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Abstract 

 

Resistive switching random access memory (ReRAM) and its 

application to crossbar array (CA) were investigated. The two essential 

components of CA are memory and selection element. For the realization of 

CA that utilizes the ReRAM, there are several obstacles to overcome, such as 

enhancing the reliability of memory element and developing suitable selection 

element to improving random access ability in writing and reading operations. 

For these objectives, in this thesis, it was revealed that hourglass shaped 

conducting filament (HSCF) and minimization of interconnection line 

resistance in CA are essential for improving reliability of resistive switching 

(RS) cell itself and stable operation in CA. In addition, for developing 

selection device, a theoretical model was proposed to estimate the electrical 

specification of selection device according to integration density of CA. 

Subsequently, the chemical optimization of Schottky type diode (SD) was 

provided. The experimental results showed that the optimized chemical 

structure in SD is important for fabricating SD with desired electrical 

specification. And then, crossbar type SD devices were fabricated and 

characterized, which showed promising high rectifying ratio and high forward 

current density for highly integrated CA device. Finally, 1D1R 

(1diode+1resistor) stacked capacitor-like and CA devices were fabricated and 

characterized. 
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In the part of improving reliability of RS memory, a modified biasing 

scheme was adopted to improve the electrical endurance characteristics of 

conducting filamentary RS in a Pt/TiO2/Pt RS cell. The modified bias scheme 

included the application of bias voltages with alternating polarity, even though 

RS proceeds in non-polar mode, which results in the stable distribution of 

each resistance states as well as improved endurance. This was attributed to 

the minimized consumption of oxygen ions in the TiO2 film, which can be 

induced by the formation of hourglass-shaped conducting filament (HSCF). 

The presence of a HSCF was confirmed by high-resolution transmission 

electron microscopy. 

Besides the improving the reliability of RS cell itself, there is 

additional crucial issue related to the stable RS operation, especially in writing 

process, when the RS cell is applied to CA. The effects of the external load 

resistance on the RS behavior of Pt/TiO2/Pt RS cells were examined using 

model calculations and experiments. With increasing load resistance, the reset 

voltage increased more rapidly than the set voltage, which eventually resulted 

in RS failure. For the experiment, various electrode materials were examined 

to achieve both stable RS behavior of a TiO2 film and a CA with sufficiently 

low line resistance. The effect of the interconnection line resistance on the RS 

behavior was studied from the electrical characterization of the fabricated CA. 

A high interconnection line resistance causes an undesirable high operation 

voltage and the failure of stable RS in extreme cases. Overall, a sufficiently 
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low interconnect line resistance is essential for achieving stable operation and 

rapid RS in a CA structure. 

In selection device development part, firstly, the qualitative 

theoretical model was provided to estimate the electrical specification of 

selection device which is required in CA integration. Kirchhoff’s law was 

used to examine the electrical specifications of selection diodes, which are 

essential for suppressing the read interference problems in nano-scale RS 

crossbar arrays with a high block density. The diode in the CA with a 100 Mb-

block density should have a reverse/forward resistance ratio of > 10
8
, and a 

forward current density of > 10
5
 A/cm

2
 for stable reading and writing 

operation. Whilst normal circuit simulators are heavily overloaded when the 

number of cells (m) connected to one bit- and word line is larger (m >> 100), 

which is the desired range for high density CA, the present model can provide 

a simple simulation. The validity of this new method was confirmed by a 

comparison with the previously reported method based on voltage estimation. 

Subsequently, the electrical performances of Pt/TiO2/Ti/Pt stacked 

SD were systematically examined, which depends on the chemical structures 

of the each layer and their interfaces. The Ti layers containing a tolerable 

amount of oxygen showed metallic electrical conduction characteristic, which 

was confirmed by sheet resistance measurement with elevating temperature, 

transmission line measurement method and Auger electron spectroscopy 

analysis. However, the chemical structure of SD stack was crucially affected 
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by the dissolved oxygen concentration in the Ti layers. The lower oxidation 

potential of the Ti layer with higher oxygen concentration suppressed the 

oxygen deficiency of the overlying TiO2 layer induced by consumption of the 

oxygen from TiO2 layer, which results in the lower reverse current of SDs 

without significant degradation of forward-state current. Conductive atomic 

force microscopy analysis showed the current conduction through the local 

conduction paths in the presented SDs, which guarantees an enough forward 

current density as a selection device for highly integrated crossbar array 

resistive memory. 

Finally, SD with Au/Pt/TiO2/Ti/Pt stacked structure was fabricated 

for its application to crossbar type RS memory. The SDs showed a highly 

promising rectification ratio (~2.4 x 10
6
 @ ±2 V) between forward and 

reverse state currents and a high forward current density (~3 x 10
5
 A/cm

2
 @ 2 

V) which is useful for highly integrated crossbar RS memory. The SD has 

local forward current conduction paths, which provides extremely scaled 

devices with an advantage. The minimization of interconnection line 

resistance is also important to provide sufficient current to achieve stable 

operation of RS memory.  

 In the final section, the fabrication and electrical characterization 

issues of 1D1R type CA device was introduced. 32 × 32, 1 × 32, 2 × 2, and 4 

× 4 type of CAs were fabricated. To prevent the inter-diffusion of oxygen in 

RS layer, the oxygen diffusion barrier layer (OBL) was inserted between SD 
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and RS memory cell. The various materials were examined as OBL (Au, ITO, 

TIN, and Ni).  Among the various OBLs, Ni showed excellent performance 

in capacitor-like 1D1R device. In addition, for CA type device fabrication, 

appropriate fabrication methods were developed. Finally, 1D1R CA device 

using previously developed SD and TiO2-based RS cell showed promising 

performance for next-generation non-volatile memory application. 
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Chapter 1. Introduction 

 

1.1 Resistive switching phenomenon 

 

1.1.1 Resistive switching materials 

 

As the device scaling limitation comes closer to near future, 

electronic memory industry has been required a new concept of memory. 

There are many next-generation memory concepts, such as Ferroelectric 

random access memory (FeRAM), magneto-resistive random access 

memory (MRAM), phase-change random access memory (PcRAM), and 

resistive switching random access memory (ReRAM). The former two 

concepts, FeRAM and MRAM, cover markets for special applications. One 

reason among several others is that FeRAM as well as conventional MRAM 

exhibit technological and inherent problems in the scalability, i.e., in 

achieving the same density as Flash today because the two memory concepts 

utilize the amount of charges.  

On the other hands, PcRAM and ReRAM utilizes the intrinsic 

resistance switching via external bias or current applied on metal-insulator-

metal (MIM) type devices. That means, the digital information stored in 

PcRAM or ReRAM can be distinguished by current or voltage through the 

device, which is independent from charge-storing mechanism. The resistance 
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switching (RS) - based memory concept is advantageous on device scaling 

compared to the charge-based one.  

RS phenomenon has been reported in various kinds of materials, 

transition metal oxide (TMO) [1-5], chalcogenide materials [6], and 

perovskite materials [7]. Among the various materials, TMO based such as 

TiOx, [8] NiO, [9] HfOx, [10] and TaOx, [11] has been highlighted due to 

their relatively simple composition, metal oxides can be deposited using 

conventional techniques of chemical or physical vapor deposition methods. 

Secondly, thin films of TMO exhibit resistance switching in polycrystalline 

states, [12] which reduce the sensitivity to various deposition conditions 

such as substrate orientation. Thirdly, the stoichiometry of oxide thin films 

can be adjusted over a relatively wide range of values during growth. [13] 

This allows for the detailed control of film properties, similar to the 

techniques currently employed for optoelectronic devices. [14] 
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1.1.2 Classification of Resistive switching mechanisms 

 

It is need to distinguish between two schemes with respect to the 

electrical polarity required for resistively switching cells. The switching 

operation is called unipolar when the switching procedure does not depend 

on the polarity of the write voltage signal (Fig. 1.1 (a)). During the SET 

process, the current is typically limited by the current compliance of the 

control circuit. The RESET into the OFF-state occurs at a higher current and 

a voltage below the SET voltage. The switching operation is called bipolar 

when the SET to an ON-state occurs at one voltage polarity and the RESET 

to the OFF-state on the reversed voltage polarity (Fig. 1.1 (b)). The MIM 

system needs to have some asymmetry, such as different electrode materials 

‘M’ or a dedicated voltage polarity during the initial electroforming step, in 

order to show bipolar switching behavior. Later in the text we will typically 

refer to an active electrode (AE) at which the bipolar switching takes place 

and an (ohmic) counter electrode (CE). It must be noted that the sketches in 

Figure 1.1 only show the principle I–V behavior with respect to the 

switching direction. Depending on the specific system, the curves may vary 

significantly. Systems which can be changed by the operation conditions 

between unipolar and bipolar operation have been named nonpolar. 
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Figure 1.1 The two basic operation schemes of resistance switching memory 

cells. I–V curves recorded for a triangular shaped voltage signal. cc denotes 

the compliance current. [15] 
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1.2 Crossbar array structure 

 

1.2.1 Introduction of crossbar array 

 

Crossbar array (CA) is composed of two metal interconnection 

lines lies perpendicularly each other (similar to Word and Bit lines in 

conventional DRAM) and active material is located every junction of two 

metal lines as shown in figure 1.2. This structure has been highlighted 

recently due to its many strengths, such as 4F
2
 (F: minimum feature size) of 

unit cell which is ideal minimum size, 3-dimensional stackability to enhance 

the device integration density, opened-application field due to the choice 

variety of active material and operation schemes, and easy fabrication 

process. Especially, in electronic memory fields, the application of ReRAM 

to CA is expected to solve the currently discussed device scaling limitation 

problems. However, on the road to commercialization of CA, there are some 

obstacles to overcome such as sneak path problem which is the interference 

of electric signal between neighboring cells in CA due to severely parallel 

structure of CA, the minimization of interconnection line resistance for 

stable operation of RS cells.  
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Figure 1.2 The schematic diagram of crossbar array device 
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1.2.2 Components of CA 

 

Figure 1.4 shows the components of CA when it is adapted to 

memory application. There are two main components in CA, memory 

element and selection element. Memory element stores the digital 

information according to external electric signal, such as current or bias, on 

the device and selection element make the random access in CA possible. 

That is, with the selection element, the wanted electric signal from one 

memory cell can be obtained without interference of unselected cells. (figure 

1.3) 

 

 

Figure 1.3 The schematic diagram of sneak current paths in crossbar array 

 

As mentioned previously, there are two types of ReRAM operation 

scheme, uni-polar and bi-polar. According to one’s choice of ReRAM 

operation scheme, the kind of selection device is determined because each 

selection devices have the bias polarity dependence. For instance, Schottky 

diode or P-N diode can utilizes one direction of current flow, which means 

RS cell cannot be wrote properly when it is operated by bi-polar mode. In 
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this case, threshold switching device or zener diode is usable. 

 

 

 

Figure 1.4 The schematic diagram of components in crossbar array device 
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1.3 Scopes and organizations 

 

As mentioned above there are many obstacles on the road to 

commercialization of CA. In this thesis, the research about the obstacles and 

its solution had been carried out.  

In chapter 2, the research for enhancing the reliability of memory 

cell and the structural improvement of CA for stable RS cell operation were 

performed. To enhancing the endurance characteristic of RS cell, it is 

essential to minimize the oxygen consumption in RS active layer. It was 

demonstrated that the hour-glass shaped conducting filament (HSCF) 

formation would be helpful and its existence was confirmed by high-

resolution transmission electron microscope. In addition, it was 

demonstrated that interconnection line resistance in CA can affect the stable 

operation of RS cell. The external voltage dividing between interconnection 

line and RS cell during the dynamic resistance change of RS cell is main 

reason. For the solution, the minimization of interconnection line resistance 

was proposed qualitatively. 

Chapter 3 covers the development of selection device especially 

about the Schottky-type diode (SD) which has Pt/TiO2/Ti/Pt structure. Firstly, 

the theoretical electric specification of selection device was qualitatively 

modeled as a function of integration density of CA. From this research, it 

was revealed that the selection device in highly integrated and scaled CA has 
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high rectification ratio and high forward current density. Secondly, the 

optimization of fabrication process of SD was proposed. The previously 

mentioned high rectification ratio and forward current density is not ease 

task to realization. In this point of view, this research can provide guidance 

for fabricating SD. Finally, CA type SD was fabricated and characterized. In 

this research, it was demonstrated that the presented SD with Pt/TiO2/Ti/Pt 

stacked device have promising electrical characteristics for highly integrated 

CA. The high rectification ratio could be achieved by pseudo-ohmic 

electrical contact in TiO2/Ti, and solid Schottky contact in Pt/TiO2, 

respectively. The high forward current density could be accomplished by 

local current conduction paths. Conventionally, it is mentioned that the 

minimum current density though the selection device for stable RS cell 

operation cannot be achieved in sub-micron region. (figure 1.5) However, in 

this research, a new viewpoint about local current conduction through the 

SD was proposed, that can be breakthrough the conventional expectation 

about selection device. 
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Figure 1.5 The conventional expectation of selection device with device 

scaling 

 

Chapter 4 presents the 1D1R (1diode+1resistor) type capacitor-like 

and CA device. The issues about fabrication processes and electrical 

characteristics were provided. With the CA type device, it was demonstrated 

that the random access could be achieved by appropriate SD. 

Chater 5 summarizes the chapter 2, 3, and 4. 
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Chapter 2. Resistive switching reliability 

 

2.1 Hour-Glass Shaped Conducting Filament (HSCF) 

 

2.1.1 Introduction 

 

Resistive switching random access memory (ReRAM) is 

considered to be a strong contender for the next generation non-volatile 

memory (NG-NVM) due to its high operation speed, easy fabrication 

process, and promising scalability. [1] Nevertheless, there are several 

problems to be solved for the commercialization of ReRAM. One of the 

representative obstacles is the electrical endurance characteristics (EECs), 

which means how many times the ReRAM cell can be switched. Resistive 

switching (RS) in various systems, such as transition metal oxides (TMOs) 

and perovskite oxides, is proceeded by the migration of oxygen ions. [2] The 

non-polar or uni-polar RS (URS) in these oxide materials are generally 

accompanied with the (electric field driven) migration of oxygen ions (or 

vacancies) in one direction, which inevitably induces the loss of oxygen after 

repeated switching. [3] Even for bipolar RS, the imbalanced migration of 

oxygen ions during SET (switching from the high resistance state (HRS) to a 

low resistance state (LRS)) and RESET (switching from the LRS to HRS) 

normally induces a decrease in oxygen concentration after repeated 
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switching. [3] Therefore, an inappropriate EEC can be attributed to the loss 

of oxygen. This is particularly the case for conducting filament (CF)-based 

RS, as in the case of TiO2 shown in this Letter. For TiO2, CF consists of 

Magnéli phases (TinO2n-1, where n = typically 4 – 5) [4], and the formation 

and rupture of them is proceeded by the unidirectional motion of oxygen 

ions via a Magnéli phase CF. In addition, the region of RS is closer to the 

interface between the electrode (anode for TiO2) and RS layer [5], which 

makes the situation even worse. Therefore, preventing or minimizing oxygen 

consumption in every event of RS is essential for improving EEC. Recently, 

one possibility was proposed by Kim et al. in a stacked NiO/TiO2 structure, 

where the switching region of RS was moved into the interior of the stacked 

thin films.[6] The authors further improved the idea and found that similar 

inside-switching can be induced even in single layer TiO2 by adopting a 

modified scheme of bias application. This was achieved by inducing 

hourglass-shaped CF (HSCF) to be formed in a TiO2 film, which was 

confirmed by high-resolution transmission electron microscopy (HRTEM, 

JEOL, JEM-3000F).  

 Throughout this report, all the RS in this study was not based on an 

interface barrier modulation or electrical trap-related process commonly 

encountered in bipolar resistive switching but on the formation and rupture 

of CF. This can be confirmed from the abrupt change in current – voltage (I 

– V) characteristics in every RS event. The modified bias scheme used in 
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this study can hardly be adopted in an actual ReRAM device when URS 

mode is being used. Therefore, the results shown here are just for 

determining the mechanism of EEC improvement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 Experimental  
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As shown in Figs. 2.1 (scanning electron microscopy image) and 2.2 

(low magnification cross-section TEM), the crossbar type device, which has 

a 2 × 2 μm
2
 of junction area was fabricated. An electron-beam evaporated Pt 

(50 nm)/Au (100 nm) stacked bottom electrode (BE) was patterned by 

conventional photolithography and a lift-off process on a wet oxidized Si 

substrate. A 10nm–thick Ti adhesion metal layer was deposited between Au 

and SiO2. A resistive switching 60nm–thick TiO2 thin film layer was then 

deposited by plasma-enhanced atomic layer deposition (PEALD) using 

Ti(OC3H7)4 as the precursor with plasma-activated O2 as the oxygen source 

at a wafer temperature of 250℃. Details of the PEALD process of TiO2 are 

reported elsewhere. [7] The as-deposited TiO2 has mostly anatase phase. The 

highly insulating nature of the as-deposited film precludes the possible 

containment of Magnéli CF. Finally, a 50 nm – thick Pt top electrode (TE) 

was formed using the same process for the BE. The upper left panel inset of 

Fig. 2.1 shows an atomic force microscopy (AFM, JEOL JSPM-5200) image 

of the junction area. 

The EEC was measured using a HP4155A semiconductor parameter 

analyzer in voltage sweep mode at room temperature. The 10 mA of current 

compliance (CC) was applied not to breakdown the device permanently 

during SET switching, and the bias was applied to TE while the BE was 

grounded. The HRTEM sample was fabricated using a focused ion beam 
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technique from the region where gas eruption (as shown in the upper right 

inset of Fig 2.1) has occurred. 

 

 

 

Figure 2.1. Scanning electron microscopy image of the crossbar type device 

with a 2 × 2 μm
2
 of junction area. The upper left and right side inset figures 

in Fig. 2.1. show AFM images of pristine and RS performed devices, 

respectively. 
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Figure 2.2. low magnification cross-section TEM of the crossbar type device 

with a 2 × 2 μm
2
 of junction area. 
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2.1.3 Results and discussions 

 

Figure 2.3 (a) shows the result of EEC with the ‘PP’ bias scheme. 

Here, ‘PP’ means that the SET and RESET operation in a single cyclic RS 

was consecutively performed using the positively applied biases on TE. The 

uniform LRS and HRS resistance distribution was achieved. On the other 

hand, switching was possible only up to ~ 140 cycles, which is often 

reported in filamentary RS of TMO materials.  

The formation and rupture of CF in TiO2 is dominantly driven by an 

electric field and Joule heating, respectively. [8] In addition, the shape of the 

CF in the TiO2 system is conical with a narrower cross sectional area at the 

anode interface. [4, 9] Therefore, in the case of ‘PP’, RS occurred near the 

TE interface, which resulted in rapid oxygen consumption and poor EEC. 

Such oxygen consumption by gas evolution can be seen by the “bubble” like 

deformation shown in the upper right inset AFM image in Fig. 2.1. Next, the 

location of local switching was moved to inside the TiO2 thin film layer 

using the modified bias scheme that is composed a series of PP and NN (n × 

PP + n × NN) switching. NN is the same process as PP except for the fact 

that a negative bias was applied to TE.  

Figures 2 .3 (b), (c), and (d) show the EEC test results using the PP 

and NN bias scheme with n = 1, 3, and 10, respectively. The conical shape 

CF begin to form from the BE interface to TE, where the weakest point is 
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located at the TE interface region, at the initial P step (left inset figure in Fig. 

2.3 (a)). After positive RESET, i. e. after one PP operation, the CF may be 

broken (center inset figure). When a negative SET was performed 

subsequently, the CF shape is most likely that shown in the right inset figure 

because the reverse shaped CF would be initiated from the TE at the location 

where the remaining CF is due to the local field concentration effect. 

Therefore, after this PP-N operation, the HSCF might be achieved in the 

TiO2 film. The subsequent negative RESET (the last N operation) would 

then break the central weakest region. With this PP-NN operation cycle, the 

loss of oxygen could be largely decreased compared to ca. PP-PP (Fig. 2.3 

(a)). With the repetition of PP-NN cycles, the loss of oxygen by drift and 

diffusion into the Pt electrodes could be minimized and the EEC 

performance could be improved; the RS was possible up to ~ 4,000 times.  

On the other hand, the switching uniformity was deteriorated in this case, 

suggesting that the HSCF rupture and rejuvenation is less uniform. This 

indicates that the rupture and rejuvenation of the HSCF occurs over a larger 

area compared to the PP case. Yang et al. reported that the erupted oxygen 

ion can be retreated though the Pt grain boundaries when the opposite bias is 

applied. [10] However, this might be a minor contribution to the enhanced 

endurance because the bubble-like features were still observed even when 

the alternating bias schemes were adopted (upper right inset in Fig. 2.1). 

Figure 2.3 (c) shows that the non-uniformity problem can be mitigated to a 
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certain degree when n = 3. This is a reasonable result considering the in-

between switching condition of Figs. 2.3 (a) and (b). As expected, the EEC 

was degraded somewhat and ~ 2,000 times RS was possible. For n = 1 and 3 

the HRS resistance was lower than the PP case. This suggests that a rupture 

of weakest part of the HSCF is not as complete as the PP case (or NN case, 

which is not shown but the results are similar to PP). The other notable 

feature for n = 1 and 3 is that the RS failure occurs by the so called RESET 

stuck, whereas for PP, it was induced by SET stuck. Fig. 2.3 (f) shows the 

typical I-V curve of the sample when the RESET stuck occurs. The HRS 

leakage current becomes excessively large up to the CC level near the SET 

voltage. This corresponds to the case where the leakage current through the 

non-CF region becomes too high, most likely due to the too heavy loss of 

oxygen over the large area near the CFs, and a locally high enough current 

density to rupture the CF (~ 10
7
 A/cm

2
 [4]) cannot be achieved. On the other 

hand, the SET stuck sample in the PP case did not show a high HRS leakage 

current, but the necessary RESET current become even higher than the 

maximum supply current of the measurement tool due to the excessive CF. 

This suggests that the loss of oxygen is locally severe for the PP case, so that 

the local region cannot regain the HRS. On the other hand, the PP-NN 

operation retards the local loss of oxygen but consumes oxygen over a larger 

area after a much larger number of RS.  

An interesting finding was obtained from Fig. 2.3 (d), where n = 10 
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was adopted. The HRS resistance shows transient behavior with a period of 

~ 10 RS cycles. This can be understood as follows; when the RS was 

changed from ca. PP to NN, the CF must be an HSCF. Therefore, the HRS 

resistance is relatively small. During the subsequent 9 NN cycles, the HSCF 

turns to a normal conical shape with the weaker part near the BE interface, 

and the HRS resistance increases to the value with single polarity switching. 

When the next PP cycle was performed, another HSCF would form that will 

then transform to a conical CF again with the opposite shape. This can 

explain the characteristic transitions of HRS resistance shown in Fig. 2.3 (d), 

which confirms indirectly that the assumed model is correct. The other 

notable feature is that the EEC is again degraded when 80 – 90% of RS is 

performed in uni-directional mode. Failure was also occurred with the SET 

stuck, which is also in accordance with the previous consideration. 

From the discussions given above, it can be anticipated that the RS 

cycling using the PN operation could be another way of improving the EEC. 

As shown in Fig. 2.3 (e), this was indeed the case, (~2,700 cycles were 

possible) but the RS uniformity was degraded severely. This can be 

understood from the two schematic inset figures in Fig. 2.3 (f). As the SET 

was performed by P, the CF would be a conical one with a weaker part near 

the TE interface. When the subsequent P RESET was attempted, the weakest 

part must be heated up and oxygen ions in the nearby area would be driven 

to that region by the positive bias that was activated by the thermal energy. 
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Therefore, RESET would fluently occur at the TE interface. For the N 

RESET case, however, the oxygen ions in the nearby area would be driven to 

the opposite direction so that the RESET region might be slightly off from 

the TE interface region and the rupture may not be complete due to the 

relatively stronger CF at that location (indicated by arrows). Therefore, HRS 

resistance could fluctuate significantly.  

 

 

 

 

Figure 2.3 Electrical endurance characteristic results of each bias scheme (a) 

PP, (b) (1 × PP + 1 × NN), (c) (3 × PP + 3 × NN), (d) (10 × PP + 10 × NN), 

and (e) PN, respectively. (f) I-V characteristic in SET process after RESET-

stuck was occurred. 
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The authors recently reported that the RESET in URS is a much 

more thermally driven phenomena compared to SET switching. [3] On the 

other hand, the results shown in this report suggest that the drift component 

of oxygen ions still plays a non-negligible role. 

The presence of HSCF was confirmed by HRTEM. The TEM sample 

was taken from the PP-NN sample with n = 1. After ~ 1,000 RS cycles the 

device was finally switched to LRS. The TEM sample was then prepared. 

The Magnéli phases have a larger lattice constant than that of rutile or 

anatase phases of TiO2, and a characteristic electron diffraction spot near the 

transmitted beam with an inter-planar spacing (d) of ~ 0.62 nm is often 

obtained from this phase [4]. Figure 2.4 presents a typical HRTEM image 

showing the three growing Magnéli CF from both electrodes into the center 

region of the TiO2 film (marked with thick blue and red lines). The marked 

regions with the blue and red lines correspond to the Ti4O7 (d ~ 0.62 nm) and 

Ti5O9 (d ~ 0.78 nm) Magnéli phases, respectively. The fast Fourier 

transformed diffraction patterns shown in insets of Fig. 2.4 show that the 

Magnéli phases have different orientations, meaning that they were formed 

separately in different RS events. Other crystalline parts are mainly anatase 

phase. The separately grown Magnéli phases meet each other near the center 

region of the film forming the HSCF. 
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Figure 2.4 HRTEM image of the HSCF. Insets of Fig. 2.4 show the fast 

Fourier transformed diffraction patterns. 
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2.1.4 Summary 

 

In conclusion, improved EEC and the uniform LRS and HRS 

distribution of filamentary RS were achieved in a crossbar type Pt/TiO2/Pt 

structure using a modified bias scheme. The HSCF was obtained, which 

contributed to the enhanced EEC and a stable memory window. It should be 

noted that such an alternating bias scheme may not be practical in 

application. The importance of the present work could be found from the fact 

that the shape of the CF has a significant influence on the RS performance 

even in the URS mode. 
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2.2 Minimization of interconnection line resistance in CA 

 

2.2.1 Introduction 

 

The resistance switching (RS) phenomenon in a variety of thin film 

materials has attracted considerable attention for applications in the next 

generation non-volatile memory devices. [1-5] Among the various types of 

memory devices employing the resistive switching phenomenon, the 

crossbar array (CA) is expected to offer the highest integration density with 

non-volatility, high operation speed and lower power consumption. [6-8] 

However, there are a few obstacles toward the realization of CA. The 

presence of numerous parallel sneak current paths is a well-known problem. 

The integration of a diode with the appropriate rectification ratio and high 

forward current density was suggested to solve this problem. [6-9] Although 

the sneak current issue is relatively well acknowledged, the problems related 

to the high line resistance in CA has not been recognized sufficiently. A 

narrow line width is essential for a high integration density of a CA, which 

inevitably results in a high line resistance. When the line resistance is too 

high, most of the applied voltage, which was intended to induce RS 

switching of a RS material located at the cross-point of the two crossing 

upper and lower lines (bit and word lines), is applied to the line and cannot 

induce the appropriate RS. Therefore, Kugeler et al. attempted to use a thick 
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metal line to minimize the line resistance and fill out the deep space between 

the lines using spin-on-glass [10, 11]. However, the line resistance effect on 

the CA performance is not completely understood yet. In general, the 

dynamically changing resistance of a RS material at a certain voltage or 

certain current flow causes variations in the voltage distribution between the 

RS cell and any external (or parasitic) resistance. Therefore, it is essential to 

understand this dynamic aspect of a RS circuit to achieve a stable and wide 

operation window of a memory cell. 

In this study, the effect of the external load resistance on the RS 

behavior of a discrete metal-insulator-metal (MIM) RS cell was studied 

using a simple circuit model. In addition, a CA with a line width ranging 

from 2 to 10 m with various line lengths was fabricated using various metal 

materials, and the effect of the line resistance (Rline) on the RS of a TiO2 

resistance switching material was examined.  
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2.2.2 Experimental 

 

A CA with a line width of 2, 4, 6, 8 and 10 μm (with Pt (50 

nm)/TiO2 (60 nm)/Pt (50 nm) stacks) were fabricated as an experimental 

demonstration. In addition, capacitor-like MIM cells were also fabricated, 

where the bottom Pt electrode was not patterned and the top Pt electrode was 

patterned to have a circular shape with an area of 6,000 m
2
, which allows 

direct probing. To exclude the influence from the variation of the fabrication 

process, these two types of samples were fabricated simultaneously on the 

same wafer. The top and bottom interconnection lines of the CA and MIM 

cell were e-beam evaporated and patterned using a lift-off process and 

photo-lithography on a SiO2/Si substrate. A 20 nm TiO2 thin film was used 

as the adhesion layer between the Pt and SiO2 layers. The TiO2 thin films as 

the RS and adhesion layer were deposited by plasma-enhanced atomic layer 

deposition (PEALD) using Ti(OC3H7)4 precursor with plasma-activated O2 

as the oxygen source at a wafer temperature of 250℃. Details of the PEALD 

process of TiO2 are reported elsewhere. [12] In the case of the CA structure, 

stable bottom electrode contact was achieved by etching the TiO2 layer over 

the contact area using a reactive ion etching process. Three additional top 

and bottom electrode layer stacks were fabricated to achieve different Rline ; 

Al/Pt, Al/Ti/Pt and Au/Pt. Here, the Pt layer always makes top and bottom 

contact with the TiO2 RS layer to ensure fluent RS. The thickness of the Al, 
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Ti, Au, and Pt layers was 300, 10, 200, and 50 nm, respectively, and all line 

layers were fabricated by e-beam evaporation, and a lift-off photo-

lithographic process. Here, the different metals with different thicknesses 

were adopted not only to achieve different Rline but also to guarantee stable 

unipolar RS in the TiO2. It was found that Al-containing electrodes were not 

useful because they largely degrade the RS characteristics. Therefore, the 

major comparison was made between the Pt and Au/Pt interconnection lines. 

The resistive switching behavior of the films in each structure was 

measured using a HP4145B semiconductor parameter analyzer (SPA) at 

room temperature in voltage sweep mode. Each voltage sweep began from 0 

V and the bias was applied to the top electrode. During the SET switching 

experiment (switching from the high resistance state (HRS) to the low 

resistance state (LRS)), an appropriate current compliance was applied to 

protect the cells from complete breakdown.  
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2.2.3 Results and Discussions 

 

Uni-polar switching in binary transition metal oxides (such as TiO2) 

employs reversible resistive switching between a HRS and LRS under an 

external electrical bias with the same polarity. The operation voltages for the 

transition of resistance state, VSET and VRESET, are characteristic parameters of 

a transition metal oxide layer. For stable operation of a resistive switching 

random access memory (ReRAM) cell, VSET should be larger than VRESET and 

a large enough VSET – VRESET (at least 1 V) must be guaranteed. However, the 

operation voltages would be changed if there are external resistors connected 

serially to a ReRAM cell. In the case of a SET operation, a significant part of 

the bias must be applied to the RS cell because the HRS resistance of a 

ReRAM cell is normally much higher than that of external resistor. On the 

other hand, in case of RESET operation, the resistance of external resistor 

can have a significant influence due to the much lower resistance of an LRS 

cell. This means that VRESET will change more sensibly than VSET, and the 

operation margin in the switching voltage (VSET – VRESET) decreases with 

increasing external load resistance. 

 When a simple circuit comprised of a ReRAM cell and a serially 

connected load resistor (Rload) is assumed, the VRESET (VSET) of the cell under 

a dc bias can be given by the following Eq. (1): 
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where Vappl,RESET(SET) is the externally applied voltage, RLRS(HRS) is the RS cell 

resistance in the LRS (HRS), respectively. As mentioned previously, 

Vappl,RESET could be larger than VRESET, which is the characteristic parameter 

for the ReRAM cell to switch from LRS to HRS, because of the existence of 

external load resistance. In addition, when the cell is under RESET 

operations, the externally applied operation voltage is mostly dropped at the 

ReRAM cell because of its large resistance compared to the external load 

resistance. From these two aspects, certain resistances of the external load 

resistor can cause Vappl,RESET to be larger than VSET. In this case, the ReRAM 

cell cannot stay in the HRS stably. Such a situation that causes fatal writing 

operation failures can be expressed by the following equation, which is 

known as the ‘failure criteria’, 
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From Eq. (2), the value of Rload, which causes the writing operation to fail, 

could be predicted. Vappl,RESET actually involves more variables, such as IMAX, 

Rload and RLRS, where IMAX is the necessary current to rupture the conducting 

filament of an LRS cell. Therefore, Eq. (2) can be re-written as follows: 
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From Eq. (3), it is possible to estimate the value of Rload that will cause 

failure in a writing operation. This estimation was demonstrated 

experimentally, as shown in Fig. 2.5. In this experiment, the resistive 

switching of Pt/TiO2/Pt MIM structure (writing operation) was driven by 

SPA with or without a serially connected Rload. The MIM cell was switched 

twice without the Rload initially to achieve a stable RS state. The RLRS value 

estimated from the I-V curve at 0.2 V without Rload was ~ 19 . RHRS (~ 171 

) was taken at a voltage immediately before SET switching occurred 

because the resistance of a HRS cell decreases continuously with increasing 

applied voltage before the SET switching occurs. The IMAX was ~ 57 mA. 

From these values, the Rload was calculated to be ~ 29  by Eq. (3). After 

two initialization RS (SET + RESET) and 3
rd

 SET switching without the 

Rload, a 3
rd

 RESET switching was attempted with the 10 Ω of Rload (open 

square (green) symbol). The RESET switching was achieved stably with a 

certain increase in VRESET (~ 1.5 V  ~ 2.0 V). The sample was then SET 

switched again without the Rload. (close triangle (blue) symbol). The RESET 

was then attempted with a 30 Ω Rload connected (open triangle (blue) 

symbol). In this case, the I-V curve did not show any stable RESET behavior. 
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It should be noted that the I value shows a dip at ~ 3 V indicating that 

RESET occurred temporarily but the RS cell returned to the SET state. In the 

higher voltage region (> ~ 4 V), current fluctuates considerably suggesting 

that the SET and RESET processes occurred repeatedly. This can be 

understood as follows. When the RS cell is under the SET state, an integral 

part of the external voltage is applied to Rload because RSET << Rload. When 

RESET occurs at a voltage larger than the VRESET of the RS cell itself, e. g. ~ 

3 V in Fig. 2.5, almost all the external voltage is then applied to the RESET 

state RS cell because RRESET >> Rload. However, this voltage is already larger 

than VSET of the RS cell, so that the RS cell returns immediately to the SET 

state. Subsequently, the SET and RESET occur irregularly up to the voltage 

where compliance current level is reached. Although in Fig. 2.5, the 

resistance state appears to remain in the LRS and HRS in the V region ~ 3.0 

– 4.2, and 4.2 – 6.5 V, respectively, other measurements showed no clear 

correlation between the voltage region and resistance state. (data not shown)  
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Figure 2.5. Resistance switching characteristics of serially connected 

ReRAM cell and external load resistor 
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that the line thickness is also F), and CA has a unit area of 4F
2
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source for both the bit and word lines is addressed. The Vappl,SET and 

Vappl,RESET can be calculated as a function of M using Eq. (1) by taking the 

appropriate VSET, VRESET, RSET, RRESET, and replacing Rload with Rline. Figure 2.6 

shows the calculated variations in the Vappl,SET and Vappl,RESET as a function of 

M when VSET, VRESET, RSET, and RRESET, are 2 V, 1 V, 10 , and 1000 , 

respectively. Here, two Rline values were assumed considering two line 

conductors with different  values (10.6 and 2.44 Ωcm). When the VRESET 

increases over VSET, the cell cannot be switched safely. VRESET increases more 

rapidly than VSET with increasing M suggesting a limitation for the maximum 

M. The maximum usable M value increases with decreasing  as expected. 

This was confirmed experimentally. 
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Figure 2.6 The calculated variations in the Vappl,SET and Vappl,RESET as a 

function of M using Eq. 1 

 

Figures 2.7 (a) and (b) show scanning electron microscopy (SEM) 

images of the top view and cross-section view of the 32 x 32 CA fabricated 

using the Pt/TiO2/Pt stack. In order to confirm the RS property of the 

Pt/TiO2/Pt stack excluding the effect of the Rline, a capacitor-like MIM with a 

top electrode area of 6,000 m
2
 was also fabricated. Figure 2.7 (c) shows the 

switching I-V curves of this discrete RS cell. Both the capacitor-like MIM 

and CA samples showed initially high resistance. The capacitor-like MIM 

sample exhibited fluent RS behavior with typical VSET and VRESET values. 
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However, the CA samples did not show the RESET process up to a very high 

voltage (~ 25 V), even though they exhibited initial forming behavior at ~ 23 

and 25 V for a line width of 6 m and 10 m, respectively. Because the two 

devices were fabricated simultaneously, the inability to achieve RESET 

switching in CA was attributed to the high Rline. During the SET process on 

CA, most of the externally supplied voltage could be applied to the memory 

cell due to its high resistance compared to the serially connected Rline. 

Therefore, initial electroforming was achieved at a much higher voltage 

compared to the MIM capacitor type sample. On the other hand, the RESET 

process can be disturbed by a higher Rline compared to the low LRS 

resistance of the memory cell. The SET state resistance of the capacitor-like 

MIM cell was ~ 23  (measured at 0.3 V) and the RESET current was ~ 50 

mA. The LRS resistance and RESET current of the CA must not be very 

different due to the localized nature of the filamentary conduction in LRS of 

TiO2 RS cell [13]. The estimated resistance of the CA pattern from the slope 

of the I-V curve in the LRS in Fig. 2.7 (d) was ~ 1,360 and ~ 700  for a 

line width of 6 m and 10 m, respectively. These Rline values are quite 

reasonable considering the thickness, width and length of the Pt interconnect 

lines. This suggests that almost all of the external voltage was applied to the 

interconnect line, which disabled the RESET switching. In addition, this 

high Rline did not allow sufficient RESET current to flow. Therefore, it is 

quite evident that a lower Rline is inevitable to achieve a stable RS from the 
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CA samples.  

Increasing the Pt thickness may not be the optimal solution 

considering its high price and difficulty in etching. Therefore, an Al-based 

interconnect line was attempted considering the mature Al interconnect 

technology in the semiconductor industry. However, the initial experiment 

showed that the Al/TiO2/Al stack does not show stable RS. This might be 

due to the interfacial reaction and large leakage current. Therefore, Al (300 

nm)/Pt (50 nm) and Al (300 nm)/Ti (10 nm)/Pt (50 nm) stacked electrodes 

were examined. All the metal layers were deposited by e-beam evaporation 

without a vacuum break. 

 

 

Figire 2.7 SEM images of (a) top view and (b) cross-section view of the 

fabricated CA using the Pt/TiO2/Pt stack (c) resistance switching 
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characteristics of capacitor-like MIM structure and (d) CA 

 

Before fabricating the CA structure, capacitor-like MIM structures 

were fabricated and the RS properties of the same TiO2 film with these 

stacked electrodes were examined. Figure 2.8 (a), (b), and (c) show top-view 

SEM images of the TiO2 films grown on Pt, Pt/Al, and Pt/Ti/Al electrodes. 

Figures 2.8 (d), (e), and (f) show the measured I-V curves of the samples 

shown in Fig. 2.8 (a), (b) and (c), respectively. The top electrodes were 

identical to the bottom electrode layers, and the TiO2 layer made top and 

bottom interfaces with the Pt layers. While the Pt/TiO2/Pt sample showed 

typical RS I-V curves (Fig. 2.8 (d)), due to the dense, flat, and uniform 

morphology of TiO2 (Fig. 2.8 (a)), the other two samples showed an almost 

shorted I-V (Fig. 2.8 (e)) and unstable RS only under a negative bias (Fig. 

2.8 (f)). Figure 2.8 (b) clearly shows that there was a severe interfacial 

reaction between the Pt and Al layers forming the Pt-Al alloy during ALD of 

the TiO2 layer. This was further confirmed by X-ray diffraction (inset figure 

in Fig. 2.8 (e)). The diffraction peak position of 111 plane of Pt shifts into 

lower 2theta range suggesting the alloy formation. The Ti inter-layer appears 

to suppress the alloying reaction to a certain degree but was not a sufficient 

reaction barrier. Therefore, the Al-based electrode cannot be used for this 

purpose.  

The other electrode stack attempted was Au (200 nm)/Pt (50 nm). 
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Considering the results from the Al-based electrodes, a capacitor-like MIM 

structure cell with an Au/Pt/TiO2/Pt/Au stack was tested first. Although the I-

V results are not shown here, the stack showed stable unipolar resistance 

switching behavior under both positive and negative biases. The I-V curves 

were similar to that shown in Fig. 2.8 (d). With these results, the Au/Pt stack 

was used to fabricate the interconnection lines of the CA structure. 

 

 

 

Figure 2.8 SEM images of TiO2 surface deposited on the (a) Pt, (b) Al/Pt and 

(c) Pt/Ti/Al stacked bottom electrode in capacitor-like MIM structure and its 

resistance switching characteristics (d), (e) and (f), respectively. The inset 

figure of Fig. 2.8 (e) shows the X-ray diffraction results. 
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A proto-type CA structure (1 X 32 cells), which can alleviate the 

sneak current problem was fabricated to examine the effect of Rline on the RS 

of TiO2. Figure 2.9 (a) shows a top-view SEM image of the 1 X 32 CA, 

which has a common bottom electrode line (the horizontal line at the center) 

and 32 equally spaced top electrodes lying perpendicularly to the bottom 

electrode. The upper and lower figures show the CA pattern with a line 

width of 2 and 10 m, respectively. The resistance of the bottom 

interconnection line (Rbline) was measured between the two bottom electrode 

contact pads at different line widths (w). Figure 2.9 (b) shows the variation 

in Rbline as a function of 1/w. Because Rbline = eff(Lb/tbw), where eff, Lb and tb 

are the effective resistivity of the Au/Pt double layer, the bottom 

interconnection line length (1,000 m) and total bottom electrode thickness 

(250 nm), respectively, the slope gives eff (2.87 cm). This is a reasonable 

value considering the resistivity of Au and Pt and their thicknesses.  
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Figure 2.9 (a) SEM images of the top view of a fabricated 1 X 32 CA using 

the Au/Pt/TiO2/Pt/Au stack, where BEC is bottom electrode contact (b) the 

change in Rbline as a function of 1/w 

 

Figures 2.10 (a) – (d) show the resistance switching behavior in 

devices with various interconnection line widths (2, 4, 8 and 10 μm). The 

resistance switching measurements were performed on three different top 
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one closest to the left bottom electrode contact (marked as BEC (bottom 

electrode contact) in the Fig. 4 (a)). During the SET switching experiment, 

the current compliance was set to 30 mA. As shown in Figs. 2.10 (a) – (d), 
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n
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be calculated from the eff and distance between the BEC and top electrode 

contact pad, and the resistance of resistance switching cell (RLRS
cell

). 

Therefore, the RLRS
cell

 was calculated from the estimated RLRS
n
 at 0.3 V 

(resistance values in the graphs). For each CBA, the RLRS
cell

 was independent 

of n. However, it showed a dependency on w. Figure 2.10 (e) shows the 

change in RLRS
cell

 as a function of w. RLRS
cell

 generally decreased with 

increasing w. As the same compliance current (Icomp) of 30 mA was used for 

all cases, the RLRS
cell

 was not determined by the maximum current at the 

moment of SET switching. The resistance of the HRS (RHRS
n
) immediately 

before SET switching occurs was estimated from the I-V curves at VSET, and 

RHRS
cell

 was calculated by subtracting Rline
n
. The power (PSET) dissipated at 

the moment of SET switching was calculated by PSET = Icomp
2
RHRS

cell
. Figure 

2.10 (f) shows the change in PSET as a function of w. Rohde et al. reported 

that the determining parameter for RS switching in TiO2 films was the power. 

[1] The PSET dependency on w is not evident in this w range.  

Figure 2.10 (d) also showed that a stable RS cannot be achieved for 

n = 32, where the highest Rline is involved. The estimated Rline for this case 

was 57.5  which is higher than the calculated failure resistance value (54.8 

) according to Eq. (2) for this case. Therefore, the failure criteria developed 

above is also valid for the CA.  

This result clearly demonstrates the necessity of a sufficiently low 

interconnection line resistance for achieving stable RS of a CA. From the 
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experimental results given above, the required interconnection line thickness 

to ensure stable RS in a CA was calculated as a function of M (Fig. 2.10 (a)) 

assuming that the metal has resistivity equivalent of Cu. It can be understood 

that M cannot be > ~ 150, even with a thickness of 1 m, which is a quite 

challenging number considering the line and space width. 

 

 

Figure 2.10 Resistance switching behavior in the 1 X 32 CA structure with 

various interconnection line widths (a) 10, (b) 8, (c) 4 and (d) 2 μm (e) the 

variation of the RLRS
cell

 as a function of w (f) the variation of PSET as a 

function of w 

 

The result shown in Fig. 2.11 (a) is quite unpromising for the CA to 

be used in high density memory applications. However, this is basically due 

0 1 2 3 4

 

 

Vappl (V)

0 1 2 3

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 1

 16

 32

 

 

C
u
rr

e
n
t 
(A

) 6.93Ω

6.92 Ω

4.85 Ω

10 µm

(a)

0 1 2 3

 

 

 

8.71 Ω 13.67 Ω

12.46 Ω

8 µm

(b)

0 1 2 3

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 

 

C
u
rr

e
n
t 
(A

)

Vappl (V)

15.71 Ω
17.48 Ω

14.03 Ω

4 µm

(c) (d)

13.13 Ω
4.63 Ω

11.66 Ω

2 µm

2 4 6 8 10

4

6

8

10

12

14

16

18

20

 

 

R
L

R
S

c
e

ll
 (

)

(e)

2 4 6 8 10
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

w (m)
 

 
P

S
E

T
 (

W
)

(f)



４８ 

 

to the unreasonably low RLRS, which was taken in this study to demonstrate 

the influence of parasitic resistance to the RS performance. It is generally 

anticipated that the RLRS in integrated ReRAM or CA ranges from ~ 1 to ~ 

100 k. [14] This is basically due to the smaller cell size and smaller power 

dissipated during the SET switching, which would in turn make weaker 

filaments. Therefore, the tolerable parasitic resistance and M value can be 

much larger. Figure 2.11 (b) shows the variation of the parasitic resistance 

where writing failure occurs as a function of RLRS. In this calculation, it was 

assumed that RHRS, VSET, are 1 MΩ, 2 V, respectively and that IMAX is the 

current generated on each RLRS at 1 V. Then, the tolerable M value was 

calculated as a function of RLRS (1K - 100K). During this calculation, it was 

assumed that the interconnection line is composed of a single layer of Cu, 

and that the line width and interconnection line thickness is 100 nm and 1μm, 

respectively. The results are shown in Fig. 2.11 (c). The tolerable M value 

increases linearly with increasing RLRS. Although the calculated M value is 

large enough for high density memory devices when RLRS is > ~ 1 k, there 

are many other factors that could interfere adversely with the stable 

operation of the CA when the parasitic Rline is large. Furthermore, the large 

Rline implies an inevitably large variation of the parasitic resistance from cell 

to cell. Therefore, a minimized Rline is still crucial factor for stable operation 

of the CA. 
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Figure 2.11 (a) Required interconnection line thickness to ensure stable RS 

im a CA calculated as a function of M (b) the variation of the parasitic 

resistance where the writing failure occurs as a function of RLRS (1K - 100K) 

(c) the tolerable M value was calculated as a function of RLRS (1K - 100K) 
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2.2.4 Summary 

 

This study examined the effects of the serially connected resistance 

on the RS behavior of a Pt/TiO2/Pt resistive switching cell in uni-polar mode 

to determine the necessary minimum line resistance and allowable cell 

number of the CA with this RS material. There is a certain level of resistance 

over which VRESET > VSET, which makes RS operation impossible. This was 

confirmed experimentally by a simple circuit composed of the serially 

connected TiO2 RS cell and load resistance. The same effect was also 

confirmed from a test level 1 x 32 CA when the line width was narrow. 

Fabrication of a stably operating CA was achieved from the 200 nm Au/ 50 

nm Pt electrode material and 60-nm-thick TiO2 layer. These results 

demonstrate that the interconnection line resistance has a profound effect on 

the stable operation of CA.  
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Chapter 3. Selection device development 

 

3.1 A theoretical model for Schottky diodes 

 

3.1.1 Introduction 

 

Resistive switching (RS) in various oxides and chalcogenide 

systems has attracted considerable attention for realization of the next 

generation of non-volatile (NV) random access memory devices [1, 2]. Apart 

from the current NV memory, such as flash memory, most of these RS 

mechanisms involve the movement of ions (or equivalently ionic defects) 

using an electric field and the thermal energy produced as a result of current 

flow. These ionic RS mechanisms have created concern regarding the 

ultimate number of switching cycles (so called endurance problem), which 

reduces the feasibility of RS in the normal 1 transistor + 1 resistor 

configuration, as in phase change random access memory. Instead, the cross 

bar array (CA) device with a multiple stack structure may offer the highest 

density of memory devices, which can be used in solid state disc-type 

devices. In this case, the required number of rewriting cycles could be much 

lower (~ < 10
6
 times) than that the required for other random access memory 

devices (e.g. 10
15

 times for dynamic random access memory). The CA can 

have the 4F
2
 cell configuration, where F is the minimum feature size of the 
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device, which provide the CA with a high scalability. Furthermore, CA is 

better suited for the defect-tolerable architecture which requires an extremely 

high density memory. In addition, the adoption of demultiflexer can make 

the CA individually address 2
N
 interconnection lines using just only 2N 

signal-transport wires [3]. Therefore, CBA is the desirable architecture for 

memory devices with an extreme high density but less demanding endurance 

requirement.  

However, these positive characteristics of CA can be realized only 

when the proper selection device, such as the diode [4 - 6], and the transistor 

[7], is properly incorporated because the CA is a serious parallel connected 

device. There are many parallel noise current paths that can adversely affect 

the reading of the digital state of a certain RS memory cell. The role of the 

selection device becomes more important as the device integration density in 

a given cell block increases due to the increasing number of parallel-

connected leakage current (sneak current) paths. It was reported that the 

serial connection of each RS memory element and selection diode in the CA 

can overcome the read interference problem [4]. However, the real situation 

is not so simple. As the number (m) of RS memory cells connected to one 

bit- and word-line increases, the total amount of the sneak current can be 

excessive (even much larger than the signal current) when the reverse 

resistance (Rr) of the diode is not large enough. In addition, the diode needs 

to have a small enough forward resistance (Rf) to prevent interference with 
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the RS of the memory cell [4, 5]. Therefore, the diode needs to have a 

sufficiently high rectification ratio (Rr/Rf). However, achieving a high 

rectification ratio from a diode is generally not an easy task. The Si-process 

based diode, which may offer sufficient performance, cannot be adopted for 

the CA using transition metal oxide RS materials [5]. The commonly studied 

diodes are oxide p-n junction type [4] and Schottky junction type [5, 6], 

where the transition metal oxides are used as the active layers. These diodes, 

however, usually show unsatisfactory performance due to the non-ideal 

interface properties and influence of bulk layer [6]. Therefore, an accurate 

estimation of the necessary resistance ratio of the selection diode for a given 

cell block size (here, it is assumed to be m
2
 considering the symmetric 

structure of the CA) and its fabrication are essential for fabricating a CA. 

However, the precise electrical specifications of selection device are almost 

nonexistent. It appears that previous diode researches for CA have been 

performed without any clear goals for appropriate electrical specifications 

suitable for a given integration density. This is because there are few 

adequate model and simulation tools for the sneak current path in high 

integration density CA which correspond to current semiconductor industries. 

Estimating the necessary Rr/Rf ratio can be achieved using a range 

of circuit simulators when m is small (m << 100). However, normal 

simulators are heavily overloaded when m is large (m >> 100), which is the 

desired m range for high density CAs. In general, the sneak current of each 
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RS memory + diode cell can be calculated easily when the potential 

difference between the two crossing metal lines are known. However, 

calculating the potential difference between two crossing metal lines under a 

given bias condition is almost impossible because i) the metal line resistance 

cannot be ignored due to its small cross section and long length, and ii) there 

are numerous parallel connected RS memory cells with a largely different 

overall resistance depending on the resistance state of each memory cell. The 

large number of serial and parallel connections in memory cells makes an 

estimation of the resistance along the signal line almost impossible, even 

when all the RS memory cells are in the same state. Therefore, in this study, 

a different approach was used to calculate the sneak current, signal current, 

and desired Rr/Rf ratio using Kirchhoff’s law (total input and total output 

currents are same at a certain node). The results showed that an extremely 

large Rr/Rf ratio (10
7
 – 10

8
) and high forward current density (10

5
 – 10

6
 

A/cm
2
) are necessary for the stable operation of a CA when m = 10

3
 – 10

4
. 

This report is organized in the following way; first, various sources of sneak 

currents under the given bias condition are explained. Due to the extreme 

diversity of the actual resistance status of the CA depending on the resistance 

of each memory node, the worst case (all memory cells are in on state except 

for the reading target cell which is in off state) is assumed. Second, the 

mathematical methods for calculating each sneak current component based 

on the Kirchhoff’s law are described. Finally, the calculated specifications 
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for the selection diodes are summarized by showing how largely the off-state 

read current deviates from the target value as a function of Rr/Rf, and m. 

 

3.1.2 Experimental method: modeling of the CA and 

calculation methodology 

 

3.1.2.1 Sources of the sneak currents 

 

Figure 3.1 shows a schematic diagram of the CA structure for 

which the calculation was performed. Here, the resistance state of the cell 

denoted by “A” was to be read by applying a read voltage Va to the upper 

line (word line) connected to cell “A” (denoted by the red color) whereas the 

current flowing through cell “A” was detected by a current sensing type 

sense amplifier connected to the end of the bottom line (bit line, indicated by 

the light blue color). The opposite end of the sense amplifier was assumed to 

be connected to the ground potential (denoted by G in Fig. 3.1 (a)). The 

other unselected word lines were also connected to G. The other unselected 

bit lines could be connected to either Va or G. Here, the diodes were 

assumed to have a forward current when the upper line (word line) was set to 

a high potential, so that setting the unselected bit line potential to Va helps 

reduce the unnecessary power consumption. However, it should be noted 

that the two potentials of the selected word line and unselected bit line are 
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not necessarily identical due to the line resistance. If the unselected bit lines 

have a ground potential, a large current flows from the selected word line to 

the unselected bit lines due to the forward biased diodes under this 

configuration. On the other hand, with the application of Va to the unselected 

bit line, the extra-current from the unselected bit line to the unselected word 

line (with G) could be suppressed by the large reverse diode resistance Rr.  

Other factors also need to be considered. It is impossible to 

calculate the precise current flow for an arbitrary CA state because the 

resistance values of the RS memory cells could be distributed randomly. 

Therefore, the worst case for detecting the off state of the memory cell “A” 

was assumed. The worst case should be the one with all other memory cells 

in the on state so the largest sneak current could flow. Therefore, the 

necessary Rr/Rf ratio of the diode was determined by calculating the total 

current that reached the sense amplifier (through all possible current paths) 

as a function of Rr and m for the given other parameters, such as Rf, Rm
on

, 

Rm
off

, and RL, where Rm
on

, Rm
off

, and RL are the resistances of the on and off 

state memory cell, and the line resistance between neighboring cells, 

respectively. To simplify the calculations, Rm
on

, Rm
off

 and RL were set to 10
4
, 

3.5 x 10
4
 and 1 Ω (for a 100 x 100 nm

2
 cross-section and 100 nm spacing 

between the cells and the line was made of Al), respectively. The target off 

cell current was set arbitrarily to 10 µA so that the minimum necessary Rr 

and maximum m could be calculated to achieve this off state current. The 
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target on current was set to 35 µA considering the usual dynamic range of 

the sense amplifier and other driving circuit parameters. 

There are two major sneak current paths, as shown in Fig. 3.1 (b). 

Here, the off state cell “A” located at the cross point of a
th
 word line and b

th
 

bit line is to be read. The current that just passed through this cell (denoted 

as Ia,b
off

) needs to be calculated first, followed by calculations on how much 

of this Ia,b
off

 is lost by leakage on its way to the sense amplifier through other 

parallel components such as Rr and Rm
on

, which come from the numerous 

cells connected to the same bit line. These lost current components constitute 

the first sneak current and are denoted by the dashed (pink colored) arrows 

in Fig. 1(b). This sneak current cannot contribute to the read current signal at 

the sense amplifier. 

In addition, there are added sneak currents at the sense amplifier 

from the unselected bit lines through the Rr + Rm
on

, and unselected word 

lines, which are denoted by the dotted (light blue) arrows in Fig. 3.1 (b). 

This is the second sneak current path that adversely affects the reading of the 

off state cell. There can be many contributions from each unselected bit 

(with Va) and word lines to this second sneak current. This sneak current 

may leak out to the ground through the unselected word lines. However, due 

to the finite values of Rf + Rm
on

 and the resistance of the selected bit line, a 

certain portion of the leakage current from the unselected bit line could 

contribute to the sensing current, particularly when m is large. Therefore, the 
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worst case would correspond to the case where the off state cell with a = m 

and b = m needs to be read. This report deals with this case. There is another 

sneak current originating from the selected word line to the unselected bit 

lines through m (worst case) cells that have a resistance of Rf + Rm
on

 because 

there may be slight voltage differences between the selected word line and 

unselected bit lines, even though both lines were pulled up to Va. Rf is much 

smaller than Rr so that the leakage current between the selected word line 

and unselected bit lines could be appreciable (or even larger than the 

previously discussed sneak currents, where the driving potential difference is 

~ Va but the cell resistance is ~ Rr) even with the small potential difference 

(< 0.01Va). This sneak current path is indicated in Fig. 3.1 (a) as arrows. 

However, this leakage current eventually does not contribute to the sensing 

current because it would leak away to the unselected word lines (with the 

potential G). There could be some contribution to the sensing current but this 

contribution was considered when calculating the second sneak current. 

Therefore, it is unnecessary to consider this leakage component when 

calculating the sensing current. 
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Figure 3.1 The structure of the cross bar array device; (a) Schematic diagram 

of the CBA structure for which the calculation was performed. (b) The two 

sneak current paths. A certain portion of the signal current was lost by the 

first sneak current path (shown by the pink coloured arrows) and the noise 

current was added to the signal current by the second sneak current path 

(shown by the light blue coloured arrows). 
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3.1.2.2 Formulation of the lost current (first sneak current) 

 

Figure 3.2 (a) shows a schematic diagram of the detailed current 

paths through which the first sneak current flows. The current that just 

passed through the off state cell “A” was termed Ia,b
off

 but it is now termed 

newly Imf, where the subscript m and f imply the m
th
 word line and the 

forward resistance state of the diode in cell “A”, respectively. When Imf 

reaches the next cell, named cell “B”, along the selected bit line, most of the 

current transports to the next cell, named cell “C”. However, a certain 

portion of it (one component of the first sneak current) is transported to the 

unselected word line due to the finite Rr of cell “B”. The ratio between these 

two current components is determined by the resistance ratio of the two 

current paths, i.e. the resistance for the leak current to the unselected word 

line and the resistance of the path to the sense amplifier. The latter is actually 

composed of the line resistance (for the cell “B” it is (m-1)RL) and parallel 

connected (m-1)Rr’s to the unselected word lines. Here, the resistance of the 

sense amplifier was ignored. Although Rr >> mRL, (Rr is > 10
9
 Ω as shown 

below and maximum mRL is ~ 10
4 

Ω), these parallel resistances cannot be 

ignored because of their large number. Therefore, the two parallel resistances 

at cell “B” are [(m-1)RLRr
on

/{(m-1)
2
RL+Rr

on
}] and Rr

on
. Hence, the current 

transported to cell “C” should be Imf [Rr
on

/{Rr
on

 + [(m-1)RLRr
on

/{(m-

1)
2
RL+Rr

on
}]}], where Rr

on
 = Rr + Rm

on
. Here, [(m-1)RLRr

on
/{(m-1)

2
RL+Rr

on
}] 
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corresponds to the total resistance toward the sense amplifier, which is 

composed of a parallel (m-1)RL (which is line resistance) and Rr
on

/(m-1) 

(which is the combined parallel resistance of (m-1) Rr
on

). Indeed, the 

resistance of the unselected word line should be added to Rr but this is 

negligible compared to Rr. The next step is just a repeat of this process so 

that the current that ultimately reaches the sense amplifier, I
i
 is as follows:  
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where Rk,r
on

 is the resistance of the cell at the k
th
 word line, Rk,r

on
 = Rr + Rm

on
. 

 

 

Figure 3.2 The schematic diagram showing the two sneak current paths; (a) 

some of the signal current was lost by leakage to the unselected word lines. 

(b) An additional current can reach the sense amplifier through the reverse 

biased diode from the unselected bit lines. 
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3.1.2.3 Formulation of the added current (second sneak 

current) 

 

Figure 3.2 (b) shows a schematic diagram of the detailed current 

paths where the second sneak current occurs. To estimate the second sneak 

current that reaches the sense amplifier, two factors need to be known. The 

first is the sum of the sneak current from each unselected bit line to every 

unselected word line through the cells with the reverse biased diode, and the 

second is the sum of the sneak currents at the selected bit line from every 

unselected word line. To calculate the first factor, the leakage current from 

the k
th
 cell of one unselected bit line was estimated using the following 

method. Figure 3.3 (a) shows a schematic diagram of the unselected bit line 

for this estimation. The total sum of the leakage current from one unselected 

bit line must originate from the voltage source. Each cell flows a leakage 

current to the grounded unselected word line, which is denoted as Ik in Fig. 

3.3 (a). Therefore, at the location of the 1
st
 cell, which is closest to the 

voltage source, a total current of I1 + I2 + … + Im-1, begins to flow along the 

unselected bit line. At the location of the m-1
th
 cell (immediately before the 

selected word line) Im-1 flows to the unselected word line because the 

remaining current was lost by leakage through many cells on its way to this 

cell. At the k
th
 cell, the voltage difference between the unselected bit line (Vk) 

and unselected word line (G) can be given as Ik(Rr + Rm
on

). The same 
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difference in voltage between the bit line of the k
th
 cell and word line of the 

k-1
th
 cell was also achieved. Between the two cells, Ik+1 + Ik+2 + … + Im-1 

flows along the bit line and Ik-1 flows along the k-1
th

 cell to the word line 

(Fig. 3.3 (a)). Therefore, the voltage difference should be equal to RL(Ik+1 + 

Ik+2 + … + Im-1) + Ik-1(Rr + Rm
on

), assuming that the voltage of the unselected 

word line is zero at the location of the k
th
 and k-1

th
 cell. The following 

equation was achieved by equating these two terms. 

 










1

1

1
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m

kt
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mr
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This equation actually suggests that Ik ~ Ik-1 because Rr >> RL. Therefore, 

there is a leakage current of ~ Va/(Rr + Rm
on

) at each cell connected to the 

given unselected bit line, and the total leakage current to every unselected 

word line from the one unselected bit line is ~ (m-1)Va/(Rr + Rm
on

). The next 

step was to calculate the contribution of these leakage currents from each 

cell to the sensing current. When the leakage current emerges on the 

unselected word lines at each cell, it divides into two parts; one to the sense 

amplifier through the cell connected to the selected bit line and the other to 

the ground through the unselected word line (Fig. 3.3 (b)). The ratio between 

these two current components is determined by the resistance ratio at the 

unselected word line node of the cell. When the sneak current from the k
th
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cell in the m-1
th
 unselected bit line is considered, the resistance to the ground 

of the unselected word line and to the sense amplifier is (m-1)RL, and RL + 

Rf + Rm
on

 + kRL, respectively (Fig. 3.3 (b)). The current component to the 

sense amplifier should be considered. There may be an additional 

contribution to the sensing current by this sneak current mechanism from the 

m-2
th
, m-3

th
… unselected bit lines (Fig. 3.3 (c)). However, this can be ruled 

out by the following consideration. Figure 3.3 (c) shows the current paths 

along one of the unselected word lines. The voltages at the node of the word 

line connected to the m-1
th
 and m-2

th
 bit lines (indicated as V1 and V2, 

respectively, in Fig. 3.3 (c)) were estimated. Since the current from the m-1
th
 

bit line through the cell 1 is composed of i1
i
 (= Va/{Rr + (k+1)RL + Rf + 

2Rm
on

} and i1
ii
 (= Va/{Rr + Rm

on
 + (m-1)RL}), V1 = Va – (i1

i
 + i1

ii
)(Rr + Rm

on
) 

= Va – Va (Rr + Rm
on

)[1/{Rr + (k+1)RL + Rf + 2Rm
on

} + 1/(Rr + Rm
on

 + (m-

1)RL)]. V2 could be similarly calculated as V2 = Va – (i2
i
 + i2

ii
)(Rr + Rm

on
) = 

Va – Va(Rr + Rm
on

)[1/{Rr + (k+2)RL + Rf + 2Rm
on

} + 1/(Rr + Rm
on

 + (m-2)RL)]. 

This holds for every cell connected to the unselected word lines. Therefore, 
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which is always > 0, even though the difference is quite small. Therefore, the 

leakage current does not flow from the h
th
 cell to the h-1

th
 cell along the 

unselected word lines, so that the second sneak current would be composed 

of contributions from only the nearest neighbouring unselected bit lines 

through the unselected word lines. In this worst case, there is only one 

nearest neighbouring unselected bit line. However, there are two nearest 

neighbouring unselected bit lines when the selected bit line is inside the cell 

block (see Fig. 3.1 (b)). Therefore, the second total sneak current from this 

second route is given by Eq. (4). 
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Finally, the total current that reaches the sense amplifier (I
off

) is  

 

iii III off     (5) 
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Figure 3.3 Schematic diagram showing the structure for the calculation of 

the second sneak current; (a) One unselected bit line with the attached cells. 

(b) The two leakage current paths from the k
th
 cell in the unselected bit line. 

(c) Diagram showing the potential distribution and current flow of the 

unselected word line. 
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3.1.3 Calculation results 

 

The circuit for reading cell “A” can be represented by Fig. 3.4 when 

Rr is large enough that the two sneak currents can be safely ignored. Here, 

the overall line resistance of the word line (RL
w
) and bit line (RL

b
), Rf and 

Rm
off

, was assumed to be 10
4
, 10

4
, 10

3
, and 3.3x10

5
 Ω, respectively (m = 10

4
). 

Under this condition, Ioff should be 10 µA when Va is 3.5 V. Eq. (5) could be 

used to calculate the total sensing current when the interference could not be 

ignored by the insufficiently large Rr value. When the calculated total current 

is 10 µA, the Rr value was sufficiently large to suppress all sneak currents. 

 

 

Figure 3.4 Schematic diagram shows the signal current path when all noise 

sources was reduced sufficiently by the large enough reverse resistance of 

the selection diodes.  

 

Figures 3.5 (a), (b) and (c) show the changes in Ioff as a function of 
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Rf (10
3
 – 10

4
 Ω) and m (10

3
 – 10

4
) when Rr was 10

9
, 10

10
 and 10

11
 Ω, 

respectively. When Rr is 10
9
 Ω, Ioff increases to more than 10 µA as m 

increases. Rr should be ~10
11

 Ω when m = 10
4
 in order to achieve an Ioff of 

10 µA for all Rf values. The figure shows that the Rr/Rf ratio of the diode 

must be approximately 10
8
 and 10

7
 for m = 10

4
 and 10

3
, respectively. As 

discussed earlier, the overall resistance of a signal line (shown in Fig. 3.4) 

should be much lower than the RS memory cell resistance. Therefore, the 

other parameters should be ~ 10% of this value. Since RL
w
 and RL

b
 must be 

determined by the design rule and conductor materials, they were presumed 

to be ~10
4
 Ω, assuming F = 100 nm and a resistivity of 10  Ωcm for m = 

10
4
. Therefore, Rr should be 10

11
 Ω when Rf = 10

3
 Ω and m = 10

4
. In 

addition, the high Rr/Rf ratio of the diode should be achieved in a reasonable 

(1 – 5 V) voltage range.  

An Ion of 35 µA through the 100 x 100 nm
2
 conduction line 

corresponds to a current density of 3.5 x 10
5
 Acm

-2
, which is a challenging 

value to achieve from an oxide type diode. Achieving Ion of 35 µA when the 

drive voltage is 3.5 V requires a total resistance < 10
5
 Ω. Therefore, 

assuming RL
w
, RL

b
 and Rf in the order of 10

4
 Ω is reasonable. 

To confirm the validity of this model based on the total current 

calculation, the calculation results were compared with the results obtained 

using the method suggested by Flocke et al. [8]. They estimated the voltage 

difference detected by the sense amplifier that is connected to the selected 
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cell to be read. The selected cell is in the HRS or LRS when a probing 

voltage is applied to the word line. The other cells were assumed to be in the 

LRS, which corresponds to the worst case. In their study, no selection device, 

such as a diode, was considered. For this, they constructed the equivalent 

electrical circuit composed of three resistances connected in parallel to 

selected cell. The first and second parts are the sum of the parallel 

resistances of the cells that share the word and bit lines, respectively, with 

the selected cell and third part representing all other cells. They assumed two 

sneak paths when all bit lines were pulled up and the voltage drop across the 

signal line was ignored. Although Flocke’s method considered a device 

block composed of memory cells without a selection diode, the specification 

of the selection device can be calculated when one of the three resistance 

components was assumed to be the reverse diode resistance and the other 

two were considered to be the forward resistance. Using these methods, the 

stable sensing margin (ΔV/V), which was assumed to be > 7% in their work, 

can be calculated as a function of Rr, and can be compared with this method. 
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Figure 3.5. The change in the I
off

 with the change in the reverse resistance of 

the diodes; (a), (b), and (c) show the changes in the I
off

 as a function of Rf 

(10
3
 – 10

4
 Ω) and m (10

3
 – 10

4
 Ω) when Rr was 10

9
, 10

10
, and 10

11
 Ω, 

respectively. 

 

Figure 3.6 shows the changes in the ΔV/V between the HRS and 

LRS of the selected cell, as a function of Rf (10
3
 – 10

4
 Ω) and m (10

3
 – 10

4
), 

when Rr was 10
10

, 10
11

 and 10
12

 Ω using Flocke’s method, respectively. [8] 

To achieve a sensing margin > 7 %, the required Rr/Rf ratio of the selection 

diode should be > 10
8
. This is qualitatively consistent with the result given 

previously using the authors’ model. However, this specification (> 10
8
) is 

slightly tougher than the other result, and can be understood from the 

assumption of Flocke’s method. Although the two methods have an identical 

scheme for the bias application of a reading procedure, the signal line 

resistance was not considered in Flocke’s method. Therefore, in that case, all 

the cells sharing the same biased word or bit line have the same potential 

difference, which overestimates the sneak current slightly. In addition, 

Flocke’s voltage-based model may have some difficulty in estimating the 
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voltage distribution for the arbitrarily distributed resistance states of cells in 

a CA. 

 

 

 

Figure 3.6 The change in the ΔV/V between the HRS and LRS of the 

selected cell for the worst case; (a), (b), and (c) show the variations in the 

ΔV/V as a function of Rf (10
3
 – 10

4
 Ω) and m (10

3
 – 10

4
 Ω) when Rr was 

10
10

, 10
11

, and 10
12

 Ω, respectively. The calculation was based on the model 

reported by Flocke et al. (Ref. 8). 
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3.1.4 Summary 

 

The required specifications of a selection diode were estimated to 

build a resistive switching cross bar array. A new method for calculating the 

current at a sense amplifier connected to a memory cell was designed based 

on Kirchhoff’s law. A high rectifying ratio and forward current density of > 

10
8
 and > 10

5
 A/cm

2
, respectively, were required for a block density of 100 

Mb. These rectification ratios and local forward current densities were 

recently reported by Park et al. [6] from a Schottky type Pt/TiO2/Ti diode. 

The present model can provide a simple calculation method for estimating 

the necessary diode specifications with an arbitrary sized memory block 

density, whereas normal circuit simulators are heavily overloaded for a 

memory block size > ~ 10Kb due to the extreme parallel geometry of the CA. 

The accuracy of this new method was confirmed by a comparison with the 

results using the previously suggested method based on a voltage estimation.  
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3.2 Chemical optimization of Schottky type diode 

 

3.2.1 Introduction 

 

Intensive research works have been performed to make 

breakthroughs with respect to the size and scale limit of the electronic 

devices. Among the various candidates for next generation non-volatile 

memory, resistive switching random access memory (ReRAM) based on 

resistive switching (RS) phenomenon has been considered as a leading 

contender due to its fast switching, excellent retention, and scalability.[1-3] 

In addition, its application to crossbar array (CA) is expected to offer great 

potential owing to its smaller cell area (4F
2
, F is the minimum feature size), 

easy fabrication process, 3-dimensional stackability, and various application 

fields [3-5]. However, the realization of CA is still impeded by several 

obstacles. Among them, the most serious obstacle is undesirable leakage 

currents (sneak current) through the unselected cells, which hinders the 

electric signal from selected cell. To solve the sneak current problem, 

various selection devices, such as P-N junction type diode [5, 6], Schottky 

type diode (SD) [7-9], threshold switching (TS) device [10, 11], 

complementary RS (CRS) device [12], and self-rectifying RS [13] have been 

intensively studied. 

Among various selection devices, SDs show superior performance, 
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with high rectifying ratio and high forward current density through localized 

current path [7, 14], which are essential for largely integrated CA device. 

Although uni-directional rectifying characteristic of SDs is not suitable 

enough to use it for bi-polar resistive switching devices, its promising 

selection performance for CA is remarkable as compared to other selection 

devices. In addition, SDs are advantageous to the situation of serial 

connection with RS memory cell, because SD is independent from the 

operation voltages of memory (unlike TS or CRS type devices) which would 

cause serious operational failure due to voltage division during dynamic 

resistance change of devices. Despite of many advantages that SD has, the 

performance of SD seriously depends on the chemical structures of its 

stacked layers, which govern the electrical conduction characteristics 

throughout the device. Since the required electrical specification of SDs 

depends on the integration density of CA, the guidance for the optimized 

chemical structures and fabrication processes for SDs is essential. However, 

the studies on these optimization for SDs stack with excellent performance 

have been rarely reported. 

In this work, the effects of chemical structure of Pt/TiO2/Ti/Pt 

stacked capacitor-like SD devices on electrical performance were 

systematically examined. The chemical, physical and electrical properties of 

the Ti layer were studied using Auger electron spectroscopy (AES) analysis, 

X-ray diffraction (XRD), transmission line measurement (TLM) and sheet 
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resistance measurement by elevating the temperature. The chemical 

structures of TiO2/Ti/Pt stacks were analyzed by AES and x-ray 

photoelectron spectroscopy (XPS) analysis, and their influence on the 

electrical performance of the SD were examined. It was revealed that the 

oxygen concentration of Ti layer and oxygen vacancies of TiO2 layer 

crucially affect the rectifying characteristisc of SDs. Conductive atomic 

force microscopy (CAFM) measurement was also performed to examine the 

variation of electrical conduction paths in forward- and reverse-biased states 

of SDs. 
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3.2.2 Experimental 

 

Approximately 150 nm-thick Ti layers grown on a Pt subatrate 

[Pt(100 nm)/Ti(10 nm)/SiO2(100 nm)/Si] by dc magnetron sputtering 

method using pure (99.999%) Ti metal targets under Ar ambient condition 

with the working pressure of ~ 6 mTorr at a room temperature. The base 

pressure of sputtering chamber was ~ 10
-7

 torr. A dc power of 20 and 100 W 

was applied to the Ti target. The different sputtering power under the given 

base pressure and gas flow rate resulted in the different oxygen 

concentration in the Ti film. The target thickness of both Ti layers was 

achieved by adjusting the deposition time (90 and 13 min for 20 and 100 W, 

respectivley) which  was visually confirmed by using a scanning electron 

microscope (SEM, Hitachi, S-4800). The crystalline structure of the Ti layer 

was examined by XRD (PANalytical, X’pert Pro) in θ-2θ mode. 

Subsequently, atomic-layer-deposited (ALD) TiO2 films with the various 

thicknesses were grown on a Ti substrate at 250 °C as the dielectric of the 

SD. Ti(OC3H7)4 and O3 were used as the metal precursor and oxygen source, 

respectively. The intended ALD TiO2 film thicknesses were 2.0, 4.2, 10.5 

and 19.8 nm, respectively, which were attempted by controlling the number 

of ALD cycles. The growth rate of ALD TiO2 film was approximatly 0.035 

nm/cycles. The film thickness was measured by ellipsometer (Gaertner 

Scientific Corporation) using the TiO2 films grown simultaneously on Pt 
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substrate. Details of the ALD process of TiO2 film were reported elsewhere. 

[15] Circular (6,000 µm
2
) and rectangular shaped top electrode (TE) for 

electrical characteristic were fabricated by a conventional photolithography 

and lift-off process using 50-nm-thick e-beam evaporated Pt on the TiO2 

layer. The contact resistance (Rc) between Ti layer and Pt BE was evaluated 

by transmission line measurement (TLM). The Pt patterns for TLM were 

fabricated on Ti layer (150 nm)/SiO2 (100 nm)/Si substrate. Current-voltage 

(I-V) characteristics of the SD were examined using an HP4145B 

semiconductor parameter analyzer (SPA) at a room temperature in voltage 

sweep mode. The biases were applied to TE, and bottom electrode (BE) was 

electrically grounded during all of the measurements. The localized 

conduction paths of fabricated SD devices were investigated by CAFM 

(JEOL, JSPM-5200) measurement in both forward- and reverse-states with a 

positively and negatively biased Pt-coated cantilever, respectively. The 

chemical structures of the TiO2 films in Ti substrates were examined by XPS 

equipped with Mg Kα as the x-ray source. The binding energies of the XPS 

spectra were calibrated by C-C bonding at the binding energy level of 285 

eV in C 1s spectra. The chemical composition of the stacks was examined 

using the AES depth profiles. 
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3.2.3 Results and discussions 

 

Figure 3.7 (a) shows the XRD results of Ti layers which were 

deposited on Si substrate with the sputtering power of 20 and 100 W, 

respectively. Both Ti layers have poly-crystalline structure with similar 

preferred crystallographic orientations. The thicknesses of both Ti layers are 

almost same as ~ 150 nm as shown in SEM cross-sectional micrographs of 

Figs. 3.7 (b) and (c). The surface roughness and the average grain size were 

measured by AFM as shown in the insets of Figs. 3.7 (b) and (c). The surface 

roughness of both Ti layers are almost similar; 3.16 and 3.08 nm for the 

sputtering power of 20 and 100 W, respectively. The average grain size of 

both Ti layers are also similar; ~ 58 and ~61 nm for the sputtering power of 

20 and 100 W, respectively. Consequently, the differences in the physical 

structure of both Ti layers seems to be negligible, which would hardly affect 

the electrical characteristic of SD devices with the Ti layers.  
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Figure 3.7. (a) XRD results of Ti layers with the sputtering power of 20 and 

100 W deposited on Si substrate. (b) and (c) show cross-sectional SEM 

images of Ti layers with the sputtering power of 20 and 100 W on Si 

substrate, respectively. The insets in (b) and (c) show the AFM topology of 

each Ti layer surface. 

 

Figure 3.8 (a) and (b) show the AES depth profiles of Ti layer 

grown on the Pt substrate with the sputtering power of 20 and 100W, 

respectively. Both of Ti layers have the oxygen concentration throughout the 

film. It would be close to highly oxygen deficient TiO2-x layer (x is ~ 1.25 

and ~ 1.67 for the Ti layer grown with the sputtering power of 20 and 100 W, 

respectively) rather than pure Ti metal layer. Here, the AES concentration 

was calculated based on the assumption that the atomic concentration ratio 

of Ti : O = 1 : 2 for the ALD TiO2 film which was deposited on Pt substrate 

(data not shown but is comparable to the surface composition of the films 
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shown in Figs. 3.11 (d) and (h)). Despite of considerable oxygen 

concentration in the Ti layer, the electrical pseudo-ohmic characteristic with 

the Pt BE can be maintained due to the high conductivity of TiO2-x (0<x<2) 

[16]. This suggests that the Ti layers can work as a substrate (electrode) in 

SDs, which will be demonstrated by the following experimental results.  

The oxygen incorporated in the film during sputtering of the Ti 

layer originated from residual oxygen in the sputtering chamber. The oxygen 

concentration gradually decreased with growing Ti layers (decreasing 

etching time except for the very first etching time < ~ 10 min) in the AES 

results, because the Ti metal getters the residual oxygen in the chamber 

during deposition. The higher oxygen concentration of the film surface is 

due to the natural oxidation of the film during the air exposure before the 

AES analysis. It was observed that the oxygen concentration in Ti layer is 

significantly decreased with increasing sputtering power, because the high 

growth rate of the Ti layer decreased the chance for the oxygen to 

incorporate into the film. The difference in oxygen concentration inducing 

the oxidation potential difference of Ti layer, significantly affected the 

chemical composition of subsequently deposited ALD TiO2 film, which are 

discussed with respect to the performances of SDs. 
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Figure 3.8. The AES depth profile results of Ti layers with the sputtering 

power of (a) 20 and (b) 100 W deposited on Pt substrate, respectively. 

 

Figure 3.9 shows the variations of resistivity of Ti layers grown with 

the sputtering power of 20 (black square) and 100 W (blue circle) as a 

function of temperature. Here, the Ti layers were grown on thermal-oxidized 

SiO2 (100 nm)/Si substrate for the sheet resistance (Rs) mesurement using 4-

point probe technique. The sheet resistance was measured every 5 s with 

elevating the temperature from 60 to 140 ℃ (1 ℃/min). The resistivity 

was calculated using the measured sheet resistance and the thickness of Ti 

layer (~150 nm). In general the resistivity is much higher than that of pure Ti 

(42 µΩcm at room temperature) due to the presence of high concentration of 

oxygen. The resistivity increased gradually with increasing temperature for 

both Ti layers, which suggests that the both Ti layers have metallic electrical 

conduction characteristic inspite of the considerable oxygen concentration. 
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The resistivity of Ti layer grown with the sputtering power of 20 W (563 

µΩcm at room temperature) was higher than that grown with the sputtering 

power of 100 W (155 µΩcm at room temperature) due to the higher oxygen 

concentration. The resistance of Ti layer basically affects the performance of 

forward current characteristic of SDs by changing the series resistance of the 

devices.[17] However, the difference in the resistivity would become 

negligible after the overlying TiO2 layer deposition (the resistivity values of 

TiO2(2 nm)/Ti stacked sample measured by 4-point probe technique were 

1102.5 and 1060.5 µΩcm at a room temperature for the Ti layer grown with 

sputtering power of 20 and 100 W, respectively) due to the increased oxygen 

concentration in the Ti layer by the overlying ALD process, which are 

discussed based on AES results. 
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Figure 3.9. Resistivity measurement results with elevating temperature of Ti 

layers with the sputtering power of 20 and 100 W deposited on SiO2 

(100nm)/Si substrate. 

 

The Rc between Ti layer and Pt BE also affects the forward current 

characteristic of SDs, which was evaluated using TLM. The Pt patterns for 

TLM were fabricated on Ti layer (150 nm)/SiO2 (100 nm)/Si substrate where 

six rectangular-shaped 50 nm-thick Pt electrodes with 200 µm width (w) 

were spaced with the distance (l) of 4, 9, 14, 29, 24 µm as shown in the inset 

of Fig. 3.10 The linear electrical current-voltage (I-V) characteristics 

between every neighbored cell (not shown here) suggest the electrical ohmic 

contact of Ti layer with Pt. The Rs and Rc value was evaluated using the 
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slope and y-intercept of the plot of measured resistance values as a function 

of l/w in Fig. 3.10, respectively. The Rs values obtained here were consistent 

with those measured by 4-point probe technique above. (574 and 175 µΩcm 

were obtained from the slopes of Fig. 4 for Ti layers with the sputtering 

power of 20 and 100 W, and 563 and 155 µΩcm were obtained for the same 

from the 4-point measurements at room temperature, respectively) Rc values 

for Ti layer with sputtering power of 20 and 100 W are 8.89 and 8.42 Ω, 

respectively. In comparison with the resistance values extracted from 

forward state I-V characteristic in Fig. 7 (306 and 277 Ω at 1 V for the case 

of 19.8 nm-thick TiO2 layer lying on Ti layer with sputtering power of 20 

and 100 W, respectively), the Rc values are almost negligible. Consequently, 

the differences in the electrical properties of prepared Ti layer with the 

different sputtering powers have negligible influence on the electrical 

properties of fabricated SD. 
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Figure 3.10. TLM results of Ti layers with the sputtering power of 20 and 

100 W deposited on SiO2 (100nm)/Si substrate. 

 

However, the different oxygen concentration of the Ti layers 

crucially affects the stoichiometry of ALD TiO2 layer lying on it, which 

determines the electronic Schottky barrier property of ALD TiO2 layer with 

Pt TE. Figure 3.11 shows the AES depth profiles of ALD TiO2 layer with the 

various thickenesses (2, 4.2, 10.5, 19.8 nm) on Ti layer grown with the 

sputtering power 20 and 100 W. The increased oxygen profiles near the 

surface region were observed clearly for all the cases due to ALD TiO2 

layers. The oxygen-rich layer became thicker with increasing thickness of 

ALD TiO2 layer. Interestingly, the oxygen concentration in the Ti layer 

0.03 0.06 0.09 0.12
15

18

21

24

27

 

 

R
e
s
is

ta
n

c
e

 (


)

l / w

Rcontact

8.89 Ω

100 W

20 W

Rcontact

8.42 Ω



８９ 

 

grown with the sputtering power of 100 W increased largely after ALD of 

TiO2 layer from ~ 25 to ~ 32 %, while that in the Ti layer grown with the 

sputtering power of 20 W increased slightly from ~ 32 to ~ 33 % after ALD 

of TiO2 layer. [See Fig. 2.] This suggests that the O3 gas supplied during 

ALD process oxidized the underlying Ti layer, but under the given ALD 

condition of TiO2 films, the maximum oxygen concentration of the 

nominally Ti layer does not exceeds 45 %. This enables maintaining the low 

resistance contact property between theses partly oxidized layer and Pt BE. 

The initially higher oxygen concentration of the Ti layer grown with the 

sputtering power sputtering power of 20 W retarded further oxidation 

compared with the case with the sputtering power of 100 W during the ALD 

of TiO2 film. It is interesting to note that the oxygen concentration in the 

middle of Ti layer reaches to a common value of 32 - 33 % irrespective of 

the Ti sputtering power and number of ALD cycles. Perhaps this 

concentration corresponds to a certain meta-stable state or full stuffing of 

grain boundaries with oxygen, but further research is certainly necessary 

with this regard. 

The O3 consumption to oxidize the Ti layer may result in the 

oxygen-deficient ALD TiO2 layer. It is also possible that the oxygen in ALD 

TiO2 layer was consumed by the oxidation of the underlying Ti layer even 

after the film was deposited by the solid state reaction. Therefore, severe 

oxidation of the Ti layer grown with the sputtering power of 100 W would 
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induce the more oxygen-deficiency of overlying ALD TiO2 layer. The 

stoichiometry of ALD TiO2 layer is crucial for achieving solid Schottky 

barrier between TiO2 and Pt TE in SDs, which is clearly shown in Fig. 3.13 

below. 

 

 

 

Figure 3.11. (a)-(d) and (e)-(h) show the AES depth profiles of Ti substrates 

with sputtering power of 20 and 100 W after the various thickenesses (2, 4.2, 

10.5, 19.8 nm) of ALD TiO2 deposition on each Ti layer, respectively. 
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layer growth was examined in detail using XPS. Figures 3.12 (a) and (c) 

show the Ti 2p core level XPS spectra for ALD TiO2 layer with the various 

thicknesses on Ti layer grown with the sputtering power of 20 and 100 W, 

respectively. The binding energy of Ti 2p3/2 peak for ALD TiO2 films on Ti 

layer grown with the sputtering power of 100 W in figure 3.12 (c) is almost 

identical at the binding energy of ~ 458.9 eV irrespective of the thickness of 

ALD TiO2 film. Considering the probing depth of the XPS reaches to ~ 10 

nm, the XPS signal for ALD TiO2 films with the thicknesses of 2.0 and 4.2 

nm includes the chemical binding status information from the Ti layer. 

Therefore, the changelessness in the binding energy of Ti 2p3/2 peak even 

with increasing film thickness suggests that the chemical binding status of 

the ALD TiO2 film is similar to that of the Ti layer. This is because the Ti 

layer scavenged the oxygen from ALD TiO2 film as mentioned above. 

Oxygen signal (Fig. 3.12 (d)) also showed same trend. However, the binding 

energy of Ti 2p3/2 peak for ALD TiO2 films on Ti layer grown with the 

sputtering power of 20 W increased with increasing the film thickness. It 

shows that the ALD TiO2 film became close to stoichiometry gradually with 

the increasing thickness because the higher oxygen concentration (lower 

oxidation potential) in the underlying Ti layer grown with the sputtering 

power of 20 W suppressed the oxygen consumption compared to the other 

case. O 1s core level XPS spectra shown in Figure 3.12 (b) and (d) also 

confirmed the improved stoichiometry of ALD TiO2 film on Ti layer grown 
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with the sputtering power of 20 W. The binding energies the O 1s main peak 

for ALD TiO2 films on Ti layer grown with the sputtering power of 20 W (~ 

530.5 eV) are higher than that in the case of 100 W (~ 530.3 eV). The 

shoulder peak at the bonding energy of ~532.5 eV corresponds to the 

carbonate phase in the TiO2 film or surface contaminant which is commonly 

observed in ex-situ XPS analysis of ALD metal-oxide film. 

 

 

Figure 3.12. The XPS analysis results according to each thickness of TiO2 

and sputtering deposition condition of Ti layer. (a), (c) and (b), (d) shows the 

XP spectra of Ti 2p and O 1s which are related to surface TiO2 layer 
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deposited on Ti layer with sputtering deposition power of 20 and 100 W, 

respectively. The dashed lines show the binding energy of Ti 2p and O 1s in 

stoichiometric TiO2 thin film, respectively. [19] 

Figure 3.13 (a) and (b) show the I-V characteristics of SDs with the 

ALD TiO2 films of various thicknesses on Ti substrates having Ti layers 

grown with the sputtering power of 20 and 100W, respectively. Here, the 

contact area was 6,000 µm
2
. First, the rectifying characteristics of both SDs 

are improved with increasing ALD TiO2 thickness regardless of sputtering 

power for Ti layer growth. Up to the TiO2 thickness of 4 nm, there is almost 

no rectification for both cases, but the samples show a certain rectification 

when the TiO2 film becomes thicker than 10.5 nm. While the reverse current 

of the SDs was quite suppressed by increasing ALD TiO2 thickness, the 

decrease in the forward state current density was not significant compared to 

that of reverse state current. Since the main source of reverse current of the 

SDs is the electron injection from Pt TE through ALD TiO2 layer, the 

increased thickness of the ALD TiO2 layer suppressed the tunneling current. 

Additionally, the Ti layer consumed the oxygen from the ALD TiO2 layer, 

which results in the oxygen vacancies near the interface with the Ti layer. 

Therefore, ALD TiO2 layer with the enough thickness is required to achieve 

a high electrical Schottky barrier with Pt TE and good rectifying 

characteristics. The forward current is far less affected by the thickness of 

ALD TiO2 film because it is mainly determined by the resistivity of the Ti 
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layer and its electrical pseudo-ohmic contact characteristics with Pt BE.  

On the other hand, the difference in the dissolved oxygen 

concentration in the Ti layer affects the oxygen vacancies generated in ALD 

TiO2 layer as mentioned above. The higher oxygen concentration in the Ti 

layer grown with the sputtering power of 20 W suppressed the consumption 

of oxygen from ALD TiO2 layer compared with the other case. This results 

in solid electrical Schottky barrier between ALD TiO2 layer and Pt TE. 

Therefore, the reverse current of SDs with the Ti layer grown with the 

sputtering power of 20 W is significantly lower than the other case as shown 

in Figure 3.13, which was observed obviously in the case with thicker ALD 

TiO2 layer (~ 10.5 and 19.8 nm). The better stoichiometry of the TiO2 films 

on the Ti layer grown with the sputtering power of 20 W results in the higher 

series resistance for the forward bias, and, thus, the forward current was 

generally lower compared with the other case. However, the decrease in the 

reverse current was much larger which eventually results in the far higher 

rectification ratio of the sample with the Ti layer grown with the sputtering 

power of 20 W.  

When the standard metal/semiconductor junction theory is applied, 

the depletion layer thickness (W) must be ~100 nm assuming the donor 

concentration of 10
18 

cm
-3

 in TiO2. Actually, the donor concentration in the 

TiO2 film showing good rectifying performance must be much lower than 

this value suggesting that W must be even larger than this value. Therefore, 
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the energy band structure of the Pt/TiO2/Ti structure must be effectively 

tilted (not curved) due to the work function mismatch between the Pt and Ti 

(or even the possible Fermi level pinning). Pt/TiO2 junction efficiently forms 

the Schottky type blocking contact, while the Ti/TiOx interface must be of 

quasi-Ohmic nature due to the lower work function of Ti and high defect 

density at that interface. When the Ti was grounded and Pt was biased to 

either positive or negative voltages, the forward or reverse current flows 

which correspond to the diode I-V curves shown in Fig. 7. If the Pt/TiO2 

junction maintains its intact property irrespective of the TiO2 thickness and 

underlying Ti conditions, the reverse I-V must be identical, which is 

obviously not the case in Fig. 3.13. In principle, the Schottky barrier height 

seen from the metal side is independent of the dielectric thickness, while the 

diffusion potential seen from the dielectric side must be thickness dependent 

when the total thickness is smaller than the depletion thickness. The less 

TiO2-thickness-dependent forward I-V curves indicate that the quasi-Ohmic 

nature of the Ti/TiOx interface is less influenced by the different process 

conditions. The highly TiO2-thickness-dependent and Ti-condition-

dependent reverse I-V, however, suggest that the Schottky barrier at the 

Pt/TiO2 junction is highly dependent on the process conditions. This means 

that the Pt/TiO2 junction is much more sensitive to the small change in the 

defect concentration in the TiO2 layer. 
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Figure 3.13. The electrical characteristic of SDs with various thicknesses of 

TiO2 layers and Ti layers with the sputtering power of (a) 20 and (b) 100 W, 

respectively. 

 

Figure 3.14 shows the summarized results of SDs performances 

(rectifying ratio, which was defined as the maximum ratio between the 

current measured at same absolute value of positive and negative voltage 

[0.4 (0.2), 0.52 (0.32), 1.12 (0.7), and 1.26 (1.06) V for 2, 4.2, 10.5, and 19.8 

nm of TiO2 layer lying on Ti layer with the sputtering power of 20 (100) W 

for individual SDs] for the two different oxygen concentrations in the Ti 

layer and the thickness of ALD TiO2 layer. Due to the highly TiO2-thickness-

dependent I-V characteristics, different voltages have to be chosen for the 

different samples; here, 0.4 (0.2), 0.52 (0.32), 1.12 (0.7), and 1.26 (1.06) V, 

respectively, were taken as the read voltage for 2, 4.2, 10.5, and 19.8 nm, 

respectively, of TiO2 layer lying on Ti layer with the sputtering power of 20 
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(100) W.  The excellent performance of SDs could be achieved by using the 

Ti layer with initially higher oxygen concentration and thicker ALD TiO2 

film. The maximum rectification ratio of ~ 10
7
 was achieved from the 

sample with 19.8 nm of TiO2 layer lying on Ti layer with the sputtering 

power of 20 W  

 

 

Figure 3.14. The summarized results of SDs performances (rectifying ratio) 

as a function of nominal oxygen concentration in the Ti layer and the 

thickness of ALD TiO2 layer. 
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CAFM measurement was carried out to examine the current 

conduction paths and its variation with the thickness of ALD TiO2 layer and 

the sputtering power for Ti layer growth, which was summarized in Fig. 3.15. 

Applied voltage to Pt-coated cantilever of 3 and -3 V was used for the 

forward- and reverse-state characteristics measurements, respectively, in 1 × 

1 μm
2
 scan area. The estimated values from CAFM should be compared 

relatively (not quantitatively) with the results obtained using SPA in Fig. 

3.13, because the Pt-coated cantilever with the area of 7.85 × 10
-5

 µm
2
 has 

extremely higher contact resistance than the Pt TE with the area of 6,000 

µm
2
 of the stacked SDs used in measurement using SPA. While the bright 

spot denotes the high current conduction path in forward-biased case, the 

dark spot denotes the high current conduction path in reverse-biases cases. In 

both cases with forward and reverse bias, the local conduction paths for the 

current were observed irrespective of the Ti layers. It is natural that the 

number of conduction paths decreased with increasing ALD TiO2 thickness 

due to the increased resistance. The inhomogeneous distribution of oxygen 

concentration near the interface between the ALD TiO2 and Ti layer induced 

local conducting path, which remained as the conducting spots even with 

increasing thickness of ALD TiO2 layer. The forward current through the 

localized conduction paths are advantageous to provide sufficient current 

density to scaled RS cell, [14] where the forward current hardly depends on 

the scaled area of selection devices. In this point of view, the provided SD in 
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this research fulfills the high rectifying ratio and high forward current 

density through the localized current conduction paths which are essential 

requirements for ReRAM application in CA type devices. In Ref. 14, the 

authors reported that the forward current density measured by the integration 

of the CAFM current was ~ 6.1 × 10
5
 times smaller that of the results from 

the pad type measurement when the contact area was several µm
2
. The 

integrated forward current density of the CAFM results shown in Fig. 9 for 

the best case, i. e. 19.8-nm-thick TiO2 on 20 W Ti layer was 0.7 A/cm
2
 

meaning that the same sample with the similar pad area, which was not 

fabricated in this experiment due to the limited lithographic capability, 

would produce a current density of 4.7 × 10
5
 A/cm

2
. This is a high enough 

current density for the operation of RS memory cell in crossbar array 

architecture with at least 1 Mb block density [18]. 
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Figure 3.15. CAFM measurement results of individual SDs with variation of 

TiO2 thickness and sputtering power of Ti layers. 
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3.2.4 Summary 

 

In conclusion, two types of 150 nm-thick Ti substrates were 

prepared by different sputtering power (20 and 100 W) during its deposition. 

From the AES, sheet resistance measurement with elevating temperature and 

TLM analysis, it was revealed that the Ti substrates with different deposition 

conditions have almost identical physical structure but have different 

dissolved oxygen concentration in it. As the sputtering power increased 

during deposition, the dissolved oxygen concentration in Ti layer which can 

affect the stoichiometry of subsequently deposited TiO2 layer decreased. 

That is, to achieve the solid electrical Schottky contact between ALD TiO2 

layer and Pt TE, high oxygen concentration in Ti layer which does not 

disturb the pseudo-ohmic contact characteristic with Pt BE and enough 

thickness of TiO2 layer should be needed. The AES and XPS analysis of 

various TiO2/Ti/Pt stacked samples also demonstrated the importance of 

oxygen concentration of Ti layer and ALD TiO2 thickness for excellent 

performance of SDs. When the Ti layer was deposited with a sputtering 

power of 20 W, which resulted in the initial oxygen concentration of ~ 32 % 

and oxygen concentration of ~ 33 % after the ALD TiO2 with a thickness of 

~ 20 nm, the Pt/TiO2/Ti(O)/Pt S-TD produced a rectifying ratio of ~ 10
7
 at 

the measurement voltage of 1.26 V. In addition, CAFM measurement 

showed the existence of localized current conduction paths in presented SDs 
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which are advantageous to provide high forward current density as well as 

high rectifying ratio in highly scaled CA device. The indirectly estimated 

maximum current density from the CAFM was as high as 4.7 × 10
5
 A/cm

2
. 
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3.3 Crossbar type Schottky diode fabrication 

 

3.3.1 Introduction 

 

Among the various types of nonvolatile memory (NVM) devices 

based on the resistive switching (RS) phenomenon, the crossbar-array (CA) 

is expected to offer great potential to the field of RS random access memory 

because of its smaller cell area (4F
2
, F is the minimum feature size). 

However, there are several obstacles for the realization of the CA, such as 

the cross-talk problem between neighboring cells during the writing/reading 

processes due to sneak currents and minimization of the interconnection line 

resistance (ILR) [1]. The author’s previous theoretical study had shown that 

the selection device should have ~10
5
–10

6
 (A/cm

2
) of forward current 

density and ~10
7
–10

8
 of reverse/forward resistance ratio (rectification ratio) 

to achieve stable RS operation without interference from neighboring cells in 

a larger array density (> ~1 Mb) [2]. In spite of many research efforts to 

solve the sneak current problem, such as the use of the p-n junction diode [3, 

4], Schottky diode (SD) [5–7], threshold switching devices [8], and self-

rectifying RS device [9], there has been no clear breakthrough to fulfill both 

the extremely high rectification ratio and the large forward current density to 
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date. In addition, as the device scaling is continued to near a few tens of 

nanometers, the ILR, which is serially connected to the selection device, 

could be very large. The high ILR can induce an unstable reset (reset means 

switching from the low resistance state (LRS) to high resistance state (HRS), 

and unstable reset corresponds to the situation where the HRS goes back to 

LRS immediately) [1] and make forward current insufficient for stable 

switching operations.  

In this research, the crossbar-type SD with a high forward current 

density (~3 x 10
5
 A/cm

2 
@ 2 V) and rectification ratio (~2.4 x 10

6
 @ ±2 V) 

was fabricated, and its properties were studied in detail. The existence of 

local conduction paths in the active area of the SD was confirmed using a 

conductive atomic force microscope (CAFM) measurement, which means 

the reported SD has an ability to provide enough forward current for stable 

memory RS in a highly scaled CA device. The effect of ILR in the sample 

on performance of saturation forward current of the SD was also studied. 

 

 

 

 

 

 

 

 



１０８ 

 

 

 

3.3.2 Experimental 

 

A sample with a configuration of 1 x 32 crossing line structure with 

an Au (50nm) / Pt (50 nm) / TiO2 (15 nm) / Ti (100 nm) / Pt (50 nm) stack 

was fabricated. The line width was 2, 4, 6, 8, and 10 μm, respectively, 

(device image was shown in the inset figure of Fig. 1) First, the bottom 

electrode (BE) pattern was patterned using photo-resist (PR) on a SiO2/Si 

substrate using photo-lithography. Then, ~20-nm-thick Ti thin-film, as the 

adhesion layer, and ~50-nm-thick Pt thin-film, as the BE, were deposited by 

e-beam evaporation. On top of these e-beam evaporated layers, a 100-nm-

thick Ti layer was deposited by dc-sputtering at 6 mTorr, which will be 

eventually oxidized to a TiO2-x layer during the subsequent atomic layer 

deposition (ALD) of the TiO2 layer. Then, the PR pattern was removed to 

form the BE pattern. On the line-type BE pattern, the TiO2 thin-film as the 

dielectric of the SD was deposited at a wafer temperature of 250°C by ALD 

using Ti(OC3H7)4 and O3 as the metal precursor and oxygen source, 

respectively. Details of the ALD process of TiO2 were reported elsewhere 

[10]. Perpendicularly arranged line-type top electrode (TE) was also 

fabricated by a similar lift-off process using the 50-nm-thick Pt/50-nm-thick 

Au on the TiO2 layer. Stable BE contact was achieved by etching the TiO2 
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layer over the contact area, using a reactive ion etching process. The 

electrical behavior of the SD was measured using a HP4145B semiconductor 

parameter analyzer (SPA) at room temperature in voltage sweep mode. The 

cross-sectional image with electron dispersive spectroscopy (EDS) and 

CAFM measurement were performed by high-resolution transmission 

electron microscope (HRTEM, F-20, Tecnai) and by scanning probe 

microscope (SPM) with a Pt-coated cantilever (JSPM-5200, JEOL), 

respectively. 
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3.3.3 Results and discussions 

 

Figure 3.16 shows the cross-sectional dark-field TEM image of the 

fabricated SD with the corresponding EDS results. While the dielectric 

layer/BE interface is quite uniform and flat, the interface between the 

TE/TiO2 is rather undulating, suggesting that the Ti layer between the BE 

and TiO2 was oxidized. Indeed, the EDS line profile shows that a high 

concentration of oxygen was detected in the region that was supposed to be 

Ti, suggesting that O3 gas oxidized it during the ALD of TiO2. Imaging 

techniques did not reveal any presence of a Magnéli phase [11], meaning 

that this region is highly oxygen deficient TiO2-x. This structural analysis 

suggests that the interfaces between the stoichiometric TiO2/TiO2-x and TiO2-

x/Pt BE forms low resistance contact, because the highly oxygen deficient 

TiO2-x can form low Schottky barrier with Pt and TiO2 [12]. On the other 

hand, the contact between the stoichiometric TiO2 and Pt TE can establish a 

stable Schottky barrier. Therefore, the structure constitutes a Schottky diode.   
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Figure 3.16 The cross-sectional dark-field image of crossbar-type SD device 

and EDS analysis result. The inset shows the top view of fabricated 1 x 32 

crossbar-type SD device. 

 

Figure 3.17 (a) shows current – voltage (I–V) curves of crossbar-

type SD with 10 x 10 μm
2 
active area. Reverse/forward (RF) current ratio of 

~2.4 x 10
6
 was achieved at ±2 V. The different symbols correspond to the 

cases where the electrical contact was made between a common bottom 

contact and n
th
 top contact. Crossbar-type SDs with the other sizes of device 

area showed almost identical behaviors (I–V curves not shown). Figure 3.17 

(b) shows the variation in current density as a function of active area. The 

current density increased with the decreasing active area while the very high 

RF ratio (red trialges for forward state current and blue circles for reverse 

BEC 150 µm

BEC
TEC
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state current) is maintained regardless of active area size. The maximum 

forward current density from 2 x 2 μm
2 
active area was ~3 x 10

5
 A/cm

2 
at 2 

V, and an even higher forward current density is expected from a smaller 

area which cannot be addressed due to the limited capability of lithography 

in this work. The increasing current density with decreasing active area 

means that the forward current flows through local current conduction paths. 

It was reported that the reverse current flows at the nearly same locations 

where the local forward current flows although the absolute amount is much 

smaller [5]. This means that the high Schottky barrier between Pt TE and 

TiO2 even at the locally conducting locations prohibits the reverse current 

flow. The localized flows of forward and reverse current at the nearly same 

locations is reasonable becuase other parts remains highly insulating. 

These local conduction paths were confirmed by CAFM 

measurement, as shown in the inset figure of Fig. 3.8 (a). The measurement 

was performed with a positively biased (2 V) Pt-coated tip in 1 x 1 μm
2 
area 

over the TiO2 region of the sample, which was not covered with TE, 

meaning that forward current was detected in CAFM. The locally dominant 

current conduction paths were confirmed. CAFM with the various scanning 

area (0.1 x 0.1, 0.5 x 0.5, and 2 x 2 μm
2
) were also performed, and they 

showed the locallized forward current flow (images not shown). The 

detected current in CAFM was integrated and divided by the scanned area, 

of which values are also included in Fig. 3.8 (b) (black star symbols). 

Likewise in case of crossbar-type sample, the current density results of 

CAFM show scan area dependency, again confirming the local current 
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conduction down to an area of 100 x 100 nm
2
. CAFM results show relatively 

low current level compared to forward current level in crossbar-type sample, 

which originates probably from the high contact resistance between the TE 

and TiO2 layer. Higher bias voltage seriously damaged the CAFM tip and 

contact area. Current measured under the negative tip bias was negligible 

due to the high Schottky barrier between Pt-coating of the tip and TiO2. 

Although the absolute values are different, the normalized values show an 

identical trend with the case of the crossbar-type SD samples (inset figure of 

Fig. 3.8 (b)). This is a highly promising result for the RS device where a 

very high forward current density was confirmed, while the high-enough RF 

ratio was maintained down to a 4 m
2
 area in the crossbar pattern. 

 

 

 

Figure 3.17 (a) Electrical I–V characteristics of 10 X 10 μm
2
 active area of 

crossbar-type SD device. The inset shows the local current conduction paths 

in capacitor-like SD device measured by CAFM. (b) The relationship 
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between current density and active area in both forward and reverse state 

currents of the crossbar-type and capacitor-like SD device. The inset shows 

the relationship between relative value of current density and active area in 

both the CAFM measurement and devices. 

 

In Pt/TiO2/TiO2-x/Pt SD, x must be as high as possible to achieve a 

more Ohmic-like contact property, while TiO2 in contact with the top Pt 

must be as stoichiometric as possible to maintain the intact Schottky junction 

property. The localized forward current suggests that the x values in the less 

conducting area is not high enough due to the excessive oxidation of Ti layer. 

For the local part of TiO2-x with a higher x value, it is certainly probable that 

the local Pt/TiO2 junction part has a higher chance to lose oxygen which will 

degrade the rectifying property. The adopted thickness of Ti and TiO2 layers 

appear to correspond to an optimal values and the highly promisong results 

were achieved. 

In Fig. 3.17 (a), the saturation forward currents of crossbar-type 

SD gradually decreased with increasing cell number because of the 

involvement of the parasitic series resistance. The series resistance of 

crossbar-type SD can be extracted from following Eq. 1 on the forward 

current equation of a Schottky diode. [13–15] 

 

   (1) 
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 where J, Aeff, q, n, k, T, and Rs are the saturation current density, the 

active area, the electronic charge, the ideality factor, the Boltzmann’s 

constant, the absolute temperature, and the series resistance, respectively. 

Thus, a slope of  vs. J will give Rs. The Rs value is composed of the 

series resistance of the active layer in the diode (Rd) and the parasitic 

resistance, which contains resistance of interconnect lines (Rl) and contact 

resistance (Rc). In the crossbar-type diode structure, Rl = Rl
n
 x n, where Rl

n
 

and n are the line resistance between the neighboring cells, and n is the 

number of TE from the BE. Here, the line resistance is mainly composed of 

the resistance of BE, because the TE line lengh is much shorter for this 1 x 

32 configuration. Therefore,  

 

   (2) 

 

and the slopes of Rs vs. n give Rl
n
 for each line width. Figure 3.18 (a) shows 

the extracted RS values from the various interconnection line widths. All the 

Rs values in each crossbar-type SD are linearly fitted well, and the Rs values 

decreased with increasing interconnection line width. The slope of linear 

fitting curves, corresponding to Rl
n
, in Fig. 3.18 (a) was shown in Fig. 3.18 

(b) (open black square) as a function of line width. Rl
n
 can be separately 

estimated by measuring the resistance between the two BE contacts and by 
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dividing the value by 32 at each line width: the results are indicated by the 

red circles in Fig. 3.18 (b). The two results are almost identical, suggesting 

that Eq. 2 holds well. The Rs was almost identical to Rl
n
 x n for each line 

width, suggesting that the dominant factor of Rs in Fig. 3.18 (a) is ILR. 

Therefore, the limited maximum current at high forward voltage (ca. 2 V) in 

Fig. 3.17 (a) was mainly governed by the BE line resistance, which suggests 

that optimizing the BE material and structure is crucial.  

 Similar shaped single-layer Pt BE lines were separately fabricated, 

and their Rl
n
 values were also plotted in Fig. 3.18 (b) ((blue) triangle symbol). 

It can be understood that the line resistance of the BE in the actual crossbar-

type SD is slightly higher, because of the diffusion of the adhesion Ti layer 

and partial oxidation in the BE Pt layer. On the other hand, if the 100-nm-

thick Ti layer deposited on the BE Pt remained intact and work as the BE, 

the BE resistance would be much smaller than the resistance of a single-

layer Pt, which is obviously not the case as shown in Fig. 3.18 (b). This 

suggests that the Ti layer was oxidized to TiO2-x, as described previously, but 

its lateral electrical conductivity was negligible compared to that of the Pt 

BE. 
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Figure 3.18 a) The relationship of extracted Rs of each cells in the crossbar-

type SD with various interconnection line widths. (b) The resistance values 

of interconnection line between neighboring cells in the crossbar-type SD 

with various interconnection line widths, and that of the 50-nm-thick Pt line 

shown as-fabricated and after post annealing. 
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3.3.4 Summary 

 

In summary, the crossbar-type SD was fabricated and characterized. 

The Pt/TiO2/TiO2-x/Pt SD where the TiO2-x quasi-Ohmic contact layer 

formed by the in situ oxidation of 100-nm-thick Ti layer during the TiO2 

ALD played an important role in the resulting highly promising performance, 

in terms of extremely high forward current density and rectifying ratio, of 

the SD. The local conduction paths in the fabricated SD seem to provide 

sufficient forward current to operate an RS memory cell stably, even in a 

few tens of nanometer scaled CA device. An high forward current density of 

~3 x 10
5
 A/cm

2
 and rectification ratio of ~2.4 x 10

6
 was confirmed down to a 

4 m
2
 area in the crossbar-type SD. 
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Chapter 4. 32 x 32 crossbar array resistive memory 

composed of stacked Schottky diode and unipolar 

resistive memory 

 

4.1. Introduction 

 

Resistance switching random access memory (ReRAM) has been 

considered as one of the most promising next-generation non-volatile 

memory devices as the down-scaling of charge-based memory, such as 

dynamic random access memory (DRAM) and flash memory, approaches 

their physical limitation. [1-5] The primary merit of the ReRAM over 

DRAM and flash memory lies on the fact that its performance degradation 

with the size scaling is much less severe than the charge based memories. 

Another key feature of this type of memory compared with the charge-based 

memories is that it does not require the supreme performance of the selection 

transistor (fully ON during writing and reading but fully OFF during data 

retention, which can hardly be met simultaneously in highly scaled metal-

oxide-semiconductor field effect transistor) because there is no need for the 

charge retention. [6, 7] This allowed the device architecture to change from 

the 1 transistor 1 capacitor (1T1C in DRAM) to 1 diode 1 resistor (1D1R) in 

resistance switching (RS) based memories, where the 1D1R architecture is 

already in use for the phase change RAM. [8, 9] Diode is a two-terminal 

device while transistor is a three-terminal device so that the area scaling of 



１２２ 

 

memory cell using diode is fundamentally beneficial compared with the 

other case. This merit can be optimally realized with the crossbar array (CA) 

type structure, where a memory cell, composed of stacked diode and RS 

element, is interposed between two crossing metal lines (bit- and word-lines). 

One of the structures of the 1D1R CA device is schematically shown in Fig. 

4. 1 (a) where the diode (upper portion) and RS memory (lower portion) is 

separated by a middle electrode (more details for this structure are described 

below). The electrically insulating nature of many oxide-based RS materials 

makes the fabrication of this type of structure easier since the electrical 

isolation between the neighboring memory cells is naturally attained which 

cannot be expected from phase change materials. 

The role of diode in such CA structure is to suppress the so-called 

sneak current, represented by the dashed lines in Fig. 4. 1 (a), which disturbs 

the data reading and increases the power consumption. Such a functionality 

of the circuit element can be obtained from a diode (Schottky type of p-n 

junction) for the unipolar RS (URS) memory cell, [10-13] or materials with 

highly non-linear current – voltage (I-V) characteristics, such as threshold 

switches, [14-16] and mixed electronic-ionic conductors, [17] for the bipolr 

RS (BRS) cells. For any of these selection elements, the required 

performance specifications for high density (> 1 Mb per block) are very 

strict due to the parallel geometry of the CA structure. The representative 

specifications include the very high rectification ratio (> ~ 10
7
 at operation 

voltage) and forward current density (~ 10
6
 Acm

-2
). This was discussed in 

detail elsewhere. [6, 18, 19] The authors recently reported that such 
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functionality can be simultaneously achieved from the Schottky type diode 

(SD) composed of Pt/TiO2/Ti/Pt structure, while all other candidates have 

seldom shown such performance. [13] Therefore, in this work, the CA 

devices with stacked SD and URS memory cell were fabricated and the 

highly promising electrical performances were demonstrated. The device 

structure is production friendly because of the simple material and 

fabrication process; both SD and URS memory (Pt/TiO2/Pt) adopted the 

atomic layer deposited (ALD) TiO2 as the key functional material. This type 

of work appears to be somewhat straightforward outcome of the research 

once the SD and URS memory are accomplished. However, as can be 

understood from this work, it was in fact not that straightforward to attain 

the satisfactory device performances due to the various parasitic effects 

during the stacked device fabrication and electrical characterization. 

Especially, the extreme parallel geometry of the CA structure required a 

highly uniform performance of all the memory cells in the given CA, 

otherwise the fault (or shorted) cell really disturbs the measurement of any 

cell and even the whole device. It appears that this constitutes the main 

reason why there have not been many reports on the CA device with stacked 

selection and memory cells with a meaningful integration density (at least > 

1 kb). In this work, the authors report a fully functional CA ReRAM with 

highly promising performance up to 32 x 32 memory block size, which has 

not been reported yet to the authors’ knowledge. Since the primary goal of 

the work is to fabricate the working devices with reasonable array density 

and examine the memory functionality in actual device geometry, 



１２４ 

 

miniaturization of the cell into the nanometer range was not pursued. The 

minimum feature line width was limited down to 2 µm, which is believed to 

be reasonably small to achieve the goal of the research. Further 

miniaturization is under its way.  

This report is composed of three main parts; first, key features for 

the fabrication processes of the CA devices. Second, the device 

characteristics of single stacked cell which is fundamentally free from the 

influence of neighboring cells, and, third, memory array characteristics. It 

was indeed found that the high performance of the SD adopted in this work 

really suppressed the parasitic effects from the neighboring cells, and works 

as an appropriate variable load resistor which improved the switching 

performance of the URS memory. 
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4. 2. Experiments  

 

The various array types (1 × 32, 2 × 2, 4 × 4, and 32 × 32) of 1D1R 

CA with a line width of 2, 4, 6, 8 and 10 μm were fabricated as an 

experimental demonstration. The top and bottom electrode (TE and BE, 

respectively) have stacks of Au(50 nm)/Pt(50 nm) and Pt(50 nm)/Au(50 nm) 

to achieve the Pt/TiO2 interfaces, respectively. The Au layers of each TE and 

BE were added for reducing interconnection line resistance (ILR) in CA. [21] 

As shown in Fig 4. 1 (b), the 14 x 14 μm
2
 of middle electrode (ME), which 

are electrically isolated each other, was fabricated with stacks of Pt(30 

nm)/Ni(30 nm)/Pt(30 nm), which is located between every SD and RS cells 

in 1D1R CA. The Ni layer was utilized as an oxygen barrier layer (OBL). 

The 100 nm-thick Ti layer of SD as an active layer was e-beam evaporated 

with growth rate of 1 nm/s at ~10
-7

 torr just after the ME deposition to 

achieve the self-aligned structure in simultaneous lift-off process. All of the 

electrodes of 1D1R CA were patterned by conventional photo-lithography 

and following e-beam evaporation and lift-off process. The TiO2 thin films 

for the RS (60 nm) and active layer of SD (31.5 nm) were deposited by 

plasma-enhanced and thermal atomic layer deposition (ALD) using 

Ti(OC3H7)4 precursor with plasma-activated O2 and O3 as the oxygen source 

at a wafer temperature of 250 ℃, respectively. The film thickness was 

measured by ellipsometer (Gaertner Scientific Corporation) using the TiO2 

films deposited simultaneously on Pt substrate. Details of the each ALD 
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processes of TiO2 are reported elsewhere. [25, 26] The stable electrical BE 

contact was achieved by etching the TiO2 layer over the contact area using a 

reactive ion etching (RIE) process. 

The resistive switching behavior of 1D1R CA device was measured 

using a HP4145B semiconductor parameter analyzer (SPA) at room 

temperature in voltage sweep mode. Each voltage sweep began from 0 V and 

the bias was applied to the TE during the BE maintained the electrical 

ground state. During the SET switching experiment, 5 mA of current 

compliance (Icc) was applied to protect the cells from complete breakdown. 

The RS endurance characteristic was also examined by voltage sweep mode 

at room temperature. The retention characteristic was investigated up to 10
4
 

seconds at 80 ℃ with reading voltage of 1.5 V. For RS speed measurement, 

the transient voltage was monitored using a digital oscilloscope (OSC, 

Tektronix 684C) when the voltage pulse was applied by pulse generator 

(HP81110A). The cross-sectional and surface topology of fabricated 1D1R 

CA device was monitored by scanning electron microscope (SEM, S-4800, 

Hitachi) scanning probe microscope (SPM, JSPM-5200, JEOL), respectively. 
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4. 3 Results and discussions  

 

4. 3. 1. Integration of stacked 1D1R device using oxygen 

barrier layer  

 

The SD in this work has the structure of top metal line (Word-line, 

WL, shown in blue in Fig. 4. 1 (a)), which is composed of stacked 50-nm-

thick Au/50-nm-thick Pt layers, 31.5-nm-thick TiO2 layer, 100-nm-thick Ti, 

and bottom 30-nm-thick Pt electrode. TiO2 film was deposited by thermal 

ALD. The interface between the top Pt and TiO2 forms Schottky contact and 

the TiO2/Ti interface comprises the quasi-Ohmic contact. While the top 

electrode of SD has the form of line (width varied from 2 to 10 μm) to make 

the array structure, bottom electrode has a shape of square (14 x 14 μm
2
) to 

isolate memory cell from neighboring ones. The URS memory cell is made 

of square shaped top 30-nm-thick Pt electrode (14 x 14 μm
2
), 60-nm-thick 

TiO2 layer, which is deposited by a plasma-enhanced ALD (PEALD), and 

line-shape stacked 50-nm-thick Pt/50-nm-thick Au layers (Bit-line, BL, 

shown in yellow in Fig. 4. 1 (a), width from 2 to 10 μm). The bottom 

electrode of SD and top electrode of URS memory are commonly squared 

shaped 30-nm-thick Pt, so that single 30-nm-thick Pt layer can serve the two 

circuit elements. However, as shown later, this cannot be the case due to the 

severe degradation of the memory performance by the fabrication of SD on 

top if a single Pt layer was used as the middle electrode (ME, see Fig. 4. 1 
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(a)). Therefore, the first important step to fabricate this 1D1R CA device was 

to make the appropriate ME as discussed in detail below. 

 

 

 

 

 

Figure 4. 1 (a) The schematic diagram of 1D1R CA device. (b) an 

atomic force microscopy image of the fabricated CA device with a line 

width (W) of 4 μm.  

 

 

The fabrication sequence could be reversed, i. e. SD is made first on 

the SiO2/Si substrate and then the memory is subsequently fabricated. 

However, this induced a severe degradation of SD performance due to the 

degradation in the rectifying performance of the Pt/TiO2 interface. Figure S1 

(a) of supplementary information (SI) shows a typical I-V curve of the SD 

with the latter fabrication sequence revealing the improper rectifying 

property.  

ME
TE

BE

(a) (b)
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Figure 4. 1 (b) shows an atomic force microscopy image of the 

fabricated CA device with a line width (W) of 4 μm. Here, TE and BE mean 

the top and bottom electrodes, respectively, and the dimension of ME must 

be wider than the width of TE and BE in order to alleviate the direct contact 

between SD and memory dielectrics without intervening ME, otherwise the 

device would malfunction. Figures S 1 (b) and (c) of SI show the highly 

rectifying characteristics of the SD and unipolar switching I-V curve of the 

URS memory cell, respectively, where the SD and URS memory cells were 

not stacked.  

Figure 4. 2 (a) shows the switching electrical characteristics of 1D1R 

CA with 32 (WL) x 1 (BL) configuration, which is designed to alleviate the 

sneak current irrespective of the performance of SD, and a line width of 2 

μm. In this structure the ME was composed of 30-nm-thick Pt/30-nm-thick 

Au/30-nm-thick Pt, or 30-nm-thick Pt/30-nm-thick Ni/30-nm-thick Pt layers. 

Figure 4. 2 (b) shows the cross-section scanning electron microscopy (SEM) 

image of the stacked device where the 30-nm-thick Ni layer was interposed 

in the ME. Here, the Au or Ni layer was used as the oxygen barrier layer 

(OBL) which prohibits the diffusion of oxygen from the TiO2 layer in the 

URS memory to the Ti layer in the SD during the fabrication process. When 

the Au layer was used as the OBL, the sample shows no RS behavior even 

though the rectifying behavior was still maintained. This is identical 

behavior to that of the sample with no OBL (ME is composed of one 30-nm-

thick Pt layer, of which I-V and cross-section SEM image are shown in Figs. 

S 2 (a) and (b) of SI, respectively). When the oxygen vacancy concentration 
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is too high in the URS memory cell, the whole area of the film becomes too 

electrically leaky to support a localized current flow that is necessary to 

induce the conducting filament (CF) formation and subsequent rupture. 

Therefore, adoption of an appropriate OBL is a prerequisite in achieving the 

well-performing stacked SD/URS memory device. As can be understood in 

Fig. 4. 2 (a) the 30-nm-thick Ni layer works as the appropriate OBL, so that 

the fluent URS operation with suppressed current in the negative bias 

voltage region was obtained. Other OBL materials, such as (In,Sn)Ox, and 

TiN, were also tested, and their switching I-V curves are shown in Figs. S 3 

(a) and (b) of SI, respectively. Among them, the Ni showed the best 

electrical performance as the OBL, and fabrication process with Ni was 

easier since simple electron beam evaporation can be used. Therefore, in this 

work, the 30-nm-thick Ni was adopted as the OBL. Due to the suppression 

of oxygen diffusion from the memory into the SD, the reverse current was 

slightly increased as can be seen in Fig. 4. 2 (a). However, the thickness of 

the thermal ALD TiO2 layer in the SD played a more crucial role in 

determining the rectification ratio. Figure S 4 of SI shows the switching I-V 

characteristics of the stacked 32 x 1 CA devices with the varying thermal 

ALD TiO2 thickness in the SD (21, 28, and 31.5 nm). The rectification ratio 

of the device was improved with the increasing TiO2 thickness (3×10
3
 @ 

1.58 V, 2×10
4
 @ 1.86 V and ~ 10

5
 @ 1.93 V for 21, 28 and 31.5 nm, 

respectively), while the forward current was minimally influenced and the 

increase in the switching voltage was also not large. Even though the 

rectification ratio of ~ 10
5
 for the 31.5-nm-thick TiO2 was not as high as that 
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of the only SD (> ~10
6
) perhaps due to various process-induced degradations, 

this is still a viable value to test the performance of the 32 x 32 CA device in 

this work. In fact, further increase in the TiO2 thickness in SD made the 

selection of appropriate switching voltages difficult during the pulse 

switching test using the present measurement setup. Therefore, the 

fabrication of the stacked CA devices proceeded with the 30-nm-thick Ni 

OBL and 31.5-nm-thick thermal ALD TiO2 in SD. Thicknesses of other 

layers did not influenced the device performance largely. 

 

 

 

 

Figure 4. 2 (a) The electrical characteristics of 1D1R CA device with Ni (red 

symbol) and Au (blue symbol) as OBLs. (b) The SEM image of 1D1R CA 

device with Ni as OBL. 
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4. 3. 2. Performance of stacked 1D1R device without 

parallel current paths 

 

Before examining the performance of the CA device with the 

stacked SD/URS memory cells with large numbers of parallel current paths, 

the electrical performances of stacked SD/URS memory cell are studied 

using a structure of 32 × 1 type 1D1R CA with various line width (2, 4, 6, 8, 

and 10 µm). In this configuration, there are no parallel current paths, so that 

the influence SD on the URS memory can be examined without the 

interference from the sneak current. Fig. 4. 3 (a) shows the switching I-V 

curves of the devices with the varying line width, and Fig. 4. 3 (b) 

summarizes the rectification ratio (maximum ratio between the ON-state 

current in positive bias region and reverse current in the negative bias region) 

and RESET current for the different active area of the devices (=(line 

width)
2
). During the measurements in voltage sweep mode, a compliance 

current (Icc) of 5 mA was used to protect the samples from the complete 

breakdown. A sufficiently large rectification ratio of ~ 1 x 10
5
 was obtained 

irrespective of the active area of the devices (2 × 10
5
 @ 1.86 V, 9 × 10

4
 @ 

1.85 V, 1.5 × 10
5
 @ 1.69 V, 1.3 × 10

5
 @ 1.6 V and 1 × 10

5
 @ 1.55 V for 4, 

16, 36, 64 and 100 μm
2
 of active area, respectively). The reverse-state 

current is independent of the memory state of the URS memory cell, which 

is promising performance for stable operation of 1D1R CA device. In 

addition, the RESET current was also independent of the active area of the 
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device demonstrating that the local current conduction mechanism based on 

CF formation and rupture as in the much larger area samples. The other 

notable finding from these switching I-V curves is the similarity between the 

SET current (which is Icc) and RESET current (maximum current level 

immediately prior to the RESET occurs); for the given Icc of 5 mA, the 

RESET current remained always 7 – 8 mA irrespective of the active area. A 

too high RESET current level of oxide based ReRAM compared with the 

SET current has been one of the most serious obstacles for application. The 

higher level of RESET current compared with the SET current is a 

somewhat natural consequence of the switching mechanism; SET is more 

dependent on the electric field driven behavior of ions while RESET mostly 

relies upon thermal energy. However, in actual application, the involvement 

of many parasitic components from the circuit, especially capacitive 

components, makes the precise control of CF formation during SET difficult, 

which almost always makes the CF too strong to be ruptured during the 

subsequent RESET step with the just enough power (or RESET current) to 

rupture the CF if it was formed as just enough to maintain the SET state. 

This problem was actually observed in this work too; the RESET current 

was much higher compared with the SET current as shown in Fig. S 1(c) of 

SI when no SD was integrated with the URS memory. This suggests that the 

integration of SD actually improved this problem quite largely.  
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Figure 4. 3. (a) The electrical performances of stacked SD/URS memory cell 

are studied using a structure of 32 × 1 type 1D1R CA with various line width 

(2, 4, 6, 8, and 10 µm). (b) The summarized results of the rectification ratio 

(maximum ratio between the ON-state current in positive bias region and 

reverse current in the negative bias region) and RESET current for the 

different active area of the devices (=(line width)
2
). 
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300 – 400 Ω (at 1.5 V) as shown in Fig. 4. 4 (a), is larger than that the 

resistance of SET state of only 1R, which is ~ 10 – 30 Ω, by ~ ten times 

irrespective of the device area. The forward state resistance of SD is 250 Ω 

(at 0.7 V) – 45 Ω (at 1V). This means that the SET state resistance of the 
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state resistance of SD played a role as a buffer resistor [20] suppressing the 

excessive current flow during the SET step making the CF just enough to 

sustain the SET state. When the SET switching occurs, most of the applied 

voltage becomes to be applied to the buffer resistor which prevent the 

excessive growth of CF. On the other hand, if the CFs are weakly formed, 

they are prone to the unwanted rupture by thermal or electrical noise during 

the retention period making the SET state unstable. However, the high 

forward resistance of SD at low voltage region appears to block out these 

noise components and the retention is very stable as shown in Fig. 4. 4 (b). 

In fact, the connection of external resistance (Rext) with a constant value to 

the memory cell to protect the memory from the excessive current flow 

during SET and noise during the retention has been reported [20]. However, 

this can also cause problems in RESET as described well by the authors 

elsewhere [21]; a constantly high Rext prohibits the stable RESET due to the 

immediate redistribution of applied voltage after the RESET, or at least it 

makes the voltage margin for the SET and RESET smaller. However, the 

forward state resistance of SD is highly voltage dependent as shown in the 

inset Figure of Fig. S 1 (b). It is higher in low voltage region, which is 

beneficial in protecting the memory from the noise components during 

retention, but is lower in high voltage region, which minimally interferes 

with the RESET switching operation. Therefore, the adoption of SD diode in 

for the URS memory is actually highly beneficial for the stable operations of 

the SET and RESET with lower power. 
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Figures 4. 4 (a) and (b) show the switching endurance and retention 

characteristics (line width of 10 µm) measured at room temperature and 

80 ℃, respectively. While the retention data was satisfactorily stable 

(almost no time dependence perhaps due to the protection effect of SD), the 

endurance performance was still remained 200 – 300 cycles. Since the 

endurance failure is intimately related with the loss of oxygen from the 

memory cell, it was expected that the overlying structure of SD on top of the 

URS memory could enhance the endurance. The authors previously reported 

that the CA type TiO2-based RS memory cell without SD showed ~ 150 

switching cycles before the failure. [22] The failure occurred in both SET- 

and RESET-stuck modes, which is also the case here. Therefore, the 

endurance of the stacked device was slightly improved although the general 

level is still too low compared with the necessary level for the device 

application. However, it needs to be noted that the promising endurance 

results reported from other materials always used an optimized pulse 

switching parameters to minimize the damage effect, which is not taken in 

this work.  

From the results up to now, it is evident that the integration of SD 

with the URS memory cell is actually beneficial in improving the device 

performance in addition to its original intention of suppressing the sneak 

current. Therefore, actual CA performances with parallel current paths (m x 

n configuration, where m and n > 1) are described in next section. 
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Figure 4. 4. (a) and (b) show the switching endurance and retention 

characteristics (line width of 10 m) measured at room temperature and 80 
o
C, respectively. 
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4. 3. 3. Stacked 1D1R CA device with parallel current paths 

up to 32 x 32 

 

Before test the RS performances of the highest density CA device 

(32 x 32) in this work, the direct current (DC) performances of the lower 

density CA devices are examined. Figures 4. 5 (a) and (b) show ‘the worst 

case’ reading operation of one selected cell in 2 × 2 and 4 × 4 1D1R CA 

device, respectively. For this test, all the memory cells are switched to LRS 

first by electroforming. Then, the selected cells (number 1 and 6 in each case, 

left hand optical microscopy image) are switched into the HRS by a voltage 

sweep and all other cells remained in LRS. While all other cells show high 

current, the target cells show low current in the subsequent I-V sweep to 

examine the resistance state as shown in the right hand panels. This means 

that the all the sneak current paths were efficiently blocked by the integrated 

SD.  
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Figure 4. 5. (a) and (b) show ‘the worst case’ reading operation of one 

selected cell in 2 × 2 and 4 × 4 1D1R CA device, respectively. 

 

Next, pulse switching test, which is much closer to the actual 

operation of the memory device, was performed. The measurement set up 

and its equivalent circuit model for the pulse switching test was shown in the 

inset figure of Fig. S 6 (a) and (b) of SI. Compared with the DC voltage 

sweep test, such pulse test requires optimization of pulse height and width to 

appropriately examine the SET and RESET performance. Therefore, the 
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simplest 2 × 2 type of 1D1R CA was taken and the necessary SET pulse 

height and width were tested. Figures S 5 (a) and (b) show the variations of 

the SET and RESET state resistances measured at 1.5 V, and RESET time 

(the time needed for resistance transition from LRS to HRS) according to 

SET pulse height and width, respectively. Here, the RESET pulse height was 

fixed at 3.5 V and the RESET time was estimated by monitoring the current 

flow through the sample using a digital oscilloscope (OSC) as shown in Fig. 

4. 6 (a). The SET pulse width and height in Figs S 5 (a) and (b) were 500 ns 

and 4 V respectively. The appropriate range for RESET pulse height was 

very limited to only ~ 3.4 – 3. 6 V. If there is no SD integrated, the RESET 

by the pulse application was almost impossible irrespective of the pulse 

height and width. This was ascribed to the parallel configuration of the pulse 

generator (HP 81110A) where there is always a parallel current path 

connected to ground via the internal resistance of the equipment (50 Ω) in 

addition to the sample (See Fig. S 6 (b)). When the sample starts to RESET, 

most of the supplied current becomes to flow through the parallel current 

path and the complete RESET of the sample is inhibited. This is not the case 

in DC sweep using the semiconductor parameter analyzer (SPA) which does 

not contain such a parallel current path. If a too high voltage was 

programmed to the pulse source, the unstable RESET fluctuation between 

RESET and SET states sets in due to the presence of internal resistance of 

OSC (50 Ω), which works as a constant Rext. It appears that the weakly 

formed CF in the URS memory of the stacked 1D1R device in this study can 
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be fluently ruptured even with the small current in the pulse switching test, 

which manifests again the fluent functionality of this 1D1R memory. 

As shown in Fig. S 5, the long duration and high amplitude of 

electric voltage pulse for SET operation brought about increased the RESET 

time. The RESET time varied from ~ 250 ns to ~ 1,000 ns depending on the 

SET pulse conditions. While the resistance of the HRS was not much 

influenced, that of LRS was slightly decreased with the increasing pulse 

height and width meaning that stronger CFs are formed. When the SET pulse 

height and width were 4 V and 50 ns, the RESET time was as short as ~ 250 

ns, but such a short SET pulse was vulnerable to the interference by the 

circuit noise as shown in Fig. S 6 of SI. From these results, therefore, the 

appropriate SET and RESET pulses to examine the device performance were 

determined to be 4 V/500 ns and 3.5 V/1000 ns, respectively.  

Next, the active area dependence of RESET time and resistances of 

LRS and HRS are tested using the 2 × 2 type 1D1R CA with various areas (4, 

16, 36, 64, and 100 µm
2
). In each active area, ten consecutive SET and 

RESET switching were performed using the above mentioned pulses, and 

the resistances of LRS and HRS were read at 1.5 V by SPA at each RS event. 

Figure 4. 6 (a) shows the electrical response monitored by OSC when the 

SET and RESET pulses were applied to 100 µm
2
 of active area. The black 

and blue lines show the transient voltage signal read from channel 1 (Ch1) 

and channel 2 (Ch2) of the OSC, which represent input signal from pulse 

generator and signal from the sample, respectively. (See supplementary 

information for more detailed interpretation of this measurement setup.) 
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Because the voltage difference between Ch1 and Ch2 represents the voltage 

drop across the 1D1R CA device (Vsample), the increase or decrease of the 

difference between two transient pulses corresponds to the RESET or SET 

events of 1D1R CA, respectively. The RESET event showed obvious 

increase in Vsample at the moment of RESET occurs which was indicated by 

red arrows, so that the RESET time can be easily determined from the OSC 

signal. On the other hand, the voltage variation while applying the SET pulse 

was not observed even though the sample certainly showed LRS after the 

SET pulse application. It is believed that the SET time is very short (< 50 ns) 

which is hardly to observe with the present setup. This is consistent with 

previous result of Choi et al, [23] where only a few tens of ns for SET time 

in TiO2 based RS cell. Figure S 6 (a) – (c) of SI show the variation of 

voltages in Ch1 and Ch2 for the SET pulses with different width. Detailed 

discussions are also included in SI. Data in Fig. 4. 6 (b) show the variation of 

RESET time with active area. The average RESET time was ~ 500 - 600 ns 

irrespective of the device area, which is longer than the SET time by more 

than ten times. As mentioned above, this is because SET process is driven 

mostly by the electric field but the RESET process is accomplished by 

mostly thermally driven chemical reaction. Meanwhile, the estimated 

RESET time of ~ 500 – 600 ns is much shorter than that was observed in the 

same TiO2 URS memory cell without SD (several µs – 100 µs) reported by 

Choi et al. [23] Again, this can be ascribed to the weakly formed CF, but still 

stable, in the memory cell of the present work. The localized RS 

characteristic can be confirmed in Fig 4. 6 (c) where the resistance of LRS is 
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almost independent of the active areas. While the area-independent 

resistance of LRS is a strong evidence for the localized switching 

mechanism mediated by CF, the electrode area actually can have non-

negligible influence of the resistance of LRS via the capacitive charging 

effect, as has been discussed in detail independently by Song et al., [24] and 

Kinoshita et al. [20] In short, the RS memory in HRS resembles a capacitor 

which store charges during the bias application for the SET switching. At the 

moment of SET, the stored charge starts to dissipate through the forming CF 

which further strengthens the CF, by which the electrode area can influence 

the resistance of CF. Here, the active area varies up to 25 times (between 4 

and 100 µm
2
), so this influence can be substantial. However, in case of 

1D1R CA, the stacked SD decreases the total capacitance of the memory cell 

and the resistance of forward SD increases the RC-delay time of the device 

compared to RS element alone. These effects diminish the capacitive 

charging effect on the SET switching, which manifests again the positive 

influence of the SD. Resistance of HRS appears to slightly decrease with the 

increasing active area, which might be explained by the increased leakage 

current through the larger area, except for the smallest area case. The 

smallest one appears to be influenced by the geometry effect. 
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Figure 4. 6. (a) The electrical response monitored by OSC when the SET and 

RESET pulses were applied to 100 µm
2
 of active area (b) The RESET time 

characteristic as a function of active area. (c) resistance distribution of LRS 

and HRS of 1D1R CA with various active area 

 

Figure 4. 7 shows the RS properties of one selected cell with the 
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CA device. It is important to examine the RS characteristics of a target 

memory cell in terms of not only the resistance ratio but also RS operation 

time according to the various memory states of unselected cells. For this test, 

the target memory cell was numbered to be 4 while other are numbered to be 
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configurations as shown in Fig. 4. 7 (d). For each configuration, the RS of 

selected unit cell was performed three times as shown in Figs. 4. 7 (b) and (c) 

for the cases where all other cells are in HRS, and LRS, respectively, and the 

results are summarized in Fig. 4. 7 (d). It was confirmed that the resistance 

ratio and RESET time is independent from the any combined resistance 

states of the unselected cells. This demonstrates that the stacked SD 

suppresses very effectively the parasitic effect from the neighboring 

unselected cells in 1D1R CA device. The possible parasitic effects in 1D1R 

CA device are sneak current through the low resistance leakage paths along 

the unselected cells and parasitic capacitance effect from the unselected cells 

in parallel connection with selected cell. While the reading operation can be 

disturbed by the former, parasitic capacitance can largely affect the writing 

operation. [20] The parasitic capacitance effects of the ‘worst case’ in 2 × 2 

type of 1D1R CA device can be considered as that the unselected cells are 

serially connected to the target cell when all the other interconnection lines, 

except for selected interconnection lines, are electrically floated. (See Fig. 4. 

7 (a)) Three unselected cells are composed of three LRS memory element, 

two forward SDs, and one reverse SD. Then, the capacitive component of 

these parasitic elements is dominated by the capacitance of reverse SD 

because the LRS memory and forward SD are mostly resistor. Due to the 

fully depleted configuration of SD under the reverse bias condition, the 

overall capacitive component of the 1D1R memory cell can be largely 

reduced. Consequently, the selected cell in 2 × 2 type of 1D1R CA can show 
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the stable RS performance regardless of the resistance state of unselected 

neighboring cells. 

 

 

 

Figure 4. 7. (a) Schematic diagram of 2 × 2 type of 1D1R CA device. (b) and 

(c) shows the transient pulses monitored by OSC according to unselected 

cells are in all ‘off’ and ‘on’ state, respectively. (d) the summarized 

resistance of LRS/HRS and RESET time with various resistance state of 

unselected cells. 
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interconnection lines are of several micro-meters and the thickness of the 

lines is only ~ 100 nm, the capacitance coupling effect between parallel 

interconnection lines can be neglected. Therefore, study on the parasitic 

capacitance effect is focused with this larger scale device although its 

negligible influence was already demonstrated in Fig. 4. 7 with smaller array 

density. The test structure is the 32 × 32 type of 1D1R CA device with 10 

µm line width (shown in Fig. 4. 8 (d)), and the RS characteristic of one 

selected cell was examined with the increasing number of LRS cells near the 

target cell up to 20 × 20. As shown in Fig. 4. 8 (a), the resistance ratio and 

RESET time of selected cell are almost invariant regardless of the number of 

unselected LRS cells. This result shows that the stacked SD enhances the 

ability to suppress the parasitic effect from unselected cells not only for the 

reading but also for the writing operation. I-V curves shown in Figs. 4. 8 (b) 

and (c) show the electrical characteristic of selected cell obtained by SPA 

when all the neighboring 20 × 20 unselected cells are switched to LRS and 

HRS, respectively. It was confirmed that there is no variations in I-V 

characteristics of selected cell irrespective of the resistance states of the 

many neighboring cells. This shows the promising role of SD in the 1D1R 

CA devices. 
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Figure 4. 8. (a) The summarized resistance of LRS/HRS and RESET time as 

a function of the number of unselected cells which is in LRS (b) and (c) 

show the electrical characteristic of selected cell obtained by SPA when all 

the neighboring 20 × 20 unselected cells are switched to LRS and HRS, 

respectively. (d) the SEM image of 32 × 32 1D1R CA device with 10 µm 

line width 
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4. 4. Conclusions 

 

The 1D1R CA devices composed of stacked SD (Pt/TiO2/Ti/Pt) and 

URS memory (Pt/TiO2/Pt) elements were fabricated, and their fluent 

functionality as a ReRAM was proved. For the fabrication of the stacked 

devices, adoption of appropriate oxygen barrier layer, in this case it was 30-

nm-thick Ni, was of prime importance which retains the desirable 

performances of the SD (high rectification ratio of ~ 10
5
) and URS memory 

(resistance ratio ~ 10
3
). From characterization of the single stacked device 

structure, which is fundamentally free from the interference effect, the 

adoption of SD was proven to be quite beneficial in achieving fluent RS 

property in addition to the intended purpose of the SD, i. e. suppressing the 

sneak current path. It was found that the appropriately low forward 

resistance of SD during the SET switching allowed the formation of 

sufficiently weak CF, which in turn allows the fluent RESET switching with 

low energy. The sufficiently low forward resistance of SD at the RESET 

voltage also does not interfere with the RESET operation. On the other hand, 

the much higher forward resistance of SD during the retention period 

protects the weak CF from thermal or electrical noise making the retention 

excellent. The appropriate pulse conditions for the pulse switching were 

determined from the 2 x 2 or 4 x 4 CA devices, and these conditions were 

used to test the 32 x 32 1D1R CA devices. The adopted SD sufficiently 



１５０ 

 

blocks the adverse interferences from all the unselected neighboring cells, 

which allows the pulse switching characteristics essentially independent of 

the array size (density) and active area. With the SET and RESET pulse 

voltages of 4 and 3.5 V, SET time < 50 ns and RESET time of 500 – 600 ns 

were achieved. The random access of each cell was also confirmed. 

Therefore, this work reveals that the 1D1R CA device with SD and URS 

memory really can be a promising structure for ReRAM even though a 

further improvement in endurance is necessary. 
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4. 5. Supplementary information 

 

Figure S1 (a) shows electrical characteristics of the single capacitor-

like type SD. The opened black symbol and closed blue symbol show the 

electrical characteristic of SD after and before the annealing process, 

respectively. The annealing condition was identical to the deposition 

condition of TiO2 layer in RS memory cell (250 ℃) to examine the SD can 

endure the TiO2 deposition process when the fabrication process of SD is 

preceded. As shown in Fig S1 (a), the rectifying performance of SD was 

severely degraded after the annealing process. It could be thought that the 

chemical distribution in active layer (TiO2/Ti) in SD was got out of order 

near the top and bottom electrode interfaces during annealing process. 

Consequently, the subsequent fabrication process of 1D1R CA device was 

composed of lower portion of RS memory cell and upper portion of SD.  

The figure S1 (b) and (c) show the electrical characteristics of SD 

and 1R device, respectively. The inset of figure S1 (b) shows the applied 

voltage dependence of forward state resistance of SD. As mentioned in main 

manuscript, the non-linear behavior of forward state resistance of SD is 

beneficial to RS performance of 1D1R CA device. That is, the voltage 

distribution in SD during SET and RESET operation can be favorable to 

encourage the stable RS performance of 1D1R CA device. 
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Figure S1 (a) and (b) The I-V curves of single SD (c) I-V curves of URS cell 

 

Figure S2 shows the electrical characteristics and cross-sectional 

SEM images of the 1D1R stacked capacitor-like device, respectively. 

Interestingly, in case of ME with Pt only, the 1D1R stacked device could not 

show any RS behavior in positively biased region as presented in Fig S1 (a). 

Generally speaking, the SET operation in CF based RS is accompanied with 

abrupt increase of current flow during voltage sweeping [1-3]. However, the 

presented 1D1R capacitor-like device showed only gradual increase of 

current up to 100 mA which is the maximum CC of SPA during positive 

voltage sweep. The repeated voltage sweep measurement of 1D1R device 

confirmed that the resistance state of the device was not changed (not shown 

here). It can be assumed that the TiO2 layer in RS cell became oxygen 

deficient and lost its electrical insulting property for stable RS. This 

assumption can also explain the inability of SET operation of RS cell 

because highly oxygen deficient TiO2 layer cannot form CFs in it due to 

insufficient electric field across the RS cell during voltage sweep. The reason 
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of oxygen deficient RS TiO2 layer could be thought that the Ti layer of SD 

reduces the TiO2 layer for RS during the ALD deposition of TiO2 layer of SD. 

It is reasonable assumption because it is well known that thin film type of Pt 

has good permeability of oxygen through it and the TiO2 deposition 

temperature (250 ℃) is high enough to activate such a chemical reaction 

with high oxidation chemical potential of Ti layer in SD. In addition, the 

reverse-state SD showed stable performance which is almost same current 

level with single SD device. Consequently, it can be thought that the 

inability of RS in stacked 1D1R device was originated from the high leakage 

current level of TiO2 layer in RS cell itself. 

 

 

Figure S2 (a) electrical characteristic of capacitor-like 1D1R device with Pt 

ME (b) cross-sectional SEM image of capacitor-like 1D1R device 

 

The (In,Sn)Ox (ITO) and TiN was also examined for OBL in 1D1R 
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CA device. The ITO and TiN was deposited by reactive sputtering method. 

Although it was accomplished the RS performance in positive bias region, 

the rectifying characteristic was unsatisfactory compared with the case of Ni 

as OBL. Within the limited device fabrication method (lift-off process) in 

this study, the reactive sputtering method is not favorable. That is, the 

residual photo-resist (PR) was observed in SEM measurement (not shown 

here), which could be induced by plasma damage during reactive sputtering. 

Then, the subsequent top electrode has distorted morphology near the edge 

of ME (Pt/ITO or TiN/Pt), which can undesirable concentration of electric 

field and following leakage current. Consequently, e-beam evaporated Ni 

layer as OBL was adopted to 1D1R CA device to achieve stable RS and 

superior rectifying performance. 

 

 

Figure S3 (a) and (b) shows I-V curves of capacitor-like 1D1R device with 

ME which contains ITO and TIN as the OBL, respectively. 
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The dependence of thickness of TiO2 layer in SD on electrical 

performance of 1D1R CA device was investigated. Although the operation 

voltages for RS slightly increased according to thicker TiO2 layer in SD, the 

rectifying performance of 1D1R CA device was obviously enhanced. This is 

because the thicker TiO2 layer in SD can achieve more solid Schottky 

contact with Pt top electrode, which means Ti layer in SD can reduce the 

thermal ALD TiO2 layer due to its high chemical potential for oxidation. 

Therefore, to achieve appropriate performance of SD, thicker TiO2 layer 

which can tolerate the increase of forward state resistance of SD is essential. 

Up to 31.5 nm of TiO2 layer in SD, the forward state resistance was seldom 

affected for stable RS in positive bias region and rectifying characteristic 

was enhanced. Thicker TiO2 layer than 31.5 nm was also examined. 

However, it could not show the rectifying characteristic while the forward 

state resistance is increased. 
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Figure S4 Electrical characteristic of 1D1R CA device with various 

thickness of TiO2 layer in SD 

 

The electrical characteristic of 1D1R CA device according to the 

SET pulse condition was examined. Each pulse height and width was 

maintained by 4 V and 500 ns in Fig S5 (a) and (b), respectively. As the SET 

pulse height and width increased, the acquired resistance of LRS of 1D1R 

CA was decreased, which demonstrated that stronger CF was formed. From 

these results, the appropriate SET and RESET pulses to examine the device 

performance were determined to be 4 V/500 ns and 3.5 V/1000 ns, 

respectively. 
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Figure S5 (a) and (b) show the performance variations of 1D1R CA 

according to SET pulse height and width, respectively. 

 

The electric voltage pulse measurement was performed by the 

measurement configuration shown by inset figure in Fig S6 (a). Two 

channels were used in OSC. One (Ch1) is directly connected to pulse 

generator to monitor the transient pulse behavior applied to entire 

measurement system. The other (Ch2) is to monitor the transient pulse 

behavior through the OSC which passes the 1D1R CA device. The black and 

blue lines in each Fig S6 represent the signal from Ch1 and Ch2, respectively. 

Therefore, if any resistance change in RS memory cell in 1D1R CA device is 

occurred, the difference between Ch1 and Ch2 would be changed. That is, 

SET and RESET event in RS memory cell brings about decrease and 

increase of the difference between Ch1 and Ch2, respectively. Moreover, 

with this change of transient pulse signal, the RS operation time could be 

extracted. 

While the RESET time was extracted easily from the obvious change 
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of transient pulse behavior, the SET time could not be estimated due to the 

resolution of OSC monitoring. Fig S6 (a), (b), and (c) show the 50, 100, and 

300 ns of transient pulse signal during SET operation. The obvious change in 

two transient pulses could not be observed. Moreover, as the SET pulse 

width was shortened, the signal was distorted by parasitic component in 

measurement circuit, and about ~30 ns of signal delay between Ch1 and Ch2 

was observed. Although the exact SET operation time could not be estimated, 

it was confirmed that after the 50 ns of pulse was applied to 1D1R CA 

device, the resistance change was observed at 1.5 V using the SPA 

measurement. From the observation, it is obvious that 1D1R CA device has 

the less than 50 ns of SET operation time. 

 

 

Figure S6 (a), (b), and (c) show the transient pulse signals monitored by 

OSC with 50, 100, and 300 ns of SET pulses, respectively. The insets in Fig 

S6 (a) and (b) show the schematic diagram of electric pulse measurement 

setup in this study. 
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Chapter 5. Conclusions 

 

5.1 Improving reliability of resistive switching memory 

 

A modified biasing scheme was adopted to improve the electrical 

endurance characteristics of conducting filamentary resistive switching in a 

Pt/TiO2/Pt resistive switching (RS) cell. The modified bias scheme included 

the application of bias voltages with alternating polarity, even though RS 

proceeds in non-polar mode, which results in the stable distribution of each 

resistance states as well as improved endurance. This was attributed to the 

minimized consumption of oxygen ions in the TiO2 film, which can be 

induced by the formation of hourglass-shaped conducting filament (HSCF). 

The presence of a HSCF was confirmed by high-resolution transmission 

electron microscopy. 

The effects of the external load resistance on the resistive 

switching (RS) behavior of Pt/TiO2/Pt RS cells were examined using model 

calculations and experiments. With increasing load resistance, the reset 

voltage increased more rapidly than the set voltage, which eventually 

resulted in RS failure. For the experiment, various electrode materials were 

examined to achieve both stable RS behavior of a TiO2 film and a cross-bar 

array with sufficiently low line resistance. The effect of the line resistance on 

the RS behavior was studied from the electrical characterization of the 
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fabricated cross-bar structure. A high line resistance causes an undesirable 

high operation voltage and the failure of stable RS in extreme cases. Overall, 

a sufficiently low interconnect line resistance is essential for achieving stable 

operation and rapid RS in a cross-bar array structure. 
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5.2 Schottky type diode fabrication and theoretical 

expectation for highly integrated crossbar resistive memory device 

 

Kirchhoff’s law was used to examine the electrical specifications 

of selection diodes, which are essential for suppressing the read interference 

problems in nano-scale resistive switching cross bar arrays with a high block 

density. The diode in the cross bar array with a 100Mb-block density should 

have a reverse/forward resistance ratio of > 10
8
, and a forward  current 

density of > 10
5
 A/cm

2
 for stable reading and writing operation. Whilst 

normal circuit simulators are heavily overloaded when the number of cells 

(m) connected to one bit- and word line is larger (m >> 100), which is the 

desired range for high density cross-bar arrays, the present model can 

provide a simple simulation. The validity of this new method was confirmed 

by a comparison with the previously reported method based on a voltage 

estimation. 

The electrical performances of Pt/TiO2/Ti/Pt stacked Schottky-

type diode (SD) was systematically examined, which depends on the 

chemical structures of the each layer and their interfaces. The Ti layers 

containing a tolerable amount of oxygen showed metallic electrical 

conduction characteristic, which was confirmed by sheet resistance 

measurement with elevating the temperature, transmission line measurement 

and Auger electron spectroscopy analysis. However, the chemical structure 

of SD stack and resulting electrical properties were crucially affected by the 
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dissolved oxygen concentration in the Ti layers. The lower oxidation 

potential of the Ti layer with initially higher oxygen concentration 

suppressed the oxygen deficiency of the overlying TiO2 layer induced by 

consumption of the oxygen from TiO2 layer. This structure results in the 

lower reverse current of SDs without significant degradation of forward-state 

current. Conductive atomic force microscopy analysis showed the current 

conduction through the local conduction paths in the presented SDs, which 

guarantees an enough forward current density as a selection device for 

highly integrated crossbar array resistive memory.  

A Schottky diode (SD) with Au/Pt/TiO2/Ti/Pt stacked structure 

were fabricated for its application to crossbar type resistive switching (RS) 

memory. The SDs showed a highly promising rectification ratio (~2.4 x 10
6
 

@ ±2 V) between forward and reverse state currents and a high forward 

current density (~3 x 10
5
 A/cm

2 
@ 2 V) which is useful for highly integrated 

crossbar RS memory. The SD has local forward current conduction paths, 

which provides extremely scaled devices with an advantage. The 

minimization of interconnection line resistance is also important to provide 

sufficient current to achieve stable operation of RS memory. 
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5.3 Fabrication and characterization of 1diode+1resistor 

(1D1R) crossbar resistive memory device 

 

Various array types of 1 diode and 1 resistor stacked crossbar array 

(1D1R CA) devices with Schottky diode (SD) (Pt/TiO2/Ti/Pt) and resistive 

switching (RS) memory cell (Pt/TiO2/Pt) were fabricated and their 

performances were investigated. The unit cell of 1D1R CA showed high RS 

resistance ratio (~ 10
3
 @ 1.5 V) between low and high resistance state (LRS 

and HRS), and high rectification ratio (~ 10
5
) between LRS and reverse-state 

SD. It also showed high RS speed (< 50 ns for SET (resistance transition 

from HRS to LRS)), ~ 600 ns for RESET (resistance transition from LRS to 

HRS), stable RS endurance and data retention characteristics. Based on the 

superior performance of unit cell in 1D1R CA, it was experimentally 

confirmed that the selected unit cell which is in HRS (logically ‘off’ state) 

was readable stably when it is surrounded unselected LRS (logically ‘on’ 

state) cells, up to 32 × 32 cell array. The implementation of the high 

performance SD with the memory element made the device performance 

essentially independent of array size (density) and electrode area. It was also 

found that the RS performance of memory cell itself was actually quite 

largely improved in terms of fluent SET and RESET switching in pulse 

switching mode with smaller power. This was due to the positive action of 

the SD as a highly non-linear resistor for the appropriate control of 
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conducting path formation during the switching and protection of the 

memory element from the noise during retention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



１６９ 

 

Curriculum Vitae 

 

Gun Hwan Kim 

 

Department of Materials Science and Engineering 

Seoul National University 

San 56-1 Silim-dong, Gwanak-gu, Seoul, 151-742, Korea 

Tel: +82-02-889-6440 

Fax: +82-02-874-6414 

E-mail: shoo1@snu.ac.kr 

 

EDUCATION 
 

M.S. & Ph. D. course, Department of Materials Science and Engineering 

Seoul National University, Seoul, Korea                                             

2007. 3 – 2010. 2 

 

B.S., Department of Materials Science and Engineering  

Seoul National University, Seoul, Korea                                             

2000. 3 – 2007. 2 

 

 
RESEARCH AREAS 
 
1. Ferroelectric materials for non-volatile memories 

- Understanding of reliability mechanism for ferroelectric films 

 

2. Resistive switching materials for non-volatile memories 

- Understanding of filamentary resistive switching mechanism in transition 

mailto:shoo1@snu.ac.kr


１７０ 

 

metal oxide 

- Selection device for cross bar array type memory device application 

- Fabrication of crossbar type resistive switching memory device and its 

mechanism 

 

 

TECHNICAL SKILLS 

 

1. Deposition methods 

- ALD for fabricating the resistive switching materials (TiO2, Al2O3)  

: by PEALD 

2. Device fabrication methods 

- MA6-II aligner for photolithography (ultra violet)  

- Reactive ion etching system 

- E-beam evaporation for metal electrodes 

3. Analysis methods 

- TF 2000 Analyzer (aixACCT) for ferroelectric characterization 

- Pulse/pattern generator (Agilent, 81110A/81111A) and digital 

oscilloscope for pulse switching measurement of resistive switching 

materials 

- Atomic Force Microscopy (AFM, JEOL, JSPM-5200) and conductive 

AFM for analysis of the topography and current mapping 

- HP4194A for C-V and impedance measurement of capacitors 

- HP4140B, HP4145B and HP4155A for I-V measurement of capacitors 

- Ellipsometer for film thickness measurement  

- Characterizing thin films by SEM 

4. Furnace for ambient and vacuum annealing 

 

 

WORK EXPERIENCES 

 



１７１ 

 

1. “The National Program for 0.1Terabit NVM Devices funded by the 

Ministry of Knowledge and Economy”, 03/2007 – 08/2011. 

2. “The National Research Program for the Nano Semiconductor 

Apparatus Development sponsored by the Korea Ministry of 

Knowledge and Economy, the Convergent Research Center program”, 

03/2010 – present. 

3. “The Converging Research Center Program through the National 

Research Foundation of Korea(NRF) funded by the Ministry of 

Education, Science and Technology “07/2010 – present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



１７２ 

 

List of publication 

 

1. Journals (SCI) 

 

1.1 Domestic 

 

1.2 International 

 

1. Hyun Ju Lee, Gun Hwan Kim, Keun Lee, and Cheol Seong Hwang, 

"Initial Growth Behavior of a Lead Oxide Thin Film on Ir 

Substrates by Atomic Layer Deposition", ESL, 10 (12) G89-G92, 

(2007). 

 

2. Yong Cheol Shin, Jaewon Song, Kyung Min Kim, Byung Joon Choi, 

Seol Choi, Hyun Ju Lee, Gun Hwan Kim, Taeyong Eom, and 

Cheol Seong Hwang, "(In,Sn)2O3/TiO2/Pt Schottky-type diode 

switch for the TiO2 resistive switching memory array", Appl. Phys. 

Lett. 92, 162904, (2008) 

 

3. Gun Hwan Kim, Hyun Ju Lee, An Quan Jiang, Min Hyuk Park, 

and Cheol Seong Hwang. "An analysis of imprinted hysteresis loops 

for a ferroelectric Pb(Zr,Ti)O3 thin film capacitor using the 

switching transient current measurements", J. Appl. Phys. 105, 

044106 (2009) 

 

4. Seung Wook Ryu, Jong Ho Lee, Young Bae Ahn, Choon Hwan Kim, 

Bong Seob Yang, Gun Hwan Kim, Soo Gil Kim, Se-Ho Lee, Cheol 

Seong Hwang, and Hyeong Joon Kim, "The reason for the increased 

threshold switching voltage of SiO2 doped Ge2Sb2Te5 thin films for 

phase change random access memory", Appl. Phys. Lett. 95, 112110 



１７３ 

 

(2009) 

 

5. An Quan Jiang, Hyun Ju Lee, Gun Hwan Kim, and Cheol Seong 

Hwang, "The Inlaid Al2O3 Tunnel Switch for Ultrathin Ferroelectric 

Films", Adv. Mater. 21, 2870-2875 (2009) 

 

6. Kyung Min Kim, Byung Joon Choi, Seul Ji Song, Gun Hwan Kim, 

and Cheol Seong Hwang, "Filamentary Resistive Switching 

Localized at Cathode Interface in NiO Thin Films", J. Electrochem. 

Soc. 156(12), G213-G216 (2009) 

 

7. Deok-Hwang Kwon, Kyung Min Kim, Jae Hyuck Jang, Jong 

Myeong Jeon, Min Hwan Lee, Gun Hwan Kim, Xiang-Shu Li, 

Gyeong-Su Park, Bora Lee, Seungwu Han, Miyoung Kim and 

Cheol Seong Hwang, "Atomic structure of conducting 

nanofilaments in TiO2 resistive switching memory", Nature 

Nanotechnology 5, 148-153 (2010) 

 

8. Seul Ji Song, Kyung Min Kim, Gun Hwan Kim, Min Hwan Lee, 

Jun Yeong Seok, Ranju Jung and Cheol Seong Hwang, 

"Identification of the controlling parameter for the set-state 

resistance of a TiO2 resistive switching cell", Appl. Phys. Lett. 96, 

112904 (2010)- 

 

9. Kyung Min Kim, Seul Ji Song, Gun Hwan Kim, Joon Young Seok, 

Min Hwan Lee, Jin Shi Zhao, and Cheol Seong Hwang, "Methods 

of Set Switching for Improving the Uniformity of Filament 

Formation in the TiO2 Thin Film", Electrochem. Solid-St. Lett. 

13(6), G51-G53 (2010)- 

 

10. Yong Cheol Shin, Min Hwan Lee, Kyung Min Kim, Gun Hwan 



１７４ 

 

Kim, Seul Ji Song, Jun Yeong Seok, and Cheol Seong Hwang, 

"Bias polarity dependent local electrical conduction in resistive 

switching TiO2 thin films", Phys. Status Solidi RRL 4, No. 5–6, 

112–114 (2010) 

 

11. Min Hwan Lee, Kyung Min Kim, Gun Hwan Kim, Jun Yeong 

Seok, Seul Ji Song, Jung Ho Yoon, and Cheol Seong Hwang, "Study 

on the electrical conduction mechanism of bipolar resistive 

switching TiO2 thin films using impedance spectroscopy", Appl. 

Phys. Lett. 96, 152909 (2010) 

 

12. Woo Young Park, Gun Hwan Kim, Jun Yeong Seok, Kyung Min 

Kim, Seul Ji Song,Min Hwan Lee and Cheol Seong Hwang, "A 

Pt/TiO2/Ti Schottky-type selection diode for alleviating the sneak 

current in resistance switching memory arrays", Nanotechnology 21, 

195201 (2010) 

 

13. Seong Keun Kim, Jeong Hwan Han, Gun Hwan Kim, and Cheol 

Seong Hwang, "Investigation on the Growth Initiation of Ru Thin 

Films by Atomic Layer Deposition", Chem. Mater. 22, 9, 2850-2856, 

(2010) 

 

14. Hyun Ju Lee, Gun Hwan Kim, Min Hyuk Park, An-Quan Jiang, 

and Cheol Seong Hwang, "Polarization reversal behavior in the 

Pt/Pb(Zr,Ti)O3/Pt and Pt/Al2O3/Pb(Zr,Ti)O3/Pt capacitors for 

different reversal directions", Appl. Phys. Lett. 96, 212902 (2010) 

 

15. Kyung Min Kim, Gun Hwan Kim, Seul Ji Song, Jun Yeong Seok, 

Min Hwan Lee, Jeong Ho Yoon and Cheol Seong Hwang, 

"Electrically configurable electroforming and bipolar resistive 

switching in Pt/TiO2/Pt structures", Nanotechnology 21, 305203 



１７５ 

 

(2010) 

 

16. Min Hwan Lee, Seul Ji Song, Kyung Min Kim, Gun Hwan Kim, 

Jun Yeong Seok, Jung Ho Yoon, and Cheol Seong Hwang, 

"Scanning probe based observation of bipolar resistive switching 

NiO films", Appl. Phys. Lett., 97, 062909 (2010) 

 

17. Gun Hwan Kim, Kyung Min Kim, Jun Yeong Seok, Min Hwan 

Lee, Seul Ji Song, and Cheol Seong Hwang," Influence of the 

Interconnection Line Resistance and Performance of a Resistive 

Cross Bar Array Memory", J. Electrochem. Soc. 157 (10), G211-

G215 (2010) 

 

18. Gun Hwan Kim, Kyung Min Kim, Jun Yeong Seok, Hyun Ju Lee, 

Deok-Yong Cho, Jeong Hwan Han and Cheol Seong Hwang, "A 

theoretical model for Schottky diodes for excluding the sneak 

current in cross bar array resistive memory", Nanotechnology 21, 

385202 (2010) 

 

19. Kyung Min Kim, Min Hwan Lee, Gun Hwan Kim, Seul Ji Song, 

Jun Yeong Seok, Jung Ho Yoon, and Cheol Seong Hwang, 

"Understanding structure-property relationship of resistive 

switching oxide thin films using a conical filament model", Appl. 

Phys. Lett. 97, 162912 (2010) 

 

20. Jung Ho Yoon, Kyung Min Kim, Min Hwan Lee, Seong Keun Kim, 

Gun Hwan Kim, Seul Ji Song, Jun Yeong Seok, and Cheol Seong 

Hwang, "Role of Ru nano-dots embedded in TiO2 thin films for 

improving the resistive switching behavior", Appl. Phys. Lett. 97, 

232904 (2010) 

 



１７６ 

 

21. Min Hwan Lee, Kyung Min Kim, Seul Ji Song, Sang Ho Rha, Jun 

Yeong Seok, Ji Sim Jung, Gun Hwan Kim, Jung Ho Yoon, and 

Cheol Seong Hwang, "Surface redox induced bipolar switching of 

transition metal oxide films examined by scanning probe 

microscopy", Appl. Phys. A, 102, 827 (2011) 

 

22. Kyung Min Kim , Seul Ji Song , Gun Hwan Kim , Jun Yeong Seok , 

Min Hwan Lee , Jung Ho Yoon , Jucheol Park , and Cheol Seong 

Hwang,"Collective Motion of Conducting Filaments in Pt/n-Type 

TiO2/p-Type NiO/Pt Stacked Resistance Switching Memory",Adv. 

Funct. Mater. 2011, 21, 1587–1592 (2011) 

 

23. SeungWook Ryu, Ho-Ki Lyeo, JongHo Lee, Young Bae Ahn, Gun 

Hwan Kim, Choon Hwan Kim, SooGil Kim, Se-Ho Lee,Ka Young 

Kim, Jong Hyeop Kim, WonKim, Cheol Seong Hwang and Hyeong 

Joon Kim, "SiO2 doped Ge2Sb2Te5 thin films with high thermal 

efficiency for applications in phase change random access memory", 

Nanotechnology, 22, 254005 (2011) 

 

24. Kyung Min Kim, Byung Joon Choi, Min Hwan Lee, Gun Hwan 

Kim, Seul Ji Song, Jun Yeong Seok, Jeong Ho Yoon, Seungwu Han 

and Cheol Seong Hwang, "A detailed understanding of the 

electronic bipolar resistance switching behavior in Pt/TiO2/Pt 

structure" , Nanotechnology, 22 , 254010 (2011)- 

 

25. Seong Keun Kim, Sora Han, Gun Hwan Kim, Jae Hyuck Jang, 

Jeong Hwan Han, and Cheol Seong Hwang, "Local Epitaxial 

Growth of Ru Thin Films by Atomic Layer Deposition at Low 

Temperature", J. Electrochem. Soc. 158 (8) D477-D481 (2011) 

 

26. Gun Hwan Kim, Jong Ho Lee, Jun Yeong Seok, Seul Ji Song, Jung 



１７７ 

 

Ho Yoon, Kyung Jean Yoon, Min Hwan Lee, Kyung Min Kim, 

Hyung Dong Lee, Seung Wook Ryu, Tae Joo Park, and Cheol Seong 

Hwang, “Improved endurance of resistive switching TiO2 thin film 

by hourglass shaped Magnéli filaments” Appl. Phys. Lett. 98, 

262901 (2011).  

 

27. Hyun Ju Lee, Min Hyuk Park, Gun Hwan Kim, Jun Yeong Seok, 

Yu Jin Kim, Cheol Seong Hwang, and An Quan Jiang, "Polarization 

switching and discharging behaviors in serially connected 

ferroelectric Pt/Pb(Zr,Ti)O3/Pt and paraelectric capacitors" 

JOURNAL OF APPLIED PHYSICS 109, 114113 (2011). 

 

28. Min Hyuk Park, Hyun Ju Lee, Gun Hwan Kim, Yu Jin Kim, Jeong 

Hwan Kim, Jong Ho Lee, and Cheol Seong Hwang, "Tristate 

Memory Using Ferroelectric–Insulator–Semiconductor 

Heterojunctions for 50% Increased Data Storage", Adv. Funct. 

Mater. 21, 4305-4313 (2011) - Nov. 

 

29. Jun Yeong Seok, Gun Hwan Kim, Jeong Hwan Kim, Un Ki Kim, 

Yoon Jang Chung, Seul Ji Song, Jung Ho Yoon, Kyung Jin Yoon, 

Min Hwan Lee, Kyung Min Kim, and Cheol Seong Hwang, 

"Resistive Switching in TiO2 Thin Films Using the Semiconducting 

In-Ga-Zn-O Electrode", Electron Device Letters, 99, (2012) - Feb. 

 

30. Jong Ho Lee, Gun Hwan Kim, Young Bae Ahn, Ji Woon Park, 

Seung Wook Ryu, Cheol Seong Hwang, and Hyeong Joon Kim, 

"Threshold switching in Si-As-Te thin film for the selector device of 

crossbar resistive memory", Appl. Phys. Lett. 100, 123505 (2012) - 

Mar. 

 

31. Kyung Jean Yoon, Min Hwan Lee, Gun Hwan Kim, Seul Ji Song, 



１７８ 

 

Jun Yeong Seok, Sora Han, Jung Ho Yoon, Kyung Min Kim and 

Cheol Seong Hwang, "Memristive tri-stable resistive switching at 

ruptured conducting filaments of a Pt/TiO2/Pt cell", Nanotechnology 

23, 185202 (2012) 

 

32. Gun Hwan Kim, Jong Ho Lee, Jeong Hwan Han, Seul Ji Song, Jun 

Yeong Seok, Jung Ho Yoon, Kyung Jean Yoon, Min Hwan Lee, Tae 

Joo Park, and Cheol Seong Hwang, "Schottky diode with excellent 

performance for large integration density of crossbar resistive 

memory", Appl. Phys. Lett. 100, 213508 (2012) - May 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



１７９ 

 

2. Conferences 

 

2.1 Domestic 

 

1. Hyun Ju Lee, Keun Lee, Gun Hwan Kim, Sang Young Lee, Seong 

Keun Kim and Cheol Seong Hwang, "Influence of Al2O3 Hydrogen 

Barrier on the Ferroelectric Switching Behavior of Pb(Zr, Ti)O3 

Thin Film Capacitor", poster, 제3회 강유전체 연합 심포지움, 

티롤호텔 무주, Feb. 12~13, 2007. 

 

2. Keun Lee, Hyun Ju Lee, Gun Hwan Kim, and Cheol Seong Hwang, 

"Influence of In-situ Surface Treatment of Ir Electrode before 

MOCVD-PZT Film Growth on the Self-Regulation Process 

Window", poster, 제3회 강유전체 연합 심포지움, 

무주리조트(티롤호텔) 무주, Feb. 11~13, 2007. 

 

3. Hyun Ju Lee, Keun Lee, Gun Hwan Kim, Sang Young Lee, Seong 

Keun Kim and Cheol Seong Hwang,  "Influence of Al2O3 

Hydrogen Barrier on the Ferroelectric Switching Behavior of 

Pb(Zr,Ti)O3 Thin Film Capacitor", The 4
th
 International Workshop 

on Nanoscale Semiconductor Devices, Ramada Plaza Jeju Hotel, 

Korea, Apr. 5~6, 2007 

 

4. LEE Hyun Ju, KIM Gun Hwan, and HWANG Cheol Seong, 

"Atomic-layer-deposition of PbO, ZrO2 and TiO2 thin films for 

Pb(Zr,Ti)O3 thin films ", International Symposium for the 50th 

anniversary of the Korean Ceramic Society, aT center, Seoul, Nov. 

8-11, 2007 

 

5. KIM Gun Hwan, LEE Hyun Ju, LEE Keun, and HWANG Cheol 



１８０ 

 

Seong, "Investigation on Domain Switching Behavior of 

Ferroelectric Pb(Zr,Ti)O3 Thin Film Capacitors", International 

Symposium for the 50th anniversary of the Korean Ceramic Society, 

aT center, Seoul, Nov. 8-11, 2007 

 

6. KIM Gun Hwan, LEE Hyun Ju, and HWANG Cheol Seong, 

"Imprinted Hysteresis Loop Analysis of the Ferroelectric 

Pb(Zr,Ti)O3 Thin Film Capacitor", 2008년 세라믹학회 춘계 

연구발표회, 서울대학교 공과대학, 4/25~4/26, 2008 

 

7. Hyun Ju Lee, An Quan Jiang, Gun Hwan Kim, Min Hyuk Park, 

and Cheol Seong Hwang, "Unusual improvement in the 

functionality of ferroelectric films by using the inlaid Al2O3 tunnel 

switch layer"(oral), 제 16회 한국반도체학술대회, 

대전컨벤션센터, Feb. 18~20, 2009 

 

8. Gun Hwan Kim, Kyung Min Kim, Woo Young Park, Gyu Jin Choi, 

and Cheol Seong Hwang, "A modeling for the cross bar array 

structure with the embedded selection diodes for memory 

application" (oral), 제 16회 한국반도체학술대회, 

대전컨벤션센터, Feb. 18~20, 2009. 

 

9. (Invited, Cheol Seong Hwang), Gun Hwan Kim, Kyung Min Kim, 

Jun yeong Seok, Seul Ji Song, Jung Ho Yoon, and Cheol Seong 

Hwang, "A Review on Cross-bar Array Memory using Resistance 

Switching Thin Films", 제 18회 한국 반도체 학술대회, 

February 16-18 (2011) 

 

10. Seul Ji Song, Jun Yeong Seok, Jung Ho Yoon, Kyung Min Kim, 

Gun Hwan Kim, Min Hwan Lee and Cheol Seong Hwang, 



１８１ 

 

"Johnson-Mehl-Avrami type kinetic model for identifying the 

evolution of conducting nanofilaments in TiO2 ReRAM" , 제 18회 

한국 반도체 학술대회, February 16-18 (2011) 

 

11. Gun Hwan Kim, Kyung Min Kim, Jun yeong Seok, Seul Ji Song, 

Jung Ho Yoon, and Cheol Seong Hwang, "Electrical endurance 

characteristic and conductive-atomic force microscopy study of 

resistance switching cross bar array structure", 제 18회 한국 

반도체 학술대회, February 16-18 (2011) 

 

12. Min Hyuk Park, Hyun Ju Lee, Gun Hwan Kim, Yu Jin Kim, Jeong 

Hwan Kim, Jong Ho Lee, and Cheol Seong Hwang, "Tri-states 

memory using ferroelectric-insulator-semiconductor hetero-

junctionsfor fifty percent increased data storage", 제19회 

반도체학술대회, 고려대학교 2/15~2/17, Feb 17th (2012)-oral. 

 

13. Min Hyuk Park, Hyun Ju Lee, Gun Hwan Kim, Yu Jin Kim, Jeong 

Hwan Kim, Jong Ho Lee, Han Joon Kim and Cheol Seong Hwang, 

"Novel tri-states memory using ferroelectric-insulator-

semiconductor hetero-junctions for fifty percent increased data 

storage", 제8차 강유전체 연합 심포지엄, 무주, 2.12-2.14 

(2012)_Poster. 

 

14. Jung Ho Yoon, Hyung Seok Jung, Min hwan Lee, Gun Hwan Kim, 

Seul Ji Song, Jun Yeong Seok, Kyung Jean Yoon, and Cheol Seong 

Hwang, "Resistive switching characteristics in HfO2 thin films 

depending on the crystalline structure", 제19회 반도체학술대회, 

고려대학교 2/15~2/17, Feb 17
th
 (2012)-poster. 

 

15. Kyung Jean Yoon, Min Hwan Lee, Gun Hwan Kim, Seul Ji Song, 



１８２ 

 

Jun Yeong Seok, Jung Ho Yoon, and Cheol Seong 

Hwang,"Memristive tri-stable resistive switching at ruptured 

conducting filaments of a Pt/TiO2/Pt cell"제19회 반도체학술대회, 

고려대학교 2/15~2/17, Feb 17
th
 (2012)-oral. 

 

16. Seul Ji Song, Gun Hwan Kim, Jun Yeong Seok, Kyung Jean Yoon, 

Julien Gatineau and Cheol Seong Hwang, "Plasma-enhanced atomic 

layer deposition of NiO thin films for resistive switching memory 

applications", 제19회 반도체학술대회, 고려대학교, Feb 16
th
 

(2012)-oral. 

 

17. Jun Yeong Seok, Gun Hwan Kim, Seul Ji Song, Jung Ho Yoon, 

Kyung Jin Yoon, Min Hwan Lee, and Cheol Seong Hwang, "A 

novel cross-bar array scheme to suppress sneak path current in 

memory operation", 제19회 반도체학술대회, 고려대학교 

2/15~2/17, Feb 17
th
 (2012)-poster. 

 

18. Gun Hwan Kim, Jong Ho Lee, Jeong Hwan Han, Seul Ji Song, Jun 

Yeong Seok,Jung Ho Yoon, Kyung Jean Yoon, Min Hwan Lee, Tae 

Joo Park, and Cheol Seong Hwang,"Cross bar resistive memory 

using TiO2 thin films",제19회 반도체학술대회, 고려대학교 

2/15~2/17, Feb 16
th
 (2012)-oral. 

 

2.2 International 

 

1. Hyun Ju Lee, Keun Lee, Gun Hwan Kim, Cheol Seong Hwang, 

"Atomic-layer-deposition and local ferroelectric properties of 

PbTiO3 and Pb(Zr,Ti)O3 thin films", 2007 E-MRS fall meeting, 

Warsaw University of Technology, Poland, Sep.17-20 2007 

 



１８３ 

 

2. Keun Lee, Hyun Ju Lee, Gun Hwan Kim, and Cheol Seong Hwang, 

"Influence of in-situ surface treatment of Ir electrode before metal-

organic chemical vapor deposition of Pb(Zr0.2,Ti0.8)O3 thin films in 

the self-regulation window", ISAF 2007, Nara-ken New Public Hall, 

Nara-city, Japan, May. 27-31, 2007 

 

3. Hyun Ju Lee, Keun Lee, Yong Cheol Shin, Gun Hwan Kim, Cheol 

Seong Hwang, and Jae Wan Hong, "Combined piezo-force 

microscopy and conductive atomic-force microscopy for 

investigating leakage current conduction and local domain structure 

of PbTiO3 thin films", ISAF 2007, Nara-ken New Public Hall, Nara-

city, Japan, May. 27-31, 2007 

 

4. Gun Hwan Kim, Hyun Ju Lee and Cheol Seong Hwang, "Analysis 

of Imprinted Hysteresis Loop of the Ferroelectric Pt/Pb(Zr,Ti)O3/Pt 

Thin Film Capacitors", ISIF 2008, Singapore, Jun. 9-12, 2008 

 

5. Hyun Ju Lee, Gun Hwan Kim, and Cheol Seong Hwang, "Atomic 

layer deposition of lead titanate and its component oxide films using 

H2O and O3 as oxidant", ALD 2008, Bruges, Belgium, Jun. 29 ~ Jul. 

2, 2008 

 

6. Min Hyuk Park, Hyun Ju Lee, Gun Hwan Kim, and Cheol Seong 

Hwang, "The effect of periodic relaxation on the growth behavior 

and electrical properties of atomic layer deposited PbTiO3 thin film", 

(oral) IMF-ISAF 2009,  Xi'an, China, Aug 23-26 (2009) 

 

7. An Quan Jiang, Hyun Ju Lee, Gun Hwan Kim, Min Hyuk Park and 

Cheol Seong Hwang, "Unusual improvement in the functionality of 

ferroelectric films by using the inlaid Al2O3 tunnel switch layer", 

(Invited) IMF-ISAF 2009, Xi'an, China, Aug. 23-26 (2009) 



１８４ 

 

 

8. Kyung Min Kim, Gun Hwan Kim, Seul Ji Song, Joon Young Seok 

and Cheol Seong Hwang,"The conical shape filament growth model 

in unipolar resistance switching of TiO2 thin film", 10th Annual 

Non-Volatile Memory Technology Symposium (NVMTS 2009), 

Portland, Oregon, Oct. 25-28, 2009 

 

9. Seul Ji Song, Kyung Min Kim, Gun Hwan Kim, Jun Young Seok, 

Ranju Jung, Cheol Seong Hwang,"The capacitive charge effect on 

the on-state resistance of a TiO2 resistive memory", 10th Annual 

Non-Volatile Memory Technology Symposium (NVMTS 2009), 

Portland, Oregon, Oct. 25-28, 2009 

 

10. Gun Hwan Kim, Woo Young Park, Kyung Min Kim, Joon Young 

Seok, Seul Jie Song, Cheol Seong Hwang,"Schottky diodes for 

excluding the sneak current in cross bar array resistive memory", 

10
th
 Annual Non-Volatile Memory Technology Symposium 

(NVMTS 2009), Portland, Oregon, Oct. 25-28, 2009 

 

11. Kyung Min Kim, Seul Ji Song, Gun Hwan Kim, Joon Young Seok 

and Cheol Seong Hwang, "Improved Resistance Switching 

Behavior of n-type TiO2/p-type NiO Stacked Structure.", MRS 

spring meeting 2010 (oral), San Francisco Marriott, April 7, (2010) 

 

12. Kyung Min Kim, Duk Hwang Kwon, Jae Hyuck Jang, Jong 

Myeong Jeon, Min Hwan Lee, Seul Jie Song, Gun Hwan Kim, Jun 

Yeong Seok, Bora Lee, Seungwu Han, Miyoung Kim and Cheol 

Seong Hwang, "Microscopic Identity of the Conducting Filaments 

and Resistance Switching Mechanism in TiO2 Thin Film.", MRS 

spring meeting 2010 (invited), San Francisco Marriott, April 7, 

(2010) 



１８５ 

 

 

13. An Quan Jiang, Hyun Ju Lee, Gun Hwan Kim, Min Hyuk Park and 

Cheol Seong Hwang, "Inlaid Al2O3 Tunnel Switch Layer for 

Improving the Ferroelectric Performance of the Ultra-thin 

Pb(Zr,Ti)O3 Thin Films.", MRS spring meeting 2010 (oral), San 

Francisco Marriott, April 7, (2010) 

 

14. HyunJu Lee, Gun Hwan Kim, Min Hyuk Park and Cheol Seong 

Hwang, "Polarization Reversal in the Pt/Pb(Zr,Ti)O3/Pt and 

Pt/Al2O3/Pb(Zr,Ti)O3/Pt Ferroelectric Capacitors.", MRS spring 

meeting 2010 (oral), San Francisco Marriott, April 7, (2010) 

 

15. Seul Ji Song, Kyung Min Kim, Gun Hwan Kim, Jun Yeong Seok, 

Ranju Jung and Cheol Seong Hwang, "Effect of Capacitive Charge 

on the Set-state Resistance in TiO2 Unipolar Resistance Switching 

Memory.", MRS spring meeting 2010 (poster), San Francisco 

Marriott, April 7, (2010) 

 

16. Seong Keun Kim, Jeong Hwan Han, Gun Hwan Kim, and Cheol 

Seong Hwang, "Investigation on the Growth Initiation of Ru Thin 

Films by Atomic Layer Deposition", ALD 2010(poster), Seoul, June 

21~23 (2010) 

 

17. Gun Hwan Kim, Jun yeong Seok, Kyung Min Kim, Min Hwan Lee 

and Cheol Seong Hwang, "Influence of Electrode Material on the 

Interconnect Line Resistance and Performance of Resistive Cross 

Bar Array Using TiO2 Thin Film.",  MRS spring meeting 2010 

(poster), San Francisco Marriott, April 7, (2010) 

 

18. Hyun Ju Lee, Gun Hwan Kim, Min Hyuk Park, Yu Jin Kim, and 

Cheol Seong Hwang, "Study on the charge injection for the 



１８６ 

 

polarization reversal in the Pt/Pb(Zr,Ti)O3/Pt and 

Pt/Al2O3/Pb(Zr,Ti)O3/Pt ferroelectric capacitors", The 7
th
 AMF-

AMEC 2010, Jeju, Korea, June 28-July1 (2010). 

 

19. ((Invited, Cheol Seong Hwang), Hyun Ju Lee, An Quan Jiang, Gun 

Hwan Kim, and Min Hyuk Park, "Understanding of ferroelectric 

switching of the ultra-thin Pb(Zr,Ti)O3 thin films using the inlaid 

Al2O3 tunnel switch layer", JKC-FE08, Himeji, Japan, August 4 

(2010). 

 

20. (Invited, Cheol Seong Hwang), Kyung Min Kim, Duk Hwang 

Kwon, Jae Hyuck Jang, Min Hwan Lee, Seul Jie Song, Gun Hwan 

Kim, Jun Yeong Seok, Bora Lee, Seungwu Han, Miyoung Kim, and 

Cheol Seong Hwang, "Identity of the conducting nano-filaments in 

TiO2 and resistance switching mechanism of TiO2/NiO layer", 2010 

ECS, Las Vegas, Oct.11-15 

 

21. Seul Ji Song, Gun Hwan Kim, Jun Yeong Seok, Jung Ho Yoon, 

Kyung Jean Yoon, Julien Gatineau and Cheol Seong Hwang, 

"Plasma enhanced atomic layer deposition of NiO thin films for 

resistive switching memory devices", ALD 2011(poster), 

Cambridge, June 26~29 (2011). 

 

22. Cheol Seong Hwang, Kyung Min Kim, Seul Ji Song, Gun Hwan 

Kim, Jun Yeong Seok, Min Hwan Lee, Jung Ho Yoon, and Jucheol 

Park, "Collective motion of nano-filaments in Pt/n-type TiO2/p-type 

NiO/Pt stacked resistance switching memory", ISAF-PFM-2011, 

July 24-27, Vancouver, Canada (2011) - Invited. 

 

23. Jung Ho Yoon, Kyung Min Kim, Min Hwan Lee, Seong Keun Kim, 

Ji Sim Jung, Gun Hwan Kim, Seul Ji Song, Jun Yeong Seok, and 



１８７ 

 

Cheol Seong Hwang, "Role of Ru nano-dots embedded in TiO2 thin 

films for improving the resistive switching behavior", International 

Symposium on Integrated Functionalities(ISIF) 2011, July 31 - 

August 4, Cambridge, England, 2011 - oral. 

 

24. Kyung Jean Yoon, Seul Ji Song, Kyung Min Kim, Min Hwan Lee, 

Gun Hwan Kim ,Jun Yeong Seok, Jung Ho Yoon, and Cheol Seong 

Hwang, "Memristive Switching utilizing the bipolar resistive 

switching in Titanium dioxide", International Symposium on 

Integrated Functionalities(ISIF) 2011, July 31 - August 4, 

Cambridge, England, 2011 – poster 

 

25. Seul Ji Song, Jun Yeong Seok, Kyung Min Kim, Gun Hwan Kim, 

Min Hwan Lee, Jung Ho Yoon and Cheol Seong Hwang, "Kinetic 

study on the formation and rupture of conducting nano-filaments in 

RRAM", International Symposium on Integrated 

Functionalities(ISIF) 2011, July 31 - August 4, Cambridge, England, 

2011 - invited. 

 

26. Gun Hwan Kim, Jong Ho Lee, Jeong Hwan Han, Seul Ji Song, Jun 

Yeong Seok,Jung Ho Yoon, Kyung Jean Yoon, Min Hwan Lee, Tae 

Joo Park, and Cheol Seong Hwang, "Cross-bar resistive memory 

using TiO2 thin film",42nd IEEE Semiconductor Interface 

Specialists Conference, Dec.1-3, Arlington, VA 2011 - invited. 

 

 

 

 

 

 

 



１８８ 

 

Abstract (in Korean) 

 

저항변화 메모리와 그의 crossbar array (CA) 에 

적용시키기 위한 연구를 진행하였다. CA의 상용화를 위해서는 몇 

가지의 선결과제가 있다. 이에는, 기억소자의 신뢰성을 향상시키는 

것과 우수한 성능의 선택소자를 개발하여 읽기/쓰기 동작시의 옆 

cell 간의 간섭현상을 최소화 하는 것이 있다. 이러한 목표에 

따라서 이 논문에서는, hour-glass shaped conducting filament 

(HSCF) 와 CA 에서의 interconnection line resistance를 최소화 

하는 것이 기억소자의 성능 및 신뢰성을 향상시킬 수 있음을 

밝혔다. 이에 더하여, 선택소자의 개발에 있어서는 우선적으로 CA 

소자의 집적도에 따르는 선택소자의 요구되는 특성을 수치적이고 

정량적인 모델링을 통하여 예측해 보았다. 이후, Schottky type 

diode (SD) 를 제작하였고 우수한 특성을 확보하였다. 또한 SD 의 

제작과 관련하여 화학적인 최적화의 방법을 제시하여 원하는 

특성의 SD 를 제작할 수 있는 guidance 를 제시하였다. 

마지막으로 기억소자와 선택소자를 결합한 CA 소자를 제작하였고 

그 특성을 평가하였다. 

기억소자의 신뢰성 향상과 관련된 부분에서는 HSCF 의 

형성을 통한 기억소자의 endurance 특성 개선의 방법을 

제시하였다. 저항변화메모리 소자에서의 신뢰성은 박막 내 산소의 

소모와 밀접한 관련이 있다는 것은 잘 알려져 있다. 특히 

conducting filament 를 그 저항변화 mechanism으로 하는 

저항변화소자의 경우 매 번의 소자동작이 산소의 소모를 통해 

이루어 지기 때문에 필연적으로 신뢰성이 나쁠 수 밖에 없었다. 

하지만 HSCF 의 형성을 통해서 소자의 저항변화 현상을 박막 

내부에서 일어나게 함으로써 산소의 외부유출을 최소화 할 수 
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있었고, 이에 따라서 저항변화 소자의 endurance 특성이 크게 

개선됨을 확인하였다. 

기억소자는 그 자체의 신뢰성을 향상시켜야 하는 과제도 

있지만, CA 에 적용되었을 때는 CA 와 저항변화 소자가 갖는 

본연의 특성으로 인해서 CA 소자의 interconnection line 

resistance 를 최소화하여야 저항변화 기억소자의 동작을 

안정적으로 구현할 수 있다. CA 소자에서의 interconnection line 

은 저항변화 소자와 직렬 연결된 ideal 한 저항체로 작용할 수 

있다. 이는 기억소자가 그 저항상태의 변화를 하는 와중에 외부의 

전압이 CA의 interconnection line 과 저항변화 소자 사이에 

나누어져 인가됨을 의미한다. 또한 저항변화 소자는 본연의 

동작전압이 있는데, 만약 저항변화 소자의 저항상태가 달라진 

이후에, 외부에서 인가한 전압 중 저항변화 소자에 인가되는 

전압이 그 본연의 동작전압을 침범하게 되는 경우 안정적인 

저항상태를 유지할 수 없게 된다. 본 연구에서는 이와 관련한 

정량적인 모델을 제시하였으며 (failure criteria), 실험적으로 이를 

증명하여 CA 에서 interconnection line resistance 를 최소화 하는 

것이 중요한 과제임을 밝혔다. 

선택소자 개발과 관련하여, 우선 CA 의 집적도에 따라서 

선택소자에 요구되는 특성을 정량적인 모델링을 통해 제시하였다. 

기본적으로 선택소자는 높은 정류비와, 높은 순방향 전류밀도를 

가져야 함을 알 수 있었다. 이에 더하여, 본 모델링이 갖는 의의는 

현존하는 simulation 프로그램들이 할 수 없는 영역 (매우 높은 

집적도를 갖는 CA 소자)의 경우에도 쉽게 적용하여 선택소자의 

특성을 예측해 볼 수 있는 tool 을 제시하였다는 것이다. 이후, CA 

type 의 Pt/TiO2/Ti/Pt 구조를 갖는 SD 를 직접 제작하고 그 

특성을 평가한 결과, 앞서의 모델링에서 요구하는 선택소자의 

특성을 갖는 소자를 개발하는데 성공하였다. 높은 정류비는 각 
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전극과의 계면의 전기적 에너지 barrier 차이를 통해서, 높은 

순방향 전류밀도는 국부적인 conduction paths 를 통해서 

가능하였고 이는 conductive atomic force microscope (C-AFM) 

을 통해서 확인하였다. 또한 화학적으로 최적화된 SD 제작방법을 

제시하여 원하는 특성의 SD를 제작하는데 있어서 guide line 을 

제시하였다.  

마지막으로, 앞서 개발한 선택소자와 기억소자를 적층한 

CA 소자를 제작하였고, 그 특성을 평가하였다. 32 × 32, 1 × 32, 2 

× 2, and 4 × 4 type 의 CA 가 각각 제작되었으며, 모든 소자가 

안정적이며, 우수한 특성을 나타내었다. 그 정류비로 최대 2 × 105 

을 확인하였으며, switching speed 는 SET switching 의 경우 50 

ns 이하, RESET switching 의 경우 약 550 ns 정도를 보였다. 32 

× 32 소자에서 20 × 20 까지의 on state cell 의 개수를 늘려가면서 

관심 cell 의 거동을 관찰한 결과, LRS / HRS 저항상태 및 

switching speed 에 변화가 없음을 확인하였다. 이는 현재 제작된 

소자가 안정적인 단일 소자의 구동과 더불어 주변 cell 로 부터의 

interference effect 를 적층된 diode 를 통해서 효과적으로 막고 

있음을 확인하였다. 

 

keywords: ReRAM, resistive switching, crossbar array, memory element, 

selection element, Schottky type diode, hour-glass shaped conducting 

filament, interconnection line resistance, oxygen diffusion barrier layer, 

1diode + 1resistor 
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