
WO 2019/190392 	 PCT/SG2019/050128 

1 

MEMORY CELL AND METHOD OF FORMING THE SAME 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] 	This application claims the benefit of priority of Singapore application No. 

10201802567Q filed March 28, 2018, the contents of it being hereby incorporated by reference in 

its entirety for all purposes. 

TECHNICAL FIELD 

[0002] 	Various aspects of this disclosure relate to a memory cell. Various aspects of this 

disclosure relate to a method of forming a memory cell. 

BACKGROUND 

[0003] 	High-performance computing technologies rely on high-speed and high-density 

memories and processors. The striding development of memories in the past decades is reflective 

of the booming semiconductor industry and drives the prevalence of personal computers. 

Nowadays, memories for mobile electronics constitute a rapidly growing portion of the 

semiconductor markets. In addition to high speeds and high densities, non-volatility and low power 

consumption are also required for memories used in portable electronic devices. Conventional 

random-access memories (RAMs), such as static random access memory (SRAM) and dynamic 

random access memory (DRAM), while exhibiting high speeds and long lifetimes, are relatively 

volatile and consume high power. Although read only memories (ROMs), such as Flash memory 

and one-time programmable read-only memory (OTPROM), are non-volatile with long retention 

time (> 10 years), they suffer from low speeds (write/erase time from 1µs to 1 ms), high operating 

voltages, and short lifetimes (-105  cycles). 

[0004] In order to take the advantages of both RAM and ROM, overcome the scaling limit of 

conventional silicon-based devices, and further reduce power consumption, extensive effort has 

been devoted to develop the next-generation emerging non-volatile memories (NVMs), especially 

resistance-based memories, such as phase-change RAM (PCRAM), magnetic RAM (MRAM), 

ferroelectric RAM (FeRAM) and resistive switching RAM (RRAM). The resistance-based 

memories store information by switching the resistance between two non-volatile states, i.e. the 
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"0" and "1" binary states. Different types of NVMs have different unique features and 

characteristics as a result of the respective resistive switching mechanisms. PCRAM changes 

resistance states by reversible phase change between amorphous and crystalline structures. MRAM 

operates between two resistance states by reversibly changing the relative magnetization 

orientations of ferromagnetic layers. FeRAM switches resistance states by reversing the remnant 

polarization of a ferroelectric capacitor. 

[0005] Amongst the various emerging NVMs, RRAM is widely regarded as the most promising 

candidate for future low-power, high-speed and high-density non-volatile memory. Comparing to 

RRAM, PCRAM exhibits limited endurance (-109  cycles), high operating current and voltage and 

hence high power consumption (-10-12 J/bit). MRAM has improved endurance (-1012  cycles), 

but requires large cell area (20F2) and also high operating power (-10-12 J/bit). Although FeRAM 

has good endurance (1014  cycles), its feature size (-180 nm) and cell area (-22F2) are particularly 

large. Thus, RRAM draws exceptional attention owing to the overall device characteristics, 

including small feature size (<5 nm), small cell area (4F2), short switching time (< 1 ns), low 

operating voltage (<1 V) and low power consumption (-10-16 J/bit). In the current stage, the best 

reported endurance of RRAM is 1012  cycles. The switching uniformity and stability of RRAM 

remain obstacles to the widespread adoption of RRAM. 

SUMMARY 

[0006] Various embodiments may provide a memory cell. The memory cell may include an 

active electrode including an active electrode material. The memory cell may also include a first 

noble electrode contact with the active electrode, the first noble electrode being a patterned 

electrode including a noble electrode material. The memory cell may further include a resistive 

switching layer in contact with the active electrode and the first noble electrode. The memory cell 

may additionally include a second noble electrode including a noble electrode material, the second 

noble electrode in contact with the resistive switching layer. 

[0007] Various embodiments may provide a method of forming a memory cell. The method 

may include forming an active electrode including an active electrode material. The method may 

also include forming a first noble electrode in contact with the active electrode, the first noble 

electrode being a patterned electrode including a noble electrode material. The method may further 
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include forming a resistive switching layer in contact with the active electrode and the first noble 

electrode. The method may also include forming a second noble electrode including a noble 

electrode material, the second noble electrode in contact with the resistive switching layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] 	The invention will be better understood with reference to the detailed description when 

considered in conjunction with the non-limiting examples and the accompanying drawings, in 

which: 

FIG. 1A shows a schematic of a conventional asymmetric resistive random access memory 

(RRAM) cell with an active electrode and a noble electrode. 

FIG. 1B illustrates a conventional symmetric resistive random access memory (RRAM) cell with 

noble electrodes. 

FIG. 1C illustrates a conventional symmetric resistive random access memory (RRAM) cell with 

active electrodes. 

FIG. 2 is a general illustration of a memory cell according to various embodiments. 

FIG. 3 is a general illustration of a method of forming a memory cell according to various 

embodiments. 

FIG. 4 shows a schematic of a memory cell according to various embodiments. 

FIG. 5 shows (left) a process flow chart of a method of forming a symmetric-asymmetric hybrid 

resistive random access memory (RRAM) cell according to various embodiments and (right) the 

features formed corresponding to the features of the cell shown in FIG. 4 according to various 

embodiments. 

FIG. 6A shows a schematic illustrating the atomic structure around an easily oxidizable active 

interface formed between a resistive switching layer tantalum oxide (Ta0.) and an active electrode 

material tantalum metal (Ta) of a memory cell according to various embodiments. 

FIG. 6B shows a schematic illustrating the atomic structure around an oxidation-resistive noble 

interface formed between a resistive switching layer tantalum oxide (Ta0.) and a noble electrode 

material iron oxide (Fe304) of a memory cell according to various embodiments. 
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FIG. 6C shows a schematic illustrating the atomic structure around an oxidation-resistive noble 

interface formed between a resistive switching layer tantalum oxide (Ta0x) and a noble electrode 

material gold metal (Au) of a memory cell according to various embodiments. 

FIG. 6D is a plot of formation energy Vo (in electron volts or eV) as a function of chemical 

potential of oxygen po (in electron volts or eV) showing the resistance of oxidation of the various 

interfaces of the memory cell according to various embodiments shown in FIGS. 6A-C. 

FIG. 6E shows the Schottky barrier heights formed by various interfaces of the memory cell 

according to various embodiments shown in FIGS. 6A-C. 

FIG. 6F shows a cross-sectional transmission electron microscopy (TEM) image of a symmetric- 

asymmetric resistive random access memory cell according to various embodiments. 

FIG. 7A shows (right) a schematic of a noble-noble symmetric cell (iron oxide (Fe304)/ tantalum 

oxide (Ta0x)/ iron oxide (Fe304)); and (left) a plot of current (in amperes or A) as a function of 

voltage (in volts or V) illustrating the current-voltage (IV) characteristics of the noble-noble 

symmetric cell shown on the left. 

FIG. 7B shows (right) a schematic of a noble-noble symmetric cell (gold (Au)/ tantalum oxide 

(Ta0„)/ iron oxide (Fe304)); and (left) a plot of current (in amperes or A) as a function of voltage 

(in volts or V) illustrating the current-voltage (IV) characteristics of the noble-noble symmetric 

cell shown on the left. 

FIG. 7C shows (right) a schematic of an active-active symmetric cell (tantalum metal (Ta)/ 

tantalum oxide (Ta0x)/ tantalum metal (Ta)); and (left) a plot of current (in amperes or A) as a 

function of voltage (in volts or V) illustrating the current-voltage (IV) characteristics of the active- 

active symmetric cell shown on the left. 

FIG. 8A shows (right) a schematic of a noble-active asymmetric cell (iron oxide (Fe304)/ tantalum 

oxide (Ta0x)/ tantalum metal (Ta)); and (left) a plot of current (in amperes or A) as a function of 

voltage (in volts or V) illustrating the current-voltage (IV) characteristics of the noble-active 

asymmetric cell 800a shown on the left. 

FIG. 8B shows (right) a schematic of a symmetric-asymmetric cell (iron oxide (Fe304)/ tantalum 

oxide (Ta0x)/ iron oxide-tantalum metal (Fe304-Ta)) according to various embodiments; and (left) 

a plot of current (in amperes or A) as a function of voltage (in volts or V) illustrating the current- 
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voltage (IV) characteristics of the symmetric-asymmetric cell according to various embodiments 

shown on the left. 

FIG. 8C is a plot of percentage ratio R (in percent or %) as a function of set voltage (in volts or V) 

illustrating the probability distribution of set voltages of a conventional noble-active asymmetric 

resistive random access memory cell (as shown in FIG. 8A) as well as the probability distribution 

of set voltages of an symmetric-asymmetric resistive random access memory cell (as shown in 

FIG. 8B) according to various embodiments. 

FIG. 8D is a plot of probability distribution (in percent or %) as a function of resistance (in ohms 

or SI ) illustrating the probability distribution of low resistance state (LRS) resistances of a 

conventional noble-active asymmetric resistive random access memory cell (as shown in FIG. 8A) 

as well as the probability distribution of low resistance state (LRS) resistances of an symmetric- 

asymmetric resistive random access memory cell (as shown in FIG. 8B) according to various 

embodiments. 

DETAILED DESCRIPTION 

[0009] 	The following detailed description refers to the accompanying drawings that show, by 

way of illustration, specific details and embodiments in which the invention may be practiced. 

These embodiments are described in sufficient detail to enable those skilled in the art to practice 

the invention. Other embodiments may be utilized and structural, and logical changes may be made 

without departing from the scope of the invention. The various embodiments are not necessarily 

mutually exclusive, as some embodiments can be combined with one or more other embodiments 

to form new embodiments. 

[0010] Embodiments described in the context of one of the methods or memory cells are 

analogously valid for the other methods or memory cells. Similarly, embodiments described in the 

context of a method are analogously valid for a memory cell, and vice versa. 

[0011] 	Features that are described in the context of an embodiment may correspondingly be 

applicable to the same or similar features in the other embodiments. Features that are described in 

the context of an embodiment may correspondingly be applicable to the other embodiments, even 

if not explicitly described in these other embodiments. Furthermore, additions and/or combinations 

and/or alternatives as described for a feature in the context of an embodiment may correspondingly 

be applicable to the same or similar feature in the other embodiments. 
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[0012] 	The word "over" used with regards to a deposited material formed "over" a side or 

surface, may be used herein to mean that the deposited material may be formed "directly on", e.g. 

in direct contact with, the implied side or surface. The word "over" used with regards to a 

deposited material formed "over" a side or surface, may also be used herein to mean that the 

deposited material may be formed "indirectly on" the implied side or surface with one or more 

additional layers being arranged between the implied side or surface and the deposited material. 

In other words, a first layer "over" a second layer may refer to the first layer directly on the second 

layer, or that the first layer and the second layer are separated by one or more intervening layers. 

Further, in the current context, a layer "over" or "on" a side or surface may not necessarily mean 

that the layer is above a side or surface. A layer "on" a side or surface may mean that the layer is 

formed in direct contact with the side or surface, and a layer "over" a side or surface may mean 

that the layer is formed in direct contact with the side or surface or may be separated from the side 

or surface by one or more intervening layers. 

[0013] 	The memory cells as described herein may be operable in various orientations, and thus 

it should be understood that the terms "top", "topmost", "bottom", "bottommost" etc., when used 

in the following description are used for convenience and to aid understanding of relative positions 

or directions, and not intended to limit the orientation of the memory cells. 

[0014] 	In the context of various embodiments, the articles "a", "an" and "the" as used with 

regard to a feature or element include a reference to one or more of the features or elements. 

[0015] 	In the context of various embodiments, the term "about" or "approximately" as applied 

to a numeric value encompasses the exact value and a reasonable variance. 

[0016] As used herein, the term "and/or" includes any and all combinations of one or more of 

the associated listed items. 

[0017] 	As highlighted above, conventional RRAM have poor switching characteristics, such as 

switching uniformity and stability. Therefore, improving the switching characteristics, especially 

uniformity, e.g. by design of cell architecture and selection of material, may be required for future 

commercialization of RRAM. 

[0018] The initial design of resistive random-access memory (RRAM) originates from the 

resistive switching behavior of various insulators. The phenomenon was firstly reported in 1962 

and caught tremendous attention in the past 10 years for developing next-generation universal 
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memories or memristive devices. In a typical resistive switching material, two reversible resistance 

states coexist for information storage and processing. The two reversible states may be referred to 

as the high-resistance state (HRS) and the low-resistance state (LRS). The HRS can be electrically 

switched to the LRS (namely "set") and the LRS can be switched to the HRS (namely "reset") by 

applying voltage biases. The resistive switching process may be required to possess uniform 

switching voltages, low operating power, long endurance and retention, short switching time, and 

so on, posing great challenges in terms of materials selection, structural design and scalable 

manufacture. 

[0019] 	A number of insulating materials, such as oxides, nitrides, chalcogenides, and organic 

materials, possess resistive switching phenomenon. Oxides attract particular interest due to their 

excellent complementary metal-oxide-semiconductor (CMOS) compatibility, chemical stability 

and resistive switching characteristics. In 1962, A1203 was firstly reported to exhibit resistive 

switching behavior, which initiated the early investigation of resistive switching. In 2000, two- 

terminal devices of Cr-doped SrZrO3 film and Pro.7Ca0.3Mn03 film were reported to be suitable for 

resistive switching devices. The simple two-terminal structure demonstrates great potential for 

next-generation high-density non-volatile memory device and leads to enormous efforts to identify 

and understand memory materials. For instance, a previous application describing a general way 

to select memory materials, which should have an inner orbital less than a full quota of electrons 

and a narrow, outer conductive orbital, especially transition metal oxides or materials with long 

relaxation time, such as ZrO2, NiO, TiO2, ZnO, Nb205, Ta205, A1203, SrTiO3, SrZrO3, SrTiZrO3, 

Pro3Cao 3Mn03 (PCMO), PbZri_xTix03, and so on, has been filed. 

[0020] 	In addition, there have been prior applications relating to suitable electrode materials. It 

has also been found that symmetric RRAM cells, each including two noble electrodes and a 

memory material, usually possess unipolar switching characteristics, where the set and reset occur 

with a single polarity of external voltages. The unipolar symmetric RRAM cell may require high 

founing voltages with electric fields close to the threshold for dielectric breakdown to initialize 

the resistive switching. 

[0021] 	On the other hand, asymmetric RRAM cells with one noble electrode and one active 

electrode normally exhibit bipolar resistive switching, where set and reset occur with different 

polarities of external voltages. Bipolar RRAM cells with asymmetric structures may have superior 
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resistive switching characteristics, including low operating voltages, small current densities and, 

most importantly, excellent endurance 	012  cycles). 

[0022] The basic structure of a RRAM cell may include a layer of insulating memory material 

(i.e. a dielectric layer) sandwiched by two conductive electrodes (top electrode and bottom 

electrode) to form a simple metal-insulator-metal (MIM) two-terminal device. Depending on the 

top electrode and the bottom electrode used, the MIM structure may be either symmetric (when 

both electrodes are noble) or asymmetric (when one electrode is noble and the other is active). As 

highlighted above, symmetric RRAM cells may be unipolar and may have poor switching 

uniformity, stability and endurance. 

[0023] There has been previous work done to improve the resistive switching performance of 

asymmetric multilayer structures. Asymmetric bilayer oxide structures with distinct oxygen 

deficiency have previously been proposed to improve forming and operating characteristics of 

RRAM cells. A prior application describes the combination of high work function metal oxide and 

low work function rare earth metal at the interfaces between memory and electrode materials. The 

asymmetric structure forms a good Schottky barrier at the high workfunction interface leading to 

high on/off ratio. 

[0024] 	Although noble electrodes, such as platinum (Pt) and gold (Au), can form an inert 

interface with memory material and function as an ion diffusion barrier, they cannot be etched and 

are often difficult to integrate with complementary metal oxide semiconductor (CMOS) processes. 

Another prior application describes the insertion of diffusion barrier layers between memory and 

electrode materials to form an inert interface, which enables the use of CMOS compatible electrode 

materials as alternatives to the noble materials. Moreover, yet another prior application describes 

a dielectric layer between electrode and memory materials to enhance the data retention of RRAM 

cell. Other prior applications describe an additional layer of resistive doped metal oxides/nitrides 

or metal alloys between electrode and memory materials to limit the switching current and allow 

scaling down the cell dimensions. 

[0025] 	Extensive studies on resistive switching devices have reported that the switching 

process depends on a number of parameters, including switching and electrode materials, cell 

dimensions, fabrication process conditions, operating voltage and current, and so on. 

Consequently, various mechanisms have been proposed based on the individual observations. The 
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switching mechanisms can be generally categorized into filament type and interface type. 

Additionally, cation-based (electrochemical metallization, ECM) and anion-based (valance change 

memory, VCM) resistive switching mechanisms based on the chemical states of the conducting 

materials have been proposed. The high-endurance Ta205.x-based resistive switching process, for 

instance, adopts an anion-based filament-type mechanism as a result of voltage-controlled redox 

reactions of Ta205.x. The oxidation and reduction of Ta205_, controlled by electric field or thermal 

induced ionic (02-) migration result in the formation and rupture of conducting paths/channels and 

switching between LRS and HRS. 

[0026] 	A prior application also describes a layer of dielectric material between electrode and 

memory materials, which is configured to electrically breakdown in certain localized regions under 

an electroforming voltage. The dielectric breakdown creates localized metal regions in the 

dielectric layers, which further control the formation of conducting channel. Another prior 

application describes the use of a memory dielectric layer having a recess at one interface between 

electrode and memory materials. Conducting channels form favorably in the memory dielectric 

layer under the recess. Yet another prior application describes generation of conducting channels 

distributed uniformly in the switching memory layer by ion implantation or radiation damage 

including electromagnetic photons, neutral particles, electrons and ultrasound. 

[0027] FIG. 1A shows a schematic of a conventional asymmetric resistive random access 

memory (RRAM) cell 100a with an active electrode 102 and a noble electrode 106. The 

asymmetric RRAM cell has a resistive switching layer 104 sandwiched by the top noble electrode 

106 and the bottom active electrode 102. The patterned dots in active electrode 102 represent the 

active electrode material, while the horizontal lines in noble electrode 106 represent the noble 

electrode material. The resistive switching layer 104 forms an active interface 108 with the bottom 

active electrode 102, and a noble interface 110 with the top noble electrode 106. In general, the 

noble electrode materials may be electrically conductive materials and resistive to oxidization, 

leading to a highly oxidation resistive noble interface. In addition, noble electrode materials may 

have a high work function forming a high Schottky barrier with the resistive switching layer 104. 

On the contrary, active electrode materials may be electrically conductive materials and generally 

have high relative reactivity with respect to oxygen. The active interface 108 formed between the 

active electrode 102 and the resistive switching layer 104 may be reactive and may serve as an ion 
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reservoir to facilitate the generation of defects in the resistive switching layer 104 in the presence 

of an electric field. 

[0028] 	When an external voltage 112 is applied across electrodes 102, with a particular polarity, 

there is ionic migration in the switching layer driven by the applying electric field. Meanwhile, 

chemical reactions may take place at the interfaces 108, 110, most commonly at the active interface 

108. The reaction may be oxidization, reduction, or a redox reaction, and may involve migration 

of ionic species at the interface 108. The ion migration in the switching layer 104 and ion 

consumption at the active interface 108 may aid the formation of conduction paths 114 which give 

rise to the low resistance state (LRS) of the RRAM cell 100a. The conduction paths 114 may 

generally form under a small applied voltage less than 3 V or even less than 1 V in some cases. 

When an external voltage 112 of a reversed polarity, i.e. an opposite polarity, is applied, the 

conduction paths 114 may be ruptured and may become discontinuous, which give rise to the high 

resistance state (HRS) of the cell 100a. Notably, for the asymmetric cell 100 a, the conduction 

paths 114 may form at any position(s) randomly in the switching layer 104. The random formation 

of conduction paths 114 may result in large-area and unpredictable conducting regions, leading to 

high switching current, unstable switching voltages, and deteriorated switching uniformity. 

[0029] FIG. 1B illustrates a conventional symmetric resistive random access memory (RRAM) 

cell 100b with noble electrodes 122, 126. The noble electrodes 122, 126 may or may not be of the 

same material. The bottom noble electrode 122 may form a noble interface 128 with the resistive 

switching layer 124, while the top noble electrode 126 may form a noble interface 130 with the 

resistive switching layer 124. The noble interfaces 128, 130 may be highly inert and may not take 

part in reactions even under high electric field. Thus, the two noble interfaces may create a closed 

system within the resistive switching layer, confining ionic species and hindering the ionic 

migration. Conduction paths may not form in the noble-noble symmetric architecture with two 

noble electrodes 122, 126, even under high applying voltage of either polarity 132. The symmetric 

RRAM cell 100b may always remain at HRS and may work effectively as a current blocker. 

[0030] FIG. 1C illustrates a conventional symmetric resistive random access memory (RRAM) 

cell 100c with active electrodes 142, 146. The active electrodes 142, 146 may sandwich a resistive 

switching layer 144. The bottom active electrode 142 may form an active interface 148 with the 

resistive switching layer 144, while the top active electrode 146 may form an active interface 150 



WO 2019/190392 	 PCT/SG2019/050128 

11 

with the resistive switching layer 144. When an external voltage 152 of any polarity is applied, 

permanent conducting channels 154 may form in the resistive switching layer 144, resulting in a 

low resistance state (LRS). Notably, the LRS may be permanent and in-eversible. The cell 100c 

may not be switched back to HRS by an external voltage 152 of any polarity. Thus, the active- 

active symmetric architecture may suffer from permanent dielectric breakdown and may lead to 

electrical short circuit, which should be avoided in ARAM cells. 

[0031] As highlighted above, the asymmetric cell 100a shown in FIG. 1 A may switch between 

a LRS and a HRS. However, the formation of conduction paths 114 may be random and physically 

uncontrollable. The random and uncontrollable formation of conduction paths 114 may result in 

resistive switching instability and high power consumption, giving rise to non-uniform set voltages 

and LRS resistance, and high operating current. 

[0032] 	Various embodiments may seek to address or mitigate the abovementioned issues. 

Various embodiments may provide a memory cell with lower power consumption and//or lower 

operating current. Various embodiments may provide a memory cell with more uniform set 

voltages and/or LRS resistance. Various embodiments may provide a memory cell with more 

predictable and controllable conduction paths. 

[0033] 	FIG. 2 is a general illustration of a memory cell 200 according to various embodiments. 

The memory cell 200 may include an active electrode 202 including an active electrode material. 

The memory cell 200 may also include a first noble electrode 204 in contact with the active 

electrode 202, the first noble electrode 204 being a patterned electrode including a noble electrode 

material. The memory cell 200 may further include a resistive switching layer 206 in contact with 

the active electrode 202 and the first noble electrode 204. The memory cell 200 may additionally 

include a second noble electrode 208 including a noble electrode material, the second noble 

electrode in contact with the resistive switching layer 206. 

[0034] 	In other words, the memory cell 200 may include a resistive switching layer 206 

sandwiched by the second noble electrode 208 and a hybrid noble-active electrode structure. The 

hybrid noble-active electrode structure may include an active electrode 202 and a first noble 

electrode 204, which may be patterned. The patterned first noble electrode 204 may define 

channels to contain portions of the resistive switching layer 206 so that the resistive switching 

layer 206 is in contact with both the active electrode 202 and the first noble electrode 204. 
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[0035] 	For avoidance of doubt, FIG. 2 serves to highlight features of the memory cell 200 

according to various embodiments, and does not serve to limit or illustrate the arrangement, 

orientation, sizes, shapes etc. of the features or the memory cell. 

[0036] In various embodiments, the memory cell 200 may be a resistive random access memory 

(RRAM) cell. In various embodiments, the resistive switching layer 206 may include an oxide 

material. The oxide material may be, for instance, a transition metal oxide, or a perovskite oxide. 

Examples of oxide materials may include Zr02, NiO, Ti02, ZnO, Nb205, Ta205, A1203, SrTiO3, 

SrZrO3, SrTiZrO3, Pro3Ca0.3Mn03 (PCMO), PbZri_xTix03 etc. The resistive switching layer 206 

may be configured so that one or more conduction paths are formed when a potential difference is 

applied across the resistive switching layer 206. 

[0037] In various embodiments, the memory cell 200 may referred to as a symmetric- 

asymmetric hybrid RRAM cell. The memory cell may include a symmetric arrangement or portion 

formed by the first noble electrode 204, the resistive switching layer 206, and the second noble 

electrode 208, as well as an asymmetric arrangement or portion formed by the active electrode 

202, the resistive switching layer 206 and the second noble electrode 208. 

[0038] The memory cell 200 may be configured so that the one or more conduction paths are 

formed in the resistive switching layer 206 when a first voltage or potential difference is applied 

along a first direction across the resistive switching layer 206 (i.e. across active electrode 202 and 

second noble electrode 208), and the one or more conduction paths in the resistive switching layer 

206 are disrupted when a voltage or second potential difference is applied along a second direction 

opposite the first direction across the resistive switching layer 206 (i.e. across active electrode 202 

and second noble electrode 208). Various embodiments may seek to physically confine formation 

of conduction paths, e.g. via structural design and/or materials selection, to improve cell 

performance. 

[0039] 	In the current context, a noble electrode material may be a material that is relatively 

resistant to or unreactive with oxygen. The noble electrode material may be an electrically 

conductive material. A noble electrode material may include, but may not be limited to, a noble 

metal such as gold (Au), platinum (Pt), ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), 

osmium (Os), and iridium (Ir). In various other embodiments, the noble electrode material may for 

instance be a conductive oxide such as iron oxide or iridium oxide, a conductive nitride such as 
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titanium nitride or tantalum nitride, or any other suitable material(s) with a resistivity less than 10- 

2  0 cm. In various embodiments, the noble electrode material of the first noble electrode 204 and 

the noble material electrode material of the second noble electrode 208 may be selected from a 

group consisting of noble metals, conductive oxides, and conductive nitrides. In various 

embodiments, the first noble electrode 204 and the resistive switching layer 206 may form a 

Schottky barrier of 1.2 eV or above. In various embodiments, the second noble electrode 208 and 

the resistive switching layer 206 may form a Schottky barrier of 1.2 eV or above. 

[0040] 	In various embodiments, the noble electrode material of the first noble electrode 204 

may be same as the noble electrode material of the second noble electrode 208. In various other 

embodiments, the noble electrode material of the first noble electrode 204 may be different from 

the noble electrode material of the second noble electrode 208. 

[0041] 	In the current context, an active electrode material may be a material that has a relatively 

high reactivity with respect to oxygen. The active electrode material may be an electrically 

conductive material. The active electrode 202 may be configured to form an active interface with 

the resistive switching layer 206 that is reactive and serves as an ion reservoir to facilitate the 

generation of defects in the resistive switching layer 206 in the presence of an electric field 

(generated by the voltage or potential difference applied along the first direction). The active 

material may be an active metal or an active metal alloy. An electrode material may include, but 

may not be limited to, polysilicon, titanium (Ti), nickel (Ni), tantalum (Ta), hafnium (Hf), 

aluminum (Al) etc. In various embodiments, the active electrode 202 and the resistive switching 

layer 206 may form a Schottky barrier of 1.1 eV or below. 

[0042] 	In the current context, a "patterned electrode" may refer to an electrode having a pattern 

with features having one or more dimensions each less than 100 nm. 

[0043] 	In various embodiments, the patterned first noble electrode 204 may include a plurality 

of nanostructures. In the current context, a nanostructure may be a structure that has at least one 

dimension that is of 100 nm or less. The nanostructure may also be a structure that has two 

dimension or three dimension that is each of 100 nm or less. The plurality of nanostructures may 

be isolated or separated from one another. The conduction paths may be formed on portions of the 

resistive switching layer 206 between the plurality of nanostructures. Thus, the plurality of 
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nanostructures may define conducting or conduction channels for constricting the fo 	!nation of 

conduction paths. 

[0044] 	In various other embodiments, the patterned first noble electrode 204 may be a 

continuous structure such as a grid, which includes a plurality of openings which may hold portions 

of the resistive switching layer 206. The conduction paths formed may pass through portions of 

the resistive switching layer 206 within the plurality of openings. Thus, the grid may define 

conducting or conduction channels for constricting the formation of conduction paths. 

[0045] 	The second noble electrode 208 may be an unpatterned electrode or a continuous 

electrode. The active electrode 202 may be an unpatterned electrode or a continuous electrode. In 

the current context, an unpatterned electrode may refer to an electrode without a pattern having 

features having one or more dimensions each less than 100 nm. A continuous electrode may refer 

to a single integral electrode. For instance, the second noble electrode 208 and/or the active 

electrode 202 may be single integral continuous structure(s), with unpatterned, planar or flat 

surfaces. 

[0046] 	In various embodiments, the plurality of nanostructures may be any one or more types 

of nanostructures selected from a group consisting of nanoparticles, nanocolumns, and nanograins. 

In various other embodiments, the plurality of nanostructures may be or may include any other 

types of nanostructures. 

[0047] 	In various embodiments, the plurality of nanostructures may be of a random 

arrangement. In various other embodiments, the plurality of nanostructures may be arranged in an 

array, e.g. a periodic or an aperiodic array. 

[0048] 	In various embodiments, the resistive switching layer may extend between neighboring 

nanostructures of the plurality of nanostructures to be in contact with the active electrode. 

[0049] 	FIG. 3 is a general illustration of a method of forming a memory cell according to 

various embodiments. The method may include, in 302, forming an active electrode including an 

active electrode material. The method may also include, in 304, forming a first noble electrode in 

contact with the active electrode, the first noble electrode being a patterned electrode including a 

noble electrode material. The method may further include, in 306, forming a resistive switching 

layer in contact with the active electrode and the first noble electrode. The method may also 
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include, in 308, forming a second noble electrode including a noble electrode material, the second 

noble electrode in contact with the resistive switching layer. 

[0050] 	In other words, forming the memory cell may include fabricating an active electrode, 

fabricating a patterned first noble electrode, fabricating the resistive switching layer, and 

fabricating the second noble electrode. 

[0051] 	For avoidance of doubt, FIG. 3 is not intended to be in sequence. For instance, in various 

embodiments, step 302 may occur first before step 304, followed by step 306 and step 308. The 

active electrode may be formed before the first noble electrode is formed on the active electrode. 

The resistive switching layer may be formed in contact with the active electrode and the first noble 

electrode after forming the active electrode and the first noble electrode. The second noble 

electrode may be formed on the resistive switching layer after the resistive switching layer is 

formed. 

[0052] 	In various other embodiments, step 308 may occur before step 306, followed by step 

304 and step 302. 

[0053] 	In various embodiments, the patterned first noble electrode may include a plurality of 

nanostructures. The plurality of nanostructures may be formed by any one deposition process 

selected from a group consisting of pulsed laser deposition (PLD), chemical vapor deposition 

(CVD), sputtering, and wet-chemical assembly. The plurality of nanostructures formed may be of 

a random arrangement. The deposition process may have a high deposition rate to form separated 

or isolated nanostructures in a single step. For instance, at high deposition rate of 0.05 nm/s or 

higher, the deposited material by PLD may agglomerate to form separated or isolated 

nanostructures. 

[0054] 	In various embodiments, the plurality of nanostructures may be formed by coating a 

resist material on the active electrode, patterning the resist material, depositing the noble electrode 

material (included in the first noble electrode), and removing the resist material. The plurality of 

nanostructures may be arranged in an array, e.g. a periodic or an aperiodic array. In various 

embodiments, the plurality of nanostructures may be formed by depositing a noble electrode 

material (included in the first noble electrode) on the active electrode, coating a resist material on 

the noble electrode material, patterning the resist material, etching the noble electrode material, 
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and removing the resist material. The plurality of nanostructures may be arranged in an array, e.g. 

a periodic or an aperiodic array. 

[0055] 	In various embodiments, the resistive switching layer may extend between neighboring 

nanostructures of the plurality of nanostructures to be in contact with the active electrode. 

[0056] In various embodiments, the second noble electrode may be formed by any one 

deposition process selected from a group consisting of atomic layer deposition (ALD), chemical 

vapor deposition (CVD), pulsed laser deposition (PLD), and sputtering. The deposition process 

may have a low deposition rate to form a continuous electrode. For instance, at low deposition rate 

of 0.01 nm/s or lower, the deposited material by PLD may have sufficient time to move or 

rearrange to form a continuous structure. 

[0057] FIG. 4 shows a schematic of a memory cell 400 according to various embodiments. In 

order to improve clarity and avoid clutter, not all like features have been labelled. The memory 

cell 400 may include an active electrode 402 including an active electrode material. The memory 

cell 400 may also include a first noble electrode 404 in contact with the active electrode 402, the 

first noble electrode 404 being a patterned electrode including a noble electrode material. The 

memory cell 400 may further include a resistive switching layer 406 in contact with the active 

electrode 402 and the first noble electrode 404. The memory cell 400 may additionally include a 

second noble electrode 408 including a noble electrode material, the second noble electrode 408 

in contact with the resistive switching layer 406. 

[0058] 	The second noble electrode 408 may be a continuous electrode forming a continuous 

interface with the resistive switching layer 406. The patterned first noble electrode 404 and the 

continuous active electrode 402 may form a noble-active hybrid electrode structure 410. In other 

words, the noble-active hybrid electrode structure 410 may include the patterned first noble 

electrode 404 and the underlying continuous active electrode 402. The patterned first noble 

electrode 404 may include a plurality of nanostructures, such as nanocolumns or nanoparticles. 

The sizes of the nanostructures may or may not be the same. 

[0059] 	The resistive switching layer 406 may fill the gaps between the noble nanostructures 

(e.g. nanocolumns/nanoparticles), so that both the upper nanostructures 404 and the underlying 

active layer 402 are in direct contact with the resistive switching layer 406, forming both active 

and noble interfaces simultaneously. Thus, the symmetric-asymmetric architecture in FIG. 4 may 
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include both noble-noble symmetric 412 and noble-active asymmetric 414 architectures. The cell 

400 may be configured so that one or more conduction paths 416 are formed in the resistive 

switching layer 406 when a voltage 418 of a first polarity is applied, and the one or more 

conduction paths 416 are disrupted when a voltage 418 of a second polarity opposite the first 

polarity is applied. 

[0060] The noble-noble symmetric architecture or arrangement / portion 412 may keep 

resistance high and may block current in the region, reducing the effective area of current flow and 

the magnitude of the operating current. The noble-active asymmetric architecture or arrangement 

/ portion 414 may carry confined and concentrated current flow, and may be the conducting 

channel(s) responsible for the resistive switching behavior. The constricted conduction paths may 

form and rupture stably and predictably within the noble-active asymmetric architecture or 

arrangement / portion 414, leading to enhanced switching uniformity. 

[0061] 	FIG. 5 shows (left) a process flow chart of a method of forming a symmetric-asymmetric 

hybrid resistive random access memory (RRAM) cell according to various embodiments and 

(right) the features formed corresponding to the features of the cell shown in FIG. 4 according to 

various embodiments. In addition to the steps shown in FIG. 5, various embodiments may include 

additional steps. In order to improve clarity and avoid clutter, not all like features have been 

labelled. 

[0062] 	The processes may generally start from the formation of bottom noble-active hybrid 

electrode structure 410. The formation of the bottom noble-active hybrid electrode structure 410 

may first involve forming a continuous layer of active electrode 402 (step 502) followed by 

disposing an overlying layer of patterned/assembled nanostructured noble electrode 404 (step 504) 

using, for example, pulsed laser deposition (PLD), chemical vapor deposition (CVD) assembly, 

sputtering processes, wet-chemical assembly and so on, thereby forming the bottom noble-active 

hybrid electrode structure 410 (step 506). In various embodiments, the noble electrode 404 may 

be patterned using lithography and etching processes. In various other embodiments, forming the 

electrode 404 may including using PLD, and the deposition rate may be controlled to be high (- 

0.05 nm/s) to form the uniformly separated nanocolumns by a one-step process. Various 

embodiments may involve assembling noble nanocolumns 404 (including iron oxide or Fe304) on 
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the continuous active layer 402 (including tantalum or Ta) to form the noble active-hybrid 

electrode structure 410. 

[0063] 	A resistive switching layer 406 may be further disposed on top of the noble-active 

hybrid electrode structure (step 508), which is in direct contact with both the bottom noble 

electrode 40 and the active electrode 402 of the bottom noble-active hybrid electrode structure 

410. Various deposition techniques may be applied to form the resistive switching layer 406, 

including atomic layer deposition (ALD), CVD, PLD, sputtering, and so on. Finally, a top 

continuous noble electrode 408 (step 510) may be disposed by various possible techniques, such 

as ALD, CVD, PLD, sputtering, and so on. For instance, in order to keep the top noble electrode 

408 continuous, the deposition rate may be controlled to be low (-0.01 nm/s) using PLD. All 

electrode and resistive switching materials used may be complementary metal oxide 

semiconductor (CMOS)-compatible and may be readily patterned by etching processes, which 

may enable the implementation of the RRAM unit in practical devices or three dimensional (3D) 

structures. 

[0064] 	FIG. 6A shows a schematic illustrating the atomic structure around an easily oxidizable 

active interface formed between a resistive switching material tantalum oxide (Ta0x) and an active 

electrode material tantalum metal (Ta) of a memory cell according to various embodiments. FIG. 

6B shows a schematic illustrating the atomic structure around an oxidation-resistive noble 

interface formed between a resistive switching material tantalum oxide (Ta0x) and a noble 

electrode material iron oxide (Fe304) of a memory cell according to various embodiments. FIG. 

6C shows a schematic illustrating the atomic structure around an oxidation-resistive noble 

interface formed between a resistive switching material tantalum oxide (Ta0x) and a noble 

electrode material gold metal (Au) of a memory cell according to various embodiments. 

[0065] 	FIG. 6D is a plot of formation energy Vo (in electron volts or eV) as a function of 

chemical potential of oxygen pco (in electron volts or eV) showing the resistance of oxidation of 

the various interfaces of the memory cell according to various embodiments shown in FIGS. 6A- 

C. FIG. 6D shows that the active interface Ta/Ta0x  may be easily oxidizable, while the noble 

interfaces (Fe304/Ta0x and Au/Ta0x) may be oxidation —resistive. In various embodiments, the 

formation energy of an interface between an active electrode and the resistive switching layer may 

be of a value above 2.5 eV at a chemical potential of oxygen of 0 eV, while the formation of an 
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interface between a noble electrode and the resistive switching layer may be of a value below 2.5 

eV at a chemical potential of oxygen of 0 eV. 

[0066] FIG. 6E shows the Schottky barrier heights formed by various interfaces of the memory 

cell according to various embodiments shown in FIGS. 6A-C. Ta/Ta0x may have a low interfacial 

Schottky barrier height of about 0.9 eV, while Fe304/Ta0x  may have a high interfacial Schottky 

barrier height of about 1.5 eV. Au/TaOx may have an even higher interfacial Schottky barrier 

height of about 2.3 eV. 

[0067] 	FIG. 6F shows a cross-sectional transmission electron microscopy (TEM) image of a 

symmetric-asymmetric resistive random access memory cell according to various embodiments. 

The memory cell may include a resistive switching layer 606 of tantalum oxide (Ta0x) having a 

bilayer column assembled hybrid electrode structure 610 of iron oxide / tantalum metal (Fe304/Ta). 

[0068] 	A continuous Ta layer 602 may be disposed on a Si02 silicon substrate by sputtering, 

using a power of about 50 W at a pressure of about 3 x 10-3  Torr under an argon (Ar) flow rate of 

48 sccm at room temperature. 

[0069] A layer of assembled Fe304 nanograins 604 may be further disposed on the active Ta 

layer 602 by PLD at about 300 °C and a repetition rate of 10 Hz under an oxygen partial pressure 

of 10-6  Ton. The lateral size and height of the Fe304 nanograins may be about 20 nm and about 10 

nm respectively. The size of the gaps 620 between the nanograins 604 may be around 5 nm. The 

Ta layer 602 and Fe304  nanograins 604 may form a bilayer Fe304-Ta noble-active hybrid electrode 

structure 610. PLD may be used to deposit a resistive switching layer 606 of Ta0x  on top of the 

hybrid electrode structure 610 at room temperature under oxygen partial pressure of 10-2  Ton. The 

Ta0x layer 606 may fully contact with the bottom bilayer Fe304-Ta noble-active hybrid electrode 

structure 610 and may fully fill the gaps between the Fe304 nanograins 604. 

[0070] The upper surface 624 of the TaOx layer 606 may be about 10 nm higher than the top 

surface 622 of the Fe304 nanograins 604. After that, PLD may be used to further deposit a 

continuous Fe304 layer 608 as the top noble electrode on the Ta0x  resistive switching layer 606 at 

about 300 °C and a repetition rate of 2 Hz under an oxygen partial pressure of about 10-6  Ton. The 

symmetric-asymmetric architecture may include both noble-noble symmetric (Fe304/Ta0x/Fe304) 

612 and noble-active asymmetric (Fe304/Ta0x/Ta) 614 architectures. 
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[0071] 	The roles of the noble-noble symmetric (Fe304/Ta0x/Fe304 or Au/Ta0x/Fe304) and 

noble-active asymmetric (Fe304/Ta0x/Ta) architectures in the resistive switching process may be 

demonstrated by systematic current-voltage (IV) characterizations. 

	

[0072] 	FIG. 7A shows (right) a schematic of a noble-noble symmetric cell 700a (iron oxide 

(Fe304)/ tantalum oxide (Ta0x)/ iron oxide (Fe304)); and (left) a plot of current (in amperes or A) 

as a function of voltage (in volts or V) illustrating the current-voltage (IV) characteristics of the 

noble-noble symmetric cell 700a shown on the left. As shown on the right, the symmetric cell 700a 

may include a tantalum oxide (Ta0x) resistive switching layer sandwiched by two noble electrodes 

of iron oxide (Fe304). There is no significant change in the resistance when applying voltages of 

the positive polarity or the negative polarity, thus indicating that there may be no conduction paths 

formed in the noble-noble symmetric cell whether either positive or negative voltages are applied. 

The noble-noble symmetric structure 700a may maintain a high resistance of about 5x 106  Ohm 

with a small leakage current below 4x 10-7  A, and may thus work as an effective current blocker. 

	

[0073] 	FIG. 7B shows (right) a schematic of a noble-noble symmetric cell 700b (gold (Au)/ 

tantalum oxide (Ta0x)/ iron oxide (Fe304)); and (left) a plot of current (in amperes or A) as a 

function of voltage (in volts or V) illustrating the current-voltage (IV) characteristics of the noble- 

noble symmetric cell 700b shown on the left. There is also no significant change in the resistance 

when applying voltages of the positive polarity or the negative polarity. FIG. 7B may affirm that 

the noble-noble symmetric architecture 700a, 700b is free of conduction paths and may block 

current, regardless of whether the noble electrodes are of the same or different noble materials. 

	

[0074] 	FIG. 7C shows (right) a schematic of an active-active symmetric cell 700c (tantalum 

metal (Ta)/ tantalum oxide (Ta0x)/ tantalum metal (Ta)); and (left) a plot of current (in amperes 

or A) as a function of voltage (in volts or V) illustrating the current-voltage (IV) characteristics of 

the active-active symmetric cell 700c shown on the left. The cell 700c may include a tantalum 

oxide (Ta0x) resistive switching layer sandwiched by two active electrodes of tantalum metal. The 

current may reach a compliance current of 2x 10' A when applying a small voltage of about ±0.7 

V of either a positive polarity or a negative polarity. Thus, the active-active symmetric structure 

700c may not be switched to the high resistance state (HRS). The structure 700c may be 

permanently shorted with low resistance of only about 35 ohms and should be avoided in RRAM 

cell structure. 
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[0075] 	FIG. 8A shows (right) a schematic of a noble-active asymmetric cell 800a (iron oxide 

(Fe304)/ tantalum oxide (Ta0x)/ tantalum metal (Ta)); and (left) a plot of current (in amperes or 

A) as a function of voltage (in volts or V) illustrating the current-voltage (IV) characteristics of 

the noble-active asymmetric cell 800a shown on the left. The cell may include a resistive switching 

layer of TAX sandwiched by a top noble electrode of Fe304  and a bottom active electrode of Ta. 

When applying a negative voltage of -1.6 V on the top Fe304 noble electrode, the cell 800a may 

switch from the initial HRS to a LRS (known as electroforming process 802). The cell 800a may 

be subsequently switched back to the HRS by a reset process 804 and then to LRS again by a set 

process 806. Random conduction paths may form in the noble-active asymmetric (Fe304/Ta0x/Ta) 

architecture 800a during the electroforming process 802 and the set process 806, and may rupture 

in the reset process 804. There may be no restriction for forming the conduction paths in the 

resistive switching layer of Ta0x, and the conduction paths may be random, divergent or even 

cross-linked, leading to a high operating set/reset current 808 of about 2 x10-2  A and non-uniform 

switching process. 

[0076] 	FIG. 8B shows (right) a schematic of a symmetric-asymmetric cell 800b (iron oxide 

(Fe304)/ tantalum oxide (Ta0x)/ iron oxide-tantalum metal (Fe304-Ta)) according to various 

embodiments; and (left) a plot of current (in amperes or A) as a function of voltage (in volts or V) 

illustrating the current-voltage (IV) characteristics of the symmetric-asymmetric cell 800b 

according to various embodiments shown on the left. The cell 800b may include a resistive 

switching layer of Ta0x, sandwiched by a continuous top electrode of iron oxide (Fe304) and a 

bottom bilayer Fe304-Ta noble-active hybrid electrode structure. The structure 800b may include 

both the noble-noble symmetric architecture (Fe304/Ta0x/Fe304) and the noble-active asymmetric 

(Fe304/Ta0x/Ta) architecture in a single symmetric-asymmetric RRAM cell 800b 

(Fe304/Ta0x/Fe304-Ta). 

[0077] 	When applying a negative voltage of -1.6 V on the top Fe304 noble electrode, the cell 

800b may switch from initial HRS to LRS (known as electroforming process 812). The cell 800b 

may subsequently be switched back to HRS by a reset process 814 and then to LRS again by a set 

process 816. The noble-noble symmetric electrode architecture (Fe304/Ta0x/Fe304) may work as 

current blockers that confine and concentrate current into the noble-active asymmetric 

(Fe304/Ta0x/Ta) architectures. Constricted conduction paths may form in the noble-active 
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asymmetric architecture (Fe304/Ta0,/Ta) in the electroforming process 812 and the set process 

816, and may rupture in the reset process 814. Thus, the noble-active asymmetric architecture 

(Fe304/Ta0x/Ta) may work as conducting channels to constrict the formation of conduction paths. 

The localized and confined conduction paths may lead to a low operating set/reset current 818 of 

about 5x 104  A and good switching uniformity. Comparing to the conventional individual 

asymmetric RRAM cell of the same size in FIG. 8A, the symmetric-asymmetric RRAM cell 

according to various embodiments may achieve an about 40 times reduction in operation current, 

and may hence reduce the power consumption by about 40 times for the same operating voltage. 

[0078] 	FIG. 8C is a plot of percentage ratio R (in percent or %) as a function of set voltage (in 

volts or V) illustrating the probability distribution of set voltages of a conventional noble-active 

asymmetric resistive random access memory cell (as shown in FIG. 8A) as well as the probability 

distribution of set voltages of an symmetric-asymmetric resistive random access memory cell (as 

shown in FIG. 8B) according to various embodiments. The set voltages of the conventional noble- 

active asymmetric Fe304/Ta0x/Ta cell may fluctuate largely in a wide range 820 between about 

0.7 V and about 2.0 V. The low switching uniformity may be ascribed to the random and unstable 

formation of conduction paths. In contrast, the set voltages of the assembled symmetric- 

asymmetric (Fe304/Ta0x/Fe304-Ta) cell according to various embodiments fall within a narrow 

range 822 between about 0.7 V and about 1.2 V. The improved switching uniformity and stability 

may be because the formation of conduction paths is localized and confined within well-defined 

regions. 

[0079] 	FIG. 8D is a plot of probability distribution (in percent or %) as a function of resistance 

(in ohms or SI ) illustrating the probability distribution of low resistance state (LRS) resistances of 

a conventional noble-active asymmetric resistive random access memory cell (as shown in FIG. 

8A) as well as the probability distribution of low resistance state (LRS) resistances of an 

symmetric-asymmetric resistive random access memory cell (as shown in FIG. 8B) according to 

various embodiments. The LRS resistances of the conventional noble-active asymmetric 

Fe304/Ta0x/Ta cell may have a wide probability distribution range 824. It may be because the 

conduction paths may form randomly at different positions or in different shapes for each 

switching cycle, leading to the fluctuation of LRS resistances, leading to switching non-uniformity. 

In contrast, the LRS resistances of the assembled symmetric-asymmetric (Fe304/Ta0x/Fe304-Ta) 
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cell according to various embodiments may possess a narrow probability distribution range 826, 

because the conduction paths may only form in well-defined conducting channels. The localized 

and confined conduction paths may form and rupture stably and predictably, leading to good 

switching uniformity. 

[0080] Various embodiments may provide a unique strategy to confine conducting paths in 

RRAM cell. Various embodiments may include a noble-active hybrid electrode structure, which 

combines active nanostructured electrode materials and noble continuous electrode materials. 

Experts in the field may typically choose either noble material or active electrode material in 

devices. In contrast, various embodiments may include both noble and active materials in one 

electrode structure. 

[0081] 	The hybrid noble-active electrode structure according to various embodiments may lead 

to the formation of a hybrid symmetric-asymmetric RRAM cell. Various embodiments may 

implement the RRAM cell by rate-controlling deposition. The symmetric noble-noble electrode 

architecture may block current and confine or concentrate conducting paths within or into the 

asymmetric noble-active electrode architecture. The noble-active asymmetric architecture may 

work as conducting channels to constrict the formation of conduction paths. The RRAM with the 

unique noble-active hybrid electrode structure may possess improved switching uniformity and 

may reduce power consumption by up to about 40 times. 

[0082] Various embodiments may physically confine conduction paths within well-defined 

conductive regions. The well-defined conductive regions may be separated by current blockers, 

which may significantly reduce the effective area of current flow, and which may suppress 

operating current density. The confinement of conduction paths within the well-defined conductive 

regions may significantly enhance the resistive switching uniformity. 

[0083] 	While the invention has been particularly shown and described with reference to specific 

embodiments, it should be understood by those skilled in the art that various changes in form and 

detail may be made therein without departing from the spirit and scope of the invention as defined 

by the appended claims The scope of the invention is thus indicated by the appended claims and 

all changes which come within the meaning and range of equivalency of the claims are therefore 

intended to be embraced. 



WO 2019/190392 	 PCT/SG2019/050128 

24 

CLAIMS 

1. A memory cell comprising: 

an active electrode comprising an active electrode material; 

a first noble electrode in contact with the active electrode, the first noble electrode 

being a patterned electrode comprising a noble electrode material; 

a resistive switching layer in contact with the active electrode and the first noble 

electrode; and 

a second noble electrode comprising a noble electrode material, the second noble 

electrode in contact with the resistive switching layer. 

2. The memory cell according to claim 1, 

wherein the patterned first noble electrode comprises a plurality of nanostructures. 

3. The memory cell according to claim 2, 

wherein the plurality of nanostructures is any one type of nanostructures selected 

from a group consisting of nanoparticles, nanocolumns, and nanograins. 

4. The memory cell according to claim 2, 

wherein the resistive switching layer extends between neighboring nanostructures 

of the plurality of nanostructures to be in contact with the active electrode. 

5. The memory cell according to claim 1, 

wherein the noble electrode material of the first noble electrode is same as the 

noble electrode material of the second noble electrode. 

6. The memory cell according to claim 1, 
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wherein the noble electrode material of the first noble electrode is different from 

the noble electrode material of the second noble electrode. 

7. The memory cell according to claim 1, 

wherein the noble electrode material of the first noble electrode and the noble 

material electrode material of the second noble electrode are electrically 

conductive materials, and are selected from a group consisting of noble metals, 

conductive oxides, and conductive nitrides. 

8. The memory cell according to claim 1, 

wherein the active electrode material is an electrically conductive material, and is 

an active metal or an active metal alloy. 

9. The memory cell according to claim 1, 

wherein the resistive switching layer is configured so that one or more conduction 

paths are formed when a potential difference is applied across the resistive 

switching layer. 

10. The memory cell according to claim 1, 

wherein the resistive switching layer comprises an oxide material. 

11. The memory cell according to claim 10, 

wherein the oxide material is a transition metal oxide or a perovskite oxide. 

12. A method of forming a memory cell, the method comprising: 

forming an active electrode comprising an active electrode material; 

forming a first noble electrode in contact with the active electrode, the first noble 

electrode being a patterned electrode comprising a noble electrode material; 

forming a resistive switching layer in contact with the active electrode and the 

first noble electrode; and 
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forming a second noble electrode comprising a noble electrode material, the 

second noble electrode in contact with the resistive switching layer. 

13. The method according to claim 12, 

wherein the active electrode is formed before the first noble electrode is formed 

on the active electrode; 

wherein the resistive switching layer is formed in contact with the active electrode 

and the first noble electrode after forming the active electrode and the first noble 

electrode; and 

wherein the second noble electrode is formed on the resistive switching layer after 

the resistive switching layer is formed. 

14. The method according to claim 12, 

wherein the patterned first noble electrode comprises a plurality of nanostructures. 

15. The method according to claim 14, 

wherein the plurality of nanostructures is formed by any one deposition process 

selected from a group consisting of pulsed laser deposition (PLD), chemical vapor 

deposition (CVD), sputtering, and wet-chemical assembly. 

16. The method according to claim 14, 

wherein the plurality of nanostructures is formed by coating a resist material on 

the active electrode, patterning the resist material, depositing the noble electrode 

material comprised in the first electrode, and removing the resist material. 

17. The method according to claim 14, 

wherein the plurality of nanostructures is formed by depositing the noble 

electrode material comprised in the first noble electrode on the active electrode, 

coating a resist material on the noble electrode material, patterning the resist 

material, etching the noble electrode material, and removing the resist material. 
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18. The method according to claim 14, 

wherein the resistive switching layer extends between neighboring nanostructures 

of the plurality of nanostructures to be in contact with the active electrode. 

19. The method according to claim 12, 

wherein the second noble electrode is formed by any one deposition process 

selected from a group consisting of atomic layer deposition (ALD), chemical 

vapor deposition (CVD), pulsed laser deposition (PLD), and sputtering. 


