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Flash memory has been the fastest growing non-volatile memory technology, and 

it has been widely used in many portable electronic products. Due to its charge based 

memory mechanism, there are more and more challenges scaling down the flash memory 

device. Researchers have been looking for new memory materials and novel structures 

for non-volatile memory devices to replace the conventional floating gate flash.  

Resistive switching memory stands out from other leading contenders such as phase 

change memory, magnetic random access memory, and spintronic random access 

memory. Resistive switching memory has the advantages of non-charge based memory 

mechanism, simple two-terminal device structure, and fast switching speed. Therefore, it 

demonstrates great potential for replacing NAND flash and even DRAM to become the 

next-generation non-volatile memory.  

A comprehensive investigation on amorphous silicon oxide (SiOx) based resistive 

memory, starting from fabrication and material analysis, to performance optimization, 

then to advanced characterization, and finally ending with novel logic circuit 

applications, have been presented in this dissertation. New device structure and 

encapsulation process are developed to enable SiOx based resistive memory to operate in 

air ambient. External resistance effect and substrate optimization have been made to 
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achieve good switching window, low endurance variation. Current sweep technique was 

used to study the Set process, which simplified multiple resistance level operation of SiOx 

based resistive memory. Characterization of resistive switching behavior at elevated 

temperature showed that SiOx resistive material has great potential for high temperature 

memory applications. Random Telegraph Noise and Energetic Dispersive Spectroscopy 

provided insights into the physical model of the resistive switching phenomenon. Finally, 

bidirectional implication scheme using SiOx based resistive memory was proposed and 

tested, which forms the corner stone of memristor based logic operations. Taking one 

step further, one bit full adder logic function was theoretically realized on a logic circuit 

consisting of 4 × 4 crossbar structure resistive memory 1D-1R array and select 

transistors, the findings show pros and cons of memory enabled logic circuit. In 

summary, this work presents the optimization and application researches on SiOx based 

resistive switching memory.  
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Chapter 1:  Introduction 

1.1 NON-VOLATILE MEMORY: FLASH AND ITS LIMITATIONS 

The memory in the microprocessor architecture can be categorized into two types 

based on its function [1]. As shown in Figure 1.1, the first one is called the volatile 

memory, which means that the stored information will be lost without constant power 

supply. More specifically, Dynamic Random Access Memory (RAM) and Static Random 

Access Memory (L1 and L2 Caches) in modern computer belong to this kind. The other 

type of memory is the non-volatile memory. The non-volatile means that it can retain the 

stored information up to many years without any power supply. Compact Disk, Flash 

(thumb drive and Solid State Drives) and Hard Disk Drive (HDD) in modern computer 

are all non-volatile memory.  

 

 

Figure1.1 Memory categorized into volatile memory and Non-volatile memory. 

Figure 1.2 (a) shows steady growth of the global revenue of semiconductor 

memory components from 2012 to 2016. It is obvious that the non-volatile memory is 

quite important for semiconductor industry. A closer examination on NAND flash (which 

is commonly used in thumb drives and SSDs) shows that there was an near 100% 
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revenue increase from the second quarter of 2012 to the fourth quarter of 2014 (Figure 

1.2 (b)). Therefore forecasts have been made suggesting the global shipments of HDDs 

will decline into the future while SSD shipments will continue to increase. So in term of 

the absolute market volume, flash memory only accounts for a small share of the non-

volatile memory in Personal Computer (PC) market (Figure 1.2 (c)). But in term of 

growth, it is the primary player in this market [2]. Aside from PCs, flash based non-

volatile memories are also ubiquitous in portable electronic products such as mobile 

phones, digital cameras and tablets. The ever increasing demand for portable electronic 

products also helped making flash the fastest growing type of memory [3]. 

 

 

Figure1.2 (a) The global revenue from semiconductor memory components from 

2006 to 2016. (b) The global revenue from NAND Flash memory from 2010 to 

2014. (c) Predictions of global shipments of HDDs and SSDs from 2012 to 2017. 

The flash memory is based on the use of polycrystalline Si as a floating gate to 

store charges injected from a Si transistor channel [4]. The typical structure of a non-

volatile flash memory device is shown in Figure 1.3. Once charges are stored in the 

floating gate, the threshold voltage of the memory device will be changed. The logical 

value “0” and “1” is thereby reflected by the level of threshold voltage. However it’s 

facing major difficulties trying to scale the flash memory device down to nanometer 

scale. As the dimension of the device shrinks, stored charges in the floating gate may 

easily tunnel through the tunnel oxide to the Si substrate [5]. Because the scaled tunnel 
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oxide layer is not thick enough to form an energy barrier which has low tunneling 

probability. Researchers have addressed this problem with success so far by adding 

silicon nitride trapping layer to the device structure (silicon/oxide/nitride/oxide/silicon, 

SONOS) [6], or using discrete nano-crystals [7] as storage layer. But the fundamental 

limitation of using charge for memory storage mechanism will persist, because it 

becomes increasingly difficult to reliably control electrons in the shrinking dimensions.  

 

 

Figure1.3 (a) Flash memory device structure showing electrons stored in floating 

gate layer. (b) Id-Vg curve of flash memory showing the threshold voltage shift 

due to electrons in floating gate.  

Other challenges such as limited number of stored electrons, short channel effects 

and hot electron problem in the transistor, as well as large voltage and slow speed for 

device write/erase operation [8], suggest that some of these problems cannot be solved by 

tweaking the device structure and layer materials without changing the memory 

mechanism. Therefore, researchers have considered new memory materials and novel 

structures for non-volatile memory devices to replace the conventional floating gate flash. 

Leading contenders currently include phase change memory [9], magnetic random access 

memory [10], spintronic random access memory [11], and resistive switching memory 

[12]. 
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Compared to flash memory, resistive switching memory has the following 

advantages. First, it is not a charge based memory. Therefore resistive switching memory 

appears promising for extensive scaling without losing the memory functionality. For 

example, in conductive bridge memory, it has been demonstrated that the metallic bridge 

may be scaled down to less than 1 nm [13]. Second, resistive memory uses a simpler 

device structure. The two-terminal configuration allows more flexible memory 

architecture. The resistor like structure not only takes up less die space therefore enabling 

higher memory density and lower memory unit price, but also promises a more 

straightforward multilevel stacking scheme to achieve 3D integration [14]. Third, it 

potentially has fast switching time. The process of charge and discharge through a gate 

oxide in flash memory limits the switching time to microseconds. The switching process 

in resistive memory is usually a localized chemical (change of chemical bonding) or 

physical process (dissolution of metallic bridge) that can be completed in tens of 

nanoseconds, making it a much faster memory [15]. 

Despite of the above promising features, resistive switching memory has certain 

disadvantages. Firstly, there are concerns on device variations and memory reliability. 

For flash memory, a minimum of 10
4 

memory endurance cycle and 10 years data storage 

time are common specification [15]. Only a few resistive memories that cycle as high as 

10
6
 cycles have been demonstrated [16]. Device to device variation, cycle to cycle 

variation are also very common, especially for filamentary type resistive memory. 

Switching parameter may differ 10
2
 in value [12]. Secondly, there is the electroforming 

issue. Typically, the I-V characteristics of a fresh resistive memory device do not exhibit 

the designed resistive memory switching behavior. Therefore an initiation process, or 

electroforming process, is required to activate the device or enables the resistive 

switching. Such process usually involves large voltage (or stress) applied to each 
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individual memory unit. And this kind of process is almost necessary for any resistive 

memory devices before memory operation. Effective and efficient procedures to 

electroform large amount of devices still remain unclear [17]. 

These pros and cons of resistive switching memory have stimulated a great 

interest in this field since the 1960s and more advances are likely to be made [18]. Given 

the huge economic stake involved, huge efforts are made just to replace flash technology 

with resistive memory for non-volatile RAM in the future. 

 

1.2 OVERVIEW OF RESISTIVE MEMORY 

Resistive memory devices exhibit good nonvolatile characteristics, and the stored 

data can be retained until the next data is written. The logic state “0” or “1” is defined by 

different resistance values, and can be read by applying a low voltage to measure the 

resistance state. The degradation of stored information is usually determined by the 

kinetics of physical or chemical process responsible for the resistive switching. So it does 

not suffer from wear-out problem as flash memory does [8]. 

The structure of resistive memory devices is a sandwiched structure of top 

electrode/switching material/bottom electrode. By applying voltage or current, the total 

resistance of the device can be changed, thereby giving the device data storage 

characteristics. Resistive memory device first originated from Hickmott in the 1960s 

[18]; his work showed that the resistance of amorphous Al2O3 could be modified using 

voltage or current stresses. In recent years, the resistive switching behaviors of a large 

variety of materials have been reported, including binary metal oxides such as titanium 

oxide [19], tantalum oxide [20] and hafnium oxide [21]. A clear pattern in resistive 

memory material choice shows researcher favors more commonly used materials in 
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semiconductor industry, since the above oxides are all well characterized high-k 

dielectric materials. Conductive bridge resistive memory based on low resistivity metals 

such as Ag [22] and Cu [23] also gained great interest in the industry. In 2010, Micron 

Technology started working on Cu based resistive memory development project with 

300mm wafer. Similarly, among these exotic materials, only Cu gained acceptance 

because it can be easily processed during BEOL. It is clear that not only the memory 

switching characteristic but also the integration feasibility play important roles in 

evaluating a material for resistive memory application.  

 

1.3 SIOX BASED RESISTIVE MEMORY DEVICE 

Due to its excellent insulating properties, silicon oxide (SiOx) has long been used 

as gate dielectrics in Metal Oxide Semiconductor Field Effect Transistors (MOSFET) and 

as electrical isolation layers in microelectronic circuits. The earliest researches on SiOx 

based resistive memory dates back to 1960s. Switching phenomena were observed in 

1962 by Hickmott [18] and 1967 by Simmons and Verderber [24] and have further been 

modeled by Dearnaley in the 1970s [25]. They observed that a simple M-I-M structure 

(e.g., Au/SiOx/Al) could form an active device based on its repeatable negative resistance 

phenomenon. Academic research into SiOx based resistive memory has increased 

substantially during the last decade after reports that this traditionally passive material 

can also be controlled by external electrical activation and potentially used as the active 

memory layer in non-volatile memory devices [26, 27]. Recently, Yao et al. have 

reported SiOx based resistive switching behaviors in vacuum, indicating that this 

traditionally passive material can be converted to an active memory element and 

controlled by external electrical activation.  
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Resistive memory based on SiOx stands out among other resistive memories, 

because it has unique unipolar operation mode [28], high on/off ratio [28], excellent 

scalability [29], good high temperature performance and above all, great compatibility 

with standard CMOS technology. The Si/SiO2 system has been utilized extensively in the 

semiconductor industry for over half a century. All advanced fabrication technologies 

evolved around this materials system, which gives it unparalleled advantages in terms of 

device miniaturization and scaling efficiency. As a promising candidate for memory 

applications, amorphous silicon oxide (SiOx) memory materials have been intensively 

studied. Still SiOx based memory possesses several problems, such as high operation 

voltage, oxygen free ambient requirement for resistive switching [30], lack of sufficient 

data for endurance and retention performance evaluation. 

 

1.4 OUTLINE              

This research work aims at optimizing SiOx resistive memory for both non-

volatile memory application and novel logic circuits. The research thrusts include 

incorporating new materials, developing new device fabrication process, characterization 

with advanced techniques and implication based logic circuit applications.  

The dissertation first summarizes the fabrication process and characterization 

procedures for MOS structure SiOx based memristor. Starting with material analysis to 

correlate resistive switching behavior with the oxygen deficiency, PECVD silicon 

oxinitride material was studied as the switching layer. Then Backward Sweep Set Effect, 

which is unique to SiOx system, is described and characterized. Then memristor 

fabricated on two different substrates are compared, namely Metal Insulator Metal 

structure and Metal Insulator Semiconductor structure. The external resistance effect is 
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observed and studied in this comparison. On edge free structure device, we demonstrated 

SU-8 encapsulation which enables resistive switching of SiOx memristor in air ambient. 

Next step, several advanced characterization techniques are used to study the resistive 

switching phenomenon. They include 1) High temperature measurement, 2) DC current 

sweep measurement, and 3) Random Telegraph Noise measurements. The results not 

only improve the physical understanding of resistive switching behavior (e.g. current 

transportation mechanism), but also provide guidelines for memory operations (e.g. 

achieving multi-level resistance states). In term of logic applications, we demonstrated 

the material implication operation with improved bidirectional implication schemes. Then 

a crossbar structure 1D-1R memory element array is proposed and theoretically used to 

achieve the functionality of the one bit full adder. This theoretical investigation shows 

memristor enabled logic circuit is most suitable for high density slow speed applications.     

 In chapter 2, resistive switching behavior is first explained, and the switching 

parameters are defined which will serve as the optimization criteria. Planar structure SiOx 

memristor was fabricated and tested for material analysis. PECVD silicon oxinitride 

material was then used as the switching layer in place of SiOx. The result shows lack of 

oxygen atoms degrades the uniformity of memristor switching parameters. Then 

Backward Sweep Set Effect is described, and it may cause undesired memristor operation 

during the Reset pulse. Experiments using triangle pulse signals were conducted to 

provide useful guideline to avoid such undesired switching.  

In chapter 3, external resistance effect is first investigated based on a comparison 

between the Reset characteristic of MIM and MIS structure memristor devices. The 

increased Reset voltage due to voltage drop on external resistance improves the switching 

window at the cost of higher power consumption. Then air ambient measurement of SiOx 

memristor shows the resistive switching of SiOx material requires an ambient free of 
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oxygen. Therefore an encapsulation process based on SU-8 polymer photoresist is 

developed. And the encapsulated device shows stable resistive switching operations in 

air.  

In chapter 4, we first used DC current sweep to characterize the Set process of the 

resistive switching. Contrary to the DC voltage sweep results, current sweep result shows 

the Set process consists of multiple instances of resistance reduction. Current sweep 

technique has also been used to demonstrate multiple resistance level on the same 

memristor device. High temperature resistive switching measurement of SiOx memristor 

was performed to understand the maximum operation temperature. The devices exhibit 

resistive switching even up to 180˚C, which shows SiOx memristor has great potential for 

high temperature applications. Random Telegraph Noise measurement was also 

performed on MOS structure SiOx memristor, the normalized power spectrum density 

data shows different signature, namely 1/f
2
 for HRS and 1/f LRS. This phenomenon is 

explained using the hydrogenated oxygen defect model, which suggests the current 

conduction in HRS is dominated by few tunneling process in the gap region, while the 

conduction in LRS comprises of multiple tunneling process all along the filament.   

In chapter 5, we demonstrated bidirectional implication operation using a circuit 

with two SiOx based memristor and a resistor. Then we used a circuit with two 1D1R 

memory elements and a transistor to perform implication operations. In the next step, a 

circuit consisting of a 4 × 4 crossbar structure 1D1R memristor array together with the 

select transistors is proposed. On this circuit, a total of 48 steps of operations are 

performed to realize the functionality of a one bit full adder. Compared with CMOS logic 

circuit, the advantages and disadvantages of the memristor enabled logic circuit are then 

discussed.  
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In chapter 6, the work of this dissertation is summarized, and then ideas on future 

work have been proposed. 
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Chapter 2: Device Fabrication, Resistive Memory Behavior and 

Material Analysis 

In this chapter, the rudimentary SiOx based memristor device (also referred to as 

Metal-Oxide-Semiconductor MOS/MIS structure device) is first described, including its 

fabrication process, characterization technique and the resistive switching behaviors. 

They serve as an important starting ground for further discussion on the resistive 

switching characteristics, application of more advanced characterization techniques and 

investigation of resistive switching materials. Then the resistive switching material 

analysis begins with an investigation using Energy Dispersive Spectroscopy on planar 

structure memristor devices to identify any material property change related to resistive 

switching operations. Once the electroforming operation is correlated to a localized 

oxygen deficiency phenomenon, the next step to adjust the resistive switching material is 

the attempt to replace silicon atoms with nitrogen atoms in the silicon-oxygen matrix. 

Using Plasma Enhanced Chemical Vapor Deposition (PECVD), varying amount of 

oxygen atoms were replaced with nitrogen atoms in the resistive switching layer. MOS 

structure memristor devices with varying resistive switching layer were fabricated, the 

influence of nitrogen atom incorporation on the resistive switching parameters 

distribution, such as HRS/LRS currents, will be discussed. Finally, the Backward voltage 

Sweep Set Effect, which is commonly used to electroform the SiOx memory device, was 

studied to provide important guideline for SiOx device reset pulse design. Triangular 

pulse signals with varying falling time were used to simulate the backward voltage 

sweep, and a voltage sweep slew rate threshold for the effect to occur is observed. 
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2.1. MOS STRUCTURE MEMRISTOR DEVICE FABRICATION, CHARACTERIZATION AND 

SWITCHING BEHAVIORS 

 The heavily doped n-type (100) silicon with resistivity of 0.001 ohm·cm has been 

used as substrate for MOS structure SiOx based memristor device fabrication. Native 

oxide was removed from silicon substrate using a 1 minute Buffered Oxide Etchant 

(BOE) dip followed by N2 blow dry. A layer of SiOx with a thickness of 50nm was 

deposited using evaporation technique in high vacuum (<5×10
-6

Torr). The evaporation 

process is described in more detail here because this critical step primarily determines the 

material property of the resistive layer of the device [31]. The evaporation step uses a 10 

kV high vacuum e-beam evaporation system (CHA#2) with the following conditions: 

deposition rate is set at 0.8~1 Å/s, the rate and thickness are controlled through the use of 

quartz crystals; substrate temperature is set at room temperature, the actual temperature 

will be around 60˚C, due to the kinetic energy transferred from the deposited atoms 

during the evaporation process; no oxygen plasma is used throughout the deposition 

process; high purity silicon dioxide (SiO2) pellets (transparent crystals) are used as the 

evaporation source. It should be noted that, due to different vapor pressures of silicon 

atoms and oxygen atoms, the melted SiO2 target is deficient of oxygen atoms and 

therefore obtains a grey color on the surface after the evaporation. And the SiO2 source 

will not be reused. After the evaporation, the sample is transferred to sputtering 

equipment (New KJL), where a 200nm thick tantalum nitride (TaN) layer was deposited 

as the top electrode using reactive sputtering. The staging time (time between the venting 

of evaporation chamber and the pumping down of sputtering chamber) is controlled to be 

no longer than 30mins. The TaN top electrodes were then patterned by photolithography 



 13 

 

and Carbon Fluoride (CF4) based Reactive Ion Etching (RIE) method. After removing the 

photoresist using ultra sonication in acetone, sample was triple rinsed. Finally SiOx in the 

fields surrounding the top electrode was removed by BOE. The process flow chart and 

final device structure is shown in Figure 2.1.  

 

Figure 2.1. SiOx based memristor device fabrication process flow chart and the final 

device structure.  
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Figure 2.2. (a) Cross sectional Scanning Electron Microscope image of TaN/SiOx/Si 

MOS structure SiOx based memristor. (b) Electroforming process of SiOx based 

memristor using DC voltage sweeps. (c) Switching I-V plots for SiOx based 

memristor in unipolar mode with High Resistance State (HRS), Low Resistance 

State (LRS), Set Voltage and Reset Voltage identified.  

Figure 2.2 (a) shows the cross-sectional Scanning Electron Microscope (SEM) 

image of TaN/SiOx/Si MOS structure SiOx based memristor. Each layer of MOS 

structures is labeled. Lakeshore Cryotronics vacuum probe chamber and Agilent B1500A 

device parameter analyzer were used to electroform devices and measure the DC I-V 

response in vacuum (< 1 mTorr). The Resistive Switching (RS) characteristics of SiOx 

memristor are measured by biasing TaN top electrode and grounding the N
++

 silicon 

substrate. There are two different electroforming techniques to achieve electroforming on 

as-fabricated SiOx based memristor devices. The one shown in Figure 2.2 (b) uses several 

consecutive DC voltage sweeps to electroform the device. A sudden current increase up 

to 10 μA during the first DC sweep indicates a successful electroforming. During the 

subsequent DC sweeps, the abrupt current increase shifts towards lower voltages. The 

device is electroformed after a total of four DC sweeps.  

Figure 2.2 (c) illustrates the unique unipolar resistive switching characteristics of 

SiOx based memristor. The resistance of the memristor is ~10 MΩ when the device is in 

High Resistance State (HRS, Off state), as shown by the red curves in Figure 2.2 (c). The 

resistance of the memristor is ~10 kΩ when the device is in Low Resistance State (LRS, 
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On state), as shown by the black curves in Figure 2.2 (c). All above resistances are 

calculated as DC resistance at 1V bias. Influenced by previous non-volatile memory 

researches, mainly flash technology, the HRS to LRS operation/transition is also referred 

to as “SET” operation/transition; and the LRS to HRS operation/transition is also referred 

to as “RESET” operation/transition. “SET Current/RESET Current (Iset)/(Ireset)” and “SET 

Voltage/RESET Voltage (Vset)/(Vreset)” are defined as the values of absolute current and 

voltage measured at the beginning of resistance switching from HRS/LRS to LRS/HRS, 

respectively. The definition of the “LRS Current”/“HRS Current” is the measured current 

in the LRS/HRS at 1 V bias. The On/Off ratio, an important property of a memristor 

device, is defined as ratio between LRS current over HRS current, measured at 1 V bias. 

In general, higher On/Off ratio is usually desired because it would impose fewer 

requirements on the sense amplifier circuitry for read out operation. A minimum of 10 is 

desired to distinguish two resistive states of the memristor.  

In Figure 2.2 (c), the SET operation of SiOx RRAM was achieved using a 0 V to 3 

V single voltage sweep. The abrupt current increase at 2.5 V indicates resistive state 

changing from HRS to LRS. Thus, the Set Voltage (Vset) is ~2.5 V. The reset operation 

was achieved with a 0 V to 6 V DC voltage single sweep. And the decrease of current 

indicates resistive state changing from LRS to HRS. The Reset Voltage (Vreset) is 

therefore ~ 4.5 V. The On/Off ratio of the device is ~10
3
 with the aforementioned set and 

reset conditions.  

 

2.2. PLANAR DEVICE AND OXYGEN DEFICIENCY  

Previous researchers studied on SiOx based memristor devices with varying 

perimeters [32, 33]; the result indicates the resistive switching operation involves a very 
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localized transition near the interface between vacuum and the SiOx layer. In other words, 

the transition occurs at a place close to the edge of the SiOx layer [34]. Identifying the 

physical location of the resistive switching transition site is therefore possible and of 

great importance. However the MOS structure device has the transition sites on the 

sidewalls of the SiOx layer, and performing material analysis on these sidewalls is very 

difficult. Therefore planar structure SiOx based memristor devices are fabricated and 

electroformed. The fabrication process is similar to the MOS structure device. It starts 

with BOE cleaning of undoped p-type silicon wafer, followed by deposition of SiOx layer 

using evaporation. The major difference lies in the formation of top electrodes and the 

device structure. Then E-beam lithography and Lift Off Resist (LOR) were used to form 

top electrodes by lifting off a 100nm thick Chromium (Cr) layer. The Cr layer was 

deposited using e-beam evaporation. The electrodes are designed to consist of two 

50μm×50μm contact pad for probe contacts, a narrow connection region of 1um width 

and a gap region of varying gap distance from 40nm to 70nm. The top view and side 

view of the Cr electrodes are shown in Figure 2.3 (a). After the fabrication, the Atomic 

Force Microscope (AFM) images were obtained on as-fabricated device. The connection 

region of the Cr electrodes and the gap region are shown in AFM images (both tilted and 

top view) in Figure 2.3 (b) and (c).  
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Figure 2.3. (a) Side view structure of planar SiOx based memristor device. (b)  

Atomic Force Microscope (AFM) image (tilted) of planar device at gap region. 

(c)  AFM image (top view) of planar device at gap region. (d) Pre-Forming I-V 

curves showing electric induced joule heating breakdown behavior.  

With this design of device structure, the top and bottom electrodes are effectively 

placed on the surface of SiOx layer with a spacing of 40nm to 70nm. During the 

measurement, one of the electrodes was biased with positive voltage and the other was 

grounded. And such configuration would limit the electroforming/resistive switching 

region at the gap between the two adjacent electrodes. However, the measured data 

shows that most of the two adjacent electrodes are actually not electrically isolated. This 

was attributed to the two adjacent Cr electrodes contacting each other due to imperfect 
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lift off at the gap region between the Cr electrodes. And very high voltage double sweeps 

(0 V to 35 V and back to 0 V) were used to induce localized joule heating at the contact 

point and caused the breakdown of the Cr connections. I-V plots of Pre-Forming process 

for planar devices with varying Cr electrode spacing are shown in Figure 2.3 (d), in 

which the burn-off process can be observed. The conduction current between the two 

adjacent Cr electrodes was initially following an Ohmic conduction behavior and 

suddenly decreased from mA level down to μA level at ~ 30 V.  

 

Figure 2.4. Electroforming, Set and Reset I-V curve for planar device.  

After the Cr burn-off, the planar devices were electroformed using a double 

sweep method. Unlike the electroforming procedure described in chapter 2.1, where 

consecutive voltage single sweeps were used, the electroforming procedure described 

here used only one voltage double sweep to electroform the device. As shown in Figure 
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2.4 (black curve), a forward/reverse voltage sweep from 0 to 30 V is applied to 

electroform the planar device. During the forward sweep (0 V to 30 V), the current 

abruptly decreased at 27 V, and then began to fluctuate near the 10
-6

 A level. Such abrupt 

change marked the beginning of the electroforming process. During the reverse sweep 

(30 V to 0 V), the current initially fluctuate near the 10
-6

 A level, then increased to 10
-4

 

A, indicating the completion of the electroforming process. This increase of conduction 

current/decrease of resistance during the reverse sweep of voltage is unique to SiOx based 

memristor, and it is called “Backward Voltage Sweep Set Effect”. More detailed analysis 

will be discussed in chapter 2.4. In Figure 2.4, resistive switching characteristics are also 

shown, Set process in red and Reset process in blue.  

Following the successful electroforming of the planar device, Energy Dispersive 

X-ray Spectroscopy (EDS) was performed at the gap regions of electroformed planar 

devices. During the EDS measurement, primary electrons are accelerated to a relatively 

high energy (speed). Once arriving onto the sample, the primary electrons interact with 

the atoms near the surface of the sample. These interactions could release secondary 

electrons from the Coulombic interaction between primary electron and the outer shell 

electrons, which enables specific site targeting using SEM image. These interaction could 

also provide inner shell electrons with enough energy to reach excited state, and the 

relaxation of such high energy state (L, M orbit) to low energy state (K orbit) releases 

characteristic X-ray with specific energy level that can be used to identify the element 

type and qualitatively estimate the atomic composition of particular elements. However 

some of the primary electrons also interact with the nucleus of the atom and the gradual 

loss of the kinetic energy emits uncharacteristic X-rays, which form the background noise 

of this measurement. The EDS equipment used in this work was S-5500 Jeol STEM, with 

25 keV accelerating voltage. The oxygen characteristic peak at 0.525eV (Kα) was chosen 
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to qualitatively estimate the amount of oxygen atoms at different locations of the gap 

region [35]. Top view SEM images were used to guide the EDS probe location, as it 

scans across the gap region between adjacent Cr electrodes. Figure 2.5 shows two set of 

EDS intensity data and the corresponding SEM images, one measured on the 

electroformed device, the other measured on the as-fabricated device. For the case of 

EDS data collected on electroformed device, shown in Figure 2.5 (a) and (b), as the probe 

site scans though the gap region, a localized probe site (#3) with significantly lowered X-

ray intensity (~ 40% lower intensity) was identified. On the other hand, for the case of 

EDS data collected on as-fabricated device, X-ray intensity across the gap region does 

not change significantly. This contrast of intensity trend suggests that the electroforming 

process of planar SiOx based memristor device is related to localized deficiency of 

oxygen atoms. 
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Figure 2.5.  (a) EDS probe sites #1-7 locations shown and labeled in the top view 

SEM image of the gap region between two adjacent Cr electrodes on an 

electroformed planar SiOx based memristor device. (b) Intensity of X-ray signals 

around oxygen Kα energy level (0.525eV) for different probe sites. (c) and (d) 

show the same pair of data, only collected on as-fabricated (not electroformed) 

device.  

 

2.3. PECVD SILICON OXYNITIRDE AS A RESISTIVE SWITCHING MATERIAL  

As we discussed importance of oxygen deficiency to the resistive switching 

behavior of SiOx material, an obvious approach to achieve such oxygen deficiency in 

such silicon-oxygen atom matrix is to incorporate nitrogen atoms. Little effort has been 

done to study SiOxN1-x for its memory characteristics. The x value is used here to indicate 

the atomic ratio of oxygen atoms remaining in the silicon-oxygen atom matrix. X equals 
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to 1 means no nitrogen incorporation, and the material is silicon oxide. X equals to 0 

means 100% nitrogen replacement, and the material is effectively silicon nitride. In this 

work we characterized the SiOxN1-x material deposited by PECVD process for resistive 

characteristics and discuss how it may affect the device performance. 

The device fabrication process is a slight variant of MOS structure described in 

chapter 2.1. Resistive memory devices were fabricated on N
++

 Si prime wafer cleaned 

with BOE for 1min to remove native oxide. A 50nm SiOxN1-x layer is PECVD deposited 

at 300˚C using NH3, N2O, and SiH4 as reactive species. This high temperature provides 

enough energy which ensures quick chemical reaction at the deposition site (the surface 

of the sample) [36]. So the PECVD process is in mass transfer regime, therefore, 

composition of the deposited SiOxN1-x layer is controlled by varying the flow rate of each 

reacting gas. Immediately after deposition, the refractive index of the SiOxN1-x layer is 

measured using a ellipsometer (J.A.Woolam). More detailed deposition conditions and 

measured refractive index data are shown in Table 2.1. Using the SOPRA database (a 

commercial optical database) for PECVD SiOxN1-x, the x value was determined [37]. 

With test runs and calibrations on dummy samples, different recipes with varying gas 

flow rate were developed to achieve 5 different x values (10%, 32%, 49%, 66%, and 

80%) in the SiOxN1-x for sample #1 to #5, while maintaining similar thickness to 

minimize its influence on the resistive behavior. as shown in Table 2.1. Then on all 

samples, a 200nm thick tantalum nitride layer was deposited by sputtering followed by 

lithography and CF4 based dry etch to define the top electrodes. After removing 

photoresist, all samples were wet etched in BOE for 3min to remove SiOxN1-x from field 

regions.  
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Table 2.1 PECVD gas flow conditions, deposition time, final thickness and measured 

refractive index for Sample 1 to 5, each with varying x value for SiOxN1-x. 

 

Figure 2.6. Typical resistive switching behavior of SiOxN1-x memristor device, with 

LRS HRS Set Voltage and Reset Voltage labeled. The inset is the electroforming 

behavior of the device.  

Devices were then measured in vacuum using substrate as ground and top 

electrode to apply bias. The forming process was achieved by double voltage sweep 

method, using a DC voltage sweep from 0V to 8V and back to 0V. Figure 2.6 and inset 

show the device IV curve switching between HRS and LRS and its forming process. Ten 

devices with each x value were measured and the device yield for each sample was 
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determined. As shown in Figure 2.7, the device yield increases with increasing oxygen 

concentration. Key resistive switching parameters, such as HRS and LRS current at 1V 

bias, Set voltage and Reset voltage were all mean values extracted from DC IV data of 

each working device. Based on the extracted data, the cumulative probability curve of 

each switching parameter was plotted for sample #1 to 5. The cumulative probability 

curve describes the probability (e.g. 0.95) that a switching parameter (e.g. LRS current) 

within the given measured data set (e.g. SiO0.66N0.34, green open curve) will be found to 

have a value less than or equal to (e.g. 10
-6

). The steeper curve indicates a tighter 

distribution of switching parameters. 

 

Figure 2.7. Device yield and refractive index of SiOxN1-x devices plotted against 

varying x value (oxygen composition).  

Figure 2.8 shows the cumulative probability distribution of measured LRS/HRS 

conduction currents for varying x value (oxygen percentage) respectively. It is noted that, 

as x value (oxygen percentage) changes, the distribution curves of LRS current are all 

similarly steep, showing very tight distribution. However, the distribution curves of HRS 

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0

20

40

60

80

100

R
e

fr
a
c

ti
v

e
 I
n

d
e
x

 n

D
e

v
ic

e
 Y

ie
ld

 (
%

)

80%66%49%32%10%  
Oxygen atom percentage X in SiO

x
N

1-x

 



 25 

 

current show a trend that devices with more oxygen (higher x value) have a steeper slope, 

indicating a tighter distribution and better device stability in HRS. In the cumulative 

probability distribution figure, the examination of the shape of the cumulative probability 

distribution is most meaningful, as the steeper curve indicates less random distribution of 

the switching parameter and less device to device variations. However, the values of the 

switching parameters in this plot are not directly comparable across different samples, 

because these values (e.g. LRS current and HRS current) are measured at different 

conditions (e.g. Set voltage and Reset voltage). As shown in Figure 2.9, Reset voltage 

increases as x value decreases, therefore resetting the device into deeper HRS and 

resulting in both lower HRS current and LRS current. Figure 2.9 shows the cumulative 

probability distribution of measured Set voltage/Reset voltage for varying x value 

(oxygen percentage) respectively. A similar trend as HRS current is observed that devices 

with more oxygen atoms (higher x value) have a steeper slope, indicating a tighter 

distribution of both Set and Reset voltages. SiO0.1N0.9 devices have the largest variation, 

up to 2V, showing the worst device stability [38].  

These trends can be explained that, because the resistance switching operation and 

current conduction mechanism both occur near oxygen atoms. The reduction of x value 

(decrease of oxygen percentage) further enhanced the random distribution of oxygen 

atoms, therefore more random the resistive switching behavior as well. It is noted that, 

for Set and Reset voltages, all samples have a minimum of 0.5V variation due to the 

random nature of filamentary switching property of SiOx. Such randomness was not 

clearly shown in the LRS current (Figure 2.8) for two reasons. First, the LRS current 

conduction involves multiple tunneling process at different sites, whereas for HRS 

current conduction one or only a few tunneling process dominates and shows more 

randomness. Second, LRS current data were plotted in logarithmic scale, the variation is 
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less noticeable compared to linear scale. Further discussion on difference between HRS 

and LRS the tunneling process will be provided in chapter 4.3. In conclusion, the attempt 

to replace oxygen atoms with nitrogen atoms worsens the electroforming yield and 

adversely affects the distribution of device switching parameters.   

 

 

Figure 2.8. Cumulative distribution of high resistance state (HRS) and low resistance 

state (LRS) current measured at 1V of SiOxN1-x devices with varying x value 

(oxygen percentage).  
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Figure 2.9. Cumulative distribution of Set voltage and Reset voltage of SiOxN1-x 

devices with varying x value (oxygen percentage).  
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the backward voltage sweep, the device will be switched to LRS, indicating the 
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edge and a falling edge, which is effectively a forward and a backward voltage sweep 

respectively. Therefore the Backward Sweep Set Effect might happen during a falling 

edge of the pulse signal. In the worst case scenario, such effect happens during the falling 

edge of a pulse signal designed to reset the device. Then the Reset pulse failed to reset the 

device, because such undesired Set process happens. In this work, we used pulse voltage 

signal and DC I-V measurements to characterize this Set effect, and the results provide 

guidelines for the Reset pulse to avoid this effect. The physical origin of the effect is also 

explained using the hypothesis of defect state transformation of hydrogenated oxygen 

defect group.    

SiOx based memristor samples used in this work are MOS structure devices with 

evaporated SiOx. Detailed fabrication process has been described in chapter 2.1. Same as 

previously discussed voltage sweep measurement conditions, Lake Shore Cryotronics 

vacuum probe chamber (< 1 mTorr) and Agilent B1500A device parameter analyzer were 

used to electroform devices and perform voltage sweep measurements. The pulse signals 

of arbitrary shape (with varying pulse width and pulse height were generated by SPGU 

module of B1500A, and applied pulse is continuously monitored using digital 

oscilloscope.  
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Figure 2.10. (a) Triangular waveforms with fixed rising time (10ms) and 

varying falling time (30ns, 100ns, 1us, 10us, 100us); (b) Schematics for the 

measurement setup.  

 

The device is first set to HRS then a 0V to 12V and back to 0V triangular wave 

pulse is applied to the device. After the pulse signal, the device state is measured using a 

DC voltage sweep from 0V to 12V. By fixing the rising time of the triangular wave to 

10ms and varying its falling time from 30ns to 100us, we measured 5 slew rate 

conditions; and for each condition the measurement was repeated 5 times. Figure 2.10 (a) 

shows the various triangular wave signals, and (b) shows the schematics of test setup.  

Figure 2.11 shows the typical device DC response measured after the triangular 

signals. The device was in HRS after the rising edge of the triangular wave. It is noted 

that, during the falling edge of the triangular wave the device was switched back to LRS 

in 100us and 10us. This is due to the Backward Sweep Set Effect. For triangular waves 

with 100ns and 1us falling times, the device was switched to middle resistance states 
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(black and pink curves). Whereas, such Backward Sweep Set Effect is not observed for 

the triangular waves with 30ns falling time. Figure 2.12 summarizes the current measured 

at 1V for each slew rate (falling time) condition. A clear threshold at 0.12V/ns is 

observed in the data set, which suggests the backward voltage sweep set effect will not 

take place if the backward voltage sweep is very fast (i.e. slew rate faster than 0.12V/ns). 

When operating the device using signal pulses, this threshold becomes very important. 

Because if the falling edge slew rate for reset pulse is slower than 0.12V/ns the reset 

pulse would not be able to set the device to off due to backward voltage sweep set effect.  

 

 

Figure 2.11. Device DC voltage sweep response measured after triangular wave 

signals with different falling time.  
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Figure 2.12. Summary of the conduction current measured at 1V for each slew 

rate (falling time) condition of the triangular wave.  

 

The physical origin of the backward voltage sweep set effect can be explained 

using the hypothesis that the hydrogenate oxygen defects transformation between 

hydrogen doublet (Si-H H-Si for HRS) and hydrogen bridge (Si-H-Si for LRS) is 

responsible for device memory state switching. For the defect to transform from Si-H H-

Si to Si-H-Si, it has to release a proton and allow this proton to combine with a 

neighboring H2O site to form a fixed H3O
+
 defect [42]. This proton migration process is 

related to a time constant, if the falling time of backward voltage sweep is smaller than 

this time constant, the HRS defect type to LRS defect type transformation will not occur, 

in another word, the backward voltage sweep set effect will not take place. In conclusion, 

we characterized the Backward Sweep Set Effect of SiOx memristor device and observed 

a voltage sweep slew rate threshold for the effect to occur. This finding provides 

important guideline for SiOx device reset pulse to avoid unwanted memory state change. 

Hypothesis of defect transformation provided a plausible explanation to the physical 

origin of such effect and its time constant threshold in SiOx resistive memory [43]. 
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Chapter 3: Device Structures and Encapsulation 

Investigations involving material analysis of resistive material were discussed in 

last chapter. The works in this chapter tried to optimize the SiOx memristor device 

performance using different device structure and fabrication process. The choice of 

device substrate has significant impact on switching characteristics in the form of 

External Resistance Effect [44, 45]. SiOx based resistive memory devices with MIM 

structure are compared to MIS structures, and the effects of external resistance on device 

performance are characterized. The disparate reset behaviors arising from external 

resistance are explained. External resistance effect was also studied by varying the 

resistance of an external resistor in series with the device. Endurance measurements 

confirm that series resistance of ~ 250 Ohms reduces variability in the set process [46]. 

The impacts on operating speed by adding series resistance for improved stability are also 

discussed.  

In the second part, we discuss the efforts to enable SiOx resistive switching in air 

ambient. Data from controlled etching experiment indicates that the switching filament is 

close to the SiOx surface in devices with an exposed SiOx edge. Varying oxygen partial 

pressure of the test ambient, the necessity to hermetically encapsulate the SiOx device is 

clearly shown. A polymer commonly used in Mechanical Electrical Micro-System 

(MEMS) industry, SU-8, was chosen as the encapsulation material. Electrical test of 

encapsulated, edge-free devices in 1 atmosphere air indicates stable switching 

characteristics, unlike devices with SiOx edge. This work demonstrates that SiOx RRAM 

is able to operate in air with proper encapsulation and an edge-free structure. The 
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resistive switching failure mechanism when operating in air is explained by the oxidation 

of hydrogenated oxygen defects in the switching filament [47]. 

 

3.1. MIS V.S. MIM STRUCTURES AND EXTERNAL RESISTANCE EFFECT  

Previous work has focused on Resistive Random Access Memory (RRAM, i.e. 

memristor) devices using Metal-Insulator-Semiconductor (MIS, i.e. MOS) structures with 

TaN metal as top electrode, evaporated SiOx as the switching medium and N
++

 silicon 

substrate as bottom electrode [48]. While the MIS structure provides a simple fabrication 

process, it can obscure the true resistive switching behavior of the device in several ways. 

First, the highly-doped silicon substrate adds external series resistance to the circuit, 

leading to a significant voltage drop across the external resistance (Vext), especially when 

the device current reaches mA levels (in LRS). Second, due to the external series 

resistance, the measured voltage (Vtotal) across the MOS device is the sum of Vext and the 

voltage drop across the RRAM device (VRRAM). Third, Vext appears to influence the reset 

dynamics of the device through a positive feedback mechanism, making it difficult to 

understand the reset process by simply subtracting Vext from the measured Vtotal. Lastly, 

the external resistance increases the RC delay of the RRAM element, potentially limiting 

the operating speed of the memory device [49]. To better observe the intrinsic operating 

characteristics, we fabricated SiOx RRAM devices with a Metal-Insulator-Metal (MIM) 

structure. The metal electrodes allow contact resistance and interconnect resistance to be 

minimized so that the external series resistance is negligible. RRAM devices with MIM 
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structure show different reset properties as compared to MOS devices, which is believed 

to be due to the external resistance and a positive feedback loop that occurs during the 

Reset process. We then connected the MIM RRAM to a standalone resistor with varying 

resistance and measured the combined circuit to mimic the MIS RRAM to examine our 

hypothesis. It was found that the MIM RRAM device has a drawback in terms of set 

operation stability, and an optimization of external resistance is needed because of the 

trade-off between programming stability and operation speed.    

Fabrication details for MIS devices with tantalum nitride and N
++

 Si electrodes have 

been described in chapter 2.1. The MIM devices were fabricated using p-type (100) 

silicon wafers as substrate. After standard cleaning, 270 nm of thermal SiO2 was grown 

to serve as an isolation layer. A 150 nm-thick layer of titanium/tungsten alloy (TiW) was 

then sputter-deposited. A 35 nm-thick layer of SiOx with a measured refractive index of 

1.49 was deposited using silane based PECVD. Another 150 nm TiW layer was sputter-

deposited, followed by 90 nm thick Al sputtering. The TiW/Al top metal layer was 

patterned using photolithography and reactive ion etching to form the top electrode. After 

cleaning with acetone, IPA and water rinse, the wafers were dipped in buffered oxide 

etchant for 60 seconds to form an exposed edge in the SiOx layer and to expose the TiW 

bottom electrode for probe contact. The cross-sectional scanning electron microscopy 

(SEM) image for the MIM device structure is shown in Figure.3.1 (a). A Lake Shore 

Cryotronics vacuum probe chamber (< 1 mTorr) and Agilent B1500A device parameter 

analyzer were used to electroform devices and measure the DC I-V response. Device 

performance and resistive switching parameters were extracted for all samples. A Kratos 
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Axis Ultra HSA X-ray Photoelectron Spectrometer (XPS) equipped with a mono-

chromatized aluminum x-ray source was used to analyze several SiOx materials deposited 

using different methods. Calibration of the binding energy scale was set by fixing the C-

(C, H) peak at 284.4 eV. 

 

 

Figure 3.1. (a) Tilted SEM images of TiW/SiOx/TiW (MIM) device in the upper 

panel, and magnified cross-sectional SEM images of the device structure in the 

lower panel. The MIM image is a composite (dashed line) showing the two ends 

of a single, 20 um-wide, planarized TiW electrode. (b) O-1s XPS spectra for 

PECVD oxide. (c) Si-2p XPS spectra for PECVD oxide.  

 

Figure.3.1 (b) and (c) show XPS analysis results for the O-1s and Si-2p binding 

energies in the PECVD oxide used in MIM devices. We observed existence of both 

stoichiometric SiO2 (binding energy Si: 103.2 eV; O: 532.5 eV, pink peak) [50] and sub-

oxides (SiOx with x < 2, blue peak) in PECVD oxide. On the other hand, we essentially 

detected no sub-oxides in the thermal oxide sample. Based on previous reports, thermal 

oxide devices are in general difficult to electroform, require high electroforming voltage 

~ 30 V, and have relatively poor resistive switching performance [51]. In contrast, we 

found evidence of sub-oxides (SiOx with x < 2) as indicated by the peak binding energies 

in the XPS spectra (Si: 530.5 eV; O: 101.9 eV and 100.9 eV) in the PECVD oxide, which 
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readily electroformed and consistently showed good resistive switching performance. 

Therefore, we suggest that resistive switching behavior results from the non-

stoichiometric SiOx (x < 2) composition in the oxide layer. This agrees well with the 

findings of chapter 2.2, oxygen deficiency is correlated to the electroforming operation. 

 

 

Figure 3.2. (a) Resistive switching behaviors of MIM edge device. The inset shows 

the electroforming curve. (b) Resistive switching behaviors of MIS bulk device. 

The inset shows the cross-sectional SEM image of the device. (c) Resistive 

switching behaviors of MIS edge device. The inset shows the tilted-view SEM 

image of the device.  

 

MIM and MIS devices were found to exhibit very different reset behaviors. 

Figure.3.2 (a) shows RS behavior of the MIM device, with the electroforming process 

shown in the inset. Figure.3.2 (b) and (c) show resistive switching behaviors of MIS 

devices, with and without an edge, respectively. Their SEM images are also included in 

the insets. As applied voltage increases above the reset voltage (Vreset), the MIS devices 

with and without an edge both exhibit an abrupt drop in current, whereas the I-V curves 

for MIM devices clearly show a much more gradual decrease in current. We attribute the 

stark difference in reset operation to a positive feedback mechanism that occurs in MIS 

devices during the reset process. As mentioned above, the series combination of RRAM 
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resistance and external resistance forms a voltage divider circuit such that VRRAM = Vtotal 

×RRRAM / (RRRAM + Rext), where RRRAM is the resistance of the RRAM device and Rext is 

the external resistance due to a standalone resistor or substrate resistance. At the point 

where VRRAM becomes greater than a “threshold voltage”, the RRAM reset operation is 

initiated and RRRAM begins to increase. The increase in RRRAM, in turn, acts to increase 

VRRAM as dictated by the voltage divider equation, even though Vtotal remains the same. 

The increased VRRAM further drives an increase in RRRAM. Such a 

“VRRAM=>RRRAM=>VRRAM” positive feedback mechanism would be expected to continue 

until all the voltage is dropped across the RRAM device and VRRAM approaches Vtotal. 

Such positive feedback may last for only a fraction of the I-V measurement time interval. 

Thus the measured I-V response shows a drastic current change from one data point to 

the next (i.e. an abrupt drop in current). Because the MIM device has negligible Rext, this 

positive feedback does not take place so that only a gradual decrease in measured current 

is observed.  
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Figure 3.3. (a) Switching I-V plots for circuit consisting of MIM RRAM device and a 

standalone resistor of resistance from 100 Ω to 1k Ω, reset current Ireset and reset 

voltage Vreset are identified in the plot. The inset is the circuit with each voltage 

components labeled. (b) Load line curve figure with 100 Ω to 1k Ω resistor load 

lines crossing the RRAM reset I-V maxima point. (c) Set voltages, Reset voltages 

and the programing windows (reset voltage-set voltage) are plotted for each 

external resistance condition. The inset shows the calculated VRRAM versus the 

external resistance.  

 

To further investigate the positive feedback effect, an experiment was conducted to 

study a circuit consisting of a MIM RRAM device in series with an external, standalone 

thin-film resistor with resistance varied from 100 Ω to 1k Ω (Figure.3.3 (a) inset). As 

shown in Figure.3.3 (a), the I-V characteristics of the MIM device with higher Rext (i.e. 

250 Ω, 500 Ω and 1k Ω) show sharper current drops at the beginning of the RRAM reset 

process, whereas for lower Rext (i.e. 0 Ω and 100 Ω) the device exhibits more gradual 

current decreases. The result is consistent with our hypothesis that Vext must be 

comparable to VRRAM at the point when the reset process commences in order to observe 

the positive feedback effect. For the case of Rext = 100 Ω, its voltage drop at current Ireset 

is Vext = 762 mA × 100 Ω = 0.76 V. For Rext = 250 Ω, Vext = 6.51 mA × 250 Ω = 1.62 V. 

This can explain why there is no sharp current drop in the case of a 100 Ω external 

resistor. For each resistance value, we used the equation VRRAM = Vtotal - Ireset × Rext to 
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calculate VRRAM at the point where the reset process begins. The results are shown in the 

inset of Figure.3.3 (c), and indicate that the aforementioned reset “threshold voltage” 

across the RRAM device remained at 2.46 V for all external resistance values. This is 

reasonable because we used the same RRAM device for each different external resistor 

value, and we expect there to be a consistent reset voltage in the MIM RRAM device. 

This also means that the added Rext does not change the operating characteristics of the 

reversible switch in the RRAM device, but instead only increases the point where the 

voltage drop across the RRAM reaches ~ 2.46 V. This value represents the fundamental 

threshold voltage that must be applied to the conductive filament before the reset process 

can occur. Our hypothesis is that proton exchange reactions between the defect 

complexes supports the reversible switching in SiOx materials [42]. During set process, 

proton emission from Si-H H-Si defect and uptake by chemisorbed water forms the 

conductive defect Si-H-Si and fixed positive charge H3O
+
 in the LRS. In the reverse 

reaction (reset process), injection of two electrons induces H
+
 release from H3O

+
 and 

charges the Si-H-Si defect negative, which leads to the formation of non-conductive Si-H 

H-Si defect in the HRS. The above mentioned threshold voltage might be necessary to 

bend energy band so that sufficient electron injection is achieved to initiate reset process. 

From another interesting perspective, we employed a load line approach as shown in 

Figure.3.3 (b) to help explain the external resistance effect. The x- and y-axes are VRRAM 

and measured current (I) through the circuit, respectively. We first plot the reset I-V 

curve of the MIM RRAM device on a linear scale, which is the solid line with circle 

symbols. Because of the simple relationship that I = (Vtotal - VRRAM) / Rext, the load line of 
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a resistor in series with the RRAM is a straight line with a negative slope equal to 1 / Rext 

and an x intercept equal to Vtotal. As we sweep the voltage during the measurement, we 

are effectively moving the resistor load line across the figure toward the right. As an 

illustration, two load lines for the same resistance of 1 kΩ, but having different total 

voltage, 5 V (open circles) and 6.8 V (open squares) are shown. The device reset process 

begins only when the load line crosses the MIM I-V curve at its maxima point with its x 

intercept being the measured reset voltage. Load lines of varying resistance from 100 Ω 

to 1k Ω are shown in Figure.3.3 (b) with each extrapolated reset voltage indicated as the 

total voltage value. These reset voltage values are consistent with the measured values 

shown in Figure.3.3 (a), with the minor discrepancies due mainly to variations in the 

MIM RRAM I-V characteristics.  

We complete this discussion by investigating series resistance effects on operating 

performance, and consider the implications for achieving small RC time constant and 

maximum switching speed. The effects of Rext on programing window, defined as “Vreset-

Vset”, are shown in Figure.3.3 (c). As Rext increases, the programing window also 

increases. This explains why MIS devices typically have a larger programing window 

than MIM devices (see Figure.3.2). To further evaluate this potential programing 

instability, we performed an endurance test of 50 cycles on an MIM device with and 

without a 250 Ω external resistor. A DC sweep from 0 V to 3 V was used for Set 

operation, and a sweep from 0 V to 7 V was used for Reset operation. After each Set and 

Reset operation, LRS and HRS currents were measured, respectively. As shown in 

Figure.3.4 (a) and (b), we observed that the circuit without an external resistor failed to 
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achieve ~1 mA LRS current in 4 out of 50 cycles, which also caused the standard 

deviation of LRS current to increase. On the other hand, with Rext = 250 Ω, the MIM 

RRAM was consistently set to ~1 mA LRS current in all 50 test cycles, with an order of 

magnitude smaller standard deviation in LRS current.  

 

 

Figure 3.4. (a) Endurance test result of MIM device without standalone resistor. (b) 

Endurance test result of MIM device with a 250 Ω resistor. (c) The trade-off 

between programming window and device switching speed (1/RC) depending on 

the choice of external resistance.  

 

While this demonstrates that a large programing window is desirable for better LRS 

programing stability, the increase in total resistance will adversely impact switching 

speed. First of all, device capacitance C can be minimized in the design by decreasing 

electrode area (e.g. by using a cross-bar design) and increasing SiOx thickness, and it is 

primarily Rext that requires optimization. For example, increasing Rext from 100 Ω to 200 

Ω will double the RC time constant, resulting in lower switching speed. This trade-off is 

shown graphically in Figure 3.4(c). As an example, for Rext = 50 Ω and C = 20 pF, the 

switching speed should be ~ 1 ns as long as there are no other speed limitations imposed 

by the nature of the switching dynamics. Another approach that can improve LRS 
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programing repeatability is to impose a current compliance limit (CCL) during the set 

process, which can be effective even with a programing window near 0 V, as described in 

some detail in a previous report [42]. The CCL can easily be implemented by controlling 

the gate voltage of the transistor used to select the memory element column in the 

crossbar array, which is a solution that adds very little in terms of circuitry complexity.  

 In conclusion, SiOx RRAM devices with an MIM structure were fabricated and 

achieved negligible external series resistance. Compared with MIS device structure, MIM 

structures showed very different reset behavior. This phenomenon can be explained by a 

positive feedback mechanism that is only observed when there is a large voltage drop 

across an external resistance. By measuring MIM RRAM devices in series with a 

standalone resistor, we verified our hypothesis and further explained the external 

resistance effect using a load line approach. By comparing cycle endurance data of MIM 

devices with and without an external resistor, we demonstrated that proper design of 

external resistance can improve LRS programing stability during the set operation. 

Finally, we provided additional insights into optimizing external resistance to achieve the 

desired balance between program stability and operating speed. 

 

3.2. HERMETIC ENCAPSULATION OF SIOX BASED RRAM DEVICE 

Previous discussion on SiOx based RRAM device extracted resistive switching 

data in vacuum environment below 10
-3

 mbar or an oxygen-free ambient. This impedes 

implementation of SiOx based RRAM devices in complementary metal–oxide–

semiconductor (CMOS) technology, and the question of whether SiOx based RRAM 
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devices can operate in air ambient becomes a critical factor limiting its application. Only 

very recently, a study on Si-rich silica as resistive switching material has demonstrated 

resistive state switching in air [52]; however, the device was operated primarily in bipolar 

mode. The differences in switching characteristics and charge transport suggest that the 

fundamental operating mechanisms may be different in Si-rich silica as compared with 

SiOx materials that exhibit unipolar properties in vacuum ambient [53]. More studies on 

the operation of SiOx based RRAM devices in air are needed, particularly their 

electroforming process, reversible switching characteristics and switching mechanisms. 

In this part, we fabricated devices with two different structures, namely, those with a 

continuous SiOx layer and previously-discussed structures with an etched SiOx layer and 

an exposed edge. Both devices were first electroformed in vacuum and then tested in air 

without any encapsulation. An encapsulation process using epoxy-based negative-tone 

photoresist (SU-8) was then performed on both devices, followed by electrical 

measurement in air. To further understand the reason why un-encapsulated devices fail to 

switch in air, we performed a controlled etch experiment to locate the active switching 

element. Lastly, we provide a potential explanation for the failure of resistive switching 

in air that involves oxygen reactions with hydrogen-complexed defects in SiOx. 

Heavily doped n-type (100) silicon wafers with resistivity of 10
-3

 ohm•cm were 

used as substrate for SiOx RRAM device fabrication. Native oxide was first removed 

using BOE. Then a layer of SiOx with a thickness of 51 nm was deposited using e-beam 

evaporation at 130˚C. The measured refractive index was 1.46 at 550nm. For devices 

formed in a continuous SiOx layer without an exposed SiOx edge (referred to as “bulk 
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devices”), photoresist (AZ 5214) was patterned for lift-off purposes. A 250nm-thick 

tantalum nitride (TaN) layer was deposited using reactive sputtering and lifted-off to form 

the top electrode. Finally, the samples were cleaned with isopropyl alcohol, water and 

nitrogen blow dry. In the case of device structures with a SiOx edge (referred to as “edge 

devices”), exact device fabrication process was used as described in chapter 2.1.  

After electroforming in vacuum, we then used hard-baked SU-8 resist to 

encapsulate the devices. The fabricated RRAM devices require the encapsulation layer to 

have good film uniformity over three-dimensional topography. The spun-on SU-8 

photoresist meets this requirement, and has been used in various circumstances for 

hermetic sealing purposes [54]. With proper planarization to reduce topography, other 

common materials (e.g. silicon nitride, silicon oxynitride) may serve the same hermetic 

encapsulation role [55, 56]. The SU-8 2002 photoresist (~2 μm thick) was applied to the 

sample to ensure full coverage of the top surface, followed by prebake at 95˚C for 2 

minutes. The sample then underwent an ultraviolet (i-line) flood exposure for 10 seconds. 

The post-exposure bake was performed at 95˚C for 2 minutes on a hotplate. After the 

sample cooled down to room temperature, it was hard-baked at 120˚C for 8 minutes in an 

air oven so that the SU-8 epoxy became highly cross-linked. The encapsulation process 

was the same for both bulk devices and edge devices. A profilometer measured the final 

encapsulation layer to be about 1 μm thick. The adhesion between SU-8 layer and the 

SiOx RRAM device is very strong, where even heated acetone with ultrasonic agitation 

cannot remove the SU-8 layer from the sample. To achieve the best hermetic seal, the 

photoresist layer was not patterned so that the SU-8 epoxy covered the entire top surface 
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of the samples. A tungsten probe tip was used to penetrate the photoresist and perform 

electrical measurements.  

 

   

Figure 3.5. (a) Resistive switching behavior of SiOx RRAM with an edge structure. 

Inset shows the electroforming process. (b) Resistive switching behavior of SiOx 

RRAM with a bulk structure. Inset shows the electroforming process.  

 

Figure 3.5 (a) and (b) demonstrate the resistive switching characteristics of both 

bulk device and edge device without encapsulation. Typical vacuum electroforming 

processes for both devices are shown in the insets of Figure 3.5. A forward/reverse 

voltage sweep from 0 to 18 V is applied to electroform the edge device. During the 

reverse sweep, the current initially fluctuated near the 10
-6

 A level, and then increased to 

10
-3

 A, indicating the completion of the electroforming process. As for the bulk device, a 

forward/reverse sweep to a much larger voltage (35 V) was used. During the reverse 

sweep, a sharp current increase to 10 nA was observed at ~ 30 V, which marked the 

beginning of the electroforming process [48]. During the reverse sweep, the current 

fluctuated near 10
-6

 A and then increased to 10
-3

 A, similar to the behavior of the edge 
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device. After electroforming, several 0 to 8 V sweeps were performed in vacuum on both 

samples to observe the resistive state switching characteristics (i.e. the “on state” and “off 

state” curves). It can be seen that the Set Voltage is 3 V for both bulk and edge devices. 

The Reset Voltage is about 4~5 V for the edge device, and 5~6 V for the bulk device. The 

On/Off ratio is about 10
6
 for the edge device, and 10

3
 for the bulk device.  

We suggest that the difference in electroforming and switching behaviors for the 

two device types originates from structural influences on the electroforming process [51]. 

During electroforming, the SiOx edge provides an effective pathway for oxygen atoms to 

migrate out of the SiOx layer, thus forming a Si-rich filament that is electrically active 

and supports resistive switching. For bulk devices, oxygen removal during electroforming 

may be less effective than in edge devices due to lack of edge and a longer migration 

distance. Even when oxygen diffusion is enhanced by the use of highly-porous, e-beam 

evaporated SiOx as the switching layer; bulk devices still have significantly larger 

electroforming voltage, presumably due to the greater difficulty in removing oxygen 

atoms from bulk regions within the SiOx layer [57]. This difficulty to remove oxygen 

from bulk SiOx layers may also affect the composition of the Si-rich filament, resulting in 

increased internal filament resistance and therefore larger reset voltages in bulk devices. 
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Figure 3.6. (a) Resistive switching of edge device measured under varying oxygen 

pressure. The inset is the same data plotted using a linear scale. (b) Peak current 

measured in Figure 2 (a) at varying oxygen pressure. The inset shows cross-

section SEM image of edge device with SU-8 encapsulation.  

 

To confirm the necessity of encapsulation, edge devices without encapsulation 

were first electroformed in vacuum, then tested in a controlled ambient with varying 

oxygen pressure using the same configuration and equipment. In Figure 3.6 (a), voltage 

sweeps from 0 to 8 V were used to switch edge devices from HRS to LRS and back to 

HRS. The results show that the edge device exhibits progressively less resistive switching 

behavior as oxygen pressure increases, with the state transitions occurring closer to each 

other as pressure increases until switching is no longer observed at 100 Torr. Figure 3.6 

(b) shows that the peak current level at a read voltage of 4 V decreases significantly as 

oxygen pressure increases, which means that the device gradually loses its ability to 

switch from HRS to LRS. It is believed that oxygen oxidizes the Si-rich filament so that 

the device loses its switching capability and memory characteristics. Thus, an 

encapsulation layer that prevents oxygen from diffusing into the device and reacting with 

the Si-rich filament is required for SiOx RRAM to operate in air ambient. 
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Figure 3.7. Yield (percentage) of devices remaining intact after dilute HF etch to 

various depths. The device type (Edge/Bulk) and conditions (ON/OFF) prior to 

the etching are shown in the legend. 

 

To further understand the Si-rich filament’s reaction with air ambient, we 

performed controlled etch studies to identify its physical location. A set of both edge and 

bulk devices were electroformed and operated over several switching cycles. Some 

devices were programed to the LRS and some to the HRS. Device SiOx layers were 

etched in dilute hydrogen fluoride (1:200 HF: H2O) at a rate of ~ 0.2 nm/sec for various 

etch times and device state was measured after each etching step. A device state change 

indicated that the Si-rich filament was attacked by the etchant, leading to an estimate of 

the lateral depth into the SiOx layer where the filament was located. A total of 176 edge 

devices and 66 bulk devices were included in the investigation and the experiment was 
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repeated three times in order to validate the results. For bulk devices, Figure 3.7 shows 

that most filaments are located more than 10 nm from the electrode edge since only 10% 

of devices were attacked by the etch at a depth of 5 nm. This result supports our 

hypothesis that oxygen must travel longer distances to reach the surface in order to 

electroform the bulk device, thus resulting in a Si-rich filament located farther from the 

electrode edge. In contrast, for edge devices, Figure 3.7 shows that all filaments are 

within 10 nm of the exposed edge with ~ 50% located within ~ 4 nm of the original edge 

surface. The controlled etch study confirms that the Si-rich filament in edge devices is 

located very near the edge and, as a result, may readily react with oxygen in air ambient. 

As discussed further below, this oxidation severely impairs state switching. 

Encapsulated bulk and edge devices were then tested in air to determine their 

resistive switching characteristics. Only encapsulated bulk devices were able to switch in 

air. While the presence of a SiOx edge has often been considered necessary for SiOx 

based devices to electroform and switch [42, 51], these results demonstrate that this is not 

the case. The reason why encapsulated edge devices fail to switch in air may be related to 

the detailed structure of the edge. When the isotropic BOE forms the SiOx edge, it creates 

a cavity underneath the top electrode that poses a problem for encapsulation. The inset of 

Figure 3.6 (b) shows a cross-section SEM image of an edge device with SU-8 

encapsulation, where the cavity is clearly visible. As the encapsulation process was done 

in cleanroom air, it is expected that oxygen was trapped within the cavity, and this may 

cause device oxidization and switching failure. 
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Figure 3.8. Resistive switching of encapsulated bulk device measured in air 

ambient. The inset shows the cross-section SEM image of the bulk device with 

SU-8 encapsulation. 

 

Figure 3.8 shows both the measurement results and the cross-sectional SEM 

image of the bulk device with SU-8 encapsulation. The bulk device switches from HRS 

to LRS in the range from 2.5 V to 3.5 V; and from LRS to HRS in the range from 4.5 V 

to 5.5 V.  Interestingly, the device On/Off ratio in Figure 3.8 is above 10
6
, which is even 

larger than the On/Off ratio measured in vacuum (Figure 3.5 (b)). The resistive switching 

of bulk SiOx devices with SU-8 encapsulation in air ambient demonstrates that reversible 

switching does not require vacuum conditions or a non-oxidizing ambient. This is 

consistent with the hypothesis that state switching corresponds to a transformation 
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between two different hydrogen-complexed defects, namely the hydrogen bridge (Si-H-

Si) and hydrogen doublet (Si-H H-Si) [58-61]. A chart showing device state switching 

and the participating defects is shown in Figure 3.9.  

   

Figure 3.9. Chart showing hypothesized hydrogen-complexed defect transitions 

during reversible switching. Non-conductive defect [Si-H H-Si]
0
 (top left). 

Charged state [Si-H H-Si]
+
 due to band bending (top left). Conductive defect [Si-

H-Si]
0
 (bottom right). Charged state [Si-H-Si]

-
 (bottom left) due to electron 

capture during high current. Interchangeable defects H2O and H3O
+ 

(middle). 

Reactions in the red-shaded area
 
require oxygen-free environment. 

 

The set process is initiated by band bending of 2.6 eV which charges the Si-H H-

Si defect positive and releases a proton, followed by proton uptake by H2O to form a 

potentially stable dipole complex, Si-H-Si
-
 + H3O

+
, where the Si-H-Si defect supports 

high current flow in the conductive state [62]. The reset process is modeled as being 

initiated by electron injection into both Si-H-Si and H3O
+
, charging the Si-H-Si defect 
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negative and leading to proton release from H3O
+
 and reaction with Si-H-Si

-
 to form H2O 

(interstitial) + Si-H H-Si in the non-conductive state. This electrochemical model 

provides a simple, yet comprehensive explanation for the unique unipolar operating 

characteristics of the SiOx RRAM device. It is obvious that both transformations require 

an environment free of un-bonded oxygen ions or atoms, shown as the shaded area in 

Figure 3.9, to prevent formation of Si-O bonds during state switching when H-passivation 

of Si is temporarily lost. This model also helps explain the destructive role of oxygen 

during the resistive switching process. The fact that encapsulated bulk devices can switch 

state in 1 atm of air demonstrates that SU-8 epoxy provides an effective hermetic seal to 

prevent oxygen in the air from reaching the SiOx layer, thus allowing the defect 

transformations to take place. On the other hand, it is believed that air trapped within the 

cavity of encapsulated edge devices prevents RRAM switching, where oxygen in the 

cavity can react with the defects responsible for resistive state switching.    

In conclusion, SiOx RRAM bulk and edge devices have been electroformed and 

tested in vacuum. Electrical test in oxygen ambient shows that un-encapsulated edge 

devices lose resistive switching capability and memory characteristics, most likely due to 

oxidation of the Si-rich filament. With SU-8 epoxy encapsulation, the bulk device 

achieves stable state switching in air ambient. The SU-8 epoxy is believed to hermetically 

seal the device to prevent oxygen from permeating into the SiOx layer, thus enabling 

reversible switching in air. This work illustrates that, with proper structure and 

encapsulation, the SiOx RRAM can be operated in air ambient, which is a critically-
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important step for integration with CMOS technology and use in advanced nonvolatile 

memory applications. 
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Chapter 4: Advanced Electrical Characterization of SiOx based 

Resistive Memory 

In this chapter, advanced electrical characterization techniques for SiOx based 

memristor are discussed. Most of the work was done on the rudimentary MIS structure 

SiOx memristor device. With more powerful electrical measurement equipment and 

advanced characterization techniques, we gain more knowledge both in a theoretical 

perspective (e.g. insights into current transportation mechanism) and in an application 

perspective (e.g. pulse signal design guidelines).   

Firstly, using current sweep measurement, more detailed Set process of SiOx 

memristor is characterized [63]. And current sweep is identified as a better way to 

achieve multiple resistance states compared to using voltage sweep with compliance 

current. Secondly, we tried to evaluate the high temperature SiOx memristor performance. 

Traditional characterization platform using vacuum chamber has limited temperature 

range, because the thermal couple sensor designed for low temperature range is 

incompatible with elevated temperature. Therefore a new characterization platform is 

developed, and the result demonstrated excellent high temperature memory performance 

using SiOx as resistive switching material.  Lastly, Random Telegraph Noise (RTN, 

Low Frequency Noise) measurement technique is used to characterize the noise signal of 

SiOx memristor device [64]. Depending on the resistive state of the memristor, the power 

spectrum density of the noise signal may exhibit different signature. And this difference 

is in agreement with the hydrogenated oxygen defect driven resistive switching model. 
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4.1 CURRENT SWEEP CHARACTERIZATION AND STABILIZATION OF MULTIPLE 

RESISTANCE LEVELS  

Much work has been done to optimize the structure, fabrication procedure, 

dielectric material, and to understand the operating mechanisms of SiOx-based RRAM 

[65]. In those studies, voltage sweep measurements were the fundamental 

characterization method to obtain switching parameters, such as set voltage, reset voltage, 

and high-resistance state (HRS) to low-resistance state (LRS) resistance ratio. In 

summary, voltage sweep measurements provide useful resistive switching data for 

benchmarking the performance of SiOx based RRAM devices. However, due to the 

voltage-triggered switching mechanisms of SiOx based RRAM, the voltage sweep 

measurement only succeeds in characterizing the detailed reset behavior of the device, 

but fails to properly capture the details of the set process. Therefore, we used its 

counterpart, the current sweep measurement, to improve data acquisition and enhance the 

understanding of the physics related to the set process. The results show that the set 

process is not a one-step resistance change phenomenon. Instead, the set process captured 

by current sweep measurements consists of multiple resistance reduction occurrences. 

These multiple resistance reduction steps are in good agreement with previously reported 

compliance current study results [51]. Different set behaviors are observed, often within a 

single sample, which are attributed to the random distribution of hydrogenated oxygen 

defects that is determined primarily by the electroforming step. The different Set 

behaviors can potentially be explained by defect distribution, with a more continuous 

defect distribution being related to multiple discrete memory states within the device. 
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These results are useful in guiding efforts to achieve multi-bit programming by 

optimizing the defect distribution and/or the electroforming process. 

SiOx based RRAM samples used in this work are MIS structure devices with 

evaporated SiOx. Detailed fabrication process has been described in chapter 2.2. Same as 

previously discussed voltage sweep measurement conditions, Lake Shore Cryotronics 

vacuum probe chamber (< 1 mTorr) and Agilent B1500A device parameter analyzer were 

used to electroform devices and perform voltage and current sweep measurements. Note 

that we did not observe any degradation/stability issues for the middle states achieved 

with both switching methods, and the measured current levels are the average of 30 

repeated measurements. Resistive switching parameters were extracted for all samples. 

 

 

Figure 4.1 (a) Voltage sweep I-V plot showing resistive switching behaviors of the 

SiOx-based RRAM device. Set voltage Vset and reset voltage Vreset are identified 

in the plot. The inset shows the electroforming I-V curve using a forward/reverse 

voltage sweep. The DC voltage sweep sequences are as follows. (1) 

Electroforming with a voltage sweep from 0 V to 15 V and back to 0 V. After 

electroforming the device is in LRS. (2) Reset process with a voltage sweep from 

0 V to 10 V. (3) Set process with a voltage sweep from 0 V to 5 V and back to 0 

V. (b) Current sweep V-I plot for the same device with trigger voltage Vtrigger and 

reset voltage Vreset identified.   
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Figure 4.1 (a) is the voltage sweep measurement result showing both HRS and 

LRS curves with Vset and Vreset labeled. The inset shows the electroforming process of the 

device, which is achieved with a 0 V to 15 V and back to 0V voltage double sweep. An 

unusual electrical characteristic of SiOx based RRAM is the Backward-Scan Effect where 

the duration of the reverse sweep during electroforming or reset determines whether a 

state change occurs. We have proposed a resistive switching model involving the 

transformation between a hydrogen bridge (Si-H-Si) defect in the LRS and a hydrogen 

doublet (Si-H H-Si) defect in the HRS driven by proton (H
+
) transfer [42]. In this model, 

electron de-trapping from Si-H H-Si initiates H
+
 emission to form Si-H-Si during the set 

process, and electron tunneling or thermal energy induces the capture of H
+
 by Si-H-Si to 

re-form Si-H H-Si during the reset process. At large applied voltage (> ~ 5 V) the reset 

process dominates over the set process, and the device is reset to a HRS if the applied 

voltage is quickly dropped to zero. However, if the backward DC sweep is too slow, 

when the voltage drops below ~5 V H
+
 emission from Si-H H-Si (Set process) can 

dominate H+ capture by Si-H-Si (Reset process) so that a change in state from HRS to 

LRS occurs, thus leading to the backward-scan effect. In the voltage sweep measurement 

result, Figure 4.1 (a), the set process shows a very sharp current increase at Vset. Based on 

this observation, an intuitive hypothesis would describe the set process as being a one-

step physical phenomenon that instantaneously changes the resistance of the device from 

a high value to a low value. However such a hypothesis is in contradiction with a 

previously reported compliance current study [42], where it was found that device 
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resistance could be controlled by adjusting the compliance current limit during the set 

process to achieve multiple resistance/memory states. Such a discrepancy suggests that 

the steep current increase measured by the voltage sweep is not providing enough 

detailed information to fully understand the set process of the SiOx RRAM device. 

To further understand the set process, current sweep measurements were 

performed to better characterize the SiOx RRAM set process. Figure 4.1 (b) shows the 

current sweep measurement result for RRAM device switching from HRS to LRS. The x-

axis is the applied current and the y-axis on the left is the measured voltage across the 

device. The y-axis on the right is the measured conduction current through the device. As 

expected, the measured conduction current is the same as the applied current. However, 

as discussed in more detail later, at conduction current ~ 7 mA, the measured conduction 

current drops suddenly. The same device was used for both voltage and current sweep 

measurements, where the device was previously switched to HRS using the same 0 V to 

10 V voltage sweep so that both measurements characterize the same physical resistive 

switching phenomenon.  

It may be noted that there are several voltage peaks and valleys in the current 

range between 3×10
-6

 A and 2×10
-3

 A in Figure 4.1 (b). Each peak to valley transition 

indicates that the voltage across the device has decreased dramatically whereas the 

conduction current remained the same. In other words, the resistance of the device 

decreased multiple times during the set process. It was also observed that each current 

peak occurred at a consistent voltage level, defined as the Trigger Voltage (Vtrigger), 
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which is about 3.2 V, which is close to the set voltage value obtained using the voltage 

sweep [42].  

The steep voltage rise at conduction current ~ 7 mA observed in the current sweep 

indicates the onset of device reset. Due to the self-compliant nature of the SiOx-based 

RRAM device [48], the reset voltage is larger than the set voltage. We have observed 

similar behavior when varying the gate voltage of a MOSFET in series with the RRAM 

device in order to control the external resistance of the circuit [46] For MIS devices, 

contact resistance between the probe and TaN top electrode can be relatively large due to 

the high hardness of the TaN material, and the heavily doped Si substrate further 

increases the external series resistance. As a result, there is a larger voltage drop across 

the series resistance in the MIS devices, and therefore MIS devices require higher applied 

voltage to initiate the reset process. The reset process takes place when the voltage 

reaches a threshold level (i.e. reset voltage of 5.1V in this example) [47], and the 

resistance begins to increase while the conduction current decreases. After the set 

process, the device stays in the LRS. Further increase in force current causes the device 

to reset. And beyond the reset point, applied current and conduction current (red curve in 

Figure 4.1 (b)) are no longer the same. Any further increase in applied current causes the 

voltage across the device to increase until it reaches the voltage compliance limit, which 

in this case is 10 V. Above this point, the conduction current stayed at 10
-3

 A, the same 

value as measured by the voltage sweep in Figure 4.1 (a). The reset voltages obtained 

using voltage sweep (5.1 V) and current sweep (5.0 V) are in good agreement.        
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A compliance current (CC) study was then performed on the same device. The 

RRAM device was firstly switched to HRS using a 0 V to 10 V DC voltage sweep. Then, 

a 0 V to 4 V DC voltage sweep with varying compliance current (4×10
-5

 A, 3×10
-4

 A, no 

compliance) was used to switch the device to different memory states. The intermediate 

resistance states achieved by switching the device with compliance current were also 

observed during the current sweep measurement (see Figure 4. 2). This not only suggests 

that current sweep is a viable method to achieve multiple memory states in a single 

device, but also proves to be more informative when characterizing the set behavior of 

the SiOx based RRAM device. Note that we did not observe any degradation issues for 

either switching technique, which may be due to the “self-compliant” nature of the 

device. 

 

 

Figure 4.2 Current sweep I-V plot with overlaying compliance current result (Current 

Compliance: 4×10
-5

 A, 3×10
-4

 A, none). Colored dot lines correspond to middle 

resistance states achieved using above current compliance.  
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It may also be noted that the set property of the SiOx based RRAM device 

exhibits some variation. As shown in Figure 4.3, three different devices fabricated on the 

same wafer showed a variety of set behaviors captured by current sweep measurements. 

As the current is ramped-up, the voltage always reaches the same trigger voltage (~ 3.2 

V) when the set transition occurs (e.g. the voltage drop). This finding agrees with the 

hydrogenated oxygen defect switching model for SiOx based RRAM devices, where the 

energy level of switching defects in SiOx dictates the same trigger voltage no matter 

where the defects are located in the filament [51]. The number of transitions, on the other 

hand, is found to vary from device to device. For example, Device I exhibits only one 

transition, but Devices II and III have 4 and 8 transitions, respectively. This may be the 

result of varying defect distributions generated by the electroforming process for each 

device. In other words, there is a distribution of defects within the switching or the “gap” 

region along the filament which transform between the conductive hydrogen bridge 

defect (responsible for the LRS) and the non-conductive hydrogen doublet defect 

(responsible for the HRS) [51]. Therefore, the number of switching defects and their 

distribution within the gap determines whether the set process shows a single large 

transition (for the case of a single defect group in the gap) or multiple smaller transitions 

(for the case of continuously distributed defects), as shown in the insets of Figure 4.3.  
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Figure 4.3 Current sweep V-I plots for: (a) Device I; (b) Device II; and (c) Device III. 

The insets show the hypothesized hydrogenated oxygen defect distributions 

within the switching “gap” region corresponding to each device.  

 

A review of electroforming mechanisms would help explain how the random 

nature of the percolation pathway can lead to the observed variation in the set process. 

Electroforming in SiOx materials is thought involve oxygen reduction mechanisms that 

create a Si-rich Conductive Filament (CF) [27]. The canonical view of the oxygen 

reduction process can be summarized as follows. Under the high electric fields applied 

during electroforming, high-energy electron impacts break Si-O bonds to release O2
-
 ions 

and form Si-Si oxygen vacancy defects, leading to a percolation pathway that can cause 

stress induced leakage current, dielectric soft breakdown and time dependent dielectric 

breakdown. It can also lead to oxide hard breakdown when a critical defect density is 

reached. It is reasonable to expect that similar percolation pathways are created by the 

electroforming process. However, a percolation pathway formed by Si-Si defects alone 

cannot explain unipolar reversible switching in SiOx materials. Hydrogen is ubiquitous in 

SiOx materials and is often considered to be an intrinsic defect [66]. The hydrogen bridge 

(Si-H-Si) has been identified as the most likely defect responsible for stress induced 
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leakage current, and its inter-conversion product can potentially promote the oxygen 

reduction reaction. Previous reports have described in detail how defects along the CF 

may transform between the hydrogen bridge (Si-H-Si) and the hydrogen doublet (Si-H H-

Si) through proton exchange reactions with a water molecule, and how such localized 

transformations provide a reasonable model of resistive switching in SiOx materials. The 

good endurance and retention properties of SiOx based RRAM suggest that the 

hydrogenated oxygen defect clusters remain localized and do not migrate after the 

electroforming process is complete. Therefore, the spatial distribution of defects in the 

switching region is determined primarily by the electroforming process, and the number 

of defects that participate in reversible switching will determine how many transitions are 

observed during the set process. As a result, a larger number of defects will likely be 

associated with a higher number of set transitions, as observed in Figure 4.3.  

In practice, the ability to discern multiple resistance states will require the ability 

to clearly distinguish each resistance state from other states, which typically means that 

there should be at least 1 order of magnitude separation between the resistance values of 

multiple states. Thus, it is important to characterize how many discrete memory states 

(resistance levels) can be programed using either a compliance-current-limited voltage 

sweep or the current sweep method. The continuously distributed defects in Device III 

(Figure 4.3 (c)) would definitely favor more discrete states, while the single defect in 

Device I (Figure 4.3 (a)) may only result in a single pair of resistance states. Voltage 

sweep measurements with compliance current limits varying over a range from 10
-6

 A to 

10
-3

 A were performed on Device I, II, and III. The results shown in Figure 4.4 confirm 
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the correlation between set behavior and the number of achievable discrete memory 

states, which are presumably due to different defect distributions in the three devices. 

Device III achieved a total of 6 different resistance levels, whereas Device I only 

achieved 2. Clearly, Device III would outperform Device II and Device I for applications 

requiring multiple bits per cell. Due to the random nature of percolation pathway 

electroforming, it may be challenging to develop a specific process or a certain 

electroforming procedure that would consistently lead to the multi-set behavior exhibited 

by Device III. In our future work, we will investigate various forming gas anneals and 

electroforming in a hydrogen containing ambient in order to controllably provide varying 

distributions of hydrogenated defects as possible methods to achieve repeatable multi-

state operation. 

  

Figure 4.4 Measured current at 1V (Memory state) for Devices I, II and III after 

being set with varying compliance currents (10
-6

 A to 10
-3

 A) plotted against the 

compliance current limit.  
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In conclusion, current sweep measurements on SiOx RRAM devices show very 

different set behaviors as compared to voltage sweep measurements, where multiple 

resistance steps were clearly identified by the current sweep. This phenomenon is in 

agreement with previous compliance current studies, and suggests that current sweeps 

provide a more precise characterization of the set process. By investigating the set 

behavior of different devices, it was found that the number of resistance steps can change 

dramatically from device to device. This variation was attributed to the random nature of 

percolation pathway during electroforming. Finally, our results show how a continuous 

defect distribution has the potential advantage of achieving multi-bit memory storage and 

described possible methods for optimizing the defect distribution using hydrogen-based 

anneals.  

 

4.2 RESISTIVE SWITCHING BEHAVIOR OF SIOX RRAM AT HIGH TEMPERATURE 

  SiOx based RRAM has been previously characterized for its resistive behavior 

under low temperature ranging from 220K to room temperature [67]. However, similar 

data under high temperature are missing in literature. The only high temperature 

measurement reported was related to the retention characteristics, where devices are not 

resistively switching [65]. High temperature switching characteristics are crucial in 

understanding both switching mechanisms and possible device degradation. The 

difficulty to conduct such measurement lies in that SiOx RRAM switching requires an 

oxygen-free ambient. Even trace amount of oxygen would cause irreversible device 

failure during the switching operation. Such oxygen-free ambient is often achieved using 
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a vacuum chamber, which has a working temperature upper limit of only 70°C. Because 

nitrogen is an inactive gas, we used nitrogen ambient to achieve the oxygen free 

environment instead of vacuum. And it was previously demonstrated that nitrogen has 

little effect on switching characteristics of SiOx RRAM [49]. In this work, we built a high 

temperature test platform based on a probe station with nitrogen purging capability to 

ensure the necessary oxygen-free ambient for device switching. Our characterization of 

SiOx RRAM at high temperature indicates excellent performance under elevated 

temperature up to 180°C.   

We fabricated Metal-Insulator-Metal (MIM) structure SiOx RRAM devices with 

titanium tungsten electrodes. Fabrication details have been described in chapter 3.2. The 

cross-sectional scanning electron microscopy (SEM) image for RRAM device is shown 

in the insets of Figure 4.5. Lakeshore Cryotronics vacuum probe chamber and Agilent 

B1500A device parameter analyzer were used to electroform devices and measure the DC 

I-V response in vacuum (< 1 mTorr). After electroforming, all RRAM devices were 

switched 50 cycles (e.g. High Resistance State (HRS) to Low Resistance State (LRS) and 

back to HRS as 1 cycle) to ensure robust switching element, therefore the degradation of 

resistive switching (RS) characteristics under elevated temperature is not due to 

unsuccessful electroforming. Figure 4.5 shows the RS behavior of the devices measured 

in vacuum. The unique unipolar resistive switching characteristics of SiOx RRAM were 

observed. The set operation of SiOx RRAM was achieved using a 0V to 4V and back to 

0V DC voltage double sweep. The abrupt current increase at 3V indicates resistive state 

changing from HRS to LRS. Whereas the reset operation was achieved with a 0V to 8V 
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DC voltage single sweep, and the gradual decrease of current indicates resistive state 

changing from LRS to HRS. “Set Voltage” is defined as the voltage where the transition 

from HRS to LRS occurs in the I-V curve. For MIM structure SiOx RRAM device, the 

transition from LRS to HRS is not an abrupt current level change. Therefore, “Reset 

Voltage” is defined as the voltage where the current reaches the maximum value. The 

definitions of “LRS Current” and “HRS Current” are the measured currents at 1 V bias 

for the LRS and HRS, respectively. 

 

 

Figure 4.5 Switching I-V plots for TiN/SiOx/TiN MIM structure SiOx RRAM device; 

the inset shows cross-section SEM image of the RRAM device.  

 

A Cascade Femto Guard probe station with temperature control achieved with 

Textronix 110 controller was used as the high temperature measurement platform. The 
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electroformed samples were first placed on the chuck of probe station; then the chamber 

of probe station was purged with nitrogen continuously throughout the measurements. 

Once an oxygen-free ambient is achieved, a HP4156B semiconductor parameter analyzer 

controlled by a Labview software was used to measure DC I-V response at the following 

temperatures, 20°C, 60°C, 100°C, 140°C, and 180°C. For each temperature condition, a 

dwelling time of 5mins was allowed so the indicated temperature reflected the true device 

temperature. A picture of the high temperature characterization platform is shown in 

Figure 4.6. DC I-V data for each temperature condition were collected in both 

progressive and retrogressive way (e.g. from 20°C to 180°C and back to 20°C). So the 

degradation effect due to accumulated thermal stress is averaged out. Device performance 

and resistive switching parameters were extracted for all samples.  

 

Figure 4.6 (a) High temperature characterization platform, with HP4156B, Textronix 

110 temperature control unit, controlling computer and N2 purging line labeled.   

(b) Top view image of testing chamber with hot chuck and rubber sealing labeled.  

 

Figure 4.7 shows the high temperature RS characteristics of MIM structure RRAMs. 

In order to reduce high temperature voltage stress on the switching dielectric layer, the 
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maximum DC voltage applied to devices is intentionally reduced, from 8 V in vacuum 

room temperature condition, to 5 V in 1 atmosphere nitrogen high temperature condition. 

Therefore the HRS was achieved using a DC voltage sweep from 0 V to 5 V, whereas a 

DC voltage sweep from 0 V to 3.5 V was used for LRS. After each set and reset 

operation, DC I-V characteristics of LRS and HRS were measured, respectively. It is 

observed SiOx based RRAM were able to perform resistive switching operation even at 

180°C while maintaining an On/Off ratio of > 1 order of magnitude. This suggests the 

defects responsible for RS are thermally stable throughout the measured temperature 

range.  

 

Figure 4.7 I-V plots for MIM structure SiOx RRAM device in both HRS and LRS 

switching at 20°C, 60°C, 100°C, 140°C and 180°C.  
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Previous reports on SiOx based RRAM hypothesized a thermal induced filament 

rupture process as the switching mechanism of the device’s reset operation [47]. Such 

explanation is intuitively plausible for two reasons. Firstly, the unique unipolar behavior 

of SiOx based RRAM, in which the set voltage is smaller than the reset voltage, suggests 

the reset operation is associated with higher thermal energy. Secondly, many resistive 

switching materials such as Ag, Cu and Al2O3 exhibited similar “Joule Heating” reset 

behavior [68]. The high temperature RS data would verify the above hypothesis; because 

the thermal induced rupture hypothesis predicts that as the ambient temperature increases 

the thermal energy required to rupture the switching filament would decrease, therefore 

the corresponding reset voltage would also decrease. However such trend is not observed 

in RS characteristics of the measured devices (Figure 4.7); the measurement results 

suggest the heat induced reset mechanism may not be dominant for SiOx RRAM. 

Key switching parameters such as HRS and LRS currents, set and reset voltages 

were plotted versus temperature in Figure 4.8 (a) and (b). Two high temperature effects 

were observed. First, as the temperature increased, the HRS currents steadily increased 

while the LRS currents stayed about the same, and the On/Off ratio consequentially 

decreased. Second effect of high temperature was the steady decrease of set voltage as 

the temperature increased, while the reset voltage stayed about the same.  
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Figure 4.8 (a) Effects of temperature on HRS and LRS current of SiOx RRAM device 

with MIM structure. (b) Effects of temperature on Set Voltage and Reset Voltage 

of SiOx RRAM device with MIM structure.  

 

We believe both effects reflect the same physical phenomenon that the percentage of 

hydrogen bridge defect increases with temperature. The conductive defects in the 

switching region of the dielectric layer consist of hydrogen bridge defects (Si-H-Si) and 

hydrogen doublet defects (H-Si Si-H), each responsible for current conduction in LRS 

and HRS respectively. The total number of the switching defects is determined at the 

electroforming step and should stay about the same during the switching. At any resistive 

memory state, the equilibrium of the two defects is maintained. The resistive switching 

event is only changing the percentage of each defect. If hydrogen doublet defects 

dominate, the device is in HRS. If hydrogen bridge defects dominate, the device is in 

LRS. Furthermore, increased percentage of hydrogen doublet defects would result in 

increased set voltage and decreased HRS state current, because more hydrogen doublet 

defects require more energy to switch and make the device less conductive. Such effect is 
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also known as stop voltage effect, where the set voltage of SiOx RRAM is determined by 

the stop voltage of previous DC sweep. Detailed discussion of stop voltage effect is 

reported elsewhere [47]. Therefore the aforementioned two high temperature effects, 

increased HRS current and decreased set voltage at elevated temperature, are actually the 

result of lowered hydrogen doublet percentage at elevated temperature. We complete this 

discussion by revisiting the physical resistive switching model of SiOx RRAM to explain 

such phenomenon.  

As shown in Figure 4.5, the transformation process from hydrogen doublet defect to 

hydrogen bridge defect (e.g. HRS to LRS, set operation) is a tunneling event under 

enough energy band bending caused by an applied voltage. At room temperature, the 

electron in hydrogen bridge conduction band (closed black circle) does not have enough 

energy to overcome the barrier ϕ and can only reach the hydrogen doublet conduction 

band (open black circle) by tunneling. As the applied voltage increases, the tunneling 

distance is reduced. Eventually, the electron tunnels into the hydrogen doublet 

conduction band and negatively charges the hydrogen doublet defect. Then the charged 

defect releases a proton to a neighboring interstitial H2O defect and transforms into a 

hydrogen bridge defect.  
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Figure 4.9 Energy band diagram showing trap-assisted tunneling at the beginning of 

set operation in SiOx RRAM device.  

 

At elevated temperature, the electron in hydrogen bridge conduction band may 

acquire energy from the phonon scattering. And the major contribution to the tunneling 

comes, not from the original region of the Fermi level (red dash line), but from an energy 

position located above that energy. At the energy level above the Fermi level, less band 

bending is required. The overall effect is a thermally assisted tunneling process, which 

reduces applied voltage required to achieve defect transformation, e.g. set voltage. The 

thermal energy also shifts the equilibrium of switching defects towards a balance point 

with increased percentage of hydrogen bridge defect compared with room temperature 

condition. This also explains the RS characteristics of SiOx RRAM under elevated 

temperature, namely the increased HRS current as well as decreased set voltage. On the 



 74 

 

other hand, the reset mechanism is initiated by a Fowler-Nordheim tunneling event [51], 

which is not significantly affected by the thermal energy; therefore the reset voltage is 

expected to stay about the same from 20°C to 180°C.  

The above discussion on high temperature RS effects points out the potential 

problems of operating SiOx RRAM in elevated temperature, mainly smaller On/Off ratio 

and misreading caused by HRS current increase. But it should be noted high temperature 

also reduced the energy consumption by decreasing set voltage. And decreased set 

voltage may further allow reduction of stop voltage, depending on the on/off ratio 

required by the sensing circuit. In this work, 5V is used to maintain at least an on/off ratio 

of 1 order of magnitude. Still this paper shows great potential for the application of SiOx 

RRAM under extreme environment. Only a few material systems were demonstrated 

capable of reproducible resistive switching at 180°C [69, 70].   

In conclusion, SiOx RRAM devices with MIM structure were fabricated and 

measured in both room temperature and elevated temperature conditions. Robust resistive 

switching of these devices was achieved under temperature as high as 180°C, showing 

great potential for SiOx RRAM high temperature application. The reset characteristics 

obtained at high temperature help to rule out the “Joule heating” explanation for reset 

operation of SiOx RRAM. Temperature effects were observed that HRS current increases 

and set voltage decreases as the temperature increases. This is believed to be an intrinsic 

characteristics of SiOx RRAM switching elements, namely hydrogen doublet and 

hydrogen bridge defects. The phenomenon can be explained by a thermally assisted 
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tunneling mechanism which transforms more hydrogen doublet defects to hydrogen 

bridge defects at elevated temperature. 

 

4.3 RANDOM TELEGRAPH NOISE AND CURRENT CONDUCTION MECHANISM 

The study of Random Telegraph Noise (RTN, Low Frequency Noise) has been 

widely recognized as an important source of information on defects in resistive switching 

materials and memristor devices [71]. In the following work the RTN signals, which are 

extensively used in studying the electron transport in high-k gate dielectric MOSFETs 

[72], have also been extended to interpret the read current fluctuation of the RRAM 

devices [73,74].  

Detailed fabrication process has been described in chapter 2.2. Same as 

previously discussed voltage sweep measurement conditions, Lake Shore Cryotronics 

vacuum probe chamber (< 1 mTorr) and Agilent B1500A device analyzer were used to 

electroform devices and cycle devices between HRS and LRS at least 50 cycles to ensure 

robust switching elements. After the electroforming and cycling, SiOx devices inside the 

vacuum chamber were electrically connected to the RTN measurement setup, which 

includes one HP 6205C DC power source to provide constant DC voltage bias, one 

SR570 low noise amplifier to convert conduction current noise signal into voltage signal, 

and one Agilent DSO 9025C digital oscilloscope to capture the voltage signal; the 

configuration is shown in Figure 4.10. DUT, which stands for Device Under Test, is the 

SiOx RRAM device in the vacuum. Voltage bias from DC power source was applied to 

top electrode (TaN), and bottom electrode (silicon substrate) was connected to the virtual 
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ground port of the low noise amplifier. The RTN data on both resistive states were 

obtained. The devices were switched to HRS with a DC sweep from 0V to 8V, and to 

LRS with a DC sweep from 0V to 4V for LRS. 

  

 

Figure 4.10 Random Telegraph Noise (RTN) measurement setup showing all 

characterization equipments and DUT (SiOx RRAM device).   

 

During the measurement, varying DC voltages were applied to the device under 

test (in both on and off states). The conduction current signal of the device is converted 

and amplified by the low noise current amplifier to a DC voltage signal. In the meantime, 

the oscilloscope records this DC voltage signal at a sample rate of one million sample 

points per second, for a total of ten thousand sample points. The recorded voltage data is 

then converted to frequency domain data for Power Spectrum Density (PSD) calculation 

using a Matlab code. The PSD was calculated using Welch’s modified periodogram 

method [75]. Because conduction current in LRS is orders of magnitude higher than its 

HRS counterpart, normalization is performed to reduce the influence of absolute current 
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values in calculated PSD data. The normalization is done by dividing the PSD value by 

the square of the average current (I
2
). So the Matlab code also performed the 

normalization step after PSD calculation. Both the Matlab code and its comments are 

shown in Figure 4.11. 

 

 

Figure 4.11 Matlab code and comments (in red) for oscilloscope data 

conversion and PSD calculation. 

   

Figure 4.12 shows the normalized PSD in the frequency domain measured at 

different DC bias conditions, 0.1V, 0.4 V, 0.8 V, 1.2 V, and 2.5 V, on the same device in 

both HRS and LRS. It is seen that RTN measured in HRS is in general larger than that in 

LRS. As shown in Figure 4.12, the devices show a 1/f noise signature (green dashed line) 

in the LRS and a 1/f
2
 response (red dashed line) in the HRS. Investigations of random 

telegraph noise (RTN) and temporary RTN in MOS devices have associated similar noise 

signatures with transitions between defect switching charge-state energy levels and 

related structural relaxations in the amorphous SiO2 network [76,77].  
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Figure 4.12 Normalized noise power spectral density measurements for SiOx 

MIS devices set to ON (LRS) and OFF (HRS) states. Green dashed line is 1/f 

trend and red dashed line is 1/f 
2
 trend.   

 

The DC noise current of the resistive switching memory stack is usually attributed 

to a random tunneling process involving the hydrogenated oxygen defects such hydrogen 

doublet and hydrogen bridge. In the following we discuss the conduction and switching 

mechanism that is revealed by the above RTN characterization. Previous studies 

suggested that the conduction in SiOx based resistive switching memory is dominated by 

tunneling process based on the excellent fitting of the measured current at low 

temperature (225 K to 300 K) to certain current transport model, such as Trap Assisted 

Tunneling (TAT) and Fowler-Nordheim tunneling (F-N tunneling). Careful examination 

of possible conductive oxygen defects further suggest that during the electroforming 

process the hydrogenated oxygen defects are created; and these defects are responsible 

for both resistive switching and current conduction. Figure 4.13 showed the energy levels 
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of some hydrogenated defect in their charged state, this figure were constructed using the 

thermodynamic and switching charge-state energy levels reported by Peter Blochl in 

2000 [62]. As shown in Figure 4.13, Si-H-Si defect has an energy state close to 

conduction band of SiO2 and can serve as a pathway for current conduction, whereas Si-

H H-Si defect has energy state far away from the conduction band or valence band. 

Therefore it was hypothesized that, in LRS, the Conductive Filament (CF) consisting of 

Si-H-Si (hydrogen bridge) defects connect both electrodes, while in HRS, the CFs are 

ruptured and a gap region is formed, where Si-H-Si defects were converted to Si-H H-Si 

hydrogen doublet defects. Figure 4.14 provides an illustration of how hydrogenated 

defects are distributed for HRS and LRS respectively.  

 

  

Figure 4.13 Switching charge state (symbols) and thermodynamic (short 

horizontal lines) energy levels for common defects (as labeled) in SiO2 relative to 

Si band-edges. Each energy level is reported as a range [58-60], and the midpoints 

of each range are plotted. Switching charge state energy levels are labeled: (+) 

positive, (0) neutral and (–) negative. Dashed lines show theoretical SiO2 band 

edges, solid lines show physical Si and SiO2 band edges. Si mid-gap Fermi levels 

shown as dash-dot lines.   
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It is known [78] that the power spectrum density of RTN can be described as a 

random process with a Lorentzian form as   ( )    
  

(      )
, where   is the 

angular frequency, A is a pre-factor and τ is the relaxation time of the tunneling process. 

In HRS, one tunneling process (red dashed arrow in Figure 4.14) dominates the current 

conduction with one relaxation time τ, this explains why the RTN behavior observed in 

HRS is 1/f
2
 like, shown in Figure 4.14. While on the other hand, in LRS, CF consists of 

multiple hydrogen bridge connecting both electrodes, and the electrons will follow all 

possible tunneling paths with various relaxation times τ. The contribution from all these 

transitions will smooth the 1/f
2
 Lorentzian form and the envelope leads to 1/f RTN 

behavior. In other words, the 1/f response indicates that a large number of defects are 

involved in LRS charge transport, whereas the 1/f
2
 signature indicates transport through a 

very small number of electrically-active defects in the HRS. Therefore, the noise 

measurement results in Figure 4.12 are thus consistent with the view that the CF is 

comprised of a hydrogenated oxygen defects.  
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Figure 4.14 Schematic of the conduction process in SiOx resistive switching 

memory: in LRS the electrons have multiple tunneling paths (red arrows) with 

multiple relaxation time τ, leading to 1/f RTN signature; while in HRS one 

tunneling process (red dashed arrow) dominates the current conduction with one 

relaxation time τ, leading to 1/f
2 

signature. Open blue circles represent conductive 

hydrogen bridge, closed red circles represent hydrogen doublet.   
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Chapter 5: SiOx Memristor based Arithmetic Operations  

In 1971, Chua [79] presented the theoretical basis for a passive two-terminal circuit 

device that he called a “memristor,” (a contraction of memory and resistor). The 

memristor, resistor, inductor, and capacitor, would form four basic circuit elements. By 

his model, the memristor is behaves like a resistor, with the difference that its resistance 

depends on the previous history of the current passing through it. The memristor, with 

memristance M, conforms to the fundamental relationship between magnetic flux, φ, and 

charge q: dφ = M(q)dq. Since M is a function of q, the memristor is a nonlinear circuit 

element with hysteretic current-voltage behavior. In 2008, researchers at HP Labs 

realized the memristor in nanoscale titanium dioxide cross-point switches [80]. Research 

is advancing quickly to develop memristors as. Having shown the existence of 

memristors in the lab, more research efforts focuses on the potential applications this 

emerging new circuit element enables. 

In recent years, memristors have been extensively studied as a non-volatile memory, 

called Resistive RAM (RRAM), to potentially replace DRAM and Flash memory [81]. 

Memristors have also gained tremendous interests in the field of neuro-electronics and 

synaptic electronics, which aims to build artificial synaptic devices that emulate the 

computations performed by biological synapses [82-86]. Jo, et al. show possible 

applications in artificial intelligence using memristors as synapses in neuromorphic 

circuits [87]. Another interesting application is to use memristors for arithmetic/logic 

operations, such as an adder circuit or a multiplier circuit.  
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In the literature, arithmetic operations are proposed using the memristor as 1) a 

switch, 2) interconnect, and 3) computational element. In the first approach, crossbar 

arrays of memristor switches are connected to a row of weighting resistors and a sensing 

logic to build an analog arithmetic processors [88]. The switches controls the current flow 

(On/Off) through the weighting resistor, which then controls the analog voltage reading 

at the sensing amplifier end. The resistance of the weighting resistor assigns the 

appropriate bit significance to the each row’s current contribution. The second approach 

uses memristors as the programmable interconnect for CMOS logic. Xia, et al. report the 

implementation of the first memristor-CMOS hybrid circuits [89]. Memristor crossbar 

arrays are fabricated directly over CMOS logic devices. Using an array of vias, the 

memristor layer is electrically connected to the CMOS layer. Simulation results indicate 

that the FPGA-like hybrid CMOS integrated circuits benefit from significantly increased 

logic density without power or speed degradation [89]. This memristor-CMOS 

technology may be used to realize the same types of arithmetic circuits that are developed 

in CMOS/FPGA technology. Last but not least, a more universal approach for 

constructing the logic operations from memristors is via “material implication” (“IMP” 

operation). In 2010, HP Labs showed that all fundamental Boolean logic functions can be 

realized using memristors with the IMP operation. Implication may be used to realize all 

fundamental logic functions [80]. Note that the Boolean logic operations listed in Table 1 

are performed on two logic values p and q. Later work built on these findings to construct 

larger logic blocks such as adders and multipliers [90-92], linear feedback shift 

registers [93], and counters [94]. 
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Table 5.1 Basic Boolean operations via material implication. 

 

In the first part of this chapter, the application of SiOx based memristors for 

material implication operations is examined. Then, one step further from the initial 

concept demonstrated by Borghetti et al, a bidirectional implication scheme was 

introduced, and tested in actual circuit using SiOx based memristor. The symmetric 

unipolar memristive behavior of SiOx based memristor enables the use of two sets of 

implication voltage setups, one positive and the other negative, hence the name 

“bidirectional”. In the second part of this chapter, a one bit full adder is realized by using 

the material implication technique on a crossbar structure one diode one memristor 

(1D1R) array circuit. More application problems such as sneak current path within an 

array and using select transistor as the load resistor are discussed in details.  
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5.1 BIDIRECTIONAL VOLTAGE BIASED IMPLICATION OPERATIONS USING SIOX 

BASED UNIPOLAR MEMRISTORS  

There has been a large amount of work in performing material implication logic 

operations within memory [95]. While these works show promising applications for the 

memristor via material implication, they perform their designs using models and 

simulations. Numerous memristor models have been proposed and applied [96-99], each 

with distinct properties. The prevalence of these various models throughout the literature 

makes drawing comparisons and conclusions between various material implication 

implementations challenging. In this work, fabricated memristors are used in order to 

avoid these complications and establish a proven, physical SiOx-based memristor model 

for use in material implication.  

In this work, SiOx based memristors with TaN/SiOx/N
++

 Si metal oxide 

semiconductor (MOS) device structures have been fabricated and used along with a load 

resistor to form the circuit for the implication operation. All logic conditions for the 

implication operation have been successfully demonstrated. 

Detailed fabrication process has been described in chapter 2.2. Same as 

previously discussed voltage sweep measurement conditions, Lake Shore Cryotronics 

vacuum probe chamber (< 1 mTorr) and Agilent B1500A device analyzer were used to 

electroform devices and cycle devices between HRS and LRS at least 50 cycles to ensure 

robust switching elements and stable resistive switching. Replotting Figure 2.2 (c), Figure 

5.1 illustrates the unique unipolar resistive switching characteristics of the SiOx 
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memristor. The Set operation of SiOx memristors was achieved using a 0 V to 4 V sweep. 

The abrupt current increase at 2.6 V indicates that the resistive state is changing from 

HRS to LRS. Thus, the Set Voltage is ~2.6 V. The Reset operation was achieved with a 0 

V to 6 V DC voltage single sweep, and the decrease of current indicates the resistive state 

is changing from LRS to HRS. Thus, The Reset Voltage is ~4.5 V.  

 

Figure 5.1. Switching I-V plots for SiOx memristor in unipolar mode with High 

Resistance State (HRS) and Low Resistance State (LRS) identified. 

 



 87 

 

 

Figure 5.2. (a) Circuit for the implication scheme including two SiOx memristor and 

one load resistor, with bias voltages and conducting currents marked out. (b) 

Truth table for material implication. 

 

In order to perform the implication operation, IMP, two SiOx memristors and a 

5.7k Ω standalone resistor are configured as shown in Figure 5.2(a). VP, VQ and VLoad are 

the input signal voltages applied to the three terminals. The resistance states of the 

memristors P and Q represent their logic values respectively, HRS for logic “0” and LRS 

for logic “1”.   Because all SiOx memristor devices are in a MOS structure, sharing the 

same highly doped conductive silicon substrate, the configuration is achieved by probing 

the top electrodes of two adjacent devices and connecting the substrate to a standalone 

resistor.   

Previously, unipolar SrTiO3 based memristor was used to perform implication 

operation, by biasing VLoad=0 V, VP=Vcond=-3 V, VQ=Vset=-6 V [100]. While this work 
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shares the similar concept, which uses resistance state of memristor P to control the bias 

voltage of memristor Q, the main difference lies in the bias conditions during the 

implication operation, instead of grounding VLoad, VLoad is biased. As it will be discussed 

later, the advantage of this bias condition is the overall reduction of voltage range. In 

order to perform implication operation in a crossbar array of memristors, we also 

demonstrated implication scheme using both negative bias and positive bias on VLoad. 

(i.e. negative bias IMPLY and positive bias IMPLY in Figure 5.3 (a) and (c)). These two 

different implication conditions enable implication operation along both bit line and word 

line of a crossbar memristor array, while maintaining the same direction of memristor’s 

conduction current, as indicated in Figure 5.3 (a) and (c). More detailed discussion on 

implication operation in a crossbar memristor array will be addressed in a future paper.         

Before performing the implication operation, the logic values of memristors P and 

Q must be initialized.  This is achieved by applying voltage stimuli to the corresponding 

terminals.  In this work, a 0 V to 10 V DC single sweep stores a logic “0” (switching to 

HRS) into the memristor and a sweep from 0 V to 4 V and back to 0 V stores a logic “1” 

(switching to LRS). After initialization, the implication operation is performed by biasing 

   at 0 V,       at -2 V, and sweeping   from 0 V to 1.5 V for the case of negative 

bias IMPLY; and biasing    at 0 V,       at 2 V, and sweeping   from 0 V to -1.5 V 

for the case of positive bias IMPLY. The implication operation will produce its result as 

the final state in Q in accordance with the truth table in Figure 5.2(b), i.e., the result of P 

IMP Q will be stored into Q. All implication operations in the experiment were 
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performed using DC voltage sweeps instead of pulse measurement. The electrode size of 

MOS devices is relatively large (70um×70um) and the resulting 100pF capacitance limits 

the pulse measurement. It should be noted that sub-us switching capabilities for SiOx 

memristors have been demonstrated previously. With an actual implementation of 

nanoscale devices in a crossbar configuration, nano-second pulse operation is expected to 

be feasible.  
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Figure 5.3. (a) Circuit and bias conditions for the negative bias implication scheme (b) 

Measured conducting current of memristor Q (  ) and substrate voltage (        ) 

plotted against the sweeping voltage    in all four possible initial logic 

conditions for negative bias implication operation: P=0 Q=0;  P=1 Q=0; P=0 

Q=1 and  P=1 Q=1. (c) Circuit and bias conditions for the positive bias 

implication scheme (d) Measured conducting current of memristor Q (  ) and 

substrate voltage (        ) plotted against the sweeping voltage    in all four 

possible initial logic conditions for positive bias implication operation: P=0 Q=0;  

P=1 Q=0; P=0 Q=1 and  P=1 Q=1. 
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 The I-V curves measured during the implication operation are shown in Figure 5.3 

(b) and (d), showing negative bias IMPLY and positive bias IMPLY respectively, for all 

four possible initial logic conditions. As indicated by the I-V curves of memristor Q, the 

result of the implication operation is the same as the truth table in Figure 5.2 (b). Among 

them, the initial conditions for which memristor Q is in HRS, or logic “0”, are of most 

interest (the top left figure in Figure 5.3 (b) and (d)). In these conditions, the substrate 

voltage (        ) is adjusted by the resistive state of memristor P and therefore controls 

the switching of memristor Q. In order to understand how the implication operation 

works, the voltage drop across memristor Q during the implication operation should be 

calculated first. In the following discussion, bias conditions in negative bias IMPLY are 

used as an example to illustrate the operation of implication operation.    and    are 

currents flowing though memristor Q and P respectively.      ,    and    are voltages 

applied at the three terminals and          is the voltage of the silicon substrate.      , 

  , and    are the resistance values of the standalone resistor, memristor P, and 

memristor Q.      and      are the resistance values of a memristor in HRS and LRS. 

Lastly,         is the voltage drop across memristor Q. Given these assignments, the 

voltage drop across the load resistor equals 

                                . 
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For the conditions where memristor Q is in HRS (logic “0”), high resistance state 

conduction current    is so small that the          product can be ignored. 

Substituting   =0 V and    
           

  
, gives: 

             
     

        
. 

 Now consider how memristor P’s memory and logic states affect the voltage 

across memristor Q (       ). When memristor P is in HRS (logic “0”),        ; then 

                
     

          
. 

Since           ,      
     

          
 becomes       and                 . 

So during the implication operation when      =-2 V and    is swept from 0 V to 1.5 

V,          is effectively swept from 2V to 3.5V, as shown in Figure 5.4 (a). Because 

the Set Voltage of SiOx based memristors is ~2.6V, memristor Q switches from HRS 

(logic “0”) to LRS (logic “1”) during the implication operation. When memristor P is in 

LRS state (logic “1”),        ; similarly  

                
     

          
. 

Substituting in the     =3k Ω,      =-2 V,      =5.7k Ω conditions,          is  -

0.6 V, and                 V. During the implication operation, when    is swept 

from 0 V to 1.5 V,         is swept from 0.6 V to 2.1 V as shown in Figure 5.4 (a). The 

voltage drop across memristor Q is below the Set Voltage of SiOx based memristors, so 
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both memory state and logic value of memristor Q remain unchanged during the 

implication operation.  

For the two initial conditions where memristor Q is in LRS (logic “1”) (bottom 

figures in Figure 5.3 (b) and (d)), the implication operation does not influence the 

memory or logic state of memristor Q, regardless of the state of memristor P. Due to the 

fact that the Reset Voltage of SiOx memristors is above 7 V as shown in Figure 5.4(b), 

memristor Q does not switch from LRS to HRS under the given implication operation 

voltage conditions. Similarly, the maximum possible voltage across memristor P is 2 V, 

which is not high enough to cause resistance state switching. Thus the implication 

operation satisfies the requirement that the memory and logic state of the implicator, in 

this case memristor P, is preserved.  

In Figure 5.2 (a), because VLoad is grounded, the maximum voltage involved in 

implication circuit is Vset, the voltage to ensure Set operation, which is usually larger than 

Set Voltage. For SiOx based memristor which has a Set Voltage of 2.6 V, ±3 V is chosen 

for Vset.  So when VLoad is grounded, a voltage range from -3 V to 3 V is used to achieve 

implication in both directions (bit line and word line). On the other hand, the scheme in 

our work only requires a voltage range from -2 V to 2 V to bias all voltages in both 

negative bias IMPLY and positive bias IMPLY operations. By biasing VLoad, the 

implication scheme in this work is effectively shifting all voltages by an amount of VLoad, 

while keeping the bias voltage across the memristor Q and the mechanism of how 

resistance of memristor P controls that bias voltage unchanged.  Therefore it takes the 
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advantage of bidirectional voltage bias to lower the total voltage range from ±3 V to ±2 

V. 

 

 

Figure 5.4. (a) Switching I-V plots for SiOx memristor with voltage margin and VQ_bias 

sweep range marked out. (b) Switching I-V plots measured on the combined 

circuit including one load resistor and one SiOx memristor. Increase of Reset 

Voltage due to external resistance effect is shown. 

 

During the implication operation, it is impractical to apply bias on the two 

terminals of an individual memristor. Instead, the voltages are applied to the external 

ports of the memristor device and standalone resistor combined circuit. While such 

configuration does not influence the RS characteristics of the memristor, the switching 

behavior measured from the external ports, Figure 5.4 (b), does not represent that of the 

memristor device alone. This is called the external resistance effect; namely the voltage 

drop on the resistor causes the voltage across the memristor to be different from the 

voltage applied to the combined circuit. Because the conduction current in LRS is orders 
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of magnitude higher than that in HRS, the IR drop is only significant during a LRS to 

HRS transition (a Reset operation). As a result, the Reset Voltage of the combined circuit 

is increased.  This effect can be seen by comparing the Reset Voltages in Figure 5.4 (a) 

and Figure 5.4 (b). The measured Reset Voltage in Figure 5.4 (b) is increased by ~4 V, 

which equals the product of the maximum LRS current and the resistance of the 

standalone resistor. A more detailed analysis has been reported elsewhere.
 22, 23

 

The resistance of the standalone resistor is of great importance to the implication 

operation because it determines how much control memristor P has over memristor Q. 

The difference of         between two logic states of memristor P (referred to as the 

voltage margin |  | in Figure 5.4 (a)) is  

|      (
    

          
 

    

          
)|. 

 Because              |  | becomes  

|      
     

          
|. 

As shown in Figure 5.4 (a), this voltage margin is used to shift the voltage sweeping 

range, so that         sweeps across the Set Voltage of memristor Q when memristor P 

is in HRS and does not sweep across the Set Voltage when memristor P is in LRS. A 

sufficient voltage margin (|  |) is required to make this distinction. As       increases, 

|  | also increases and a greater distinction of the sweep range is gained as an 

advantage. However,       also causes the Reset Voltage of both memristor P and Q to 

increase due to the external resistance effect described earlier (Figure 5.4(b)). As a result, 
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the voltage required to initialize memristors to HRS would also increase, which means 

more power consumption. RC delay due to increased        is also noted.  Thus, the 

value of the load resistor should be selected based on the tradeoff between the voltage 

margin and the power consumption and speed of the circuit.  

This discussion concludes with considerations of memristor device 

characteristics. A requirement for SiOx based memristors to be utilized in logic 

operations is device-to-device uniformity. To achieve a NAND operation, 3 separate 

memristors, a common load resistor, and two steps of implication operations are 

required.
2
 However, in each step, the implication circuit is configured differently. Ideally, 

if all 3 memristors have the identical     , the load resistance chosen for the implication 

operation should be optimal for both implication steps.  In reality, the device-to-device 

variation may cause       to vary significantly. This may put the substrate voltage 

         at an undesired level, which results in an incorrect sweep of         across the 

Set Voltage when memristor P is in LRS. However, based on calculations given the 

device characteristics in this work, even if      is increased by 80%, the implication 

circuit using a 5.7k Ω load resistor would suffice for the implication operation. Thus, the 

tolerance of device variation for this implication scheme is reasonably large. This 

tolerance can be further optimized by tuning       and      . 

In conclusion, SiOx memristors with MOS structure have been fabricated, 

characterized, and used in logic operations. By biasing load resistor, the material 

implication operation in both positive and negative bias conditions have been 
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successfully demonstrated using the resistive state of one memristor (P) to control the 

resistive switching of another memristor (Q) by adjusting Q’s voltage bias. The result of 

the implication schemes matches the truth table. And voltage range is reduced due to 

bidirectional voltage bias. The optimal choice of load resistance for the implication 

circuit is important because it affects power consumption, speed, and the voltage margin 

which is essential to implication operation. Characteristics of the SiOx based memristor 

have also been considered for material implication.  This work demonstrates that the 

unipolar SiOx based memristor is suitable for logic operation.   

 

5.2 ARITHMETIC OPERATION ON CROSSBAR STRUCTURE MEMRISTOR ARRAY 

USING IMPLICATION TECHNIQUE  

Based on Table 5.1 and the circuit shown in Figure 5.2, it is easy to deduct that in 

order to perform a NAND operation, three memristor connected in the circuit shown in 

Figure 5.5 (a) and two steps of IMP are required. It is noted the final logic value 

PNANDQ is stored as the latest value of memristor s, or s’’ in Figure 5.5 (b). From this 

on, it is very straightforward to extend this row of three memristors, namely P, Q, S, to a 

row consisting of even more memristors all sharing same load resistor. Implication 

operation can be performed on any two memristors in the row, as long as the rest 

memristors were kept unbiased. Since we are able to perform implication on one row, 

similarly, implication can be done on one column. However, when we put multiple rows 

and columns together and form a crossbar array, several problems arise.  
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Figure 5.5. (a)Circuit to perform NAND operation, (b) Truth table for NAND operation, 

(c) Two steps performing NAND operation via implication with final results 

shown in red square. 

 

The first problem is “how to provide multiple voltage signals as well as a 

common load resistor to an arbitrary pair of memristor on the same row or column”. 

Based on the design of crossbar structure RRAM, the bitline/word line select transistor 

can serve as the common resistor. By varying the gate voltage bias of the select transistor, 

it can serve as an On state switch, Off state switch or a resistor with channel resistance of 

RLoad. From Figure 5.2, it is noted three voltage signals (VP, VQ, VR) are required during 

an implication operation, two different voltages along the same word line/bit line. 

Therefore a total of four voltage lines, each connected to all NMOS select transistor, will 

provide voltage signals for implication operation. The final circuit of a 4 × 4 memristor 

crossbar array is shown in the Figure 5.6.    
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Figure 5.6. 4 × 4 crossbar structure memristor array with select transistors for one bit 

full adder. Voltage signals and memristor numbers are labeled.  

  

Different from the RRAM crossbar array design, the circuit consists of two rows 

of bit select transistors for the same column of memristors, one on the top, and one on the 

bottom. Similarly there are two columns word select transistors for the same row of 

memristors, one on the left and one on the right. This “redundancy” ensures two 

distinctive voltage signals can be applied on any pair of memristors on the same bit 

line/word line. The implication voltages (VP, VQ, VR) are biased on three of the four lines 
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depending on the configuration, and the voltage applied to each line is labeled as follows, 

Vbit_up, Vbit_down, Vword_left, and Vword_right. The gate of each select transistor is also 

independently biased, to either isolate the bit lines/words line from the implication 

voltages or provide that implication voltage to one particular bit line/word line. 

Using the implication voltage setups shown in Figure 5.3, the detailed setups for 

two implication examples are provided as follows, one for implication across an arbitrary 

bit line, the other for implication across an arbitrary word line.  

To perform M13 IMP M33 (negative voltage implication operation performed 

along bit line 3): Assuming all memristors are initialiezd to HRS, bias Vbit_up=2 V, 

Vword_left=- 1.5 V, Vword_right=0 V, Vword_1r and Vword_3l =Vfull_on, Vbit_3u=VIMP, all other 

transistor gate voltages at Vfull_off. Equivalent circuit is shown in Figure 5.7 with 

conduction current flow marked out. In Figure 5.7, P is M13, Q is M33, and the transistor 

bit_3u is used as the load resistor. The implication scheme is negative voltage scheme. 

All transistors that are biased at fully OFF states are covered by the red squares, 

effectively keeps the voltages of irrelevant columns/rows floating.     
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Figure 5.7. Implication circuit to perform M13 IMP M33 on a 4 × 4 crossbar structure 

memristor array. Blue arrows show the current flow directions, and red solid 

squares covered all OFF state transistors.   

 

To perform M11 IMP M12 (positive voltage implication operation performed along 

word line 1): Assuming all memristors are initialiezd to HRS, Bias Vbit_up=0V, 

Vbit_down=1.5V, Vword_left=-2V, Vbit_1u and Vbit_2d =Vfull_on, Vword_1l=VIMP, all other 

transistor gate voltages at Vfull_off. Equivalent circuit is shown in Figure 5.8 with 

conduction current flow marked out. In Figure 5.8, P is M11, Q is M12, and the transistor 

word_1l is used as the load resistor. The implication scheme is positive voltage scheme. 
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All transistors that are biased at fully OFF states are covered by the red squares, 

effectively keeps the voltages of irrelevant columns/rows floating.  

 

Figure 5.8. Implication circuit to perform M11 IMP M12 on a 4 b× 4 crossbar structure 

memristor array. Blue arrows show the current flow directions, and red solid 

squares covered all OFF state transistors.   

 

In Figure 5.6, each memoristor is used in conjunction with a diode, such design is 

to avoid sneak path problems. Originating from the crossbar device structure itself, the 

sneak path problem has been identified and analyzed by many previous researchers [101]. 

Because the bit line or word line select transistor raises the voltage across the whole bit or 



 103 

 

word, a group of memristor in LRS may form a highly conductive path and cause a 

misreading of certain memristors. For example in Figure 5.9 (b), a current sneak path 

through there LRS memristors (shown with dotted lines) causes the reading current to be 

high, where the correct reading of the memristor element should be low current (due to 

HRS). The solution to the sneak path problem is using a switching element together with 

a memory element, as shown in Figure 5.9 (a). Such switching element is used to allow 

current conduction in one direction and suppress it in the other. The most common 

switching element is a low leakage PN diode, limiting the current flowing through the 

sneak paths down to reverse bias leakage current level.  

 

Figure 5.9. Implication circuit to perform M11 IMP M12 on a 4 × 4 crossbar structure 

memristor array. Blue arrows show the current flow directions, and red solid 

squares covered all OFF state transistors.   
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Figure 5.10. Implication circuit to perform M11 IMP M12 on a 4 by 4 crossbar structure 

memristor array. Blue arrows show the current flow directions, and red solid 

squares covered all OFF state transistors.   

 



 105 

 

1D-1R crossbar SiOx based memristor devices were fabricated at XFAB Inc. in 

Lubbock, TX. Scanning electron microscopy (SEM) images show a cross sectional view 

of a 1D1R test structure in Figure 5.10 (a). The memristor device was fabricated as 

follows. First ion implantation was performed on the p-type Si substrate to form an n-

type conductive lower electrode. A 40nm thick SiOx memory layer was then deposited to 

a thickness of 40 nm using plasma-enhanced chemical vapor deposition (PECVD). An n-

type polysilicon layer was deposited onto the SiOx layer to serve as the top electrode. An 

opening in the polysilicon layer was made after all thermal oxidation and implant anneal 

steps are complete. A first dielectric layer was then deposited over the polysilicon top 

electrode. Tungsten plugs were used to make electrical contact to the n-type Si lower 

electrode and the polysilicon top electrode. After all the back-end dielectrics and a 

passivation layer were deposited, the back-end dielectric layers were removed using RIE 

to the Si substrate. This RIE step cleared-out the SiOx layer inside the hole, and created a 

SiOx sidewall where the memory device is formed. Polymer residue that remained after 

the post-RIE cleaning steps was removed by a 30-second buffered oxide etch (BOE).  

The PN diode used in the 1D1R structures was formed by an implanted p-well 

inside a deep n-well, and is a standard device available in the XFAB XC06 process with 

40 V reverse-bias breakdown voltage, 1 nA reverse-bias leakage current and 0.5 V 

forward voltage. Figure 5.10 (b) uses red square to mark out the 2 × 2 array of 1D1R 

devices fabricated by the conventional CMOS process. A Lake Shore Cryotronics 

vacuum probe chamber (< 1 mTorr) and Agilent B1500A device analyzer were used to 

electroform devices and measure the DC I-V response.  
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Figure 5.11. I-V characteristics for DC voltage sweeps applied to the SiOx-based 1D1R 

devices.   

 

The DC voltage sweeps were applied to the 1D top electrode (positive sign in 

Figure 5.10 (b)) with bottom 1R electrode (negative sign in Figure 5.10 (b)) at ground. 

All testing was done in vacuum. A forward/backward voltage sweep up to 28 V was used 

to electroform a conductive filament in the memristor, and the device yield is over 90%. 

DC I-V characteristics in Figure 5.11 show the distinctive resistive switching behavior 

with an On/Off ratio above 10
2
. The reserve bias conduction currents for both HRS and 

LRS are suppressed by the diode down to below 10
-7

 A even at -15 V (HRS and LRE 

curves overlaps for negative bias voltages). After electroforming, resistive switching 

performance of 1D1R is stabilized by cycling the device multiple times using voltage 

sweeps (0 V to 15 V). However, due to fabrication process related issues the Set and 

Reset voltages of the memristor devices made by XFAB are significantly larger than 
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devices discussed in past chapters. To be more specific, the conduction current increase 

which indicates Set process takes place at ~5V, as compared to 2.5V to 3V in chapter 2.2. 

A 0 V to 17 V voltage sweep was used to perform Reset operation, as compared to 8 V to 

10 V in previous chapters. In term of silicon PN junction diode, the forward current 

reaches 100 mA at 2 V, which provides high enough forward current level to support the 

Reset operation of the memristor.  

Using the NMOS transistor also fabricated on the same chip (marked out by the 

blue square in Figure 5.10 (b)), an implication circuit is realized using two 1D1R memory 

elements and a transistor. Figure 5.12 (a) shows the implication circuit as well as the 

implication voltages used for XFAB 1D1R memory elements. As mentioned above, the 

larger Set Reset voltages require higher implication voltages; effectively increasing 

voltage range from ±2 V to ±3.5 V. Figure 5.12 (b) shows how the gate voltage 

influences the channel resistance of the NMOS transistor, which then changes the value 

of Vmonitor. In Figure 5.12 (b), memristor P is switched to LRS, sweeping voltage is biased 

at VP, and the current is measured at the source side of the transistor. The substrate is 

biased at the same voltage as the source, in this case –3.5 V. It is noted that Vmonitor shows 

a steeper slope as gate control voltage (Vgs) decreases, and a condition of Vgs=0.3 V is 

therefore chosen to achieve 2.5 V at Vmonitor for 5 V total bias.  
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Figure 5.12. (a) Implication circuit including two 1D1R memory elements and a NMOS 

transistor. Voltage applied to each node is shown for negative voltage imply 

condition. (b) I-V response of 1D1R device (memristor P) in connection to a 

NMOS transistor. When memristor P is in LRS, Vmonitor is affected by the gate 

bias of the transistor.   

 

 

Figure 5.13. Measured conducting current of memristor Q (  ) and monitor voltage 

(        ) plotted against the sweeping voltage    in two possible initial logic 

conditions for negative bias implication operation: (a) P=0 Q=0; (b) P=1 Q=0.   

 

The I-V curves measured during the implication operation are shown in Figure 

5.13 (a) and (b), showing two conditions P=0 Q=0 and P=1 Q=0, respectively. As 
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indicated by the I-V curves of memristor Q, the result of the implication operation is the 

same as the truth table in Figure 5.2 (b). Similar to the implication results in Figure 5.3 

the substrate voltage (        ) is adjusted by the resistive state of memristor P and 

therefore controls the switching of memristor Q. Only difference lies in the implication 

voltage conditions and Set process shown in Figure 5.13 (a). Specifically, the Set 

transition at ~2.4 V is much less significant (less than one order of magnitude conduction 

current change). Both may be improved by optimizing fabrication process. So far we 

demonstrated successful implication operation using a NMOS transistor as the load 

resistor and two 1D1R memory elements in a 2 × 2 crossbar structure memristor array. 

Next step a more useful arithmetic circuit, namely a one bit full adder will be 

theoretically demonstrated based on previous results. 

As shown in Figure 5.14, a one bit full adder can be realized with 5 basic logic 

gates, which includes 2 XOR gates, 2 AND gates and 1 OR gates. X and Y are the input 

bits, Cin is the carry-in bit, S is the output bit, and Cout is the carry-out bit. Traditionally 

each logic gates is implemented with CMOS transistors, which leads to the final design 

of 14 transistors for one bit full adder. On the other hand, using material implication 

technique (shown in Table 5.1), each basic logic gate can be realized by several steps of 

implication operations. Therefore a table of implication steps performed on the 4 × 4 

crossbar structure memristor array is proposed to achieve the functionality of the one bit 

full adder.      
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Figure 5.14. (a) A one bit full adder realized with basic logic gates. (b) A one bit full 

adder realized with CMOS logic gates.   

 

First, three fundamental operations performed on the 4 × 4 crossbar structure 

memristor array are defined as follows. (1) INIT, short for initialization, is an operation 

that switches a memristor to certain resistive state, which stores certain logic value. 

Because the circuit in Figure 5.6 is essentially a Random Access Memory array, there is 

no difficulty to individually switch any memristor. Each memristor stores a logic value in 

its resistive state, and the multiple implication steps used to achieve a basic logic 

operation (NAND) means many intermediate logic values are stored in the memristors as 

well. Reusing some of these memristors by switching them to HRS would be a 

reasonable approach. The very first steps, in which the logic values such as X, Y, Cin for 

the case of one bit full adder are stored into each memristors, are also achieved with INIT 

operation. (2) IMP, short for implication, is the implication operation we described 
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previously. (3) COPY, as the name suggests, essentially copies the logic value from one 

memristor into an “empty” memristor (storing a logic value of “0”). It is achieved with 

two consecutive NOT operations, which are basically implication with logic “0”, as 

shown in Table 5.1. In other words, X COPY Y is performed in two steps: 1) S’=X IMP 

S 2) Y’=S’ IMP Y. Before the COPY operation, both memristor Y and S store logic 

value “0” (in HRS). The COPY operation enables the implication of any arbitrary pair of 

memristors in the 4 × 4 crossbar memristor array. The two examples in Figure 5.7 and 5.8 

demonstrate the implication operations performed across the same bit line or word line. 

Taking one step further, in order to perform implication operation on any two arbitrary 

memristors, a COPY step has to be performed. For example M11 IMP M33 can be 

achieved using two steps and an intermediate memristor M13, first M11 COPY M13, and 

then M13 IMP M33. The final result M11 IMP M33 is thus stored in M33 as if the operation 

was performed directly.        

Table 5.2 shows the steps, expressed in the INIT and IMP, to achieve the 

functionality of a one bit full adder. In this table, INIT operations are colored with white, 

COPY operations are colored with green, XOR logic operations are colored with red, 

AND logic operations are colored with blue, and OR logic operation is colored with 

yellow. The step numbers are shown in the first column, followed by the fundamental 

operation involving two operands in the second column, the rest of the columns each 

represents a memristor in the array (from M11 to M44). And the logic value changed by 

each operation is reflected in the same row. For example, in row #13, operation M21 IMP 

M11 is performed, the consequence of this operation is the logic value Y IMP X is stored 
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in the column of M11. The final results S and Cout are stored memristor M21 and M31. The 

validity of the above table consisting of 48 steps is verified only theoretically using a java 

code shown in Figure 5.15. The java code uses an array of Boolean variables to represent 

the logic values stored in the 4 × 4 memristor array. Two java functions INIT and IMP 

correspond to the fundamental operations vis-à-vis. The final output shown in Figure 5.15 

(b) shows the steps shown in Table 5.2 performs the desired result of a one bit full adder. 

Now consider the implication circuit to realize a N bit full adder, using the 

crossbar design the number of memristor would be 16N and the number of select 

transistors would be 8×√ 
 

. On the other hand, the same adder realized with CMOS 

transistors would need a total of 14N transistors. Using the idealistic model to estimate 

real estate cost, single crossbar structure memristor would cost 4F
2
 die size, and single 

MOSFET transistors will cost 6F
2
 die size, where F is the feature size determined 

associated with each technology node. Then the total real estate (size) comparison is 

plotted in Figure 5.16. The red line representing CMOS transistor enabled fuller adder 

whose size increases in 84N, while the blue line representing memristor enabled fuller 

adder whose size increases in 64N+48√ 
 

. However, this may not be a fair comparison 

for memristors. Firstly, there are a lot less shrinking challenges for the crossbar structure 

memristor compared with those for the CMOS transistor. So a smaller feature size should 

be used for memristors. Secondly, crossbar memristors may be implemented in a 3D 

stacking as shown in Figure 5.9 (a), where two stacks of crossbar structure memristor 

arrays are visible, therefore the linear component of the size estimation is significantly 
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reduced (by half in a stack of two layers). With the above example, it is easy to 

appreciate the size advantage of the memristor enable logic circuits.       

However, such advantage does come with a speed cost. It should be noted, a total 

of 48 consecutive fundamental steps are used to perform achieve this result. Ideally each 

step uses one cycle of pulse signals, which is determined by the switching speed of the 

memristor characteristics. However the parasitic capacitance on the bit lines and word 

lines will affect the minimum pulse width of each cycle. A reasonable estimation, 

obtained from the operation requirement for next generation RRAM crossbar array, is 

100ns. Therefore the total delay for the implication enabled one bit adder is 48 × 

100ns=4.8ms. On the other hand, the one bit full adder realized with CMOS transistors 

(Figure 5.14 (b)) takes only 3 to 4 cycles to finish the add operation, resulting in 2ns 

delay.  

There are arguments in literature suggesting that the memristor enabled logic 

operations are performed in an “in-situ” way, therefore data transfer between memory 

element and computational element is no longer necessary. And some delay disadvantage 

might be compensated. Another approach to speed up the implication enabled logic 

circuit is refraining from the reusing memristors. In Table 5.2, a total of 8 INIT steps are 

performed due to reusing memristors 8 times. This scheme results in 8÷16=50% reusing 

percentage, at the cost of 8÷48=16% speed delay. A faster scheme would require a 5 × 5 

memristor array using fewer steps to perform the one bit full adder function. An 

optimization between speed and size would take this into consideration. But due to the 
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sequential nature of implication enabled logic operations, the speed disadvantage will still 

be obvious.  

In conclusion, a logic circuit consisting of a 4 × 4 array of crossbar structure 

memristor 1D1R memory elements and select transistors are proposed together with 

bidirectional implication schemes. The logic circuit eliminates the sneak path problems 

with the use of PN junction diode to suppress the reverse leakage current. A 2 × 2 1D1R 

array is tested with a NMOS transistor on the same chip to demonstrate implication 

operation. Then a one bit full adder is theoretically realized with a total of 48 operations 

steps performed on the circuit. The validity of the operation steps is proved using a java 

simulation. A comparison between CMOS enabled logic circuit and memristor enabled 

circuit shows advantages in chip size, as well as disadvantages in speed. This result 

suggests the memristor enabled logic circuit is most suitable for low speed high density 

applications.        
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Table 5.2 Operations steps (INIT and IMP operations) to achieve one bit full adder. 
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Figure 5.15. (a) Java code to simulate the operation steps shown in Table 5.2. (b) Java 

simulation results.   

 

 

Figure 5.16. Real Estate Cost comparison between CMOS transistor enabled full adder 

and Memristor enabled full adder.   
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Chapter 6: Conclusion and Future Work 

6.1. CONCLUSION  

At the time the investigation of this dissertation finished, Intel Corporation and 

Micron Technology just unveiled 3D XPoint technology, a non-volatile memory that has 

the potential to revolutionize devices and applications with improved data access speed. 

While the detail of its memory mechanism is still unclear to public, Xpoint has been 

considered a major breakthrough since the introduction of NAND flash in 1989. From the 

picture shown on Intel website (Figure 6.1), the XPoint technology employs crossbar 

stacking structure, which has been recognized as most promising design for Resistive 

Random Access Memory. This shows the research thrust towards next generation non-

volatile memory is promoting the technology advancement in semiconductor industry. 

The academia still endeavors to develop new memory materials and improve the 

relatively “old” memory concepts and structures, SiOx serves as an excellent example. 

This research work examines the SiOx based memristor not only as potential candidate 

for RRAM but also as a building block for novel logic circuits. With an aim to improve 

the performance of SiOx based memristor, material analysis, fabrication process, 

advanced characterization techniques and logic oriented circuit applications constituent 

this dissertation.  
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Figure 6.1.  3D Xpoint Technology promotion photo.  

 

First, based on previous group members’ research and experience, rudimentary 

MOS structure SiOx memristor device fabrication process, characteristics were revisited. 

At the same time, important process parameters such as e-beam evaporation conditions 

are discussed. Planar structure SiOx memristor was fabricated using lift off process. EDS 

analysis suggests electroforming and resistive switching in SiOx is related to a localized 

oxygen deficiency phenomenon. In order to create such oxygen deficiency, an 

experiment is designed to replace oxygen atoms with nitrogen atoms using PECVD 

process. The result shows more nitrogen incorporation degrade memristor switching 

characteristics significantly. Then Backward Sweep Set Effect is characterized using 
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triangle pulse signals, the findings provide useful guideline for Reset pulse signal 

designing.  

Second, MIM and MIS structure memristor devices were compared. An external 

resistance effect arising from the substrate resistance causes the reset characteristic to 

change. Such external resistance effect can be used to provide larger switching window 

and stabilize device Set operation. Then an encapsulation process is developed to enable 

the SiOx memristor to resistively switching in air ambient. A commonly used polymer 

material, SU-8 photoresist layer hermetically seals the edge free SiOx memristor. And the 

encapsulated device can be operated in air.  

Third, advanced characterization techniques are used to study the SiOx memristor. 

As the counterpart of DC voltage sweep, DC current sweep is used to measure the 

resistive switching. It captures more details of the memristor Set behavior, showing the 

Set process consists of multiple instances of resistance reduction. Using current sweep 

technique, multi-level operation is achieved similar to DC voltage sweep with 

compliance current. High temperature characterization platform is built and used to 

extract resistive switching data at high temperature. SiOx memristor exhibits resistive 

switching even up to 180˚C, degradations such as increased HRS current and decreased 

Set voltage is attributed to a thermal assisted tunneling effect. Random Telegraph Noise 

measurement was also performed on MOS structure SiOx memristor, the normalized 

power spectrum density data shows different signature, namely 1/f
2
 for HRS and 1/f LRS. 

This finding is in agreement with the hydrogenated oxygen defect model that suggests the 

current conduction in the resistive switching layer is a tunneling process.   

Finally we demonstrated material implication operation using a circuit with two 

SiOx based memristor and a resistor. An improved bidirectional implication scheme is 

proposed and tested. The bidirectional implication scheme enables the use of 1D1R 



 120 

 

memory elements in a crossbar structure, and it reduces the voltage range required for the 

implication operation. In the next step, a circuit consisting of a 4 × 4 crossbar structure 

memristor array together with the select transistors is designed. On this circuit, a total of 

48 steps of operations are performed to realize the functionality of a one bit full adder. 

This successful demonstration of memristor enabled full adder logic circuit shows clear 

density advantages, as well as significant speed disadvantages due to the sequential 

nature of the implication steps.     

 

6.2.FUTURE WORK 

6.2.1. AC Modeling of SiOx based memristor 

In this work, most of the data are collected using DC sweeps, but the memristors 

in the circuits are mostly switched with pulse signals. Therefore the AC modeling of the 

memristor is important to understand how different components in the memristor may 

affect the AC response of the device. In Figure 6.2, a basic AC circuit model for MOS 

structure SiOx memristor is provided. It consists of following components: R_oxide, the 

resistance of the MOS capacitor; R_filament, the resistance that does not change during 

the resistive switching process; R_gap, the resistance that switches from HRS and LRS 

and lies in the gap region in the SiOx layer; C_oxide, the capacitance of the MOS 

capacitor; C_gap, the capacitance of the gap region. Some of these values can be directly 

measured from the device, while some of some are extracted from curve fitting the AC 

conductance (G) data. The most interesting value is C_gap, the gap capacitance. Because 

in the RC circuit shown in Figure 6.2, capacitance of the MOS capacitor can be reduced 

by crossbar structure or using smaller top electrode. When the value of MOS capacitance 

is below 10
-14 

F, the gap capacitance (C_gap) will limit the operation speed of the SiOx 
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memristor device, therefore provides insights in the fastest switching speed associated 

with the SiOx resistive switching technology.       

 

 

Figure 6.2.  AC model for SiOx memristor device with MOS structures. 

 

6.2.2. Physical model for Backward Sweep Set Effect  

As described in chapter 2.4, the Backward Sweep Set Effect is an unique 

memristive property only observed in SiOx materials. While such effect enables an easier 

way to electroform the SiOx memristor with double voltage sweeps, and pulse 

measurement was performed to characterize it. Its physical origin has been elusive. 

Intuitively, the process is considered a reverse process of the Reset process. Because the 

Reset process is modeled as a silicon bridge (Si-H-Si) to silicon doublet (Si-H H-Si) 

transformation, the reverse process maybe just the reaction equilibrium going towards the 

other direction. But this reverse process should be differentiated from the chemical 

reaction associated with Set process, which is also a silicon bridge to silicon doublet 

transformation. Because the defect charge states and energy band conditions are very 

different for these two processes. The hydrogenated oxygen defect physical model for 
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resistive switching behavior in SiOx so far has been successfully used to explain most of 

the phenomenon observed in SiOx memristor, such as stop voltage effect, vacuum 

ambient requirement, set and reset voltages. Efforts should be made to extend the model 

to explain the Backward Sweep Set Effect as well.  
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