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ABSTRACT 

 

Existing NAND flash memories based on silicon are encountering 

limitation for scaling and miniaturization, thus next-generation memories, such 

as PCRAM, STT-MRAM and ReRAM, are under an extensive research. In 

particular, the ReRAM (resistive switching memory) is raising as the strong 

candidate for next-generation memory due to its low-cost fabrication, simple 

structure, outstanding scaling, CMOS compatibility, fast switching speed and 

multibit storage ability. 

In this thesis, a MIS (Metal-Insulator-Silicon) structured resistive 

switching memory is fabricated through modifying bottom electrode structure 

and analyzed resistive characteristics of the device. In detail, the fabricated 

resistive switching memory consists of silicon-based bottom electrode, silicon 

nitride as a switching layer and Titanium metal based top electrode. The bottom 

electrode structure can be changed to a Nano-Wedge structure by anisotropic 
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wet-etching process using TMAH solution, which depends on silicon crystalline 

direction. After depositing TEOS on the device, CMP is carried out for 

planarization and exposing tip of the wedge to fabricate the resistive switching 

memory with a minimal programming voltage. Back-end process is performed 

according to the existing fabrication process, depositing a switching and metal 

layer to form the Nano-Wedge resistive switching memory. 

The fabricated memory device is measured whether it is operated 

properly in a bipolar switching mode. Excellent data storage capability is proved 

through retention test by setting at a high temperature over 104 seconds in both 

LRS and HRS resistance states. A repetitive programming and erasing cycle 

process, known as an endurance test, is also performed to demonstrate 

outstanding characteristics of the resistive switching memory device. At the end, 

the ON/OFF ratio of the device was measured above 102. 
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1. Background 

 

Existing computer system consists of data input processed and stored by 

a CPU and memory device to release output ones. Yet, such data processing 

system encounters limitation due to huge variations in data types such as 

complicated voice patterns and images [1]. These data are not easily processed 

by the existing computer system, and it takes a long time to deal with them. 

Furthermore, the amount of data is massively increasing that the existing 

NAND flash memories are not capable of covering all of them [2]. As can be 

seen from Fig. 1.1, expected amount of data would reach as much as 40 zeta 

bytes by 2020 [3]. Apart from increasing amount of data, the usage of memory 

is diversified into multiple functions as shown in Fig. 1.2 [4]. Therefore, it is 

essential to achieve appropriate specifications among size, speed and cost of 
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memories and a new type of storage device has to be innovative to replace the 

current technologies. 

 

 

Fig. 1.1 Expected amount of data growth from 2010 to the end of 2020 [3] 
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Fig. 1.2 Computer memory hierarchy [4] 

 

STT-MRAM, PCRAM and ReRAM are three strong candidates rising as 

next-generational memories [5]. Among the notables, the ReRAM has been 

paid much attention as the competitive next-generation memory due to its 

superior characteristics over the PCRAM or STT-MRAM without sacrificing 

the programming endurance, retention or performance [6]. In detail, a 
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switching speed of ReRAM is compared with the rest of next-generation 

memories in Fig. 1.3 [7]. 

 Fig. 1.3 Switching speed of ReRAM and the rest of next-generation 

memories [7] 

 

Unlike the NAND flash memory where the area of electron trapping is 

reduced as it scales down, the ReRAM’s size reduction has no effect in its 

switching characteristics due to its role of storing data depending on its 

resistance state as shown in Fig. 1.4. 
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Different types of resistive switching effects are shown in Fig. 1.5. 

 

 

 

Fig. 1.4 The NAND flash memory (Top), and the ReRAM scaling effect 

(bottom) 
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Fig. 1.5 Classification of the resistive switching effects for NVM applications 

[8] 

Simple structure of the ReRAM allows the feature size up to 4F2 and the 

memory device can be fabricated using different materials for a cross-point 

array [9]. Basic structure of the resistive switching memory is as Fig. 1.6.  
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Fig. 1.6 Basic MIM structure of the resistive switching memory 

 

As shown above, typical ReRAM consists of a bottom/top electrode and 

switching layer where both electrodes are metals. A conductive filament is 

formed within the switching layer [10]. At an initial state, electrical signal is 

applied to transform the state of the device. At this stage, the conductive 

filament is formed within the switching layer and data is stored as either 0 or 1, 

depending on the resistive status. 
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As shown in Fig. 1.7, the state of the resistive switching memory is 

transformed from the initial state to LRS (low resistance state) by forming the 

conductive filament within the switching layer. The memory device changes 

its state to HRS (high resistance state) by a breakdown process of the filament 

[11]. 
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Fig. 1.7 Switching characteristics of the resistive switching memory 

 

In order to achieve a low power operation, a low reset current is 

essential [12]. It is proven that binary metal oxides have clear superiorities 

over perovskite oxides in terms of their excellent CMOS compatibility [13]. 

Controlling current overshoot during SET process is unavoidable to prevent 

severe effects on the ReRAM characteristics [14]. There are reports to 
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minimize the effects with a 1T-1R configuration [15]-[22]. 

Conductive Bridge resistive switching memory (CBRAM) is also known 

to show similar switching characteristics to ReRAM [23]. However, 

CBRAM’s forming mechanism of the conductive filament is different from 

that of ReRAM in that it is formed by hopping and migration of cations [24]. 

The conductive filament of ReRAM is based on metal-oxide vacancies where 

the oxygen ions migrate towards the top electrode, leaving behind sites 

(vacancies) for an electric conduction [25]. Fig. 1.8 shows different 

mechanisms of the conductive filament formation between the CBRAM and 

ReRAM [26-27]. 

There are two types of switching behaviors of ReRAM, unipolar and 

bipolar operations [28-29], and each of their I-V characteristics of ReRAM is 
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shown in Fig. 1.9 [30-31]. First, unipolar switching behavior involves transfer 

between on and off state by applying voltages with equal polarities. On the 

other hand, bipolar switching behavior occurs when the memory device is 

switched to LRS by applying positive voltages while it transformed to HRS by 

applying negative ones. 

In order to commercialize the ReRAM, it is essential to fabricate the 

cross-point array [32]. To achieve this, minimizing leakage current is essential 

to prevent false detection between LRS and HRS [33]. 
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Fig. 1.8 The conductive filament formation of the CBRAM (top) and ReRAM 

(bottom) [26-27] 
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Fig. 1.9 Switching characteristics of unipolar (top) and bipolar (bottom) 

operated ReRAM [30-31] 
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2. Motivation of the Research 

 

A resistive switching memory, also known as a ReRAM, is under an 

extensive research to replace a current storage device such as NAND flash 

memories [5]. Its simple structure and CMOS compatibility makes it close to 

commercialization [21]. Yet, its high reset current causes the ReRAM to 

consume a high power [22] and a randomness of programming voltage also 

matter a lot for mass production [23].  

In this thesis, a Nano-Wedge structured resistive switching memory is 

fabricated. The aim of fabricating Nano-Wedge structured ReRAM is to 

overcome the problem of high programming voltages that a planar-

structured device has and demonstrate its excellent switching characteristics 
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over the planar device. By measuring the device’s electrical characteristics, 

the Nano-Wedge structured ReRAM aims to demonstrate lower 

programming voltage compared to those of planar one. 

An idea of Nano-Wedge structured resistive switching memory is to 

reduce the programming voltage by electric-field concentration effect. The 

detailed idea is demonstrated in Fig. 2.1. 
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Fig. 2.1 Distribution of electric-field in the planar-structured ReRAM (top) 

vs. the Nano-Wedge structured ReRAM (bottom) 
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As shown in the Fig. 2.1, the planar-structured ReRAM requires the 

high voltage due to wide surface area of the bottom electrode. On the other 

hand, the Nano-Wedge structured ReRAM only requires comparatively the 

small amount of voltage due to concentration of electric-field around the tip 

of bottom electrode (Si), thereby reducing the programming power 

compared to that of the planar-structured ReRAM. 

A switching layer of the device is based on Si3N4. Unlike the 

transition metal oxide based ReRAM [34] and dissolving metal ions based 

CBRAM [23], a mechanism behind the formation of conductive filament in 

Si3N4 has yet to be proven. Furthermore, reliability issues, such as 

endurance and reliability of the memory device, are also considerable 

matters to demonstrate a superiority of Nano-Wedge structured ReRAM. 
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3. Fabrication of Nano-Wedge Structured 

ReRAM 

  

 3.1. Device Fabrication 

 

Fig. 3.1.1 A cross-point array configuration used in this work and its side-

view 

  

 Fig. 3.1.1 represents a 3-dimensional 2 x 2 cross-point array consisting 

of resistive switching memories. Fabrication process for the memory device is 



19 

 

as follow. Photolithography is proceeded to form a bottom electrode. We made 

6 different split of bottom electrode widths for measurement comparison. The 

widths include 500/550/600/800/1000/1500 nm. The width of top electrode is 

fixed at 500 nm. Etch process is followed to form a fin. Then, TMAH wet 

etching is proceeded to form the Nano-Wedge structured bottom electrode. By 

analyzing the etch rate of <100>, <110> and <111> direction in silicon, etch 

time is fixed at 10 minutes to target the wedge structure of 500 nm-width 

bottom electrode. A film of 100 nm Si3N4 and 600 nm TEOS layer was 

deposited respectively, before CMP process. Si3N4 layer is used as a CMP 

stopper due to its ability to overcome chemically and mechanically [35]. After 

going through experiments, it was proven that Si3N4 holds better selectivity 

than SiO2. After exposing the tip of the bottom electrode fin, switching layer 
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is deposited, again using Si3N4, around 5nm. It is essential to clean the wafer 

right before depositing the switching layer since it acts as important step for 

the conductive filament formation [36]. 100 nm Ti metal is deposited as a top 

electrode. Next, TEOS is deposited around 350 nm to make contact holes. 

After stacking the metal, in the order of Ti/TiN/Al/TiN, pad photolithography 

is processed. Finally, the single device is fabricated. The whole process flow 

is shown in Fig. 3.1.2. 
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Fig. 3.1.2 Process flow for fabrication of the Nano-Wedge structured resistive 

switching memory 

1. Si etch 2. TMAH wet-etching 

3. Si3N4 & TEOS dep. 4. CMP & Si3N4 strip 
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Fig. 3.1.2 Process flow for fabrication of the Nano-Wedge structured resistive 

switching memory (Cont’d) 

5. Switching layer (Si3N4) dep. 6. Ti dep. & etch 

7. TEOS isolation 8. Contact hole etch 
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Fig. 3.1.2 Process flow for fabrication of the Nano-Wedge structured resistive 

switching memory (Cont’d) 

 

 

 

 

 

9. Metal stacking & etch 
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Fig. 3.1.3 A cross-sectional view of SEM images of the Nano-Wedge 

structured bottom electrodes 

  

Fig. 3.1.3 shows the cross-sectional view of SEM images of the 

fabricated Nano-Wedge structured bottom electrodes that have been split in 6 

different widths. Target bottom electrode width for the wedge formation is 500 

nm, and after wet etching process, 50 nm wedge tip was formed. The largest 
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top width of the bottom electrode is 900 nm, demonstrating a variation exists 

while undergoing the fabrication. 
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3.2. Anisotropic Wet-etching of Silicon using TMAH 

 

Fig. 3.2 A TMAH wet-etching process (above) and expected Nano-Wedge 

structured bottom electrode (bottom) 
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 Fig. 3.2 shows an experimental setup for silicon wet-etching using 

TMAH. This solution depends on a silicon crystalline direction, meaning that 

its etch rate is different depending on the crystallographic direction. Compared 

to <111> direction, <100> and <110> direction is 37 and 68 times faster. As a 

result, the Nano-Wedge can be formed, as shown in Fig. 3.3. 
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Fig. 3.3 A cross-sectional view of a SEM image of the fabricated Nano-Wedge 

structured resistive switching memory 
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4. Experimental Results and Analysis 

  

 4.1. Bipolar resistive switching characteristics 

 Electrical measurements were carried out to check whether low 

programming voltages are realized by forming the Nano-Wedge structured 

resistive switching memory. As shown in Fig. 4.1.1, a forming voltage is 

formed around 5 V, while a reset voltage is around -3 V. a compliance current 

has been set to 100 μA. It is reported that the high compliance current (Icc) 

may result in permanent breakdown of the memory device [36]. Although the 

purpose of using the compliance current is to limit the current level flowing 

within the ReRAM device, a current overshoot occurs [37] by a parasitic 

capacitance effect at the moment of forming or set. As a result, actual currents 

within the device may exceed the compliance current limit as demonstrated in 
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the Fig. 4.1.1. Reset is occurred when ILRS (current at low resistance state) 

switched to IHRS by more than the order of 104. It is also seen that a set voltage 

is lower than the forming voltage. As seen from Fig. 4.1.2 and 4.1.3, VSET and 

VFORMING have been statistically laid out to compare among 6 different bottom 

electrode widths. 
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Fig. 4.1.1 Measured I-V bipolar switching characteristics of fabricated 

memory device 
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Figure 4.1.2 Comparison of VSET for 6 different wedge widths 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.3 Comparison of VFORMING for 6 different wedge widths 
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 4.2. Retention and Endurance test 

 After basic operation characteristics has been demonstrated, reliability 

tests were carried out to see whether the fabricated memory device can be 

programmed in repeated cycles over a long span of time. An endurance test 

was carried out, as shown in Fig. 4.2.1, and RLRS and RHRS were able to keep 

their status for a number of cycles as shown in the graph. A read voltage for 

the endurance test was -1 V. On the other hand, a retention test was carried out 

at 100 ℃ and resistances at both LRS and HRS were being kept equally over 

more than 104 seconds (Fig. 4.2.2). 
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Fig. 4.2.1 The endurance cycle test for low and high resistance state at the 

reading voltage of -1 V 
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Fig. 4.2.2 The retention test at temperature of 100 ℃ for a reading voltage of 

0.2 V 
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Conclusion 

 

The novel Nano-Wedge structured resistive switching memory is 

fabricated. After splitting the bottom electrode size from 500 nm to 1500 nm, 

the final wedge width ranged from 50 nm to 900 nm. One of difficulties 

encountered when fabricating the ReRAM device is variation issue. As a result, 

it was difficult to fabricate pointed wedge tip. Thus, for the next fabrication, 

considering the definition of wedge, further consideration has to be made to 

move on to the next research for realizing electric field effect. 

Electrical measurements have been carried out and demonstrated to 

prove that the bipolar behavior is working properly. Further research is 

required to check if the programming voltage is related to area reduction. In 
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addition, reliability tests were performed by carrying out endurance and 

retention analysis, showing reliable results for the ReRAM as a strong 

candidate for next-generation memory device. 
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초    록 

 

무선 인터넷 망을 기반으로 하는 스마트폰 및 태블릿 PC의 

보급으로 인해 누구든 어디서나 유비쿼터스 컴퓨팅이 가능한 시대로 

급변하고 있다. 이에 따른 빅 데이터 저장 기술 처리를 위해 대용량 

메모리 개발이 광범위하게 이뤄지고 있으며, NAND 플래시 메모리가 

주요 매체로 사용되고 있다. 하지만 기존의 실리콘 기반 NAND 

플래시 메모리의 미세화와 대용량화가 한계에 다다르고 있어, 이 

문제점들을 보완하기 위해 PCRAM, MRAM 및 RRAM 같은 차세대 

메모리가 활발히 연구 중에 있다. 특히, 저항 변화 메모리 (RRAM) 

는 단순한 구조로 인한 낮은 공정 비용, 우수한 스케일링, CMOS 

기술과의 호환성, 빠른 스위칭 속도 및 멀티비트 저장 가능성으로 

인해 차세대 메모리의 강력한 후보로 떠오르고 있다. 이러한 

가능성에도 불구하고 전압의 산포 문제 및 어레이 구조에서의 

누설전류 등의 문제로 인해 상용화까지는 어려움이 존재한다. 특히, 

높은 reset 전류로 인해 전력소모가 높다는 문제점이 있으며, 이에 

따라 다수의 문헌에서 기생 커패시턴스를 줄임 으로서 문제를 

해결하는 사례가 보고되고 있다. 
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본 논문에서는 Metal-Insulator-Silicon (MIS) 형태의 저항 변화 

메모리의 구조적 변화를 통하여 소자를 제작하고 저항 특성에 관한 

연구를 수행하였다. 구체적으로는 MIS 구조에서 실리콘의 하부 

구조를 나노 스케일의 웨지 (wedge) 구조로 하는 새로운 나노 소자 

구조를 제작하였다. 결정 방향 의존성을 갖는 비등방성 wet etch 

방식을 통해 웨지 형태의 하부 전극을 형성하는 것이 이 소자의 

가장 큰 특징이며, CMP 공정을 통해 웨지의 최상부만 노출되게 하여 

동작 영역을 극소화시키는 저항 변화 메모리를 구현할 수 있다. 후속 

공정은 기존의 저항 변화 메모리 제작 순서에 따라 저항 변화 물질 

및 상부금속층 증착을 통해 최종적으로 나노 웨지 형태의 소자를 

제작하였다. 

 

제작된 소자의 측정을 통하여 저항 변화 메모리의 기본적인 

unipolar 및 bipolar 저항 변화 동작 특성을 분석하였으며, 높은 

온도에서 104 초 동안 LRS 및 HRS 저항 상태를 확인하여 탁월한 

정보 유지 특성을 입증하였다. 반복적으로 정보를 쓰고 지우는 cycle 

test를 통하여 나노 웨지 구조를 가지는 저항 변화 메모리 소자의 

우수한 신뢰성을 확인하였다. 
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 주요어 : 나노 웨지, 저항 변화 메모리, CMP, 비등방성 wet etch, 

상부금속층, 실리콘 
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