surface. Remaining precursors and 

by-products are again purged out of the reactor chamber, and the first precursor 

is reintroduced to react with the new surface. This process repeats until the 

desired thickness is achieved [12], Figure 2.5 shows a schematic of this process.  

A particular deposition mode known as exposure mode is sometimes required to 

deposit specific materials or high aspect ratio structures. Normally, there is little 

delay between the injection of precursor gas and the subsequent purge process. 

This minimises deposition in the valve between the pump and reactor chamber. 

However, to ensure reaction between substrate surface and precursor, as well as 

good conformity, the substrate surface may need to be exposed to the precursor 

for a longer time in an exposure mode [13].  

It is usually considered advantageous that ALD operates at lower temperature 

than conventional CVD, but substrate temperature remains crucial in the 

deposition process. High temperature accelerates reactions, and hence 

deposition rate, but precursor desorption and decomposition is more likely to 

happen as temperature increases. Low temperature causes problems such as 

precursor condensation and slow deposition rate. Thus, for the ALD process to 

operate properly, it has to run within a reaction-specific temperature window [12] 

[14]. 

ALD deposited films are highly conformal and film thickness can be well 

controlled. High conformity means the deposited film follows the shape of the 

substrate well, and the thickness of the deposited film is uniform across the 

wafer, irrespective of substrate roughness. This is distinctively different from films 

deposited by techniques such as sputtering and is particularly useful in 

depositing on high aspect ratio structures. Thanks to the self-limiting nature of 

ALD reactions, one monolayer is deposited per cycle, which makes thickness 

control easy. In addition, deposited film composition can also be well controlled, 

making the process highly repeatable.   

ALD is particularly useful when depositing metal oxides and is widely used to 

deposit ReRAM switching layers. Common switching oxides such as titanium 

oxide, tantalum oxide and hafnium oxide can all be deposited by ALD [15] [16] 

[17] [18] [19]. Interestingly, ALD is also capable of producing more complex 

layers. Periodically alternating layers of AlO2 and TiO2 were grown by Giovinazzo 

et al.[17]. In [18], metal precursors were sequentially pulsed into the reactor 

chamber, tuning the ratio of Ta to Zr by modifying the dosage of precursors. This 

demonstrates the versatility of ALD and the possibility of stoichiometry control 

with ALD alone. 
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Figure 2.5: Schematic of ALD deposition process. The first reaction 

between precursor A and substrate surface leaves a product surface, the 

product surface then reacts with precursor B, and the product is a layer of 

desired material. Finally, precursor A is reintroduced to react with the 

material surface. The cycles of reaction repeats until desired thickness of 

deposited material is achieved.  

 

 

 

2.4 Ion implantation 
 

Ion implantation is a material processing technique that changes target material’s 

properties by subjecting the target material to energetic ion irradiation. This 

technique usually involves an ion beam directed towards a target material in 

vacuum; if the ions possess appropriate amount of kinetic energy, incident ions 
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will be stopped at certain depths within the solid target due to ion matter 

interaction. Ion implantation allows precise control on the distribution of the 

implanted ions, particularly on the planar direction. By varying implantation 

parameters such as implantation energy and species of implanted ions, 

electrical, optical and mechanical properties of the target material can be 

engineered. 

Ion implantation is widely used in semiconductor device manufacture. One 

common application of ion implantation is doping: irradiating source and drain 

regions of a MOSFET with dopants of different dosage modifies the threshold 

voltage of MOSFETs. Note that, although ion implantation can be conducted at 

ambient temperature, fabricating MOSFET usually requires post process 

annealing to eliminate defects. 

An ion implanter consists of numerous components, shown schematically in 

Figure 2.6. The first component in an implanter is an ioniser which ionises 

gaseous elements or compounds, which are contained in the arcing chamber. A 

potential of around 100 V between the chamber and a filament within the arcing 

chamber is applied, ensuring emission of electrons from the filament; the 

electrons are then accelerated by an external magnetic field and ionise the 

gaseous elements by impact. 

Ionised elements in the arcing chamber could have various masses and charges. 

To precisely control implantation energy and implanted element purity, desired 

ions must be separated; this is done using a mass spectrometer (analysing 

magnet).  In a mass spectrometer, charged species are accelerated by electric or 

magnetic fields. Species with different charge mass ratio will be deflected by a 

fixed or variable magnetic field, these species land in different positions on the 

sample, which allows the desired species to be filtered. Filtered ions then go 

through an accelerator to gain the desired implantation energy. Ion implanters 

are generally classified by the maximum implantation energy they can supply. 

Low energy implanters operate within energy ranges up to 200 keV, medium 

energy implanters accelerate ions from 300 keV to 50 MeV, while high energy 

implanters offer energy ranges from 50 MeV to hundreds of MeV. Different 

implanters require different accelerators: medium energy implanters use 

complexed accelerators such as Van der Graaf or Pelletron accelerators, high 

energy implanters require accelerators such as cyclotron or high potential 

terminal voltage tandem electrostatic accelerators [20]. 

Ion beams can be focused before hitting the target; this is usually done with 

quadrupole electromagnetic lenses. Low energy beamlines can be focused to as 

small as 20 nm [21], but focusing MeV beams below micrometres is challenging 

[22]. 
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Figure 2.6: Schematic of an ion implantation system. 

 

 

 

2.5 Sample fabrication 
 

Two sputtered SiOx samples were used for electrical characterisation in chapter 

3 and chapter 4. Details of samples used in chapter 5 will be provided in that 

chapter.  

Sample A and sample B have similar structure; they are both grown on top of 4 

µm of silicon dioxide, grown by thermal oxidation of a silicon substrate. The 

ReRAM devices have standard metal-insulator-metal structure on top of the 

insulating silicon dioxide, with Ti/Au and Mo as top and bottom electrodes, 

respectively, and SiOx as the insulating switching layer. The thicknesses of these 

samples are given in Figure 2.7. 

Both the Mo and SiOx layer were sputtered by a Kurt Lesker PVD75 sputterer. 

Mo was deposited directly from a Mo target and the SiOx layer is grown by 

sputtering from a silicon target in an oxygen rich environment. The top electrode 

of Ti and Au were deposited by e-beam evaporation (Edwards A500-FL500). A 
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shadow mask was attached to substrate during deposition to define top contact 

size from 200 µm×200 µm to 800 µm×800 µm (Figure 2.8).   

 

Figure 2.7: Schematic of two SiOx based ReRAM samples. 

 

 

Figure 2.8: Schematic of layers during deposition of the metal electrodes. 
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Chapter 3 

Electrical phenomena in SiOx 

ReRAM 
 

This chapter is about various electrical phenomena discovered in MIM SiOx. 

While some of these phenomena have been reported before, the most novel 

discovery is delayed-forming. Some potential applications of these phenomena 

are also discussed. 

 

3.1 Dielectric relaxation 
3.1.1 Introduction 
 

When an electric field is applied to a material, polarisation can be triggered by 

multiple mechanisms. Density of electron clouds could be polarised around a 

nucleus to cause electronic polarisation; the relative position change of cations 

and anions within ionic solids leads to ionic/atomic polarisation [1]; dipolar 

polarisation occurs when molecules within the dielectric reorientate according to 

the applied filed.  

Polarisation P is related to applied electric field E by dielectric constant 𝜀 with the 

following equation:  

P = 𝜀0 × (𝜀 − 1)𝐸                                                   (3.1) 

the dielectric constant 𝜀 under high frequency input is a complex number given 

by equation (3.2): 

 𝜀 = ε′ − jε′′                                                                (3.2) 

𝜀′ is the static dielectric constant and 𝜀′′ is the imaginary dielectric constant, 𝜀′′ is 

related to loss of energy when a varying electric field is applied. Different 

mechanisms of polarisation impact dielectric constant differently at different 

frequencies. As frequency of applied bias continues to increase, dielectric 

constant decreases gradually because fewer polarisation mechanisms exist, 
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imaginary dielectric constant peaks at their corresponding frequencies. This is 

shown in Figure 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Frequency response of the real and imaginary parts of dielectric 

constant. Different polarisation mechanism dominates as input voltage 

frequency varies. Taken from [1]. 

 

Polarised materials relax to a previously unpolarised state when external bias is 

removed, this is referred to as dielectric relaxation. The most important 

polarisation mechanism concerning dielectric relaxation is dipolar polarisation [2]. 

Under a fixed DC voltage, dipolar polarisation builds up over time and creates an 

internal potential cancelling the applied field. The Curie-von Schweidler law [3][4] 

states that the relaxation current through a dielectric under a DC voltage step-

function input follows a power law: 

I ∝P.t−n       (3.3) 

Where P is the total polarisation and n is an empirical factor, which is generally 

close to unity [5]. 

This law is valid across different material systems: from ferroelectric materials, 

transition metal oxides to polymers [6][7][8]. Therefore, this phenomenon is also 

referred to as the universal dielectric response [9]. 
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The origin of the Curie-von Schweidler law is the result of considering many body 

interactions. The classical Debye relaxation response describes the relaxation of 

non-interacting dipoles, and assumes these dipoles have an identical time 

constant, τ, during relaxation.  Therefore, the current would decay exponentially 

I ∝ e
−𝑡

𝜏       (3.4) 

Although this is the case in some liquid-based systems [10], non-Debye 

responses where dipoles do interact with each other are common among solid 

dielectrics. And the Curie-von Schweidler law is explained as a sum of weighted 

Debye responses [4]. 

𝑡−𝑛∝
1

Г(n)
∫

  0

∞
𝜏−(𝑛+1)𝑒

−𝑡

𝜏  𝑑𝜏    (3.5) 

There is not yet consensus on the physical nature of the Curie-von Schweidler 

law, although a double potential well model is often favoured [6][11]. This model 

describes dielectric relaxation as a change of dipole orientation upon application 

of external stress, and this reorientation is a process of charge carriers 

repositioning between localised ionised acceptor and donor pairs. Relaxation 

current is observed as charge carriers hop or tunnel between two local minima 

(potential wells), which is possible because the external field lowers the barrier 

between the two potential wells (Figure 3.2). Due to differences among potential 

well systems within the dielectric, which may be caused by a distribution of non-

uniform native acceptor or donors [12]; current pulses generated by charge 

carrier movement have different time constants, and the Curie-von Schweidler 

law is observed. In addition, Jameson et al.[13] argued that charge trapped 

during stressing can be considered as dipoles, and contributes to relaxation 

current, since charge carriers are often trapped in pairs. 

 

 

 

 

 

 

 

Figure 3.2: (Left): An electron occupying a local minimum in a double well 

system. (Right): barrier height reduces with the application of external 

electric field, allowing the electron to move into another minimum. The 

movement of electrons produces a current pulse. 
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Jamesopn et al.[13] propose a model based on the double potential well model. 

By considering only current due to charge tunnelling under low external bias, an 

equation describing relaxation current is found:  

𝐽(𝑡) ≈ 2𝜎0𝜀(3 + ln 
𝑡

𝑡0
)

𝑡0

𝑡
    (3.6) 

Where t0, σ0 are both material parameters, ε is applied electric field. And t0 

determines exponent n in equation (1). t0 is further given by  

 𝑡0 = 𝜋𝑀𝑑2/(2ħ)     (3.7) 

where M is proportional to atomic mass, and d is the second potential well width. 

Rahman et al.[14] used equation (3.8) to explain the measured relaxation current 

in HfO2/Dy2O3 stacks. In a heterostructure, an electric field is now described by a 

term combining dielectric constants k1, k2 and layer thickness d1, d2 of the two 

layers, t0,1, σ0,1 are material parameters determining scale of time and current in 

a heterostructure: 

𝐽(𝑡) ≈
2𝑉𝑘2𝜎0,1

𝑑1𝑘2+𝑑2𝑘1
(3 + 𝑙𝑛 

𝑡

𝑡0,1
)

𝑡0,1

𝑡
    (3.8) 

Rahman et al.[14] obtained good fitting of equation (3.6) with different material 

thickness and applied bias, and they further explained why they observe that the 

exponent n deviates from unity. 

The heterostructure causes accumulation of charge in regions of conduction 

discontinuity. The trapped charge then induces a field that could trigger 

relaxation; this effect is known as Maxwell-Wagner polarisation. Equation (3.6) is 

a good approximation to equation (3.3), and the slope of current is decided by t0: 

if t0 is bigger, the slope is smaller.  The presence of extra charge in dielectric 

boundaries causes changes to the material coefficient t0, hence causing changes 

to the exponent n. 

Dielectric relaxation influences electronic devices; for example, it causes 

threshold voltage to shift in MOSFET devices. Relaxation also causes charge 

loss in DRAM capacitor cells, resulting in loss of sensing margin during fast 

readouts [14]. Similarly, dielectric relaxation would have an impact on the readout 

of RRAM cells, particularly in the high resistance states of multi-level RRAM 

cells, where precise current reading is required. Additionally, if ReRAM is to 

become universal memory and takes the role of DRAM, relaxation current could 

cause similar problems during high frequency readings. 

Analysing the relaxation response of SiOx also gives information on SiOx’s 

molecular structure. Dielectric relaxation spectroscopy, which is also known as 

electrochemical impedance spectroscopy examines materials’ dielectric property 
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at different frequencies. Analysing the dielectric relaxation spectrum allows one 

to extract parameters such permittivity, dielectric constant and electrical 

conductivity. This technique also provides information on the structure of the 

material, such as ion displacement, defect displacement, and space- charge 

electric moment orientation [15]. 

  

 

 

3.1.2 Electrical response of SiOx ReRAM devices under low 

voltage 
 

Under low electrical bias, current through SiOx ReRAM devices can be well fitted 

to a power law regardless of bias polarity and magnitude (Figure 3.3), indicating 

presence of dielectric relaxation in SiOx ReRAM devices. 

As voltage increases from 0.2 V to 1 V, the exponent n decreases and further 

deviates from unity (Figure 3.4). This could be explained by the enhanced 

presence of other effects at higher voltages. Similar to [14], conduction 

discontinuity in the boundary of SiOx/TiOx or SiOx/MoOx could induce Maxwell-

Wagner effect; increased charge injection means more charge will be trapped in 

the boundary, amplifying Maxwell-Wagner effect. These metal oxides can be 

formed by oxygen migrating from the silicon oxide layer. These layers are 

confirmed by cross-sectional TEM scans  in unpublished work from other 

members of the group. 
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Figure 3.3: (Left): Currents through a 200 µm×200 µm device in sample A 

under -0.4 volts bias with fitting to equation (3.3). (Right): Current through 

a 200 µm×200 µm device in sample B under -0.3 V with fitting curve 1 fitted 

to equation (3.3) and fitting curve 2 fitted to equation (3.6). Note that data 

from sample A cannot be well fitted to equation (3.6), possibly due to more 

enhanced other effects impacting the relaxation current.  

 

  

 

Figure 3.4: (Left): Current through a 200 µm×200 µm device in sample A 

under different voltage. (Right): Current under 0.2 V and the fitting curve to 

equation (3.3) on a linear scale. 
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I measured relaxation current on two samples with similar MIM structures. Due to 

differences in sputtering target conditions, the electrical results from the two 

samples vary considerably. As mentioned in previous chapter, bottom electrode 

roughness plays a non-trivial role in the switching performance of SiOx based 

ReRAM; moreover, high bottom electrode roughness could lead to local field 

enhancement, resulting in different pristine resistances.  Since AFM 

measurements show little difference in the bottom electrode roughness (Figure 

3.5), it is reasonable to assume that the discrepancy in electrical performance is 

due to oxide quality. 

The exponent n for relaxation current in sample A decreases from 0.544 to 0.335 

as the voltage increases from 0.2 V to 0.8 V. The exponent n for relaxation 

current in sample B is 0.639 under 0.5 V bias, which is closer to unity. Despite 

identical deposition conditions (deposition conditions are detailed in section 2.5), 

similar bottom electrode roughness and slightly thicker oxide, sample B has less 

leaky oxide than sample A (Figure 3.6). When measured at -0.5 V, the average 

pristine device resistance is 0.48 GΩ for sample A and 5.09 GΩ for sample B. 

Devices having low pristine resistance are excluded during this calculation, but 

the percentage of low pristine resistance devices in sample B is much lower than 

in sample A as well. The percentage of devices having low pristine resistance 

state in sample B is 3.3%. In comparison, 30.6% of 200 µm×200 µm devices 

have low pristine resistance state in sample A. All devices mentioned in 

paragraph have identical top electrode of 200 µm×200 µm. 

 

 

Figure 3.5: 3D representation of AFM scans on the bottom Molybdenum 

electrode of (Left): sample A. (Right): sample B. Both figures are 5 µm×5 

µm in size, with resolution of 512×512 samples. The average surface 

roughness is 0.97 nm and 1.07 nm respectively. 
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Figure 3.6: Box plot on distribution of pristine device resistance among 

devices of 200 µm×200 µm, resistances were measured at -0.5 V. The red 

line is the median, the top and bottom edges of the box are the 25th and 

75th percentiles. Pristine resistance averaged over 59 devices in sample A, 

30 devices in sample B, the differences in device number is limited by the 

number of devices available in the wafers. 

 

The relaxation current from sample A cannot be well fitted to equation (3.6), due 

to the exponent n deviating too far from unity. Even at the minimum voltage of 

0.2 V, the exponent n is a maximum of 0.54. This is considerably lower than 

other materials with relaxation currents fitted to equation (3.6). For example, in 

HfO2/Dy2O3 stacks [14] the exponent n varies from 0.73 to 0.91. 

The relaxation current in sample B is well fitted to equation (3.6). Extracted 

values for t0 and σ0 are 2.71×10-11 s and 2.14×10-5 A/cm2. These values are 

comparable to those found by Rahman et al. [14], in which t0 and σ0 are 2.1×10-11 

s and 2∼3×10-5 A/cm2. 

These results suggest that the current measured in sample B is dominated by 

relaxation current, and other effects are less pronounced. This is not surprising, 

as a more resistive silicon oxide bears more resemblance to an ideal dielectric.  

To confirm the MW effect, further experiments are required. Samples with 

different layer thicknesses would impact the MW effect greatly, as demonstrated 

in equation (3.8). Relaxation current can then be fitted to the equation, similar to 

analysis performed Rahman et al.[14]. 

In conclusion, relaxation current in defective silicon oxide ReRAM devices 

conforms to the Curie-von Schweidler law. I have found that the exponent n in 

equation (3.3) decreases with increasing voltage and deviates considerably from 
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1. The exponent also decreases in more defective samples. These results 

suggest that other effects are present in the measured relaxation current, 

possibly the MW effect. To confirm such hypothesis, further experiments are 

required.  

Despite not completely understanding physical mechanism behind relaxation 

current, the fact that the exponent decreases in leakier oxide and under 

increased stress means that relaxation current can be a useful tool to diagnose 

oxide quality non-destructively. More research is required to unveil the whole 

physical picture, and further research could be useful in modelling ReRAM 

devices and increasing readout precision.   

 

 

 

 

3.2 Stress induced leakage current (SILC) 
 

Silicon oxide has been widely used as insulator in MOS transistor and capacitors. 

However, under electrical stress, the insulator degrades over time and eventually 

enters a non-reversible conductive state. This phenomenon is known as hard 

breakdown; in contrast, soft breakdown, or electroforming, in ReRAM devices 

allows the device switching back to a highly resistive state. 

Devices stuck in the LRS and fail to switch after hard breakdown. In order to 

predict the time-to-failure of silicon oxide under electrical stress, time-dependent 

electrical dynamics were studied. Under constant voltage stress (CVS), it was 

observed that current through the oxide increases over time. This is associated 

with degradation of the oxide, and this current is known as stress induced 

leakage current (SILC). 

In high quality thin film silicon oxides, SILC under constant voltage stress is 

sometimes reported to follow a power law with respect to stressing time t [16] 

[17] [18] [19]. 

                 I(t) = α × 𝑡γ                                   (3.9) 

Interestingly, this same behaviour is observed in amorphous, defect rich silicon 

oxides. Figure 3.7 (Left) shows a 200 µm×200 µm device from sample A being 

stressed under -10 V, and the current over time is well fitted by a power law 

equation with an R-squared value of 0.9846. The exponent values extracted from 

currents under different voltages have an average value of 0.65, this value is 
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comparable to exponent values extracted in thin (<10 nm) gate silicon oxides, 

which is around 0.5 [16][17][18], although smaller exponent values of 0.348 and 

0.2 were also reported [19].  Additionally, the exponent value shows no 

consistent trend with the applied voltage, which is consistent with previous 

reports (Figure 3.7 (Right)). 

 

 

 

Figure 3.7: (Left): Current through defective silicon oxide under CVS of -10 

V increases over time. This current is fitted to a power law. (Right): 

Exponent γ of the fitted currents under different voltages. No correlation 

between exponent and applied voltage is observed, this is consistent with 

previous reports. 

 

 

This increase of current is generally considered as the result of trap generation 

under electrical stress [20], and conduction is achieved by trap assisted 

tunnelling. As the density of traps increases within the oxide, charge carriers 

have more pathways to tunnel through the oxide, resulting in a slow increase of 

current. 

To verify if trap-assisted-tunnelling (TAT) is responsible for SILC in defective 

silicon oxide, I performed CVS experiments with varying voltages in pristine 

devices, and I observed that the current starts to follow power law in voltages 

beyond -10 V (Figure 3.8 (Left)). 
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Figure 3.8: (Left): Current through pristine SiOx devices under various 

voltages, currents are better fitted to a power law when applied voltage 

magnitude exceeds 10 V. (Right): Trap assisted tunnelling fit of a pristine 

device under negative bias. 

 

 

 

 

I then fitted I-V curve of a 200 µm×200 µm device with the trap-assisted-

tunnelling model. The data in the TAT plot turns linear when the voltage exceeds 

-10.275 V, close to the -10 V where SILC starts to follow a power law (Figure 3.8 

(Right)). I also extracted barrier height from the fitting to be 0.89 eV, comparable 

to the 0.85 eV barrier height for sputtered silicon oxide found by Mehonic [21]. 

However, there is no consensus on the details of trap generation and the origin 

of the power law is unknown. Okada et al.[17] suggested that SILC is caused by 

a diffusion process, primarily because the exponent γ has no voltage 

dependence. Meanwhile, the authors Arnold et al.[22] and Dimaria et al.[23] 

suggested a mechanism of neutral trap generation to explain SILC, involving 

diffusion of hydrogen. Specifically, the so-called anode hydrogen release model 

consists of these steps: electron impact causes release of hydrogen; these 

hydrogen atoms then diffuse and redistribute to form defects by combining with 

other species within the silicon oxide. However, despite possible involvement of 

hydrogen in the breakdown process, no attempt to mathematically explain the 

power law involving hydrogen diffusion is found. 
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Lu et al.[18] argue that hydrogen diffusion within thin film silicon oxide should be 

a quick process and cannot be used to explain SILC, which can take ~106 

seconds. Moreover, they argue that SILC should not be modelled by a power law 

function at all. They propose that saturation of SILC is the depletion of two 

different precursors, and SILC should be modelled with the following equation 

instead: 

                                  J = 𝑃1(1 − 𝑒−𝑃2𝑡) + 𝑃3 + 𝑃4(1 − 𝑒−𝑃5𝑡)                        (3.10) 

J is current density; the two saturating exponentials represents consumption of 

two precursors, and P3 is conduction through existing defects. 

Although good fitting was also obtained with equation (3.10), the time constants 

P2 and P5 extracted from my experimental data are not constant over a range of 

voltages; in fact, they often vary by orders of magnitude. In addition, the authors’ 

SILC data clearly deviate from a power law function after 100 seconds. My data, 

however, follow the power law well after 100 seconds, as seen in Figure 3.8 

(Left). 

While the physical interpretation behind this power law requires further research, 

the study of SILC can be useful in a number of ways. A method based on SILC to 

predict the lifetime of silicon oxide is proposed by Nigam et al.[19]. Since SILC is 

a measure of traps generated, the magnitude of SILC is highly correlated to the 

oxide’s time-to-failure. And once the power law component of SILC is extracted, 

the oxide’s time-to-failure can be predicted. 

By studying the discharge current after CVS, the spatial distribution of traps 

generated in ultra-thin oxides can be calculated based on a tunnelling front 

model [20]. This model states that the tunnelling to traps occurs mostly in a front 

which moves over time [24], and the number of tunnelling events achieved in this 

front is determined by the number of traps present. This model was successful in 

analysing the threshold voltage of irradiated MOS devices [25].  

Lastly, SILC is closely related to a current transient phenomenon which will be 

described in the following section. 

 

 

 

3.3 Current transient 
 

Similar to constant voltage stressing, resistance degradation of an SiOx based 

ReRAM device follows a power law under constant current stressing (CCS). As 
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illustrated in Figure 3.9 (Left), a highly resistive pristine device from sample A is 

pre-conditioned with CCS, then the device could demonstrates current transient 

under a small negative detection voltage (Figure 3.9 (Right).).  

A typical current transient is shown in Figure 3.9 (Right). The current through a 

ReRAM device declines gradually after an initial increase. Under small constant 

voltage, similar current transients were observed in barium strontium titanate, 

hafnium oxide and titanium oxide [26] [27] [28], although a CCS pre-condition 

were not required in these materials. 

The mechanism behind these current transients was thought to be space-charge-

limited conduction (SCLC). The initial increase in current is due to injection of 

charged oxygen vacancies from an oxygen vacancy reservoir, which could be 

created during deposition. Current would decay towards a steady-state value as 

oxygen vacancies start to arrive on the other side of electrode [26] [29]. Since 

current transient peaks when oxygen vacancies reach the other side of electrode, 

Zafar et al.[26] used peak time to calculate drift mobility of oxygen vacancies. 

 

 

 

Figure 3.9: (Left): Voltage across an SiOx ReRAM device decreases under 

constant current stressing of -10 µA. (Right): The same device exhibits 

current transient under a subsequent bias of -0.5 V. 

 

However, Zhong et al.[28] argue that SCLC theory is not applicable to explaining 

current transient in titanium oxide, because SCLC demands a linear correlation 

between peak time and the inverse of applied voltage ( 
1

𝑉
) , and such correlation 

is not observed. Instead, a model proposed by Meyer et al.[30] explains that the 

current transient is a result of electron/hole conductivity modulated by 

redistribution of oxygen vacancies. This model fits their measured data well.  
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Current transients in SiOx-based ReRAM were first reported by Mannion et 

al.[31], and they are in the process of examining detailed mechanism behind this 

current transient in SiOx thin films. Based on the current transients, Mannion et 

al.[31],also demonstrated an application of detecting edges in an optical image. 

Magnitude of applied negative bias increases the peak of current transient during 

the rise phase of current transient, therefore the applied negative spikes 

increases conductance only. Mannion et al.[31] connected two ReRAM devices 

in series through their bottom contacts as shown in Figure 3.10 (Left), where the 

top electrodes of the two devices are two inputs and the bottom contact serves 

as output. The side of input having higher frequency will see increase in 

corresponding device conductance, leading to changes in output voltage. If there 

is a significant frequency difference between the two sides, the magnitude of 

output voltages will be maximised (Figure 3.10 (Right)). However, if the two 

inputs are similar, the magnitude of output voltages will be minimised. 

 

 

  

Figure 3.10: (Left): Circuit schematic of two memristors in series.       

(Right): Output voltage from Vout when voltage spikes are supplied from 

input 1 and input 2(blue traces). Vout from voltage of input 1(red traces) 

increases when frequency of input 1 is higher than the frequency of input 

2, and output from voltage of input 2(black traces) remains constant. Taken 

from [31]. 

 

To implement edge detection, pixel brightness and darkness are converted into 

spiking frequencies, and the darkness of a pixel is simply the complement of 

brightness. The brightness and darkness signals are then fed into the two inputs, 

and pixels are grouped as high output (very bright/dark) or low output 

(intermediate brightness). In high contrast images, very bright and very dark 
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areas are separated by pixels of intermediate brightness, and those pixels having 

low output are identified as edges.  

The main advantage of this technique is the low component count, which 

requires only 2 components to process a pixel. However, memristors take time to 

settle to pre-processing state, making this technique more suitable for parallel 

processing. 

 

 

 

3.4 Delayed electroforming 
3.4.1 Introduction 
 

Section 3.2 describes the electrical response of SiOx based ReRAM under 

negative bias; under positive stress, a novel phenomenon named delayed 

electroforming is discovered. To the best of my knowledge, no similar effect has 

been previously reported. 

A typical delayed electroforming phenomenon involves three steps. First, a 

pristine SiOx-based ReRAM device is stressed under positive bias (typically 11 

V), and the stress is removed before the LRS is reached. Once the stress has 

been removed, a small voltage of 10 mV is applied to monitor device resistance. 

The device remains in the HRS after stressing and usually exhibits a small 

negative discharging current for an amount of time, but the device will suddenly 

reach LRS under the negligible detection voltage of 10 mV, and the device is 

electroformed. Because there is a delay between stressing and electroforming, 

this phenomenon is named delayed electroforming. 

Figure 3.11 (Left) illustrates a typical delayed-electroforming process with around 

32 seconds of delay between stress removal and electroforming, 11 V is used 

during stressing, and 10 mV is applied across the device in all other times. Other 

than the three steps of stressing, delay and electroforming, I also often include a 

pre-stressing measurement to compare current measured across in different 

states.  
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Figure 3.11: (Left): A typical delayed forming process. The voltage applied 

to the device was 11 V during stressing and 10 mV in all other stages. Note 

that current during the delay stage is negative, and the y axis is split. 

(Right): The same device resets in negative polarity. 

 

 

One distinction between sweep-formed devices and delayed-formed devices is 

that sweep-formed devices RESET in positive polarity only, whereas delay-

formed devices RESET in both polarities (Figure 3.11 (Right)). This could be 

related to the fragile nature of delay-formed conductive filaments. 

Figure 3.12 shows the distribution of positive RESET currents among delay-

formed and sweep-formed devices. On average, delay-formed devices require 

only 0.84 mA RESET current but sweep-formed devices require 15.6 mA. 

Similarly, the average rest voltage required for delay-formed devices is 0.99 V; 

1.55 V is required for sweep-formed devices. Moreover, 4 out of 16 sweep-

formed devices failed to RESET even when swept to 5 V and reaching currents 

higher than 100 mA, but all 13 delay-formed devices successfully RESET. Note 

that devices that failed to RESET are excluded from calculations of averages. 

The sweep-formed devices shown in Figure 3.12 were all electroformed under 

identical conditions: they were swept to -15 V and current was limited by a pFET 

transistor.  All delay-formed devices were stressed at 11 V and detection voltage 

was 10 mV. The voltage switches from 11 V to 10 mV once 4 mC of charge has 

passed through the devices. RESET in all devices was achieved by sweeping 

from 0 to 5 V with current limit of 105 mA. Devices were selected uniformly 

across sample A and have top electrode size of 200 µm×200 µm. 
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Figure 3.12: Cumulative distribution of RESET currents among delay-

formed devices (Blue) and sweep-formed devices (Orange). 

 

 

3.4.2 Confirmation of results 
 

Sweep-triggered electroforming is a very fast process, and the delay between 

stressing and electroforming seems counter-intuitive, so I confirmed the validity 

of results using several methods. 

Firstly, the small 10 mV detection voltage seems negligible and the measured 

resistance may be prone to error. So I plotted the final currents measured by 10 

mV against device RESET current. In Figure 3.13, we can see a strong 

correlation between the two parameters. This correlation supports the validity of 

measuring the LRS using 10 mV. 

I also measured delayed forming with different detection voltages. Figure 3.14 

shows measurable delay even when detection voltage magnitude is amplified 30 

times and the polarity is reversed. Nevertheless,  10 mV detection voltage is 

used in the remaining delayed-forming experiments so that the impact of 

detection voltage on delayed-forming can be minimised.  
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Figure 3.13: Final measured current among delay-formed devices against 

their RESET currents, all final currents measured at 10 mV. 

 

  

 

Figure 3.14: Delayed forming with high detection voltage of (Left): -0.3 V. 

(Right): 0.3 V. 
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While delay-formed devices are easier to RESET, I also confirmed that the delay-

formed LRS is not temporary. Figure 3.15 shows that a delayed-formed device 

remains in LRS for more than 3.5X104 hours after reaching LRS. In comparison, 

resistance states of swept-formed devices are often tested for 104 seconds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: A delayed forming device remains in LRS for almost 10 hours. 

Inset is a zoomed-in version to illustrate delay between stressing and 

electroforming. 

 

I considered the possibility of machine error; the SCS could be supplying an 

unwanted high voltage to devices while being programmed to supply only 10 mV, 

and this erroneous high voltage could cause electroforming. To rule out such 

possibility, I employed two approaches: I measured delayed forming with a 

Keithley 6430 instead of Keithley 4200 (Figure 3.16 (Left)); I also suspended 

connection between device and equipment by lifting the contact probes as soon 

as a high resistance measurement was recorded. When connection was re-

established minutes later, the device had entered LRS (Figure 3.16 (Right)), 

proving that delayed forming is an internal effect. 
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Figure 3.16: (Left): Delayed forming measured using a Keithley 6430. 

(Right): Device was highly resistive immediately after stressing, but 

reached LRS before the connection was re-established. 

 

The previous measurements were done with devices from sample A, but delayed 

forming is observed in sample B as well (Figure 3.17). Although a smaller 

stressing voltage of 9.5 V has to be used, due to thinner oxide, observing 

delayed forming in different samples suggests the universality of this 

phenomenon. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Delayed forming measured with another SiOx MIM sample 

which has thinner oxide. 
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3.4.3 Hypotheses for mechanism 
 

I considered four hypotheses to explain delayed-forming, but in all hypotheses I 

assume at least a partial filament is formed during stressing. This is supported by 

the fact that device resistance always decreases after stressing is completed. 

The first hypothesis is based on diffusion of oxygen. Negatively charged oxygen 

ions will be attracted towards the top contact during positive stressing, producing 

a high oxygen concentration region near the top electrode. This high oxygen 

concentration region prohibits the growth of a full oxygen vacancy filament. But 

once the positive voltage is removed, oxygen diffuses away from the top 

electrode and a full filament can be established. I ruled out this hypothesis 

because the transition from HRS to LRS happens at negligible voltage. While 

diffusion of oxygen would reduce the difficulty of oxygen vacancy production, the 

energy required to reduce SiOx to silicon cannot be provided from such a small 

voltage. 

The second hypothesis is enhancement of local field. Immediately after stressing, 

a partial filament is produced, but there remains a small gap between the 

filament and electrode, hence the HRS is observed immediately after stressing. 

The applied detection voltage of 10 mV, while seemingly negligible, would 

produce a considerable strength of electric field, if the gap length is assumed to 

be 0.5 nm, compared to the original oxide thickness of 40 nm, the electric field 

would be amplified by 80 times, and constant application of high field could 

induce electroforming. This hypothesis is ruled out by experimental data. Figure 

3.14 shows that a delay is observable even if the detection voltage is increased 

by 30 times, and Figure 3.16 (Right) shows that an HRS to LRS transition occurs 

when the voltage source is completely disconnected from the device. 

The third hypothesis considered is based on trapped charge blocking conduction. 

Conduction could be blocked by trapped charge between a partial filament and 

electrode, and conduction is restored once these trapped charges detrap; the 

negative discharge current measured immediately after stressing could be 

formed of detrapped charge.  

Fluctuation of defect charge states has been considered as the cause of random 

telegraph noise (RTN) in different systems including ReRAM [32][33][34]. 

Additionally, spikes are occasionally observed during stressing (Figure 3.18 

(Left)), these spikes can be interpreted as RTN. However, these spikes are not 

present among every delay-formed device, and these spikes are also observed 

in sweep-formed devices (Figure 3.18 (Right)), indicating other explanations for 

the observed spikes, such as oxygen movement. RTN is known to have strong 

dependence on applied voltage [35], the hypothesis model based on RTN should 

see great change in delay time if detection voltage is varied, but we still observe 
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delay even if detection voltage changes from 0.3 V to -0.3 V, Figure 3.14 (Left) 

shows delayed forming with high detection voltage of -0.3 V. Moreover, this 

hypothesis also fails to explain the charge correlation I observed in section 3.4.4. 

 

 

Figure 3.18: RTN alike spikes observe at similar voltage ranges during 

(Left): delayed-electroforming and (Right): sweep triggered electroforming. 

 

 

The final hypothesis is charge-assisted electroforming. Electrons could get 

trapped during stressing. Previous calculations have shown that electron 

injection reduces the oxygen vacancy formation barrier [36]; as electrons detrap 

after stressing, they could get captured by oxygen vacancy precursors again and 

assist oxygen vacancy formation, a schematic of this mechanism is shown in 

Figure 3.19. Additionally, [37] reports that the discharge current after stressing 

can be described by a power law, this observation agrees well with currents 

measured in my devices (Figure 3.20). The authors propose that the mechanism 

behind such power law is trap and detrap of charge carriers.  
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Figure 3.19: Distribution of oxygen vacancy and trapped charge at different 

stages of delayed forming according to the charge-assisted model. 

 

 

Figure 3.20: Time-shifted discharge current measured after stressing fitted 

to a power law. 
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3.4.4 Charge-dependent delayed-forming 
 

In order to verify the charge-assisted electroforming hypothesis, I performed 

experiments to investigate the role of charge injection during delayed forming. 

For experiments described in this section, all devices used were chosen 

uniformly from sample A and have identical top contacts of 200 µm×200 µm. 

Devices were measured at 10 mV for 900 s after stressing, and devices are 

considered to have electroformed if device conductance reaches the 

conductance quantum (7.74810-5 S ) after stressing.  

All devices were stressed at 11 V until a varying amount of charge had passed 

through the device. As soon as the threshold charge is reached, the voltage 

applied across device was switched from 11 V to 10 mV. The delivered charge 

was calculated using a trapezium algorithm that integrates measured current 

over time. A customised Matlab script was used to control the Keithley 4200 to 

achieve such functionality. 

Charge-dependent delayed forming experiments revealed two parameters to 

have strong correlation with charge injection, shown in Figure 3.21. They are: the 

final current, which is the last measured current data point 900 s after stressing; 

and the success rate of delayed-forming, a device successfully delay-forms if the 

device conductance reaches conductance quantum within 900 s after stressing 

stage. Note that final current is collected for devices that successfully reached 

the conductance quantum. The final currents of unformed devices are excluded 

due to large fluctuations among unformed devices.   

 

 

Figure 3.21: Charge injection dependence of (Left): final measured current. 

(Right): success rate. The high fluctuation of final current after 1 mC 

injection is due to small number of data points. 
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These correlations can be well explained by the charge injection model. As the 

amount of charge injection increases, more charge will be trapped in the oxide 

during stressing. Once stress is removed, more charge will detrap to assist 

oxygen vacancy formation. Therefore, more oxygen vacancies will be formed to 

build a stronger filament; because of the higher concentration of oxygen 

vacancies, the probability of electroforming also increases at any given time.     

 

 

3.4.5 Temperature-dependent delayed forming 
 

It is also interesting to investigate temperature dependence of this novel 

phenomenon. During temperature dependence experiments, all devices had 

identical charge injection of 1 mC, with all other experimental parameters 

identical to those in the previous section.  

Temperature dependence of success rate is shown in Figure 3.22. As sample 

temperature increases from 21 C to 41 C, success rate increases. At 21 C, 2 

out of 20 devices reached the conductance quantum after stressing, but at 41 C, 

17 out of 20 devices successfully electroformed. Since high temperature 

accelerates charge detrapping, we can explain this increase of success rate with 

the charge injection model: at higher temperatures, more charge will detrap 

within 900 s to assist electroforming.   

 

 

 

 

 

 

 

 

 

 

Figure 3.22: Temperature dependence of success rate . 
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The decrease of success rate beyond 41 C is likely the result of increased 

oxygen mobility at higher temperatures. The oxygen migration barrier has been 

reported to be as low as 0.2 eV [36], and temperature enhanced oxygen 

movement causes fluctuating currents as seen in Figure 3.23 (Left). In some 

cases, I observe a device attempting to reach the LRS but returns to the HRS at 

high temperature; Figure 3.23 (Right) could be the result of oxygen vacancy 

filament formation being disrupted by moving oxygen. Additionally, by increasing 

charge injection from 1 mC to 10 mC, forming success rate at 61 C increases 

drastically from 10% to 100%, suggesting that a thicker filament would be less 

susceptible to oxidation by moving oxygen.  

 

 

Figure 3.23: (Left): Fluctuating post-stressing current at 71 C. (Right): A 

devices attempting to reach LRS after stressing but failed due to high 

temperature of 61 C. 

 

 

3.5 Conclusion 
 

This chapter described various electrical phenomena discovered in SiOx-based 

ReRAM devices. Most of them have been previously reported in high quality 

silicon oxide, I demonstrated that many of these effects exist in defective silicon 

oxide, and my results are consistent with previous work. Specifically, stress 

induced leakage current starts to follow power law when trap assisted tunneling 
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is the dominating conduction mechanism. But there are important discrepancies, 

the exponent n from equation (3.3) describing relaxation current of defective 

silicon oxide deviates considerably from unity, and n could be related to oxide 

quality. Additionally, the exponent n changes with applied voltage, which 

indicates other effects such as the Maxwell-Wagner effect, which is caused by 

charge trapping in layer boundaries. 

Further research on these phenomena could help probing the electrical and 

structural properties of ReRAM devices. Potentially, relaxation current could help 

identify thicknesses of different oxides in the switching layer. Stress-induced 

leakage current is clearly vital in the defect generation process of SiOx based 

ReRAM, the transient current after SILC can be used to estimate defect density. 

SILC is also closely linked to current transient in SiOx based ReRAM, which has 

been utilised to realise edge-detection functionality.  

The most novel discovery described in this chapter is delayed forming. While 

electroforming devices this way takes a long time, delay-formed devices are 

easier to RESET and the formed states can be tailored by charge injection. My 

proposed charge injection model that explains delayed forming is supported by 

charge-dependent experimental data. Temperature-dependent measurements 

also reveal the potential impact of oxygen movement. In elevated temperatures, 

the competition between charge-assisted oxygen vacancy formation and 

oxidation due to enhanced oxygen mobility becomes clearer. In comparison to 

sweep-formed LRS which takes long time to lost stored resistance state, the 

fragile delay-formed filaments oxidise more easily, and thickness of delayed-

formed filaments can be tuned, this means retention lifetime takes less time to be 

extracted. Delayed forming also reveals the importance of charge trapping in 

ReRAM devices, justifying the need of further research. Delayed forming could 

also be considered experimental evidence of the previously proposed 

mechanism of electron injection assisting oxygen vacancy formation.  
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Chapter 4 

Optimising control of SiOx ReRAM 

devices 
 

This chapter is about improvement of SiOx ReRAM performance by optimising 

operation methods. Both hardware and software approaches were explored. 

Some approaches such as increasing electrode size, while not feasible in 

practice, provide insight into the switching mechanism. 

 

4.1 Current Overshoot 
4.1.1 Introduction 
 

During electroforming, ReRAM devices transition rapidly from a pristine high 

resistance state (~108 Ohms) to a low resistance state (~102 Ohms). The 

contrast between these two resistance states is usually a few orders of 

magnitude. 

As resistance decreases, a large amount of current flows through the device. 

Without a current limiter in place, devices would go through hard breakdown and 

enter a non-reversible low resistance state, prohibiting any further resistive 

switching operations. 

Maximum level of current can be pre-defined during a voltage linear sweep, this 

is the simplest approach to implement current compliance.  As soon as current 

through a device exceeds a predefined limit, the SMU within semiconductor 

characterisation system (SCS) reduces the source voltage to meet the current 

limit. However, this drastic resistance transition can occur within nanoseconds [1] 

while the SMU takes 10 s of microseconds to respond [2]. Before the SMU starts 

to reduce source voltage, a significant amount of current would have already 

flown through the device, building a stronger filament than intended and 

increasing the difficulty of dissolving the filament. 

Current overshoot is particularly problematic among filamentary ReRAM devices 

requiring high electroforming voltages [3]. With the slow current limiting during 

voltage linear sweep, high voltage enables even greater current overshoot. But 
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even during the SET transition, which generally requires lower voltage than 

electroforming, the effect of current overshoot remains obvious [4]. 

Excessive current during forming and SET plagues the switching performance; it 

reduces device endurance, increases energy consumption and device-to-device 

variability. High device-to-device variability is particularly detrimental for 

resistance switching-based applications such as hardware neural networks and 

multi-level storage. It is vital to address this problem before SiOx-based ReRAM 

can start to compete in the commercial market. Consequently, I experimented 

with different current limiting methods to find the best way to implement current 

compliance. Table 4.1 provides a short description of these current limiting 

methods. 

 

 

Table 4.1: A summary of current limiting methods used in this chapter. 

 

 

4.1.2 Current limiting methods 
4.1.2.1 Current limiting during voltage linear sweep 

 

The Keithley 4200 SCS allows the user to set a current limit before executing a 

voltage linear sweep. During an electrical voltage sweep, if current exceeds this 

predefined current limit, the SMU within SCS would reduce the voltage 

accordingly to comply with the predefined current limit [2]. Therefore, the source 

Current limiting 
methods 

Description 

Voltage linear 
sweep 

Current compliance implemented during a linear voltage sweep. When 
current reaches a predefined value, voltage is reduced accordingly to 
satisfy this requirement.  

Transistor When a transistor is connected in series with a ReRAM device, 
maximum current through the circuit is defined by the voltage applied to 
the gate of the transistor. 

Resistor When a resistor is connected in series with a ReRAM device, maximum 
current through the circuit is defined by the voltage applied to the circuit 
and resistance of the resistor. 

ReRAMForming Source voltage forced to ground as soon as current reaches the 
predefined limit. 

Pulse train forming Sending short electrical pulses to electroform the device, so the 
maximum duration of current overshoot is limited by the length of a 
single pulse.  
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voltage would usually have reduced to less than one volt after electroforming; 

Beyond the point of electroforming, voltage is programmed to continue to a 

higher voltage that would cause current to exceed current compliance; the actual 

source voltage is therefore reduced after electroforming, although the 

programmed voltage is conventionally plotted (Figure 4.1). This plotting method 

allows minimum level of resistance contrast between the forward and backward 

sweep to be easily observed, it also makes direction of sweep clearer to 

audience. Current compliance implemented during voltage linear sweep is slow 

and not well understood, a large current overshoot could build up as the SCS 

attempts to reduce voltage [2], this is confirmed later in section 4.1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: A typical electroforming process. The circled regions are where 

voltage is reduced to satisfy current compliance, in these regions, actual 

voltage across the device is much lower than indicated in the plot. Plotted 

voltage is programmed voltage instead of actual voltage applied to the 

device. This is the conventional way to present the data. The arrow 

indicates direction of the sweep. 

 

4.1.2.2 Current Limiting with a Transistor  

 

Another commonly used method for current compliance is to add a transistor, 

where the transistor is connected in series with the ReRAM device. The 

maximum current passing through a field effect transistor is limited by the 
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dimensions of the conduction channel between source and drain. Varying the 

voltage applied to the gate terminal changes the dimensions of the conductive 

channel, and hence the maximum current passing through the channel can be 

modulated. During my experiment, a tp2104 N3 enhancement mode pfet was 

connected in series with ReRAM devices. My experimental results in following 

sections show that transistor suppresses current overshoot more effectively, by 

reducing both magnitude and duration of the overshoot. However, under high 

source voltages, it has been reported that parasitic capacitance due to 

connection between transistor and ReRAM device induces an extra component 

of overshoot [5]. 

 

4.1.2.3 Current Limiting with a Resistor 

 

Similar to the transistor current limiting configuration, this setup uses a simple 

resistor connected in series with the ReRAM device, and current is simply limited 

by Ohm’s law. The required resistance of the serially connected resistor is 

calculated by dividing the maximum voltage applied to the circuit by the desired 

current compliance value, while taking into account the resistance of the ReRAM 

device. However, this method is problematic during a voltage sweep. As voltage 

across the resistor and ReRAM device increases, the resistance of the pristine 

ReRAM device decreases. Due to the voltage divider effect, less voltage is 

applied to the ReRAM device. Consequently, a much larger voltage has to be 

applied across the resistor and ReRAM device to achieve electroforming. While 

this problem can be avoided by applying a high step voltage to the circuit, 

information about the specific electroforming voltage is lost. Moreover, this high 

voltage could potentially damage the ReRAM device and adds unnecessary 

power consumption. 

 

 

4.1.2.4 ReRAMForming 

 

Current limiting during the conventional voltage linear sweep is slow because 

according to Keithley [2], “The actual transient response of the current 

compliance and the detailed interplay between the changing test device 

impedance and the reaction of the SMU instrument is complicated and not well 

understood.” Programming the SCS to ground the SMU as soon as current limit 

is reached avoids the problem according to experimental data shown in later 

sections. This method requires no additional component and circuit schematic is 
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identical to the conventional current limiting during voltage linear sweep. This 

method is implemented with a built-in module called “ReRAMForming”. 

 

 

4.1.2.5 Pulse Train Forming 

 

To minimise the duration of the current overshoot, nanosecond voltage pulses 

were sent to pristine ReRAM devices to trigger electroforming. A read pulse was 

sent before a programming pulse, and further pulses were stopped if the device 

resistance was below a specified threshold. In this approach, current limiting 

cannot be implemented during electrical pulses. For devices formed with a pulse 

train, duration of current overshoot is limited to the duration of a single pulse. 

Since individual pulses can be as short as 40 nanoseconds, current overshoot 

could be controlled by varying pulse length. The sequence of a read and a 

programming pulse is shown in Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Oscilloscope measurement of a cycle of pulse train forming, the 

-20 V pulse is a typical forming pulse while the -10 V pulse is a read pulse, 

the high read voltage is used so it can be better displayed.  

 

 

4.1.3 Oscilloscope measurement results 
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To determine the exact magnitude and duration of current overshoot with 

different current limiting methods, an oscilloscope was used to measure the 

voltage across a resistor in series with ReRAM devices. Since the resistor was 

connected in series with the ReRAM device, I can determine current through the 

whole circuit knowing the resistance and voltage across the resistor during 

electroforming. A schematic of the circuit diagram during oscilloscope 

measurement is shown in Figure 4.3 (d). 

The resistance of the resistor connected in series was selected at 1 kilohm, so it 

is not too high to limit current below 1 mA or divide a significant portion of the 

voltage from the ReRAM before electroforming occurs. The oscilloscope was set 

to trigger on a rising edge, and two time resolution settings were used so that the 

whole duration of overshoot could be measured and the current overshoot peak 

could be captured with the best resolution. 

 

 

 

a)                                                                         b) 

 

 

 c)                                                                         d)                                                                                        

 

Figure 4.3: Circuit configuration for (a) transistor current limiting, (b) 

resistor current limiting, (c) current limiting during voltage linear sweep 

and ReRAMForming, (d) oscilloscope measurement. 
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The measurements in Figure 4.4 (Left) demonstrate that with the voltage linear 

sweep current limiting, SMU takes about 60 µs to settle to a pre-defined current 

compliance of 1 mA. Moreover, the peak current reached 16 mA, more than 10 

times the 1 mA current limit. This measurement shown in Figure 4.4 (Right) 

confirm what was suspected: the conventional current limiting during voltage 

linear sweep takes too long to decrease source voltage. In comparison, the other 

three current limiting methods performed comparably to each other, and all 

supresses current overshoot more effectively than the conventional current 

limiting during voltage linear sweep. ReRAM forming, transistor and resistor 

limiting methods all have current overshoots peaking at around 1.2 mA. The 

current limited by these three methods settled to the predefined 1 mA current 

limit within less than half a microsecond (Figure 4.5).  

 

 

 

Figure 4.4: (Left): Oscilloscope measurement of current through a ReRAM 

device when electroformed with voltage linear sweep. (Right): Oscilloscope 

measurement of current with different current limiting methods. In all cases 

the current limit was set to 1 mA. 
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Figure 4.5 (Left): Oscilloscope measurement of current through a ReRAM 

device when electroformed with ReRAMForming. (Right): Comparison of 

current through the same device with different current limiting methods. 

 

 

4.1.4 Quantitative analysis of the impact of current overshoot 

on first RESET currents  
 

It has previously been established that the maximum current required for RESET, 

IRESET is proportional to the current compliance I𝑐 supplied during the previous 

SET transition [6]. In fact, the relationship IRESET ≈  I𝑐 is seen in many resistance 

switching systems [7][8][9]. However, high electroforming voltages accelerate ion 

migration, in combination with discharge from parasitic capacitances, and 

consequently the thickness of conductive filaments overgrow significantly. 

Parasitic capacitances also store more charge under higher voltages. As a result, 

the first RESET current after electroforming is generally higher than the forming 

current limit I𝑐 and subsequent RESET currents.  

To quantitatively analyse differences between current limiting methods, a number 

of devices were formed with different current limiting methods, and the first 

RESET currents of these devices were collected.  The settings used to achieve 

electroforming were all dual sweeps from 0 V to -15 V, with sweep steps of 0.025 

V. Electroforming with ReRAMForming has slightly different settings: devices 
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were swept from 0 V to -15 V, but voltage steps were 0.075 V. Each step lasted 

1.5 seconds, this time step is selected so that duration of ReRAMForming sweep 

is similar to a conventional voltage linear sweep. All RESET sweeps were done 

with ReRAM devices connected directly to the SCS as in Figure 4.3 (c). Devices 

were in this case swept from 0 V to 5 V. 

During the RESET sweep, the first current peak was chosen as the RESET point. 

This point was initially determined by a simple algorithm: for any 6 resistance 

data points, if five of them have resistance higher than previous data point, the 

first of the 6 resistance points is selected as the RESET point. RESET data is 

then manually confirmed to avoid any possible oversight by the algorithm.  

All devices tested in this experiment are from sample B and have identical top 

contact sizes of 200 µm×200 µm. Devices were chosen uniformly across the 

sample to study the different current limiting methods. 

The average RESET currents for devices formed with voltage linear sweep, 

transistor and ReRAMForming were 46.38 mA, 18.35 mA and 21.59 mA, 

respectively. Distribution of RESET currents for different current limiting methods 

is shown in Figure 4.6 (Left). The average forming voltages were -11.5 V, -11.12 

V and -10.49 V. The distributions of electroforming voltages were not significantly 

different, as seen in Figure 4.6 (Right). The distributions of RESET voltages for 

different current limiting methods overlap as well, as shown in Figure 4.7. These 

results suggest that the voltage of electroforming is not greatly impacted by the 

current limiting methods, and Joule heating plays a more important role than 

field-driven ion drift in the RESET process. 

Among 33 devices formed with voltage linear sweep, 22 (66.7%) successfully 

RESET to a higher resistance state. 54 out of 59 (91.5%) devices RESET 

successfully when formed with transistor limiting; 48 out of 56 (85.7%) devices 

RESET when formed with ReRAMForming. 

Current overshoots last ~10-7 s with current limiting methods of ReRAMForming, 

resistor and transistor. Devices formed with electrical pulses as fast as 40 ns 

have shorter current overshoot. But little success was seen with pulse train 

forming: some devices could endure hours of pulses and still not electroform. I 

therefore attempted to reduce the pristine ReRAM resistance with constant 

voltage stressing before applying a pulse train to the device. 

In the process of experimenting with different parameters, some success was 

found with this method. One device did successfully electroform to a relatively 

high LRS of 106 Ohms after 33 pulses with maximum magnitude of 20 V, the 

pulses have identical trapezium shape and the width, rise, fall time are all 20 ns. 

Before the pulses were applied, the device is placed under constant voltage 

stressing of various magnitude, this reduces device resistance from about 10 

megaOhms to 163 kiloOhms. Under a monitoring voltage of -0.5 V, the device 



 

102 

 

resistance further increased to 3.18 kiloOhms (Figure 4.8 (Left)), and the device 

also had a low first RESET current of about 0.1 mA (Figure 4.8 (Right)). 

Pulse trains take too long to form a device, so I increased pulse width 

incrementally from pulses of 20 ns wide, each trapezium pulse has same rise 

and fall time of 20 ns, and each pulse is longer than the previous pulse by 20 ns. 

Among 12 devices electroformed this way, only 3 devices RESET, with an 

average RESET current of 48.9 mA. While the current duration is short, high 

forming voltage resulted in high current overshoot. This method is therefore 

inefficient in limiting current overshoot. Devices formed this way have less 

RESET success rate and higher average first RESET current than devices 

formed with voltage linear sweep. 

 

 

Figure 4.6: (Left): Cumulative probability of first RESET current for devices 

formed with different current limiting methods. (Right) Cumulative 

probability of electroforming voltage for devices formed with different 

current limiting methods. 
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Figure 4.7: Cumulative probability of first RESET voltage for devices 

formed with different current limiting methods. 

 

 

Figure 4.8: (Left): Resistance of a pulse train electroformed device 

increases under -0.5 V bias. (Right): The same device resets at less than 1 

V. 
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4.1.5 Improved switching performance 
 

From the previous sections we can already see that ReRAMForming and 

transistor-limited forming supresses current overshoot better than electroforming 

with voltage linear sweep; this improves the chance of first RESET and reduces 

RESET energy consumption. However, current overshoot also exists during SET 

transition. Without proper current limiting, higher RESET energy is required to 

dissolve a thicker filament. Subsequently, this high RESET could dissolve a 

larger part of the conductive filament, increasing the energy required for a 

following SET process. High energy switching leads to high uncertainty: not only 

is cycle-to-cycle variability increased, but also devices could more easily enter a 

non-reversible state, limiting the lifetime of ReRAM devices. 

With a proper current limiter in place, although the first RESET current is 

significantly higher than the current compliance supplied during electroforming, 

I𝑅𝐸𝑆𝐸𝑇 ≈  I𝑐 is observed in subsequent switching cycles where VSET is significantly 

lower than the electroforming voltage. Figure 4.9 (Left) shows a device formed 

with ReRAMForming and switched with a serial transistor for current limiting. This 

device exhibits low cycle-to-cycle variability and low switching voltages in 

comparison to device formed with voltage linear sweep Figure 4.9 (Right).  

 

Figure 4.9: Switching cycles of (Left): a device electroformed with 

ReRAMForming. The blue curves are SET sweeps and orange curves are 

RESET sweeps. (Right): a device electroformed with voltage linear sweep, 

the device stuck in LRS (black curve) after a high SET (red curve). Higher 

RESET voltages are required to ensure RESET successes in devices 

formed with voltage linear sweep, since the formed states tend to be more 

conductive. 
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4.2 Area-dependent resistive switching 
 

As ReRAM devices scale towards nanometre dimensions, it becomes imperative 

to investigate the size dependence of the electrical characteristics of ReRAM 

devices. Examining the size dependence of the LRS is useful in separating 

interface switching from filamentary switching. Electrode size could also impact 

switching performance. Many factors can contribute to area dependence, such 

as background leakage, interface effect, edge effect. Varying electrode sizes 

have different impact on different ReRAM device types, in titanium oxide ReRAM 

resistance switching can only be observed in devices with diameters smaller than 

0.4 µm. Devices with larger electrodes cannot switch due to high leakage current 

[10]. In Ag/AlOx/ITO based electrochemical metallisation memory, VRESET 

increases with increasing electrode size. The authors attribute this correlation to 

the larger number of impurities in larger contacts, although little evidence is 

provided [11]. In HfOx-based ReRAM, less oxide area is available to trigger 

forming in small devices, hence forming voltage increases with decreasing 

device area [12]. 

There are four electrode sizes in sample B, 200 µm×200 µm, 400 µm×400 µm, 

600 µm×600 µm, 800 µm×800 µm. Note that these devices serve the purpose of 

research experiments and are much larger than practical ReRAM devices for 

CMOS integration. Devices described in this section were switched under 

identical conditions. To electroform a pristine device, the voltage across the 

device was swept from 0 to -15 V with a voltage step of 0.025 V. During 

electroforming, current compliance of 1 mA is achieved by a transistor connected 

in series, as detailed in the previous section. To RESET, devices were swept 

from 0 to 5 V with voltage steps of 0.025 V. 

 

4.2.1 Area-dependent electroforming  
 

Size dependence of electroforming is observed in our SiOx ReRAM devices. In 

Figure 4.10. it can be seen that electroforming voltage increases with decreasing 

electrode size. This is similar to what was reported by Chen et al.[12]. Average 

electroforming voltage for devices with electrode diameters of 200 um, 400 um, 

600 um and 800 um are -11.3 V, -8.03 V, -7.37 V and -3.37 V, respectively. 

However, the relative standard deviation of electroforming voltages increases 

with increasing area, from 22.5% to 52.8%, 56.2% and 129.8%. 

A number of pristine devices have low resistance (< 1 kΩ) before any high 

voltage is applied, and the proportion of low pristine resistance devices increases 

with increasing electrode area. The proportions of low pristine resistance devices 
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are 55.3%, 18.5%, 16.1%, 3.3% among devices with electrode diameter of 800 

um, 600 um, 400 um and 200 um. These devices are considered to have 0 V 

electroforming voltage. 

In pristine devices, current conduction occurs in the bulk of the oxide, and larger 

electrode size means higher current under the same voltage. This complicates 

the electroforming process. If conduction current exceeds current compliance 

before electroforming is triggered, further voltage increases would be divided 

across the transistor and the device would fail to electroform under fixed 

conditions. The proportion of devices that failed to electroform within -15 V are 

16.6%, 29.4%, 13.0% and 0% among devices with electrode diameters of 800 

um, 600 um, 400 um and 200 um, respectively. 

The increase of low pristine resistance device numbers with increasing electrode 

area is because larger devices will have more intrinsic oxygen vacancies, and 

therefore the probability of an oxygen vacancy filament is higher. However, 

Figure 4.10 shows that distribution of electroforming voltage decreases with 

increasing electrode size even if the 0 V devices are excluded. A statistical model 

describing size dependence of electroforming voltage is outlined in section 4.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Cumulative probability of electroforming voltages for devices 

with different side length of squared electrode. Pristine devices in the low 

resistance state are considered to have electroformed at 0 V. 
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4.2.2 Area-dependent LRS 
 

Filamentary resistance switching devices conduct electrical current through a thin 

conductive filament, while current goes through the entire device in interface 

resistive switching devices. Therefore, current through interface ReRAM 

correlates with device area in the LRS. Contrary to interface switching, my results 

show electroformed resistance increases with increasing device area (Figure 

4.11). With increasing device area, average formed resistances measured at 0.5 

V are 185, 197, 221, and 256 Ohms respectively, devices started in the low 

resistance state are excluded. This positive correlation can be attributed to lower 

electroforming voltage with increasing device area. Smaller electroforming 

voltage causes lower current overshoot; as a result, thinner filaments are formed 

in larger devices. In addition, since the same current compliance is applied in all 

cases, current density limit is lower for devices with larger contacts. 

Smaller current overshoot due to reduced electroforming voltage is also reflected 

in RESET current. As device area increases, average first RESET currents are 

18.3 mA, 12.8 mA, 13.3 mA and 11.3 mA, respectively. 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 4.11: Cumulative probability of electroformed resistance values for 
different sized devices. All devices were electroformed with 1 mA 

compliance current. 
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4.2.3 Modelling area dependence of electroforming 
 

Breakdown in silicon oxide is well studied [13] [14] [15], mainly in attempts to 

improve gate oxide reliability in MOS devices. For this purpose, time dependent 

breakdown under constant voltage stressing (CVS) is measured instead of 

voltage sweep. Degraeve et al.[15] modelled time-dependent breakdown under 

constant voltage stressing as the generation of conductive electron traps. The 

spatial positions of these generated traps are assumed to be random, and 

breakdown occurs when the traps form a conductive path between the top and 

bottom electrode. These generated traps act as stepping stones for electrons to 

hop from top electrode to bottom electrode. This current is known as stress 

induced leakage current (SILC) [14].  Degraeve et al.[15] modelled oxide 

breakdown based on random trap generation and assumed that breakdown 

occurs at the connection of these generated traps. Good agreement with 

experimental data was achieved. This model also reveals that, as device area 

increases, trap generation increases, and the possibility of conductive path 

formation increases. 

A detailed mathematical proof is given in the appendix of [16]: the authors 

assume generation of traps is random and the time to breakdown under CVS 

follows the Weibull distribution, which has a cumulative probability distribution of: 

                                                     F(t) = 1 − 𝑒
−(

𝑡

𝑡𝑐
)

𝛽

                                                                 (4.1)   

Here F(t) is the cumulative probability of breakdown occurring at time t, β is the 

Weibull slope, which decreases with oxide thickness but is area independent 

[17], tc is the characteristic breakdown time. Consider the cumulative breakdown 

probability F* of a very small part of a device with area A* at time t* modelled by 

the Weibull distribution,  

                                                       F∗(𝑡∗) = 1 − 𝑒
−(

𝑡
𝑡𝑐

)
𝛽

                                                          (4.2) 

as soon as a conductive path forms in one of these parts of a device, breakdown 

is achieved in the entire device with area A1. Here we consider that a device with 

area A1 includes n devices of area A*: 

                                                                        n =
𝐴1

𝐴∗                                                                     (4.3)                                                                             

The probability of including x broken A* devices within one device of area A1 is 

given by a binominal distribution: 

                                          P(n, x) = (𝑛
𝑥

). (𝐹∗(𝑡∗))
𝑥

. (1 − 𝐹∗(𝑡∗))𝑛−𝑥                                  (4.4)                                               
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Hence the probability of a device with area A1 not being broken at time t* is given 

by  

1 − 𝐹1(𝑡∗) = P(n, 0) = (
𝑛

𝑥
) . (𝐹∗(𝑡∗))

0
. (1 − 𝐹∗(𝑡∗))𝑛−0 

                                                    = (1 − 𝐹∗(𝑡∗))𝑛                                                                      (4.5)    

Inserting equation (4.2) and (4.3), 

                                                    1 − 𝐹1(𝑡∗) = (𝑒
−(

𝑡

𝑡𝑐
)𝛽

)
𝐴1
𝐴∗                                                        (4.6)                                                                 

Taking the natural log of both sides, 

                                               ln (1 − 𝐹1(𝑡∗)) =
𝐴1

𝐴∗ 𝑙𝑛(𝑒
−(

𝑡

𝑡𝑐
)𝛽

)                                               (4.7)                                                         

multiplying both sides with -1 and taking the natural log of both sides again to 

obtain the Weibull plot: 

                                  ln(− ln(1 − 𝐹1(𝑡∗))) = ln (
𝐴1

𝐴∗) + β. ln (
𝑡∗

𝑡1
)                                       (4.8)                                                 

For a device with area A2: 

                                     ln(− ln(1 − 𝐹2(𝑡∗))) = ln (
𝐴2

𝐴∗) + β. ln (
𝑡∗

𝑡2
)                                     (4.9)                                                 

Substituting equation (4.1) and subtract equation (4.9) from equation (4.8): 

                                                          
𝑡1

𝑡2
= (

𝐴2

𝐴1
)

1

𝛽                                                                          (4.10)                                                                    

We can see that the characteristic breakdown time t1 in device of area A1 is 

proportional to characteristic breakdown time t2 in device of area A2, and 

breakdown gets easier with increasing device area. This observation agrees with 

the experimental observations described in the previous section.  

It has also been reported that breakdown voltage also follows a Weibull 

distribution empirically [18]. I therefore fitted electroforming voltage data with a 

Weibull distribution (Figure 4.12). 
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Figure 4.12: Weibull plot of electroforming voltage for devices with different 

top contact size. 

 

Assuming electroforming voltage follows a Weibull distribution, equation (4.1) 

becomes: 

                                                         F(V) = 1 − 𝑒
−(

𝑉

𝑉𝑐
)𝛽

                                                         (4.11)   

Following the same derivation process, we can see that the characteristic 

electroforming voltage depends on device area:  

                                                             
𝑉1

𝑉2
= (

𝐴2

𝐴1
)

1

𝛽                                                                       (4.12)                                                                    
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4.3 Gradual switching by transistor gate pulsing 
 

Storing many resistance levels on a single device increases memory density 

greatly and is necessary for applications such as neuromorphic computing [19] 

and fuzzy logic [20]. While gradual RESET has been achieved in SiOx-based 

ReRAM [19], I found gradual SET to be particularly challenging. Applying trains 

of pulses directly to devices not only tended to increase device conductance 

abruptly, but also current compliance could not be implemented for high speed 

pulses, and the chance of hard breakdown is high. 

Hu et al.[21] achieved multi-level resistance switching by varying the gate voltage 

of a current-limiting transistor connected in series with the ReRAM device during 

the SET process. I used a similar approach to program SiOx ReRAM, and 

achieved repeatable gradual SET. Structure of the SiOx ReRAM devices used in 

this section’s experiments is similar to sample B (fabrication details of sample B 

is given in chapter 2), except that the bottom electrode of Mo is 80 nm instead of 

210 nm. In Figure 4.13, a device increases conductance gradually for five cycles. 

These cycles were programmed with identical settings: 3 V applied to device top 

contact, and gate pulse magnitude changed linearly from -1.3 V to -1.4 V, after 

each SET pulse sequence, devices RESET to HRS by applying a sequence of 

100 pulses, the RESET pulses are of constant magnitude of 1.5 V, and the pulse 

duration is 1 us. Resistance was read at 0.5 V with a fixed gate voltage of -1.3 V. 

Device resistance was measured after each programming pulse. The voltage 

across the circuit was applied by the SMU, and gate pulses were generated by 

the PMU, with a fixed 1 µs width. Despite a spread of initial resistances, device 

resistances converged after 40 pulses to the 2000-4000 Ohms regime. Good 

consistency and smooth resistance transition were observed under identical 

settings. Moreover, it is likely that gate voltage magnitude can be further 

increased to provide a larger resistance window. 
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Figure 4.13: Resistance trajectory of one device under identical 

programming conditions. 100 pulses applied to the device during each run, 

gate voltage always increase from -1.3 V to -1.4 V linearly as pulse number 

increases during each run. The device resets to HRS by a pulse sequence 

after each run. 

 

 

4.4 Conclusion 
 

In this chapter, I have looked at ways to electrically program SiOx-based ReRAM 

devices, and explored methods to operate ReRAM devices for optimal switching 

performance. It is clear that current overshoot plays a crucial role in the 

electroforming and switching performance of SiOx-based ReRAM devices. Better 

current limiting methods reduce energy consumption, improve device yield and 

reduce cycle-to-cycle variability. Most current limiting methods explored are 

superior than conventional voltage linear sweep. Current limiting with a serial 

transistor and ReRAMForming are well suited to limit current during 

SET/electroforming transitions. Although serial transistor suppresses current 

overshoot slightly better, ReRAMForming does not require an extra component. 

Pulse train forming is time consuming and unreliable, resistor limiting requires an 

additional component and extra voltage due to voltage divider effect.  

I then characterised the impact of electrode size on switching, establishing that, 

across the range of sizes I investigated, electroforming voltages increase with 
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decreasing contact size. To avoid this high voltage process, large contact size is 

not a good option due to increased device-to-device variability in larger devices. 

In addition, high density memory demands device scaling to sub-100 nm. I also 

compared the first RESET currents and formed LRS state in different-sized 

devices, due to lower electroforming voltages. Larger devices have higher former 

LRS and are easier to RESET. I adapted a model that was previously used to 

explain the size dependence of time dependent breakdown to explain this area 

dependence. This model explains that larger devices generate more conductive 

defects under electrical stress, hence the chance of a filament formed of 

conductive defects is greater. The original model uses a Weibull distribution to 

describe the probability of time-to-breakdown under CVS, so I fitted 

electroforming voltage data to Weibull distribution; the good fitting confirms the 

validity of the model to explain area-dependent electroforming voltages.  

Finally, to study analogue programming during SET I applied voltage pulses of 

increasing magnitude to gate of the transistor connected in series. This gradually 

increases the maximum current through the ReRAM device, presumably by 

modulating filament thickness. Repeatable multi-levels and good linearity were 

achieved in the 2000-4000 Ohms region. 

To conclude, by optimising control of SiOx based ReRAM devices, device 

switching performance can be significantly improved. However, high 

electroforming voltage remains a challenge to the surrounding electronics and 

worsens parasitic current overshoot. Chapter 5 describes an approach to 

address this challenge.  
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Chapter 5  

Defect engineering in SiOx by ion 

implantation 
 

5.1 Rationale 
 

Previous chapters describe electrical characterisation results in sputtered silicon 

oxide. Although good switching performance can be achieved [1], several 

obstacles must be addressed before SiOx ReRAM can compete with state-of-the-

art memory technologies. 

Munde et al.[1] report that high bottom contact roughness is vital in achieving 

high performance SiOx ReRAM, and the authors altered deposition parameters 

such as substrate temperature, deposition pressure and sputtering power to 

achieve varying levels of bottom contact roughness. However, precise control of 

surface roughness remains challenging and this could result in high sample-to-

sample variation, a highly undesirable outcome in mass production. Moreover, 

switching devices relying on surface roughness could be more susceptible to 

device-to-device variation, this is due to the stochastic nature of surface 

roughness. High device-to-device variation is particularly obvious in sample A 

(fabrication details of sample A is given in chapter 2), with some devices having a 

shorted pristine state and some require electroforming voltages higher than 15 V. 

In addition to sputtered bottom contacts, sputtered silicon oxide layers could also 

vary greatly from sample-to-sample. The combination of varying parameters 

including target condition, gas flow rate and sputtering power makes precise 

control of sputtered SiOx difficult. These changes in deposition conditions 

produce SiOx layers of different microstructure, defect distribution and chemical 

composition, and they could all contribute to sample-to-sample variation. In some 

cases, these sample-to-sample variations result in high electroforming voltages 

of ReRAM cells. The previous chapter has shown how electroforming voltages 

increase with decreasing contact size; as ReRAM scales to the nanometre 

range, electroforming voltages could further increase and degrade the switching 

performance.  

In order to overcome these disadvantages in sputtered silicon oxide, a new 

method to fabricate defective silicon oxide for resistive switching is proposed and 

implemented. I start with a uniform and relatively defect free layer of silicon 
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oxide. This layer is deposited by atomic layer deposition (ALD); defects are then 

introduced by implantation of noble ions. This method offers control of defect 

distribution. By varying implantation dosage, energy and ion species, switching 

performance, including electroforming voltage, can be engineered. In addition to 

defect distribution, the chemical composition of the switching layer would be 

more consistent from sample to sample. If chemical composition is determined to 

be significant in switching performance, composition can also be well controlled 

by implantation of silicon or oxygen ions. 

Moreover, as both ALD and implantation offer precise control of parameters, the 

impact of varying deposition and implantation parameters can now be 

investigated. This could yield new insights into the switching mechanism and 

allows more effective research. 

 

5.2 Application of ion implantation in ReRAM 
 

Ion implantation is widely used for improvement of switching performance. 

Mikhaylov et al.[2] reported reduced electroforming voltage variation by 

implanting Xe+ ions into sputtered silicon oxide. Defects created by ion 

bombardment are confined within a lateral radius of 4.6 nm; this preferential path 

for filament creation reduces randomness in electroforming. However, many 

limitations remain in devices reported in the study. Devices require high switching 

voltages around 3 V, which may be the reason that high endurance is not 

reported, and the scale of data presented is not convincing: no more than 24 

devices tested in total.  

Noble gas ion irradiation could introduce other improvements to switching 

performance; Ku et al.[3] demonstrated that ALD-grown hafnium oxide with a 

titanium top contact showed digital switching behaviour, where the devices 

switch between two resistance states only. After argon plasma treatment, the 

hafnium oxide switches between multiple resistance states and spike time 

dependent plasticity (STDP) can be demonstrated. Authors attributed this 

improvement to formation of thicker interfacial titanium oxide layer. This layer 

limits diffusion of ions during filament formation, which prohibits filament 

overgrowth and allows subsequent filament thickness modulation. 

Non-noble ions can also be implanted to improve switching performance. Xie et 

al.[4] implanted Si and Al ions into separate HfO2 films, as a result, they report 

improved endurance, reduced resistance state variation and enlarged resistance 

window. They believe the presence of Al ions facilitates formation of oxygen 

vacancies and Si ions localised the formation and rupture of conduction filament.  
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Ion implantation can be used for ECM as well. In [5], implantation of Pb ions into 

GaLaSO based switching cell eliminated the necessity of electroforming when Al 

active electrode is used. Ion implantation can be achieved by plasma treatment. 

Liu et al.[6] introduced copper ions into a layer of insulating silicon oxide by 

bombarding a thin layer of copper on top of the silicon oxide. Once the copper 

atoms sunk in, the layer of copper was removed and a layer of TaN deposited as 

top contact. In comparison to traditional ECM, where diffusive metal ions come 

from metal contacts, this method improves compatibility with existing CMOS 

fabrication technology and achieves superior performance thanks to limited 

supply of diffusive atoms.  

 

 

5.3 Stopping and ranges of ions in matter 

(SRIM) 
 

SRIM is a program developed by J. F. Ziegler and J. P. Biersack [7] to calculate 

the range and stopping of energetic ions implanted into matter. The SRIM 

program uses various theories to treat different energies and elements involved; 

for light compounds, a core and bond (CAB) approach based on Bragg’s rule is 

used. 

Bragg’s rule, discovered from experiments conducted in 1903, states that the 

stopping energy from a molecule can be treated as a linear superposition of the 

stopping energies of the elements forming the molecule [8]. In the 1960s, it was 

discovered that the bonding between atoms contributes a large portion of 

stopping power [9]. Based on these findings, the core and bond approach was 

proposed to calculate stopping power in compounds [10]. This CAB approach 

calculates the stopping power contribution from atomic nuclei by linear 

superposition and then makes adjustments based on the specific atomic bonding 

structures. SRIM uses the CAB approach to calculate stopping power in 

compounds containing the elements H, C, N, O, F, S and Cl. For compound 

targets involving heavy ions, the CAB approach becomes unnecessary and 

Bragg’s rule alone provides a good approximation. For high energy ions, 

relativistic quantum mechanics are involved.  

TRIM (Transport of Ions in Matter) is a collection of programmes included in the 

SRIM software package capable of simulating multi-layer targets and calculating 

3D or 2D distributions of ions into targets. TRIM also calculates other outcomes 

associated with the transport of ions into matter, such as vacancy distribution 

caused by incoming ions. Both of these parameters could significantly impact the 
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switching performance of ReRAM devices. TRIM uses the Monte Carlo binary 

collision approximation (BCA) approach to calculate outcomes after ion collisions 

[11]. Monte Carlo is a well-used method for simulating problems with multiple 

varying parameters. This method usually involves three steps: Within the domain 

of inputs, generate inputs based on their probability distribution; With these 

generated inputs, calculate the corresponding outputs; When there is enough 

amount of outputs, a deterministic solution can be found. BCA assumes an ion 

collides with other nuclei one at a time until it loses enough energy in the collision 

path. TRIM also calculates the impact of recoils. In combination, Monte Carlo 

BCA calculates outcome of ion collisions by repeating BCA calculations while 

varying collision parameters. 

Before simulating argon implants, I first simulated vacancies created by silicon 

implantation into SiO2 as in [12]. I did this to eliminate any execution error in the 

software that could lead to incorrect results. As seen in Figure 5.1, my simulated 

result is in good agreement with simulation from [12]. I then proceeded to 

calculate vacancy distributions in silicon dioxide caused by argon implantation.  

I selected an implantation energy of 17 keV to ensure that most of the damage 

caused by implantation is confined within the 30 nm silicon oxide layer. This is 

confirmed by the simulation results in Figure 5.2. Due to differences in 

implantation species and energy, compared with simulation in Figure 5.1 more 

damage is created near the sample surface.  

 

 

 

Figure 5.1: (Left): The dashed line showing TRIM-calculated vacancy 

defects in an SiO2 target after implantation of Si ions, taken from [12]. 

(Right): My own TRIM simulation shows almost identical defect 

distribution.  
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 Figure 5.2: SRIM simulation of defect distribution of 17 keV Ar ions into 30 

nm of SiO2. 

 

 

5.4 Sample fabrication 
 

This new generation of switching devices have very similar structure to that of 

previous samples. The top and bottom contacts were Ti/Au and Mo, respectively. 

The 100 nm Mo layer is sputtered and 100 nm of Ti/Au were deposited by 

electron beam evaporation. The main difference between the existing sample 

and previous sample is the fabrication of switching layer. 30 nm of SiOx was 

grown by 238 ALD deposition cycles at 200 C; During deposition, 

tris(dimethylamino)silicon and ozone were pulsed into chamber in repeating 

sequence, these are precursors for the SiOx, and chambers are purged between 

pulses. Deposition of SiOx needs to be done in exposure mode, which means the 

precursors remain in the deposition chamber for a longer amount of time. 

Consequently, the purge process also takes longer to avoid deposition in the 

chamber and other part of the machine. When deposition is completed, the wafer 

was then cleaved into several pieces for various dosages of argon implantation. 
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They were irradiated at room temperature in a vacuum of approximately 10-6 

Torr. The ion beam was scanned over an area of 5 cm2. The beam current on the 

sample was between 1-2 uA during implantation. The non-uniformity of 

implantation dose across the sample is <5%. Implantation fluence ranges from 

6.9×1014 to 1.725×1016 ions per cm2. The specific fluence for each sample is 

given in below: 

 

 

Table 5.1: Specific implantation dosages for different sample. 

 

 

A sample with sputtered silicon oxide was also fabricated, to be used for 

comparison with implanted samples. Therefore, this sample has identical top and 

bottom contacts as the implanted samples, and the sputtered SiOx has switching 

layer thickness of 30 nm as well. 

 

5.5 Electrical characterisation results 
 

5.5.1 Electroforming  
 

Defects in the switching layer can be better controlled if they are generated by 

the implantation process alone. It is therefore important to minimise defect 

generation during the deposition. While ALD-grown SiOx should be more uniform 

and less defective than sputtered SiOx, I characterised the electrical performance 

of a control sample having ALD-grown SiOx without implantation for comparison.  

Similar to previous samples, devices used in this chapter were electroformed by 

sweeping from 0 to -15 V, and current was limited to 1 mA by a serial transistor. 

A typical I-V sweep from an ALD-grown SiOx device is given in Figure 5.3 (Left). 

Sample 
Name 

A B C D E F G H 

Fluence 
(ions/cm2) 

6.90×1014 2.07×1015 4.14×1015 6.21×1015 8.28×1015 1.04×1016 1.38×1016 1.73×1016 
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Figure 5.3: (Left): Dual sweep of an ALD-grown SiOx device. (Right): Dual 

sweep of a sputtered SiOx device. 

 

It is not surprising that far more ALD-grown SiOx can tolerate voltages as high as 

-15 V. As a matter of fact, it has been reported that 33 nm of ALD-grown SiOx 

can be swept to -40 V without clear sign of resistance degradation [13].  

However, the decrease of leakage current after electrical stress seen in Figure 

5.3 (Left) is unexpected. Generation of conductive traps in SiOx under electrical 

stress is a common occurrence, and this should result in a higher leakage current 

after electrical stress. On the other hand, an increase of leakage current after 

electrical stress is seen in the sputtered SiOx (Figure 5.3 (Right)). This is 

distinctively different from ALD-grown SiOx.  

The decrease of leakage current in ALD-grown SiOx can be explained by 

polarisation. The molecular structure of ALD-grown SiOx is more uniform and 

less defective than the sputtered SiOx, making the pristine oxide less conductive. 

Molecular dipoles inside the oxide layer become polarised after the forward 

sweep, reducing the internal electric field within the oxide.  However, due to a 

higher concentration of defects in sputtered SiOx, this build-up internal potential 

is not as strong. The same external field therefore generates more conductive 

traps, and greater leakage current is seen in the backward sweep. 

Another evidence for smaller defect density in ALD-grown SiOx is the success 

rate of electroforming. 32 ALD-grown SiOx devices and 32 sputtered SiOx 

devices were swept to -15 V under identical settings. Among these devices, only 

1 ALD-grown SiOx device electroformed successfully, and 30 sputtered SiOx 

devices electroformed. All devices tested in this chapter have top contact size of 
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400 um×400 um, and the circuit configuration during electroforming is shown in 

Figure 5.4. 

 

 

 

 

 

 

Figure 5.4: Circuit configuration during electroforming. 

 

Most un-implanted ALD-grown SiOx devices failed to electroform; hence 

subsequent switching was impossible. However, after implanting ALD-grown 

SiOx with Ar ions, good switching can be achieved. Most implanted devices still 

require an electroforming step, and this electroforming voltage can be modulated 

by varying implantation dosage. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Correlation between implantation fluence and average 

electroforming voltage. As implantation fluence increases, the magnitude 

of electroforming voltages reduces accordingly. 
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The magnitude of electroforming voltage shows a clear decreasing trend as 

implantation dosage increases (Figure 5.5). Most devices can electroform after 

implantation of Ar ions; even devices having the lowest implantation dosage of 

6.9×1014 ions/cm2 now have a low average electroforming voltage of -3.33 V. 

While this is still considerably higher than a typical SET voltage, it significantly 

lower than the average electroforming voltage of -10.22 V in sputtered SiOx 

devices.  

Note that devices that failed to form up to -15 V are still included in the 

calculation of average electroforming voltage; they are considered to have 

electroforming voltage of -15 V. This allows the statistic to reflect the 

electroforming voltage as well as electroforming success rate. The average 

electroforming voltage of un-implanted ALD-grown SiOx devices can also be 

calculated this way, yielding an average electroforming voltage of -14.59 V. This 

is significantly higher than the average electroforming voltage of least implanted 

sample.  

It is now clear that ion implantation has an impact on electroforming voltages. 

Defects generated by implantation can reduce electroforming voltage to as low 

as -0.63 V, comparable to a typical SET voltage, it is therefore reasonable to 

claim that electroforming in silicon oxide may even be eliminated by Ar 

implantation. 

 

 

 

5.5.2 Switching performance 
 

Good switching can be achieved in implanted samples after electroforming. 

These devices switch in a bipolar manner similar to sputtered SiOx devices. 

Figure 5.6 shows an implanted device switches with low switching voltages and 

small cycle-to-cycle variation. Set occurs in the same negative polarity as 

electroforming, while RESET occurs in the positive polarity. Both SET and 

RESET require voltage magnitudes around 1 V, and the RESET current is very 

similar to the current compliance during SET transition, suggesting minimal 

current overshoot thanks to the low SET voltages.  Contrast between the two 

resistance state is more than 10 times in all 10 cycles of switching.  
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Figure 5.6: I-V switching curves of an SiOx device implanted with 1.38×1016 

ions/cm2. 

 

SET and RESET can be repeated many times in Ar+-implanted SiOx devices. 

This excellent endurance is rarely reported in switching devices dependent on 

noble ion bombardment. High endurance testing were achieved with two 

methods, the first uses the SMU in the Keithley 4200 SCS; this method switches 

the voltage applied across the device to different levels: VSET, VRESET, Vread and 0. 

The switching voltages used were larger than sweep-triggered switching 

voltages, ensuring a high switching success rate. While the SMU allows current 

compliance to be implemented during switching, oscilloscope measurements in 

the previous chapter have shown that current compliance implemented by the 

SMU can be relatively slow, therefore a serial transistor was used to limit current 

during SET: the same circuit configuration used for sweep-triggered switching. 

Since current overshoot is effectively supressed, I can use a high voltage for 

switching without risking the device becoming stuck in the LRS. 

The same device shown in Figure 5.6 was switched for 1500 cycles, the 

resistance states of each cycle is shown in Figure 5.7. VSET and VRESET were -3 V 
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and 2.5 V, respectively, read voltage was 0.3 V, and the voltage applied to the 

transistor gate was -1.38 V to limit maximum current to 1 mA during SET. 

SET pulses were defined to be 10 ms and RESET pulses were 50 ms. However, 

there is extra time required for communication between Matlab and the SMU unit, 

so the actual pulses applied to the devices were much longer than programmed.  

The PMU allows precise control of pulse duration, making it ideal for ultra-fast 

switching and very high endurance testing. However, current compliance cannot 

be implemented with PMU, and even a transistor is not fast enough to limit fast 

pulses around 10-7 s.  

Figure 5.8 shows the same device as in Figure 5.6 and Figure 5.7 switching for 

almost 8 million cycles when programmed via a PMU, the SET pulses were -2.2 

V lasting 300 ns, and RESET pulses were 2.4 V lasting 50 µs. Due to the smaller 

switching energy supplied, the resistance window between the LRS and HRS is 

considerably smaller than for SMU switching. To limit the amount of data and 

increase the speed of the test, resistance states were only recorded after a 

certain number of cycles, cycles between the reads were logarithmically spaced, 

with 10 reads per decade. 

 

 

Figure 5.7: (Left): Cycling of an implanted SiOx device using an SMU The 

blue line indicates upper limit in the LRS, the orange line is the lower limit 

of the HRS. There is no data point between the two lines, indicating 100% 

success rate across 1500 switching cycles. (Right): Cumulative probability 

of the two resistance states. The broad distribution of high resistance is 

caused by relatively high RESET voltages. 
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Figure 5.8: Switching of the same device from Figure 5.7 using a PMU. Blue 

dots represent the LRS and orange dots represent the HRS. 

 

 

 

5.5.3 Multilevel switching 
 

Multilevel switching allows more information to be stored in a single cell. This 

increases memory density without additional fabrication processes. But more 

importantly, as the application for ReRAM shifts away from mere memory 

storage, multi-level operation is a necessity for emerging applications, such as 

neuromorphic systems, requiring analogue ReRAM operations. As stated in 

previous chapters, sputtered SiOx devices exhibit multiple stable resistance 

levels by applying electrical pulses to the gate of serial transistor. This alters the 

maximum current allowed through the circuit, and gradually changes the 

thickness of conductive filament within the oxide. I have achieved similar 

performance in ion implanted SiOx ReRAM devices. In Figure 5.9, a device 

starting in the HRS was gradually switched to the LRS by applying pulses of 

increasing voltage magnitude to the serial transistor gate. During the gradual 

SET process, the voltage applied at the device’s top contact was kept at -3 V and 

the bottom contact was grounded. Pulses applied to the transistor gate increased 

linearly from -1.2 V to -1.5 V, allowing more current to flow through the ReRAM 

device, and increasing its conductance. RESET was always achieved by a 

sweep to 2 V. Resistance was measured after each pulse at 0.3 V with a fixed 

transistor gate voltage of -1.5 V. 
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During the application of 100 pulses, device resistance decreased linearly from 

around 35 kΩ to 1.6 kΩ. Not only did the resistance change show good linearity, 

and high on/off ratio of around 20, but also the resistance trajectory was 

consistent between numerous switching cycles. I am confident that more 

resistance states can be realised in the resistance window if pulse magnitudes 

are changed in smaller steps, making implanted SiOx devices ideal for 

neuromorphic applications.  

 

 

Figure 5.9: (Left): Resistance trajectories of an implanted SiOx device, pulse 

magnitude applied to the gate serial transistor increases linearly as pulse 

number increases. (Right): Corresponding RESET sweeps. 

 

While gradual SET requires such an indirect approach, gradual RESET by 

adjusting RESET sweep stop voltage is more common [14][15][16]. Similarly, 

analogue RESET in implanted SiOx devices can be realised as well (Figure 5.10 

(Left). In Figure 5.10 (Right), I show that implanted SiOx devices can store more 

than 2 levels of resistance state for more than 30000 seconds as well. 
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Figure 5.10: (Left): Multi-level resistance states achieved in an implanted 

SiOx device by changing the stop voltages in the RESET sweep. (Right): 

Multiple resistance states in an implanted SiOx device lass more than 30000 

seconds. 

 

 

 

5.6 Conduction mechanism 
 

Electrons move through dielectric films via several conduction mechanisms. 

Identifying the specific mechanism increases our understanding of the nature of 

the conductive filament. In particular, it is interesting to compare the conduction 

mechanism between sputtered SiOx and implanted SiOx. 

Common conduction mechanisms in dielectrics are summarised in the table 

below. Since the most common method to identify these conduction mechanisms 

is to convert I-V sweep data to relevant linearized plots, I also included linearized 

plot axes and parameter extraction formulas using gradients of fitting curves.  
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Conduction 
Mechanism 

Mathematical Expression of Current 
Density 

Linearized 
Plot Axes 

Parameter 
Extraction Formula 

Fowler-
Nordheim 
Tunnelling 

𝐽 ∝ 𝐸𝑖
2exp [−

4√2𝑚∗(𝑞𝜙𝐵)
3
2

3𝑞ℏ𝐸𝑖
] 

 

𝑥:
1

𝐸𝑖
  𝑦: ln

𝐽

𝐸𝑖
2 

 

𝑞𝜙𝐵 = (−
3𝑞ℏ𝑔

4√2𝑚∗
)

2
3
 

Trap assisted 
Tunnelling 
 

𝐽 ∝ exp [−
4√2𝑚𝑞∗Φ

3
2

3ℏ𝐸𝑖
] 

𝑥:
1

𝐸𝑖
  𝑦: ln 𝐽 

 
Φ = (−

3𝑔ℏ

4√2𝑚𝑞
)

2
3

 

 

Thermionic 
Emission  
 

𝐽 = 𝐴∗∗𝑇2𝑒𝑥𝑝 [−
𝑞(𝜙𝐵 − √𝑞𝐸𝑖/4𝜋𝜀𝑖)

𝑘𝑇
] 

 

𝑥: 𝐸𝑖

1
2  𝑦: ln 𝐽 

 

𝜀𝑖 =
𝑞

4𝜋 (
𝑔𝑘𝑇

𝑞 )
2 

 

Poole-Frenkel 
Emission 𝐽 ∝ 𝐸𝑖exp [−

𝑞(𝜙𝐵 − √𝑞𝐸𝑖/𝜋𝜀𝑖)

𝑘𝑇
] 

 

𝑥: 𝐸𝑖

1
2  𝑦: ln

𝐽

𝐸𝑖
 𝜀𝑖 =

𝑞

𝜋 (
𝑔𝑘𝑇

𝑞 )
2 

Ohmic 
𝐽 ∝ 𝐸𝑖exp (−

△ 𝐸𝑎𝑐

𝑘𝑇
) 

𝑥: ln𝐸𝑖  𝑦: ln 𝐽 
 

 

Space-
charge-limited 𝐽 =

9𝜀𝑖𝜇𝑉2

8𝑑3
 

 

𝑥: 𝐽 𝑦: 𝑉2 
 

 

 

Table 5.2: Common conduction mechanism in dielectrics. 

 

• A ** – effective Richardson constant (related to thermionic emission) 

• g – extracted gradient from linearized plot 

• 𝜙𝐵 – barrier height 

• 𝐸𝑖 – electric field in insulator 

• 𝜀𝑖 – insulator permittivity 
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• m * – effective electron mass 

• d – insulator thickness 

• △ 𝐸𝑎𝑐 – activation energy of electrons 

• T – temperature  

• V – Voltage  

• ℏ  –  reduced Planck’s constant 

• q – elementary charge 

• k – Boltzmann constant 

 

(a)     (b)    (c) 

 

 

 

 

(d)     (e) 

 

 

 

 

Figure 5.11: Simple illustrations of several conduction mechanisms, (a) 

direct tunnelling, (b) Fowler-Nordheim tunnelling, (c) trap-assisted 

tunnelling, (d) thermionic emission and (e) Poole-Frenkel emission. Band 

diagram shown in this figure are of MIM structure. 

 

By solving probability wave functions describing electrons, one can find that it is 

possible for electrons to appear on the other side of a high energy potential 

barrier. According to quantum mechanics, the probability of electrons tunnelling 

through a barrier decreases with increasing barrier thickness, and increases with 

increasing electric field. Therefore, tunnelling is often the dominant conduction 

mechanism when the barriers are less than 1 nm under high field (Figure 

5.11(a)). 
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If the applied electric field is high enough, the potential barrier that electrons have 

to tunnel through turns into a trapezium (Figure 5.11(b)). This mode of 

conduction is known as Fowler-Nordheim tunnelling. Electrons moving via 

Fowler-Nordheim tunnelling see reduced potential barrier thickness, which 

greatly increases the probability of tunnelling. Fowler-Nordheim tunnelling is 

more common among thick dielectric films under high electric field, whereas 

direct tunnelling often dominates conduction in thin dielectric films.  

Both direct tunnelling and Fowler-Nordheim tunnelling are one-step tunnelling, 

while trap-assisted tunnelling (TAT) splits the path across the potential barrier 

with the help of low energy states within the potential barrier (Figure 5.11(c)). 

These localised states are often created by high electric field, and TAT was 

reported to be the dominant conduction mechanism in SiOx after high electric 

stress [14][17][18]. 

Tunnelling is highly dependent on electric field strength and potential barrier 

thickness. On the other hand, conduction mechanisms such as Poole-Frenkel 

emission (Figure 5.11(e)) and thermionic emission (Figure 5.11(d)) rely on 

thermal excitation. Therefore, temperature dependent conduction measurements 

are useful in distinguishing between tunnelling and Poole-Frenkel emission. 

Thermionic emission is also known as Schottky emission; this conduction 

mechanism takes place when electrons from the metal contact gain enough 

energy to overcome the potential barrier and enter the conduction band of the 

neighbouring dielectric.  Poole-Frenkel emission is the emission of trapped 

charge carriers. When an electric field is applied, charge carriers require lower 

energy to be detrapped. Thermal energy is an important energy source for both 

thermionic emission and Poole-Frenkel emission, and both conduction 

mechanisms are highly dependent on temperature.  

Space-charge-limited conduction (SCLC) is when charge carriers are emitted 

from an Ohmic contact to an insulator where neutralising charge carriers are not 

readily available. SCLC depends not on charge carrier density, but is mainly 

determined by the mobility of emitted charge. 

Ohmic conduction is probably the most well-known conduction mechanism, 

where current is induced by movement of electrons in the conduction band and 

holes in the valance band. In semiconductor and dielectrics, the current density 

of Ohmic conduction is linearly dependent on applied electric field and 

exponentially dependent on temperature. 
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5.6.1 Conduction mechanism results 
 

To compare conduction mechanism between sputtered SiOx and implanted SiOx, 

I examined conduction mechanisms for three different resistance states: LRS, 

HRS and pristine. The original I-V curves are shown in Figure 5.12 (Left).  

Only data with currents below current compliance was used for conduction 

mechanism fitting, since programmed voltage instead of actual voltage is 

recorded when current exceeds current compliance. I also excluded part of data 

where gradual RESET takes place, because conduction is undergoing changes 

at those data points. Excluding these data gives a clear presentation. It is also 

worth noting that all fitted curves in this section have R-values above 0.99, which 

means that more than 99% of data is represented by the fitted curves. 

For calculations presented in this section, the effect of trapped charge in oxide is 

ignored. For the purpose of parameter extraction, the effective electron mass 

used was 0.42 m [17]. An oxide thickness of 30 nm is used to convert voltage to 

electric field with the equation: 

𝐸𝑖 =
𝑉

𝑑
 

 

 

5.6.2 Ohmic conduction 
 

Firstly, I examined the I-V curves in all states by eye. In a linear I-V plot, only the 

two LRS curves from sputtered and implanted samples show a linear relationship 

between voltage and current, even though the LRS resistance of sputtered SiOx 

is almost as high as the HRS in implanted SiOx. 

To confirm Ohmic conduction of the two LRSs, the straight line is fitted to I-V 

data for each LRS on a log-log plot. In Figure 5.12 (Right), an excellent fit is 

obtained among almost the entirety of the I-V swept, and the gradients of the 

obtained curves are 1.075 (sputtered) and 1.102 (implanted). Since the gradients 

are very close to unity, I can conclude that Ohmic conduction dominates the LRS 

in both types of SiOx [19].  
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Figure 5.12: (Left): I-V curve of one implanted and one sputtered SiOx 

device, each in three different resistance states (Pristine, LRS and HRS). 

(Right): Log-log fit of LRS I-V curves. 

 

 

 

Figure 5.13: Data and fitted lines (black lines) for (left): Thermionic 

emission and (right): Poole-Frenkel emission. 
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Figure 5.14: Data and fitted lines (black lines) for (left): Fowler-Nordheim 

tunneling and (Right) Trap-assisted tunneling. 

 

 

Now that the conduction mechanism in the LRS has been established, I fitted the 

remaining four curves to four common conduction mechanisms in dielectrics: 

thermionic emission, Poole-Frenkel emission, TAT and Fowler-Nordheim 

tunnelling. Results of the fitting can be seen in Figure 5.13 and Figure 5.14, and 

the extracted constants can be found in table 5.3. For thermionic emission, 

Poole-Frenkel emission, dielectric constants were extracted, and barrier heights 

were extracted for TAT and Fowler-Nordheim tunnelling. 

A thermionic emission plot is seen in Figure 5.13 (Left); thermionic emission can 

be found in all 4 curves. In particular, thermionic emission covers a significant 

portion of the curve in both HRS curves. The extracted dielectric constants for 

implanted SiOx and sputtered SiOx in HRS are 5.39 and 2.99 respectively. Both 

are close to the dielectric constant of silicon dioxide (~3.9). Since the dominating 

conduction mechanism is thermionic emission, it suggests that in the HRS 

current is limited by the interface between the metal and point of filament rupture, 

and the rupture point of the conductive filament is oxygen rich silica. Additionally, 

these results suggest that the point of filament rupture is near the metal contact 

since thermionic emission is mostly found near metal/dielectric interfaces.  

In the more resistive states, some thermionic emission fitting can be found in 

different parts of the I-V curves. The extracted dielectric constants in the pristine 

states are 2.17 and 4.27 for implanted and sputtered SiOx, similar again to the 

dielectric constant of silicon dioxide. 
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Poole-Frenkel emission is less likely to occur in the two types of SiOx; although 

some linear fittings can be found, most of the extracted dielectric constants are 

much greater than the dielectric constant of silicon, which is 11.7. The only 

reasonable extracted dielectric constant is 12.74 in pristine implanted SiOx. 

These results suggest that Poole-Frenkel emission has limited presence in either 

types of SiOx. 

Due to the requirement of high electric field, neither TAT nor Fowler-Nordheim 

tunnelling were found in the HRS of either type of SiOx. However, at higher fields, 

both TAT and Fowler-Nordheim tunnelling can be found in pristine implanted 

SiOx, although the extracted barrier height of 0.105 eV and 0.156 eV are slightly 

smaller than the values reported by Mehonic et al.[17] (0.22 eV, 0.42 eV). It is not 

possible to distinguish the two mechanisms with I-V fitting. Some TAT can be 

found in the pristine state of sputtered SiOx, with a low barrier height of 0.1114 e 

V. These results suggest that tunnelling plays a limited role in the conduction of 

the two types of SiOx. Some tunnelling takes place only when a very high field is 

applied. 

 

 

  

Table 5.3: Extracted constants for different conduction mechanisms. 

 

To summarise, I have found that conduction mechanisms in the two types of SiOx 

are remarkably similar, particularly during normal switching modes where only 

LRS and HRS appear. In the LRS, conduction is almost entirely dominated by 

Ohmic conduction, whereas HRS and very highly resistive states are dominated 

by thermionic emission. Some Fowler-Nordheim tunnelling and TAT take place in 

the pristine states and only when high field is being applied. Due to high 

 HRSim HRSsp Priim Prisp 

Thermionic 
Emission 

𝜀𝑖 =  5.3875 𝜀𝑖 = 2.9935 𝜀𝑖 =2.1733 𝜀𝑖 = 4.2728 

Poole-
Frenkel 
Emission  

𝜀𝑖 = 66.5166 𝜀𝑖 = 
26.9165 

𝜀𝑖 = 12.7360 𝜀𝑖 =
 49.0791 

Fowler-
Nordheim 
tunnelling 

  𝜀𝑖 =  0.1051  

Trap-
assisted 
Tunnelling  

  𝜀𝑖 = 0.1559 𝜀𝑖 = 0.1114 
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fluctuations in the pristine sweep, it is hard to determine the exact conduction 

mechanism in the pristine state. 

These results are in line with the existing switching model. In the LRS, a 

conductive oxygen vacancy filament is formed. In a moderate HRS that permits 

high number of switching cycles, the silicon filament is ruptured near an 

electrode. 

 

 

5.7 Conclusion 
 

This chapter presents electrical characterisation results from SiOx fabricated 

using a new approach. Starting from highly resistive ALD-grown SiOx thin films, 

argon bombardment induces defects in the once-uniform SiOx. This allows 

electroforming and subsequent switching to occur. 

I have shown that higher implantation dosage induces more defects into the SiOx 

layer. This reduces electroforming voltages significantly. At the maximum 

attempted dosage, the electroforming voltage is comparable to SET voltage and 

the need for electroforming is essentially eliminated. In sputtered SiOx ReRAM 

devices, device electroforming voltages increase with decreasing device size, 

hence eliminating electroforming voltage with ion implantation can be highly 

beneficial as device size scales to nanometre regime.  

Very importantly, ion implantation can be a valuable tool to engineer resistance 

switching in SiOx. By varying implantation dosage, species and energy, not only 

can we further optimise the performance of existing device, but also there is 

potential to customise resistive switching for different demands, such as on/off 

ratio, linearity and switching energies.  

In addition to lower electroforming voltages, I have achieved high endurance, 

high retention and multi-level switching in implanted SiOx devices, comparable to 

state-of-the-art ReRAM devices. 

I have found that existing switching and conduction models for SiOx are still 

applicable to implanted SiOx, which means that the implanted argon does not 

interfere with the switching performance.  
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Chapter 6  

Conclusion and future work  
 

 

6.1 Conclusion 
 

My work described in this thesis involves characterisation and optimisation of 

intrinsic SiOx ReRAM devices. 

Chapter 3 describes four electrical phenomena discovered in amorphous SiOx: 

dielectric relaxation, stress-induced leakage current, current transients, and 

delayed electroforming. While further research is required to fully understand 

mechanisms behind these phenomena, these discoveries could potentially help 

predicting and optimising resistive switching performance. As mentioned in 

section 3.3, an application was proposed based on current transients. To explain 

the novel delayed electroforming phenomenon, I propose an electron injection 

model that is supported by experimental data.  

The purpose of work described in chapter 4 is to optimise intrinsic SiOx resistive 

switching. I explored different ways to supress current overshoot during 

electroforming, using both hardware and software; I found multiple current 

limiting methods that supress current overshoot more effectively than the 

conventional current limiting during voltage linear sweep. These new methods 

improve switching performance and device yield. I also explored the effect of 

electrode size on electroforming and adopted a model to explain this effect. This 

work proves the importance of minimising electroforming voltage as ReRAM 

devices scale down. Lastly, I employed a new approach to achieve consistent 

multi-level switching. These resistance states also show repeatable linearity in 

certain resistance ranges, which is highly beneficial for neuromorphic 

applications. 

In order to address sample-to-sample and device-to-device variability, I proposed 

and implemented a new approach to fabricate intrinsic SiOx resistive switching 

devices using noble gas ion implantation in chapter 5. The preliminary data 

suggest comparable excellent performance to conventional sputtered SiOx 

ReRAM devices. In addition, electroforming can be eliminated in implanted SiOx 

devices. I found that conduction mechanisms among sputtered and implanted 

devices are very similar: Ohmic conduction in the LRS, thermionic emission in 

the HRS. Similarity between implanted SiOx devices and sputtered SiOx devices 



 

141 

 

suggests that previous models describing the switching process in sputtered SiOx 

are likely applicable to the implanted SiOx. 

 

 

 

 

 

 

 

6.2 Suggested future work 
 

Much follow-up work can be done to fully understand and optimise SiOx based 

ReRAM devices. In chapter 3.1, I discovered that the exponent of relaxation 

current is consistent among a samples despite large device-to-device variations 

in electrical performances. This discovery can be verified with more SiOx samples 

and the exponent of relaxation current could be a convenient approach to 

diagnose oxide quality.  

I proposed a model to explain delayed-forming and explored the role of charge 

injection during stressing. It would be interesting to investigate the impact of 

detection voltage during delayed forming. This would help us understand how 

electron detrapping is affected by applied bias and might yield a new way to 

control the final formed resistance state. Similarly, one can vary the strength of 

stressing voltage to control delayed forming. If delayed forming can be achieved 

with smaller stressing voltages to save power, and the delay time can be further 

reduced, the randomness of the delay time may be utilised to make a random 

number generator.  

Previous generations of SiOx ReRAM were used to generate electrical spikes, 

but spikes are not commonly observed in the current generation of SiOx ReRAM 

devices. The delay-formed LRS is particularly fragile and resets under small 

voltages. Hence, biasing a delay-formed device is more likely to generate spikes 

than biasing a sweep-formed device.  

Delayed forming reveals the role of charge trapping in ReRAM devices. The 

impact of charge trapping in resistive switching is worthy of further investigation. 

Similarly, delayed forming can be investigated in other ReRAM oxides, such as 

hafnium oxide. 
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The impact of oxygen movement is potentially greater on delay-formed filaments, 

particularly at elevated temperatures. Delayed forming could allow research on 

oxygen movement in silicon oxide. For example, with more data points on 

temperature-dependent delayed forming, the activation energy of oxygen 

movement may be extracted. Additionally, since delay-formed filaments can 

enter a more fragile state than sweep-formed filaments, modelling the retention 

of the ReRAM LRS and extracting the failure time in different temperature would 

be easier.  

SILC follows a power law in SiOx ReRAM devices under negative bias, but 

current fluctuates greatly under positive bias. I suspect this is a result of oxygen 

absorption from the external environment under positive bias. Investigating SILC 

in a vacuum environment could yield insight in the physical picture of SiOx based 

resistive switching. 

Implanted SiOx devices can be further optimised. Investigation into the following 

aspects could be beneficial: switching layer thickness, implantation energy, and 

implantation species. Due to high implantation dosage and small target layer 

thickness, charge compensation during implantation could improve device-to-

device variability. Lastly, controlling the number of conductive pathways per 

switching device could minimise cycle-to-cycle variability. This can be achieved 

by implanting only specific regions in a ReRAM device; however, this would 

require extra cost in the lithography processes.  

 

 

 

 

 

 

 

 

 

 


