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Abstract

Resistive random access memories (ReRAMs) have attracted great attention as a promising

candidate for emerging nonvolatile memory. A single ReRAM cell consists of a thin film

of metal oxide sandwiched between electrodes and stores information using the electrical

resistance of the oxide. The resistance of the oxide can be controlled by applying a voltage to

the ReRAM cells, which is understood as a phenomenon that conductive paths originating

from oxygen vacancies, so-called filaments, are repeatedly formed and ruptured in the oxide.

In recent years, research on ReRAMs for analog control of cell resistance has been

enthusiastic. However, ReRAM cells based on transition metal oxides generally show abrupt

resistive switching when the cell resistance decreases (set process), which inhibits the analog

control of the cell resistance by the applied voltage. The abrupt set processes are believed

to be attributed to a positive feedback phenomenon that an increase in current due to the

growth of filaments causes an increase in Joule heating, which further assists the filament

growth. Since it is extremely difficult to directly observe the growth and dissolution process

of a filament in a local area (several nm in diameter) of an oxide thin film (several tens

nm in thickness), the understanding of the mechanism of the filament growth/dissolution

caused by oxygen vacancy transport in the oxide layer is still insufficient.

Based on the above issues, this thesis aims to demonstrate analog resistive switching in

both the increase and decrease of the cell resistance, which is called reset and set processes,

respectively, and to elucidate the mechanism of the filament growth/dissolution during the

analog resistive switching operations in tantalum (Ta) oxide-based ReRAM cells, which are

promising for practical use.

In Chapter 2, modeling of a Ta oxide deposition by reactive sputtering was performed,

based on the properties of Ta oxide thin films such as chemical composition and density.

First, a simplified theoretical model was used to calculate the relationship between the oxy-

gen gas flow rate during deposition and the composition and density of the Ta oxide films.

Second, the composition and density of Ta oxide films fabricated with different oxygen gas

flow rates during deposition were characterized by Rutherford backscattering spectroscopy.

The experimental values of the composition and density were consistent with the theoret-

ical values. Third, the results of X-ray diffraction, cross-sectional transmission electron

microscopy, and electron diffraction revealed that the Ta oxide films are microcrystalline

close to amorphous. Finally, high-resolution RBS for TaOx/TaOy/Pt stacking samples,



ii Abstract

where the TaOy and TaOx layers were deposited at oxygen gas flow rates of 2.0 sccm and

0.8–1.2 sccm, respectively, revealed that the oxygen composition ratio in the TaOx layer lin-

early increases from 1.51 to 2.13 with the oxygen gas flow rate during the TaOx deposition

and that the oxygen composition ratio of the TaOy layer is 2.5 (stoichiometry). These re-

sults indicate that the oxygen composition of the Ta oxide deposited by reactive sputtering

was precisely controlled by the oxygen gas flow rate.

In Chapter 3, the impacts of stacking a Ta-rich TaOx layer on the stoichiometric Ta2O5

layer were investigated. Comparing the initial electrical characteristics in Pt/Ta2O5/Pt

cells and Pt/TaOx/Ta2O5/Pt cells, where the diameter of the Pt top electrode is 100 µm,

stacking the TaOx layer significantly reduces the device-to-device variation. Next, the tem-

perature dependence of the initial conductance was characterized to clarify the electrical

conduction mechanism in Pt/TaOx/Ta2O5/Pt cells. As a result, it was revealed that vari-

able range hopping conduction via localized states in the Ta2O5 layer is dominant below 200

K, and that variable range hopping conduction and band conduction contribute to the con-

ductance in parallel from 200 K to 400 K. Furthermore, secondary ion mass spectrometry

for TaOx/Ta2O5/Pt samples fabricated with isotopic oxygen revealed that oxygen migration

occurs from the Ta2O5 layer to the TaOx layer, indicating that the origin of the localized

states in the Ta2O5 layer could be oxygen vacancies supplied from the TaOx layer. Finally,

analyses of the temperature dependence of the initial conductance based on the variable

range hopping conduction equation for Pt/TaOx/Ta2O5/Pt cells revealed that the density

of oxygen vacancies supplied from the TaOx layer to the Ta2O5 layer can be controlled by

the oxygen composition (1.5–2.1) and thickness in the TaOx layer.

In Chapter 4, forming and resistive switching characteristics in Pt/TaOx/Ta2O5/Pt

cells were investigated for the demonstration of analog resistive switching. First, the author

found a unique forming phenomenon (semi-forming) that transitions to a high-resistance

state of several kilo-ohms. Moreover, the author investigated the dependence of semi-

forming properties on the density of oxygen vacancies supplied from the TaOx layer to the

Ta2O5 layer, revealing that the semi-forming phenomenon is more likely to occur when more

oxygen vacancies are supplied to the Ta2O5 layer. Based on these results, the mechanism of

semi-forming was proposed. Second, the author also found that in Pt/TaOx/Ta2O5/Pt cells

after semi-forming, set and subsequent reset processes occur at both positive and negative

polarities of the applied voltage, so-called complementary resistive switching characteristics.

Furthermore, in the complementary resistive switching of Pt/TaOx/Ta2O5/Pt cells, analog

control of the cell resistance can be demonstrated even in the set processes. Finally, the

author proposed a qualitative model for the origin of the analog resistive switching that the

growth and dissolution of the filament compete with each other.

In Chapter 5, the effects of Joule heating generated in the filament on resistive switching

characteristics in Pt/TaOx/Ta2O5/Pt cells were investigated from both experimental and

theoretical approaches. As for the experimental approach, local Joule heating generated at

a single spot in Pt/TaOx/Ta2O5/Pt cells during resistive switching operations was experi-



iii

mentally observed by a temperature imaging microscope. As for the theoretical approach, a

coupled simulation of electric potential distribution, temperature distribution, and oxygen-

vacancy distribution during a reset process in Pt/TaOx/Ta2O5/Pt cells was performed.

Here, key parameters such as the density and conductivity of a filament region dependent

on temperature and oxygen vacancy concentration were determined based on the results

obtained from Chapters 2–4. As a result of the simulation, current–voltage characteristics

and the maximum surface temperature of the Pt/TaOx/Ta2O5/Pt cell in a reset process

were consistent with the experimental results. Moreover, the transient distribution of oxy-

gen vacancies in the reset process suggests that the dominant driving force of the oxygen

vacancy transport in the filament dissolution process is the oxygen-vacancy drift caused by

the electric field.

In Chapter 6, the summary of this thesis was presented, together with suggestions for

future work.
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Chapter 1

Introduction

1.1 Background

Since the pandemic of COVID-19, most people around the world have been forced to stay

their home, and they have kept in touch with the outside world primarily through online

virtual spaces. This situation rather facilitated the development of various information

technologies (IT) related to the virtual spaces, the so-called “metaverse”. Data centers in

the real world store the vast amounts of data generated in the metaverse. The field of

semiconductor memories, which is a fundamental technology for data centers, has shown

remarkable development.

Current semiconductor memories can be broadly divided into volatile memories, such

as static random access memory (SRAM) and dynamic random access memory (DRAM)

involved in computation, and nonvolatile memories such as Flash memory for storage. Fig-

ure 1.1 shows a hierarchical structure of the current semiconductor memories [1]. SRAM and

DRAM are suitable for cache and main memories because they can operate at high speeds,

though they are not suitable for storage because it requires a power supply for memory

retention. In contrast, Flash memory is suitable for storage due to its non-volatility and

large capacity, though it is not suitable for computation due to its much slower operating

speed compared with SRAM and DRAM. The performance of Flash memory has greatly

been improved according to Moore’s law by miniaturization [2]. However, the physical

limit of miniaturization is approaching, and further dramatic improvement in performance

is difficult [3]. However, there is still a large operating speed gap between Flash memory

and SRAM/DRAM, so-called the latency gap, as shown in Fig. 1.1. Therefore, research

and development of emerging memories, which operate at a higher speed enough to fill the

latency gap and have non-volatility, have shown rapid progress in recent years [4–7]. The

four leading candidates for the emerging memories are ferroelectric RAM (FeRAM), phase

change RAM (PCRAM), spin-transfer-torque magnetoresistive RAM (STT-MRAM), and

resistive RAM (ReRAM). Each of these emerging memories has different advantages and

disadvantages. FeRAM is superior to other emerging memories in terms of power consump-
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Figure 1.1: Hierarchy of the current semiconductor memory [1].
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tion because of the electric field drive, while FeRAM is inferior in terms of the scalability

and is needed to rewrite the stored data after readout because the stored data is destroyed

at each time of the readout [8–11]. PCRAM has the advantage of integration due to the

scalability of phase change materials, while there are issues to be resolved that a high

current density and a relatively long current pulse are necessary in a phase change from

crystalline to amorphous and from amorphous to crystalline, respectively [12–14]. STT-

MRAM enables high-speed writing operations, but its high operating current causes con-

cerns about reliability degradation and an increase in power consumption [15–18]. ReRAM

has attracted great attention because of its compatibility with conventional semiconductor

fabrication processes and the excellent scalability of its simple metal-oxide-metal (MOM)

structure [19–21]. Moreover, ReRAM has various advantages of high writing speeds, low

fabrication costs, and low power consumption [21–24]. However, the community faces a big

challenge in that the operation principle is not completely clear [25, 26], and thus, ReRAM

is a very interesting device in terms of academic research. For reference, Fig. 1.2 shows

storage capacity trends of emerging nonvolatile memories [27], and Table 1.1 summarizes

the characteristics of the four emerging nonvolatile memories [5, 7].

1.2 Resistive switching phenomenon

1.2.1 Concept of resistive switching operation

A “forming” operation is generally required for ReRAM cells in an initial state. Resistance

of ReRAM cells after the forming operation changes reversibly between a high-resistance

state (HRS) and a low-resistance state (LRS) by electrical stimuli, which is called a resistive

switching (RS) phenomenon. The logic “0” and “1” are assigned to the HRS and LRS,

respectively. A writing operation from the HRS to the LRS is called “set” while an erasing

operation from the HRS to the LRS is called “reset”. Based on voltage polarities at which

these RS operations occur, various modes of RS characteristics are well known in ReRAM,

as shown in Fig. 1.3. In bipolar RS, the voltage polarities of set and reset operations are

opposite to each other, as shown in panels (a) and (b) of Fig. 1.3. Comparing the direction

of the trace in the I–V plot to a drawing of the number “8”, the operation modes in panels

(a) and (b) of Fig. 1.3 are referred to as 8-wise and counter 8-wise RS, respectively [28, 29].

Although these two modes of bipolar RS operations are often recognized as the same, they

should be distinguished strictly. Unipolar RS, which is also called nonpolar RS, in panel (c)

of Fig. 1.3 shows set and reset operations regardless of voltage polarity. In complementary

RS, set and subsequent reset operations occur at both positive and negative voltages, as

shown in panel (d) of Fig. 1.3 [30–32]. Here, compliance current (Icomp) is often adopted

during forming and set operations by a measurement system or an external circuit to avoid

current overshoot. Set and reset operations occur above a certain threshold voltage in

any RS modes. Therefore, a reading operation is performed at a smaller magnitude of
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Year

Figure 1.2: Storage capacity trends of emerging nonvolatile memories [27].

Table 1.1: Comparison of the four leading candidates for the emerging nonvolatile mem-

ories [5, 7].

NAND Flash FeRAM PCRAM STT-MRAM ReRAM

Scalability 4F 2 15–35F 2 4–16F 2 6–20F 2 4–6F 2

Write time > 10 µs < 10 ns ∼100 ns < 10 ns > 20 ns

Read time > 50 ns < 20 ns < 20 ns < 20 ns < 20 ns

Power consumption High Low Middle Middle Low

(F : the lithographically defined minimum feature size)
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(a) 8-wise bipolar RS

HRS
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Set

Reset

Voltage

Icomp

Current

(b) Counter 8-wise bipolar RS

HRS

LRSSet

Reset
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(d) Complementary RS
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(c) Unipolar (nonpolar) RS
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Set
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Figure 1.3: Current–voltage characteristics for the four most common modes of RS oper-

ation. (Icomp: compliance current) The classification is based on voltage polarities at which

set and reset operations occur.
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voltage than the threshold voltage. In actual memory devices, writing, erasing, and reading

operations are performed by applying pulse voltages rather than by voltage sweeps.

1.2.2 Classification based on mechanisms and materials

ReRAM cells can be classified by their basic switching mechanism dependent on various

materials of oxides and electrodes. The three main mechanisms of the RS phenomenon

are electro-chemical memory (ECM), thermo-chemical memory (TCM), and valence-change

memory (VCM). Although these switching behaviors could co-exist in the same cell [33, 34],

generally, ECM and VCM show bipolar RS while TCM exhibits unipolar RS.

ECM cells with a metal/insulator/metal (MIM) stack structure include at least one

electrochemically active metal such as silver (Ag) and copper (Cu). When applying a

positive voltage to the active electrode, the active electrode can be oxidized and dissolve

into the insulator layer as cations. The cations migrate to the counter electrode, where the

reduction of the cations takes place, leading to the growth of a metallic bridge between both

electrodes, a so-called conductive filament (CF), corresponding to forming or set processes.

Therefore, ECM cells are also called conductive bridge RAM (CBRAM). Under a negative

applied voltage to the active electrode, the metal bridge can be dissolved as a reset process.

TCM cells with an MOM stack structure are typically composed of inert electrodes, such

as platinum (Pt) and iridium (Ir), and a single metal oxide, such as nickel oxide (NiO) [35–42]

and titanium oxide TiO2 [33, 43–45]. A forming process in TCM cells is believed to be the

formation of local CFs with metal-rich or oxygen-deficient chemical composition by electrical

stress. Set and reset processes independent of the voltage polarity in TCM cells indicate

the CF is formed and dissolved due to thermo-chemical redox reactions in the metal-oxide

layer [46, 47].

In VCM cells, a metal-oxide layer is sandwiched between electrodes with different oxygen

affinity. In particular, the filamentary-type of VCM cells with two oxide layers, which are

composed of a metal-rich layer and a stoichiometric layer, have been investigated intensely,

such as TaOx/Ta2O5 [48, 49] and Hf/HfOx [50, 51]. It was demonstrated that the bilayer

structure improved the performance of memory devices [48, 51–53]. Fig. 1.4Figure 1.4 illustrates a

schematic of the mechanism in the filamentary-type of VCM. The forming process generates

ionic defects such as oxygen vacancies (VOs) in the stoichiometric layer by a valence change

in the cations, resulting in the formation of the oxygen-deficient CFs. When a negative

voltage is applied to the top inert electrode in the LRS, VOs are driven toward the metal-

rich layer across the electric field, leading to the dissolution of the CF, corresponding to the

reset process. The filament gap mainly contributes to the cell resistance in the HRS. On

the other hand, when a positive voltage is applied in the HRS, VOs migrate to the bottom

electrode and the CF grows again, corresponding to the set process. Thus, the CFs in VCM

can be formed and dissolved by the migration of the cations or VOs due to the electric field.

In contrast, a forming process is typically unnecessary for the interface-type of VCM [54],
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which occur only when perovskite oxides such as Pr0.7Ca0.3MnO3−δ [55] and SrTiO3−δ [56]

are used. Although some mechanisms of the RS phenomenon in the interface-type of VCM

are proposed, the prevailing model is a valence change in the interfacial layer between the

electrode and the oxide layer due to the migration of VO [57, 58].

1.2.3 Application for emerging nonvolatile memory devices

ReRAM has been studied in various oxides for more than five decades with the goal of a

nonvolatile memory that is high-speed, high-integration, and compatible with conventional

silicon CMOS technology. In particular, VCM-type ReRAM has been developed rapidly

since the 2000s. In this section, the performance and advantages of the filamentary-VCM

ReRAM (hereafter simply referred to as ReRAM) are described in various aspects. Great

scalability is a major advantage of ReRAM, compared with other emerging memories. De-

vice sizes of 10 nm × 10 nm have been demonstrated [51]. The scalability is attributed to

the fact that RS phenomena are associated with ionic motions within a much more local-

ized spot [59]. The reading operation is nondestructive, which is different from FeRAM,

and the writing speed is in the order of nanoseconds [60]. One of the key reasons for the fast

operation is considered that the nano-scale switching region is under a very high electric

field and Joule heating during switching, leading to enhancement of ion mobility [61, 62].

When removing the electrical pulse, the heated region cools down quickly to the ambient

temperature, which causes decreasing the ion mobility again. This leads to great retention

under low bias and room temperature (RT). Moreover, a very high endurance of 1012 cycles

has been reported in TaOx -based ReRAM cells [48], which is superior to that of 105 cycles

in NAND Flash memories.

As shown in Fig. 1.5 [30], in case the read-out cell is in the HRS and the surrounding

cells are in the LRS, the reading current can easily flow through the surrounding cells, which

is called a sneak path current issue. To prevent the sneak path current issue, each memory

cell is connected to a transistor, which is called one-transistor-one-resistor (1T1R), in the

crossbar memory array. Fig. 1.6 shows the schematic of the 1T1R architecture. Word lines

and bit lines are connected to transistor gates and RS cells, respectively. Source lines are

connected to the common source of transistors. The range of 1T1R cell area is 6F 2 (F :

the lithographically defined minimum feature size). The transistor plays several important

roles: (i) electrical isolation as a selector device for suppression of the sneak path current; (ii)

current compliance to prevent current overshoot at forming and set operations; (iii) voltage

regulation to allow sufficient voltage on the RS cell during reset and read operations.

1.2.4 Application for synaptic analog memory devices

The era of the Internet of Things (IoT) generates more and more digital data all over the

world every day. Processing of these big data requires further development of AI (artifi-
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cial intelligence) technology. Deep neural network (DNN) has been studied as one of the

AI technology [63]. Figure 1.7 (a) shows a illustration of a biological neural system with

pre-neurons connected with a post-neuron via synapses [64, 65]. Moreover, Fig. 1.7 (b)

shows a simple perceptron that models the biological neural system, where an output value

y is determined by the accumulation of input values xi multiplied by the synaptic weight

wi. The multiply-accumulate (MAC) operation is conventionally performed by utilizing

massively parallel computing hardware such as GPU [66, 67]. However, a conventional von

Neumann-type computer architecture, where the data processing units and the memory

units are separated, faces a physical limit of dramatic improvement in power and speed of

computation, so-called the von Neumann bottleneck [68, 69]. As one of the novel comput-

ing architectures to solve the problems, neuromorphic computing, which mimics the human

brain working with extremely low power consumption, has been intensively studied [70, 71].

Fig. 1.8 shows a schematic of a perceptron circuit using analog memory devices in the

neuromorphic computing. The synaptic weight can be stored in a single analog memory

device, allowing the memory units to be incorporated into the data processing units, and

so enabling parallel computations with high speed and low power consumption without the

conventional massively parallel computing hardware [63, 72–74]. Such a computer archi-

tecture is also called in-memory computing. ReRAM is a promising candidate not only

for emerging nonvolatile memories but also for analog memory devices, because ReRAM

exhibiting gradual RS characteristics has the possibility to achieve analog control of cell

resistance as synaptic weights by applying a voltage [23, 75].

1.3 Key issues for resistive switching cells

In this section, several important issues in the field of ReRAM are presented, focusing on

the insufficiency of the previous reports and the need for further studies.

Transport properties of oxygen vacancy

As mentioned in 1.2.2, the operating principles of the filamentary-VCM ReRAM are

understood by the phenomenon that the growth and dissolution of the CFs repeatedly

occur by applying a voltage. However, the growth and dissolution processes of the CFs are

difficult to observe experimentally because the growth and dissolution processes occur in an

unpredictable localized spot (a diameter of a few nano-meters) and in ultra-thin oxide films

(∼10 nm). Therefore, the mechanism of the growth and dissolution processes of the CFs,

in other words, transport properties of VOs in the oxide films during resistive switching

operations are still unclear. Although the mechanism of the CF’s growth and dissolution

has not been clarified, its practical application is progressing. Fundamental research on the

mechanism is essential to establish guidelines for device design to improve performance.
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Impacts of stacking a metal-rich layer and a stoichiometric layer

Most ReRAM cells already in practical use have a structure of stacking a metal-rich

layer on a stoichiometric layer. This is because the bilayer-oxide structure improves perfor-

mance, such as endurance, retention, and reliability [48, 51–53]. Here, the metal-rich layer

is believed to act as a reservoir layer that supplies VOs to the stoichiometric layer under

applying a voltage [52, 76]. However, it is extremely difficult to experimentally observe the

VO supply under applying a voltage in an unpredictable localized spot in the ultra-thin

oxide films. Therefore, impacts of stacking a metal-rich layer and a stoichiometric layer on

electrical characteristics has not been completely clarified.

Abrupt set processes

Numerous studies have reported gradual reset processes in binary transition-metal-oxide-

based RS cells [77–81]. The gradual reset processes enable the multi-level or analog control

of the cell resistance by the magnitude of the applied voltage. In contrast, most binary

transition-metal-oxide-based RS cells exhibit abrupt set processes [71, 82–84]. The abrupt

set processes might be caused by positive feedback between the filament growth and a rise

in Joule heating [65, 78]. Some previous studies have demonstrated multi-level control of

the cell resistance by suppressing the rise in Joule heating with compliance currents, which

induce undesired external circuits [65, 77, 85]. Therefore, setting the compliance current is

not desirable. As a result, suppressing the abrupt set processes is the major challenge of

ReRAM for the analog memory application.

1.4 Purpose and outline of this thesis

Based on the issues mentioned in Sec. 1.3, the purpose of this thesis is controllable demon-

stration of analog resistive switching and to elucidate the mechanism of the CF’s growth

and dissolution during the analog resistive switching operations. As an oxide material, the

author selected a tantalum oxide, which has been reported to be stable in various compo-

sitional states and is also in practical use.

In Chapter 2, for modeling reactive sputtering deposition of tantalum (Ta) oxide in the

author’s experimental system, the relationship between deposition conditions of Ta oxide

films and various properties of Ta oxide films deposited by reactive sputtering, such as

crystallinity and chemical composition, is investigated. Moreover, a simplified theoretical

model for reactive sputtering is used to calculate the relationship between the oxygen gas

flow rate during deposition and the chemical composition of the Ta oxide films.

In Chapter 3, the impacts of introducing a Ta-rich TaOx layer on initial characteristics in

Pt/Ta2O5/Pt cells are investigated by comparing the electrical properties of Pt/Ta2O5/Pt

and Pt/TaOx/Ta2O5/Pt cells. In addition, temperature dependence of initial conductance

is characterized to clarify the electrical conduction mechanism in Pt/TaOx/Ta2O5/Pt cells.
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Furthermore, secondary ion mass spectrometry for TaOx/Ta2O5/Pt samples fabricated with

isotopic oxygen is performed to reveal oxygen migration between the Ta2O5 layer and the

TaOx layer.

In Chapter 4, forming and RS characteristics in Pt/TaOx/Ta2O5/Pt cells when oxy-

gen composition and thickness of the TaOx layer varied are investigated in detail for the

demonstration of analog RS characteristics, focused on a unique forming phenomenon (semi-

forming) observed in Pt/TaOx/Ta2O5/Ptcells.

In Chapter 5, the effects of Joule heating generated in the filament on transport proper-

ties of VOs in Pt/TaOx/Ta2O5/Pt cells are investigated with both experimental and theo-

retical approaches. As for the experimental approach, local Joule heating is observed on the

surface of Pt/TaOx/Ta2O5/Pt cells during forming and RS operations. As for the theoretical

approach, a coupled simulation of electric potential distribution, temperature distribution,

and VO concentration distribution during a reset process in Pt/TaOx/Ta2O5/Pt cells is

performed.

In Chapter 6, the author summarizes this thesis and suggests the future outlooks.
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and R. Waser, Microelectronic Engineering 80, 296 (2005).



References 15

[11] T. Mikolajick, U. Schroeder, and S. Slesazeck, IEEE Transactions on Electron Devices

67, 1434 (2020).

[12] H. S. Wong, S. Raoux, S. Kim, J. Liang, J. P. Reifenberg, B. Rajendran, M. Asheghi,

and K. E. Goodson, Proceedings of the IEEE 98, 2201 (2010).

[13] R. E. Simpson, P. Fons, A. V. Kolobov, T. Fukaya, M. Krbal, T. Yagi, and J. Tominaga,

Nature Nanotechnology 6, 501 (2011).

[14] D. Loke, T. H. Lee, W. J. Wang, L. P. Shi, R. Zhao, Y. C. Yeo, T. C. Chong, and S. R.

Elliott, Science 336, 1566 (2012).

[15] T. Kishi, H. Yoda, T. Kai, T. Nagase, E. Kitagawa, M. Yoshikawa, K. Nishiyama,

T. Daibou, M. Nagamine, M. Amano, S. Takahashi, M. Nakayama, N. Shimomura,

H. Aikawa, S. Ikegawa, S. Yuasa, K. Yakushiji, H. Kubota, A. Fukushima, M. Oogane,

T. Miyazaki, and K. Ando, Technical Digest - International Electron Devices Meeting

2008 (San Francisco, 2008), p. 309.

[16] M. Gajek, J. J. Nowak, J. Z. Sun, P. L. Trouilloud, E. J. O’Sullivan, D. W. Abraham,

M. C. Gaidis, G. Hu, S. Brown, Y. Zhu, R. P. Robertazzi, W. J. Gallagher, and D. C.

Worledge, Applied Physics Letters 100, 132408 (2012).

[17] A. V. Khvalkovskiy, D. Apalkov, S. Watts, R. Chepulskii, R. S. Beach, A. Ong, X. Tang,

A. Driskill-Smith, W. H. Butler, P. B. Visscher, D. Lottis, E. Chen, V. Nikitin, and

M. Krounbi, Journal of Physics D: Applied Physics 46, 074001 (2013).

[18] D. Apalkov, B. Dieny, and J. M. Slaughter, Proceedings of the IEEE 104, 1796 (2016).

[19] R. Waser and M. Aono, Nature Materials 6, 833 (2007).

[20] A. Sawa, Materials Today 11, 28 (2008).

[21] H. Akinaga and H. Shima, Proceedings of the IEEE 98, 2237 (2010).

[22] H. S. P. Wong, H. Y. Lee, S. Yu, Y. S. Chen, Y. Wu, P. S. Chen, B. Lee, F. T. Chen,

and M. J. Tsai, Proceedings of the IEEE 100, 1951 (2012).

[23] J. J. Yang, D. B. Strukov, and D. R. Stewart, Nature Nanotechnology 8, 13 (2013).

[24] F. Pan, S. Gao, C. Chen, C. Song, and F. Zeng, Materials Science and Engineering R

83, 1 (2014).

[25] R. Waser, R. Dittmann, C. Staikov, and K. Szot, Advanced Materials 21, 2632 (2009).

[26] D. Ielmini, Semiconductor Science and Technology 31, 063002 (2016).

[27] ISSCC 2022 Press Kit: Memory – 2022 Trends.



16 Chapter 1. Introduction

[28] R. Waser, R. Dittmann, S. Menzel, and T. Noll, Faraday Discussions 213, 11 (2019).

[29] S. Petzold, E. Miranda, S. U. Sharath, J. Muñoz-Gorriz, T. Vogel, E. Piros, N. Kaiser,
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Chapter 2

Deposition and Characterization of

Tantalum-Oxide Films

2.1 Introduction

As described in Chapter 1, resistive switching (RS) characteristics in resistive random access

memory (ReRAM) cells with a simple metal/metal-oxides/metal (MOM) stack structure

vary depending on the materials of the top and bottom electrodes and the oxide layers. Not

only that, properties such as crystallinity and oxygen composition of the oxides also have

significant effects on RS characteristics. In this chapter, the deposition of tantalum (Ta)

oxides by reactive sputtering was described by a simple theoretical model. Furthermore,

properties such as oxygen composition, density, and crystallinity of Ta oxides deposited by

reactive sputtering were investigated in detail.

2.2 Reactive radio frequency sputtering for tantalum

oxide deposition

2.2.1 Sputtering system

The author used a sputtering system (EIKO: ES-250L) for the deposition of Ta oxides, as

schematically shown in Fig. 2.1. The sputtering system can install up to 5 targets, which

also act as cathodes on a sputtering gun. A substrate holder playing the role of the anode

is located diagonally opposite from the sputtering gun to reduce sputtering damage to the

substrates as much as possible. The substrate holder can be rotated for uniform deposition

of oxides over the substrates in the plane. A shutter under the substrate enables a minimal

change in the main chamber state from pre-deposition to deposition. Vacuum chambers are

composed of a main sputtering chamber and a load-lock (LL) chamber with a transfer rod so

that the substrate holder can be exchanged without exposing the main chamber to the air.

The main chamber and the LL chamber are continuously evacuated by each turbo molecular
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16O2/
18O2

Figure 2.1: A schematic illustration of the sputtering system for deposition of tantalum

oxides.
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pump (TMP) with each auxiliary scroll pump (SP). The background pressure of the main

chamber can be less than 2×10−5 Pa. Three kinds of gases, argon (Ar), oxygen (O2), and

high-purity isotopic oxygens (18O2 or
16O2) can be introduced to the main chamber through

each indispensable purifier with a flow rate controlled by each mass-flow controller (MFC).

An RF power supply (frequency: 290 Hz) under the sputtering gun is mainly used for glow

discharge. The stability of plasma emissions can be confirmed by a plasma emission monitor

(PEM) during the pre-sputtering and sputtering. A logger software can monitor the self-

bias voltage during the pre-sputtering and sputtering by DC voltage measuring equipment.

In this study, two Ta targets with a purity of 99.999% were prepared, and a mixture of Ar

and O2 was used as a process gas. The Ar partial pressure was kept at 0.50 Pa.

2.2.2 Modeling of reactive sputtering

In this subsection, the dependences of deposition rate and oxygen composition in Ta oxide

films on oxygen gas flow rates during reactive sputtering were analyzed based on Berg’s

model [1, 2]. The details of the model are described in Appendix A.

Figure 2.2 shows the relationship between the O2 partial pressure in the main chamber

and the oxygen gas flow rate. The parameters required for the calculation according to

Berg’s model were determined based on the experimental values in Fig. 2.2, as shown in

Table 2.1. Similarly, Fig. 2.3 shows the relationship between the rate of Ta oxide deposition

and the oxygen gas flow rate. The experimental values are roughly consistent with the

calculated values by Berg’s model in Fig. 2.2 and Fig. 2.3, indicating that the reactive

sputtering of Ta oxide in this study can be explained using Berg’s model. In the range of

oxygen gas flow rates up to 1.4 sccm, the oxygen partial pressure is constant at zero. In this

sputtering mode, which is called a metal mode because the surface of the target is metallic,

all introduced oxygen is consumed by the oxidation reaction on the substrate. In contrast,

at oxygen gas flow rates above 1.6 sccm, the oxygen partial pressure increases with the

oxygen gas flow rate. This sputtering mode is called the oxide mode because the surface

of the target is oxide. The range of the oxygen gas flow rate from 1.4 sccm to 1.6 sccm is

called the transition mode. Since various conditions are unstable in the transition mode,

oxides are generally deposited in the metal mode or the oxide mode. Thus, in reactive

sputtering, there are two deposition modes based on the target surface. The deposition rate

decreases at the transition from the metal mode to the oxide mode because the sputtering

rate drastically decreases when the target surface changes from metal to oxide.

Moreover, the dependence of the oxygen composition ratio (O/Ta) in Ta oxides on

the oxygen gas flow rate was calculated by Berg’s model, as shown in Fig. 2.4. In the

metal mode, the oxygen composition is proportional to the oxygen gas flow rate, while the

oxygen composition is constant at 2.5, which is a value of the oxygen composition in the

stoichiometric Ta oxide, in the oxide mode. Later in Section 2.3, the author experimentally

characterized the oxygen composition of the Ta oxide film to investigate the controllability
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Figure 2.2: The relationship between the O2 partial pressure in the main chamber and

the oxygen gas flow rate during Ta oxide sputtering.

Table 2.1: Values of parameters used in a calculation according to Berg’s model.

target size At 4.7 cm2

collector size Ac 900 cm2

sticking coefficient for target αt 0.3

sticking coefficient for collector αc 0.3

sputtering yield of compound Yc 0.03

sputtering yield of metal Ym 0.15

exhausting speed S 0.022 m3/s

ion current density J 0.072 A/cm2
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Figure 2.3: The relationship between the rate of Ta oxide deposition and the oxygen gas

flow rate during Ta oxide sputtering.
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oxygen gas flow rate during Ta oxide sputtering.
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of the oxygen composition ratio by the oxygen gas flow rate during sputtering.

2.2.3 Fabrication processes of tantalum-oxide-based resistive

switching cells

In this section, the main RS cell structures and the fabrication processes in this thesis were

described in detail. The author fabricated RS cells with a structure of Ta oxide layers

sandwiched between Pt top and bottom electrodes (Pt/Ta-oxides/Pt). Platinum is the

most frequently adopted as an inert electrode [3–9]. First, a Pt layer was deposited by DC

sputtering as a bottom electrode (BE) on a SiO2/Si substrate. Second, Ta oxide layers were

deposited by reactive radio-frequency (RF) sputtering at room temperature, as described

in Sections 2.2.2 and 2.2.3. Finally, Pt top electrodes (TEs) with a diameter of 100–500

µm were deposited by electron-beam evaporation. The fabricated RS cells can be classified

into two types by the structure of the Ta oxide layer: one with a single of TaOy deposited

in the oxide mode, and the other with a bilayer of TaOx/TaOy, where the TaOx and TaOy

layers were deposited without exposing to the atmosphere in the metal and oxide mode,

respectively. Figure 2.5 shows schematic illustrations of these cell structures. Here, the

electrical potential spread is negligible because the scales in the film thickness direction and

perpendicular to the film thickness direction are about 104 times different. Therefore, the

size of such capacitor-type RS cells is determined by the area of the Pt TEs. As a more

detailed reference, the author simulated the distributions of electric potential and electric

field in Pt/TaOx/Ta2O5/Pt cells in Appendix B.

2.3 Characterization of tantalum-oxide films

In this section, the author experimentally characterized properties such as oxygen composi-

tion, density, and crystallinity of Ta oxides deposited using the reactive sputtering system

described above.

2.3.1 Crystallinity of tantalum-oxide films

Two samples with a 50-nm-thick Ta oxide film deposited on a Pt(60 nm)/SiO2/Si substrates

at oxygen gas flow rates of 0.8 sccm (metal mode) or 2.0 sccm (oxide mode) were prepared.

The crystallinity of the Ta oxide layer in these samples was characterized by X-ray diffrac-

tion, cross-sectional transmission electron microscopy (TEM), and electron diffraction.

X-ray diffraction

The crystalline structure of Pt is a face-centered cubic (fcc) with a lattice constant of

3.923 Å. Previous studies revealed that Pt thin films deposited by DC sputtering exhibit

columnar polycrystalline structures oriented to the [111] direction [10, 11]. To reduce the
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Figure 2.5: Schematic illustrations of the main RS cell structure fabricated in this thesis.
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peak intensity derived from the crystalline structure of the Pt BE, in-plane X-ray diffraction

measurements, which can characterize lattice planes perpendicular to the surface of a thin

film, were performed by irradiating both samples with X-ray at a small incident angle of

0.1◦ for the sample surface. Figure 2.6 shows XRD curves in the cases where the oxygen gas

flow rates during Ta oxide deposition are 0.8 sccm (metal mode) and 2.0 sccm (oxide mode).

The narrow peak at a diffraction angle of 67◦ originates from a Pt(220) plane. Other broad

peaks could be derived from the Ta oxide films, suggesting that the Ta oxide films deposited

in this study are microcrystalline close to amorphous. While the broad peak at about 35

degrees in the case of 0.8 sccm is difficult to identify, the broad peaks in the case of 2.0

sccm may originate from orthorhombic Ta2O5 because the peak diffraction angle obtained

in this study is similar to that obtained in powder samples of orthorhombic Ta2O5.

Cross-sectional transmission electron microscopy

Cross-sectional TEM observations were also performed on the samples used for XRD

measurements. Figure 2.7 shows cross-sectional TEM images of the prepared samples in

the cases where the oxygen gas flow rates during Ta oxide deposition are 0.8 sccm (metal

mode) and 2.0 sccm (oxide mode). As reported in previous studies [10, 11], Pt BE layers

exhibit a columnar polycrystalline structure with a grain diameter of tens of nanometers.

In contrast, there is no significant difference in brightness in the Ta oxide film in the case of

2.0 sccm, indicating that the Ta oxide film is almost homogeneous and amorphous. There

is a little difference in brightness on different regions in the Ta oxide film in the case of 0.8

sccm.

Electron diffraction

Irradiating the region presented by white dashed lines in Fig. 2.7 with an electron beam,

the crystalline structures of the Ta oxide films were examined from the diffraction patterns,

as shown in Fig. 2.8. Two electron diffraction patterns in the case of 0.8 sccm were almost

identical and consisted of broad concentric rings, indicating that the Ta oxide film is almost

homogeneous and amorphous also in the case of 0.8 sccm. Moreover, comparing the electron

diffraction patterns in the cases of 0.8 sccm and 2.0 sccm, the radius of the concentric rings is

larger in the case of 0.8 sccm than in the case of 2.0 sccm. Since the radius of the concentric

rings in the electron diffraction pattern corresponds to the distance between lattice planes

in reciprocal lattice space, the distance between lattice planes in real space is smaller for

microcrystal grains of Ta oxide in the case of 0.8 sccm than in the case of 2.0 sccm.

2.3.2 Chemical composition of tantalum-oxide films

Ta oxide films with a thickness of more than 200 nm were deposited by reactive sputtering

on Pt(60 nm)/SiO2/Si substrates at various oxygen gas flow rates. The chemical composi-

tions of these Ta oxide films were characterized by Rutherford back-scattering spectrometry
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Figure 2.6: X-ray diffraction (XRD) curves in cases that the oxygen gas flow rates during

Ta oxide deposition are 0.8 sccm (metal mode) and 2.0 sccm (oxide mode).

Figure 2.7: Cross-sectional TEM images of the prepared samples in the cases that the

oxygen gas flow rates during Ta oxide deposition are 0.8 sccm (metal mode) and 2.0 sccm

(oxide mode). White dashed lines show the region irradiated with an electron beam in

electron diffraction measurement.
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Figure 2.8: Electron diffraction patterns obtained by irradiating the region presented by

white dashed lines in the cross-sectional TEM images with an electron beam.
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(RBS). Figure 2.9 shows experimental values obtained by RBS and theoretical values calcu-

lated by Berg’s model for the dependence of composition ratios of O and Ar to Ta on oxygen

gas flow rates during the Ta oxide deposition. Both the experimental and theoretical values

show a similar tendency that the oxygen composition ratio is proportional to the oxygen

gas flow rate in the metal mode and is roughly constant at 2.5 (stoichiometric Ta oxide) in

the oxide mode. These results revealed that the oxygen composition of the deposited Ta

oxide film can be controlled by the oxygen gas flow rate during the Ta oxide deposition.

Next, the composition ratio of Ar increase with the oxygen gas flow rate. Since Ar is

used as the carrier gas for the glow discharge in reactive sputtering, contamination of the

Ta oxide films caused by Ar atoms/ions recoiling when argon ions hit the target surface is

inevitable. The energy of the recoiled Ar atoms/ions is considered to depend on the atomic

weight or molecular weight of the target surface material to be sputtered.Even though the

Ar partial pressure is constant, the energy of recoil Ar is larger in the oxide mode, where

the target surface is oxide, than in the metal mode. Therefore, as the oxygen gas flow rate

during the Ta oxide deposition increases, the energy of recoil Ar increases and so the amount

of Ar contamination in the Ta oxide films also increases, as shown in Fig. 2.9. Although

Ar atoms are considered to be electrically inert in the Ta oxide films, large amounts of Ar

contamination could affect the internal stress of the thin film. Here, the XRD results for

the Ta oxide with higher Ar contamination in the case of the oxygen gas flow rate of 2.0

sccm, as shown in Fig. 2.6, show that the peak diffraction angles are slightly shifted from

that obtained in powder samples of orthorhombic Ta2O5 to the lower angle. From Bragg’s

law of diffraction, a shift of the diffraction angle to a lower angle means applying tensile

stress to the Ta oxide films in in-plane XRD measurement. However, any problems such

as peeling or cracking didn’t occur in the Ta oxide films deposited in this study, indicating

that the effect of the tensile stress is considered to be sufficiently small. From the above,

the impact of the Ar contamination was ignored in the following Chapters.

In addition, the author also examined the controllability of oxygen composition in

TaOx/TaOy/Pt stacking samples as shown in Fig. 2.5. Compositional distribution in the

thickness direction was investigated by high-resolution RBS for the TaOx/TaOy/Pt sam-

ples, where a 6-nm-thick TaOy layer and a 12-nm-thick TaOx layer were deposited on a

Pt(5 nm)/SiO2/Si substrate at oxygen gas flow rates of 2.0 sccm (oxide mode) and 0.8

sccm (metal mode), respectively, without exposure to the air. Here, in the high-resolution

RBS, the energy resolution can be improved by using a deflection-magnetic-field-type en-

ergy analyzer, not the conventional semiconductor detector, enabling characterization of

the composition distribution of ultrathin films in the thickness direction. Figure 2.10 shows

the compositional distribution obtained by the high-resolution RBS. The oxygen compo-

sition ratios of the TaOx and TaOy layers were 1.5 and 2.5, respectively. Moreover, the

high-resolution RBS was performed for two TaOx(12 nm)/TaOy(6 nm)/Pt samples with

the TaOx layers deposited at different oxygen gas flow rates of 1.0 sccm and 1.2 sccm. In

both samples, the TaOy layers were deposited at the oxygen gas flow rate of 2.0 sccm.
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Figure 2.9: Experimental values obtained by RBS and theoretical values calculated by

Berg’s model for dependence of composition ratios of O and Ar to Ta on oxygen gas flow

rates during the Ta oxide deposition.

Figure 2.10: Compositional distribution in the thickness direction by high-resolution RBS

for the TaOx/TaOy/Pt samples, where a 6-nm-thick TaOy layer and a 12-nm-thick TaOx

layer were deposited at oxygen flow rates of 2.0 sccm (oxide mode) and 0.8 sccm (metal

mode), respectively, without exposure to the air.
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Therefore, the oxygen composition ratio of the TaOy layer is 2.5, which is the value of the

stoichiometric Ta2O5. Figure 2.11 shows the dependence of the oxygen composition ratio

in the TaOx layer on the oxygen gas flow rates during the TaOx deposition. The oxygen

composition ratio in the TaOx layer is proportional to the oxygen gas flow rate during the

TaOx deposition, which tends to be similar to the relationship calculated from Berg’s model

between the oxygen composition and the oxygen gas flow rate, as presented in Fig. 2.11.

Thus, also in TaOx/TaOy/Pt stacking samples, the oxygen compositions of the deposited

Ta oxide films can be precisely controlled by the oxygen gas flow rate during the Ta oxide

deposition.

2.3.3 Discussion

In this section, the author discusses that consistent results have been obtained for the

density of Ta oxide in various experimental characterizations and the calculation based on

Berg’s model. First, Fig. 2.12 shows experimental values obtained by RBS and theoretical

values calculated by Berg’s model for dependence of the density of the Ta oxide on the

oxygen gas flow rates during the Ta oxide deposition. As well as the oxygen compositions

in Fig. 2.9, both the experimental and theoretical values show a similar tendency that the

density of the Ta oxide linearly decreases with an increase in the oxygen gas flow rate in the

metal mode and saturates at 8.73 g/cm3 (the density of stoichiometric Ta2O5) in the oxide

mode. Reflecting the oxygen gas flow dependence of the density of the Ta oxide, as shown

in Fig. 2.6, the peak intensities derived from the Pt(220) plane in the XRD curves differ

significantly in the cases where the oxygen gas flow rates during the Ta oxide deposition are

0.8 sccm and 2.0 sccm. The Ta oxide deposited at the oxygen gas flow rate of 0.8 sccm has

a higher density than 2.0 sccm, which results in a smaller penetration depth of X-ray and

a smaller intensity of X-ray reaching the Pt bottom layer. Furthermore, from the electron

diffraction patterns in Fig. 2.8, the distance between lattice planes in real space is smaller

for microcrystal grains of the Ta oxide in the case of 0.8 sccm than in the case of 2.0 sccm,

suggesting that the density is higher in the case of 0.8 sccm.

2.4 Summary

After the fabrication processes of resistive switching cells, especially the deposition of Ta

oxide by reactive sputtering were described in detail, the author worked on modeling the

reactive sputtering, based on experimental characterization of the deposited Ta oxide films.

First, a simplified theoretical model (Berg’s model) was used to calculate the relationship

between the oxygen gas flow rate during deposition and the composition and density of

the Ta oxide films. Second, the composition and density of Ta oxide films fabricated with

different oxygen gas flow rates during deposition were evaluated by Rutherford backscatter-

ing spectroscopy. As a result, the experimental values were consistent with the calculated
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Figure 2.11: Dependence of the oxygen composition in the TaOx layer on the oxygen gas

flow rate during the TaOx deposition.
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values. Third, the results of X-ray diffraction, cross-sectional transmission electron mi-

croscopy, and electron diffraction revealed that the Ta oxide films are microcrystalline close

to amorphous. Finally, the high-resolution RBS for the TaOx/TaOy/Pt stacking samples,

where the TaOy and TaOx layers were deposited at oxygen gas flow rates of 2.0 sccm (oxide

mode) and 0.8–1.2 sccm (metal mode), respectively, revealed that the oxygen composition

ratio in the TaOx layer linearly increases from 1.51 to 2.13 with the oxygen gas flow rate

during the TaOx deposition and that the oxygen composition ratio of the TaOy layer is 2.5

(stoichiometry). Based on these results, the oxygen composition of the Ta oxide deposited

by reactive sputtering was precisely controlled by the oxygen gas flow rate.
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Chapter 3

Impacts of Introducing a Ta-rich

TaOx Layer on Initial Characteristics

in Pt/Ta2O5/Pt Cells

3.1 Introduction

Previous studies have reported that stacking metal-rich oxide and stoichiometric oxide as the

oxide layer of resistive switching (RS) cells improves some performances, such as endurance

and retention [1–6]. Although the metal-rich layer is considered to act as an oxygen-vacancy-

reservoir that supplies oxygen vacancies (VO) to the stoichiometric oxide layer when a

voltage is applied [7, 8], the physical effects of stacking metal-rich layers have not been

completely clarified because experimental observation of VO transport in an ultra-thin oxide

film (a thickness of several tens of nanometers) and in a localized region (a diameter of

several nanometers) in which the growth and dissolution of a conductive filament (CF)

occur is difficult. In this chapter, the effect of stacking a TaOx layer on a Ta2O5 layer was

investigated, focusing on the electrical characteristics in the initial state.

3.2 Experimental methods

RS cells with two types of stacking structures, Pt/Ta2O5/Pt/Ti and Pt/TaOx/Ta2O5/Pt,

were fabricated on SiO2/Si substrates, as shown in Fig. 3.1. The 60-nm-thick Pt and 5-

nm-thick Ti layers as a bottom electrode (BE) and an adhesion layer were deposited by

DC sputtering, respectively. Note that the presence or absence of the Ti adhesion layer

has little effect on electrical characteristics.TaOx and Ta2O5 layers with various thicknesses

were deposited by reactive radio-frequency sputtering. The oxygen gas flow rate during the

Ta2O5 deposition was adjusted to 1.7 sccm and 2.0 sccm, which are the conditions of the

oxide mode in the reactive sputtering of Ta from the results in Chap. 2 On the other hand,

the oxygen gas flow rate during the TaOx deposition was adjusted between 0.8 sccm and 1.2



38 Chapter 3. Impacts of Introducing a Ta-rich TaOx Layer

Ta2O5

Pt/Ti on SiO2/Si-sub

Pt100 �m

Pt on SiO2/Si-sub

Ta2O5

TaO
x

Pt100–500 �m

Figure 3.1: Two types of stacking structures of the fabricated RS cells. The size of such

capacitor-type RS cells is determined by the area of the Pt top electrode (TE).
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sccm, which are the conditions of the metal mode. The oxygen composition x in the TaOx

layer was controlled by adjusting the oxygen gas flow rate, as shown in Fig. 2.11 in Chap. 2.

As top electrodes (TEs), a 25-nm-thick Pt layer was formed by electron beam evaporation.

The diameters of TEs ranged from 100 to 500 µm. The size of such capacitor-type RS

cells is determined by the area of the Pt TEs, as discussed in Chap. 2 and Appendix B.

Table 3.1, Table 3.2, and Table 3.3 show sample names and the corresponding conditions,

such as thickness and oxygen composition of the Ta2O5 and/or TaOx layers, for samples of

S1–S4, D1–D3, and E1–E5.

DC and/or AC characteristics of the samples listed in Table 3.2 and Table 3.3 were

measured. In the DC measurements, initial electrical characteristics were investigated for

all samples. Moreover, temperature dependence of DC conductance in an initial state (Gini)

at 0.1 V was evaluated from 80 to 380 K for the samples of D1–D3 and E1–E3. During

the AC measurements, frequency-dependent AC admittance was assessed at zero bias with

a voltage amplitude of 300 mV from 40 Hz to 1 MHz by using an HP 4294A impedance

analyzer in the temperature range of 189–300 K. In a parallel circuit model, AC admittance

Y can be expressed by Y = Gtot+jωC, whereGtot, C, and ω are a real part of the admittance

corresponding to the conductance, capacitance, and angular frequency, respectively. During

these measurements, BEs were grounded.

3.3 Initial electrical characteristics

3.3.1 Pt/Ta2O5/Pt cells

Figure 3.2 shows current–voltage (I–V ) and resistance–voltage (R–V ) characteristics in

the initial state of Pt/Ta2O5(5 nm)/Pt cells (sample S1) when the oxygen gas flow rate

during Ta2O5 deposition is 2.0 sccm. Pt/Ta2O5/Pt cells exhibited a large device to device

variation. Figure 3.3 shows the relationship between forming voltage (Vform) and initial

resistance (Rini) in Pt/Ta2O5/Pt cells (sample S1–S4) when the oxygen gas flow rate during

Ta2O5 deposition is 2.0 sccm. The values of Vform decrease to about 2.5 V when the Ta2O5

thickness decreases, and the variation in Vform also decreases when the Ta2O5 thickness

decreases. On the other hand, Rini is about 1011 Ω in most Pt/Ta2O5(25 nm)/Pt cells

(sample S4). When the Ta2O5 thickness increases, some Pt/Ta2O5/Pt cells exhibit lower

Rini down to 106 Ω.

Next, Fig. 3.4 shows the normalized frequency of initial resistance in Pt/Ta2O5(10

nm)/Pt cells when the Ta2O5 layer was deposited at oxygen gas flow rates of 1.7 sccm

(sample S2-2) and 2.0 sccm (sample S2). The variation in initial resistance in Pt/Ta2O5/Pt

cells decreases when the oxygen gas flow rate during the Ta2O5 deposition increases. The

oxygen gas flow rate of 2.0 sccm, at which the variation in Rini is relatively small, was used

for the fabrication of Pt/TaOx/Ta2O5/Pt cells.
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Table 3.1: Thickness and oxygen gas flow rate during the Ta2O5 deposition for samples of

S1–S4 with the structure of Pt/Ta2O5/Pt.

Sample name S1 S2 S2-2 S3 S4

Ta2O5 thickness 5 nm 10 nm 10 nm 15 nm 25 nm

Oxygen gas flow rate 2.0 sccm 2.0 sccm 1.7 sccm 2.0 sccm 2.0 sccm

Table 3.2: Thickness of the oxide layers for samples of D1, D2, and D3 in case that the

oxygen composition of the TaOx layer is 1.5.

Sample name D1 D2 D3

Ta2O5 5 nm 10 nm 5 nm

TaO1.5 5 nm 10 nm 10 nm

Table 3.3: The oxygen composition of the TaOx layer for samples of E1–E5 with the

structure of Pt/TaOx/Ta2O5/Pt.

Ta2O5: 10 nm, TaOx : 25 nm

Sample name E1 E2 E3 E4 E5

Oxygen composition x in TaOx 1.51 1.66 1.81 1.97 2.13
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Figure 3.2: Current-voltage and resistance-voltage characteristics in an initial state of

Pt/Ta2O5(5 nm)/Pt cells (sample S1) when oxygen gas flow rate during Ta2O5 deposition

is 2.0 sccm.
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Figure 3.3: The relationship between initial resistance and forming voltage in

Pt/Ta2O5/Pt cells with various Ta2O5 thickness (sample S1–S4) when oxygen gas flow

rate during Ta2O5 deposition is 2.0 sccm.

Figure 3.4: Normalized frequency of initial resistance in Pt/Ta2O5(10 nm)/Pt cells when

the Ta2O5 layer was deposited at oxygen gas flow rates of 1.7 sccm (sample S2-2) and 2.0

sccm (sample S2).
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3.3.2 Pt/TaOx/Ta2O5/Pt cells

Figure 3.5 shows I–V and R–V characteristics in the initial state of Pt/Ta2O5(5 nm)/Pt

cells (sample S1) and Pt/TaOx(5 nm)/Ta2O5(5 nm)/Pt cells (sample D1). Although

Pt/Ta2O5/Pt cells exhibited a large variation in the I–V characteristics as mentioned in

Sec. 3.3.1, the variation in I–V characteristics drastically decreases in Pt/TaOx/Ta2O5/Pt

cells. Moreover, Rini in Pt/TaOx/Ta2O5/Pt cells was lower than that in Pt/Ta2O5/Pt cells

and constant up to about 3 V for the applied voltage.

Figure 3.6 shows I–V characteristics in the initial state of Pt/TaOx(25 nm)/Ta2O5(10

nm)/Pt cells with various oxygen compositions x (sample E1, E3, and E5). In all samples,

the cell resistance is constant for the applied voltage up to about 4V. Figure 3.7 shows

dependence of the cell resistance constant for the applied voltage (Rini) on the oxygen

composition of the TaOx layer in Pt/TaOx(25 nm)/Ta2O5(10 nm)/Pt cells (sample E1–

E5). Here, the oxygen composition on the upper axis was converted using the relationship

between oxygen gas flow rate and oxygen composition obtained from the results of high-

resolution Rutherford back-scattering spectrometry (HRRBS). As the oxygen composition

in the TaOx layer increases, Rini increases exponentially from about 3 kΩ to about 1 GΩ.

3.3.3 Discussion

The variation in Vform of Pt/Ta2O5/Pt cells reflects that in the intensity of forming elec-

tric field (Eform) translated by the Ta2O5 thickness. Figure 3.8 shows the dependence of

Vform and Eform on the Ta2O5 thickness, indicating that Eform tends to increase with the

Ta2O5 thickness and that the variation in Eform is independent of the Ta2O5 thickness. The

variation in Rini of Pt/Ta2O5/Pt cells in Fig. 3.4 could be attributed to the increase in

VOs in the Ta2O5 layer due to the decrease in the oxygen gas flow rate during the Ta2O5

deposition in Pt/Ta2O5/Pt cells. The increase in VOs facilitates the presence of conductive

paths connecting the top and bottom electrodes. As a result, some Pt/Ta2O5/Pt cells are

more likely to exhibit small Rini. Similarly, the Ta2O5 thickness dependence of the variation

in Rini in Fig. 3.3 suggests that the conductive paths originating from VOs are more likely

to connect the top and bottom electrodes when the Ta2O5 thickness is thinner.

In the following sections, the author investigated the impacts of introducing the TaOx

layer, focusing on the Pt/TaOx/Ta2O5/Pt cells, where the variation in I–V characteristics

is significantly reduced.

3.4 Temperature dependence of initial conductance

in Pt/TaOx/Ta2O5/Pt cells

In TaOx -based RS cells, various conduction mechanisms of CFs were proposed for each re-

sistance state, such as nearest neighbor hopping (NNH) [4, 9], Mott’s variable range hopping
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Figure 3.5: Current-voltage and resistance-voltage characteristics in the initial state of

Pt/Ta2O5(5 nm)/Pt cells (sample S1) and Pt/TaOx(5 nm)/Ta2O5(5 nm)/Pt cells (sample

D1).
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Figure 3.6: Current-voltage and resistance-voltage characteristics in the initial state of

Pt/TaOx(25 nm)/Ta2O5(10 nm)/Pt cells with various oxygen composition x (sample E1,

E3, and E5).
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layer in Pt/TaOx(25 nm)/Ta2O5(10 nm)/Pt cells (sample E1–E5).
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Figure 3.8: Dependence of forming voltage (Vform) and the intensity of forming electric

field on the Ta2O5 thickness in Pt/Ta2O5/Pt cells.
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(VRH) [4], Efros-Shklovskii’s VRH [10], and Schottky emission [11]. However, few studies

were performed on initial states before applying electrical stress. As shown in Fig. 3.5,

the introduction of the TaOx layer has significant impacts on electrical characteristics in

the initial states of Pt/TaOx/Ta2O5/Pt cells. For investigation of the impacts of introduc-

ing the TaOx layer, it is very important to clarify the electrical conduction mechanisms in

the initial state of Pt/TaOx/Ta2O5/Pt cells, where the variation in I–V characteristics is

small. Therefore, the author semi-quantitatively investigated the conduction mechanisms

of Pt/TaOx/Ta2O5/Pt cells in the initial state by AC and DC measurements.

3.4.1 DC measurement

Dominant conduction mechanisms

Figure 3.9 exhibits temperature dependence of Gini for the samples of D1, D2, and D3 in

a semi-logarithmic plot with the horizontal axis representing the −1/4 power of temperature

T . The linear characteristics in the low-temperature region below 200 K are attributed to

Mott’s VRH conduction [12]. In Mott’s VRH, carriers possibly tunnel between localized

states with small energy differences. The VRH conduction generally dominates conductivity

in a low-temperature region, and the conductivity is represented by [12]

σVRH = σ0exp

[
−
(
T0

T

)]
, (3.1)

T0 =
24α3

πkBNF

. (3.2)

Here, NF, σ0, α, and kB are the density of states near the Fermi level, the conductivity limit

at higher NF, a decay parameter of wave functions of localized states, and the Boltzmann

constant, respectively. Assuming that α is 0.86 nm−1, which is valid in disordered film [13],

NF was calculated from the slope in the low-temperature region below 200 K in Fig. 3.9,

as shown in Table 3.4. The VRH conduction contributed to the DC conductance even

around room temperature and the linear characteristics due to VRH conduction obtained

from the low-temperature region in Fig. 3.9 could be extended toward the high-temperature

side. To elucidate the mechanism of the increase of the Gini at a higher temperature, the

contribution of Mott’s VRH (GVRH) was subtracted from the Gini. Here, temperature-

dependent GVRH can be determined from Eq. (3.1), Eq. (3.2), and Table 3.4. Figure 3.10

shows the temperature dependence ofGini andGini −GVRH in the sample of D2. As shown in

Fig. 3.10, Gini − GVRH increases exponentially from 200 to 380 K with an activation energy

Ea of 180 meV. This result reveals that band conduction with the thermally activated

temperature dependence of conductivity is dominant in parallel with Mott’s VRH. The

activation energy in the samples of D1 and D3 was also calculated by the same process, as

denoted in Table 3.4. Figure 3.11 shows the temperature dependence of Gini in Pt/TaOx(25

nm)/Ta2O5(10 nm)/Pt cells with various oxygen compositions x (sample E1–E3). Similarly,

NF and Ea were calculated from the temperature dependence in Fig. 3.11, as shown in



3.4. Temperature dependence of initial conductance in Pt/TaOx/Ta2O5/Pt cells 49

0.22 0.26 0.30 0.34
10-9

10-8

10-7

10-6

10-5

10-4

400300 200 100

In
it
ia

l 
D

C
 c

o
n
d
u
c
ta

n
c
e
 G

in
i [

S
]

T
 -1/4 [K-1/4]

Temperature [K]

D1: Pt/TaO1.5(5 nm)/
Ta2O5(5 nm)/Pt

D2: Pt/TaO1.5(10 nm)/
Ta2O5(10 nm)/Pt

D3: Pt/TaO1.5(10 nm)/
Ta2O5(5 nm)/Pt

Figure 3.9: Temperature dependence of DC conductance at 0.1 V in initial states (Gini)

of the samples of D1, D2 and D3 in a semi-logarithmic plot with the horizontal axis repre-

senting the −1/4 power of temperature.

Table 3.4: Physical parameters of Mott’s VRH derived from Eq. (3.1), Eq. (3.2), and the

slope of temperature dependence in Fig. 3.9 and Fig. 3.11. It was assumed that the value of

α in Eq. (3.2) is 0.86 nm−1. The activation energy Ea in each sample was calculated from

the slope of an Arrhenius plot of a conductance component obtained by Gini minus GVRH,

as shown in Fig. 3.10.

sample name T0[K] NF [cm−3eV−1] Ea [meV]

D1 1.8 ×107 3.1×1018 190

D2 5.6 ×106 1.0×1019 180

D3 6.3 ×105 9.0×1019 110

E1 1.3 ×105 4.4×1020 —

E2 7.9 ×106 7.1×1018 100

E3 6.8 ×107 8.3×1017 220
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Table 3.4. Thus, the analyses of the temperature dependence of Gini for the samples of D1–

D3 and E1–E3 provide a positive correlation between Gini and NF, as shown in Fig. 3.12.

Discussion on the origin of localized states

As shown in Table 3.4 and Fig. 3.12, NF depends mainly on the thickness and oxygen

composition x of the TaOx layer. In addition, Mott’s VRH conduction, which is conduction

through the localized states, is dominant in Pt/TaOx/Ta2O5/Pt cells with the TaOx layer.

These results suggest that the localized states in the Ta2O5 layer are attributed to stacking

the TaOx layer. Moreover, the results of RBS in Chapter 2 suggest that oxygen migration

from the stoichiometric layer to the Ta-rich TaOx layer occurs throughout the TaOx/Ta2O5

interface, not at a local spot, even in the as-deposited Pt/TaOx/Ta2O5/Pt cells before the

voltage is applied. The author, therefore, considered that the origin of the localized states

could be VOs in the Ta2O5 layer caused by the oxygen migration from the Ta2O5 layer to

the TaOx layer.

Discussion on activation energy

The activation energy Ea tends to decrease with an increase in NF. Similar relation

between activation energy and impurity concentration, which is ascribed to the overlap of

Coulomb potentials, is well-known in other semiconductor materials [14, 15]. The activation

energy Ea(c) dependent on impurity concentration c is represented by

Ea(c) = Ea0 − ac
1
3 , (3.3)

where c, a, and Ea0 are impurity concentration, coefficient, and activation energy at suf-

ficiently low impurity concentration. The lowering term of activation energy is inversely

proportional to the average distance between ionized impurities, thus proportional to the

1/3-power of the impurity concentration. Previous studies have revealed that VOs are stable

in positively charged states in the Ta2O5 layer [16]. Assuming that the VO density is equal

to 0.1 eV·NF, the relationship between the cube root of the VO density, i.e., the inverse of

the average distance between VOs, and the activation energy Ea was obtained as shown in

Fig. 3.13. The Coulomb potentials of neighboring VOs overlap when the VO density is high,

approximately over 1018 cm−3, resulting in lowering Ea.

3.4.2 AC measurement

The AC conductance Gtot can be separated into a DC conductance component Gini and a

component dependent on frequency G(ω) [17]. The author analyzed frequency dependence

of G(ω) [18]. Gini was defined as the saturation value of Gtot at the minimum angular

frequency of 240 rad/s. Figure 3.14 shows the frequency dependence of each conductance

of Gtot and G(ω) with a log-log plot in the samples of S2 and D2 at 300 K. Here, for the
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Figure 3.12: The relationship between Gini and NF in Pt/TaOx/Ta2O5/Pt cells (sample

D1–D3 and E1–E3).
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concentration Ea(c) is represented by Ea(c) = Ea0 − ac
1
3 , where c, a, and Ea0 are impurity

concentration, coefficient, and activation energy at sufficiently low impurity concentration.
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Figure 3.14: Frequency characteristics of AC conductance Gtot and its frequency depen-

dent component G(ω) in Pt/Ta2O5(10 nm)/Pt and Pt/TaOx(10 nm)/Ta2O5(10 nm)/Pt

cells. G(ω) is obtained by subtracting DC conductance component saturated at extremely

low frequency from Gtot.
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sample of S2 with a large variation of DC characteristics, the AC characteristics of a cell

that shows Rini of about 10
11Ω were presented.

The introduction of the TaOx layer changed G(ω) characteristics significantly. Fig-

ure 3.15 shows the frequency characteristics of G(ω) at different temperatures in the sample

of D2. This frequency dependence from 103 to 106 rad/s is expressed as

G(ω) = Aωs, (3.4)

where A is a constant. The slope s at a fixed frequency in the logG(ω)-logω plots exhibits

weak temperature dependence. The inset in Fig. 3.15 shows the temperature dependence

of the s value at 100 krad/s, indicating that the s value satisfies ∂s/∂T > 0. The positive

temperature dependence of the s value can be understood by the Small Polaron Tunneling

(SPT) model [17], which is relaxation of small polarons formed by carrier hopping between

a pair of localized states near the Fermi level. The relaxation time τ and the s value in the

SPT model is expressed by [17, 18]

τ = τ0pexp (2αR) exp

(
WH

kBT

)
, (3.5)

s = 1 +
4

ln(ωτ0p) +
WH

kBT

(3.6)

where τ0p, R, andWH are a relaxation time limit between neighboring states at high temper-

ature, distance between the states, and an activation energy of small polarons, respectively.

The dashed lines in Fig. 3.15 indicate fitting curves of logG(ω)–logω characteristics by the

SPT model. The fitting parameters τ0p and WH are 1×1013s−1 and 80 meV independent of

temperature, respectively. The order of τ0p is reasonable as it agrees with the inverse of the

optical phonon frequency [17, 18]. Note that the angular frequency ranges above 200 krad/s

should be excluded from the fitting range because G(ω) includes parasitic impedance. Simi-

larly, the angular frequency ranges below 3 krad/s should be excluded from the fitting range

because the relaxation time τ is finite [19].

As a result, AC conductance Gtot in the low-frequency region below 1 krad/s as well as

DC conductance Gini, are dominated by Mott’s VRH and band conduction. However, Gtot

in the high-frequency region above 100 krad/s, which is nearly equal to G(ω), is dominated

by SPT, as shown in Table 3.5. Note that both Mott’s VRH and SPT are transport

mechanisms of carriers trapped in localized states. Since the localized states are generated

by the introduction of the TaOx layer, the origin of the localized states seems to be VOs in

the Ta2O5 layer, as described in Section 3.4.1.

3.4.3 Discussion

Figure 3.16 shows the cell size dependence of Gtot at 240 rad/s and 600 krad/s at 300 K

in the diameter range of 100–500 µm in the sample of D2. AC conductance Gtot is propor-

tional to the cell size in the high-frequency region around 600 krad/s, in which transport of
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Figure 3.15: Frequency characteristics G(ω) and fitting curves in a Pt/TaOx(10

nm)/Ta2O5(10 nm)/Pt cell at different temperatures. The inset is temperature dependence

of s value at 105 rad/s, revealing that ∂s/∂T is positive.

Table 3.5: Dominant conduction mechanism contributing to electrical conductivity.

Low frequency (DC) High frequency above 100 krad/s

200–400 K Band∥VRH SPT

80–200 K VRH —

(VRH: Mott’s variable range hopping, SPT: small polaron tunneling)
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Figure 3.16: Cell area dependence of AC conductance Gtot in Pt/TaOx (10 nm)/Ta2O5 (10

nm)/Pt cells at different frequencies. The AC conductanceGtot at 600 krad/s is proportional

to the cell size. In contrast, Gtot at 240 rad/s exhibits a large dispersion and positive

correlation with the cell size.
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small polarons between a pair of states with a fast relaxation time, which means smaller τ ,

dominates the conductivity. The result implies that high-density VOs are almost uniformly

distributed in the TaOx side of the Ta2O5 layer by the redox reaction because the fast relax-

ation time suggests a small distance between the states according to Eq. (3.4). In contrast,

at the low frequency of 240 rad/s (almost DC), the cell size dependence of Gtot exhibits a

large dispersion and is not proportional to the cell size. Similarly, Fig. 3.17 shows the cell

size dependence of Gini, which is dominated by Mott’s VRH and band conduction, in the

samples of D2, E3, and E5. These cell size dependences in the low-frequency region indicate

that local conductive paths are non-uniformly distributed in the Ta2O5 layer. Based on the

result, it can be speculated that the introduction of the TaOx layer causes the formation of

local conductive paths in the as-deposited cells by the VO migration without applying volt-

age, as schematically illustrated in Fig. 3.18. The cell size dependences of Gtot in different

frequency regions reflect the difference of VO distribution in the Ta2O5 layer and dominant

conduction mechanisms in the cells. Furthermore, the author demonstrated forming-free

RS characteristics, which means that the cell resistance values in the initial state and the

high-resistance state (HRS) are comparable [1, 5, 20–22], in Pt/TaOx/Ta2O5/Pt cells by

the introduction of the TaOx layer, as shown in Fig. 3.19. Fig. 3.19 presents typical I–

V characteristics of bipolar RS in the sample of D3, which revealed the similarity of the

characteristics in the initial state and HRS. To investigate temperature dependence of con-

ductance in the HRS GHRS, forming and then sufficient reset processes were performed in

a cell of sample D3, as shown in Fig. 3.20. The cell resistance increases up to Rini due to

a reset process when applying a negative voltage, which means that RHRS is equal to Rini.

Fig. 3.21 shows the temperature dependence of GHRS (= 1/RHRS) in the cell, indicating that

it is similar to the temperature dependence of Gini, as shown in Fig. 3.10. These results

mean that the HRS is almost equivalent to the initial state after sufficient reset processes.

The initial resistance dependent on the dominant conduction mechanisms determines the

cell resistance in the HRS.

3.5 Oxygen migration between TaOx and Ta2O5

layers

In this section, the author experimentally characterized the oxygen migration from the

Ta2O5 layer to the TaOx layer in the as-deposited Pt/TaOx/Ta2O5/Pt cells.

3.5.1 Characterization methods using oxygen isotopes

To investigate oxygen exchange between the TaOx and Ta2O5 layers, Ta16Ox/Ta
18
2 O5/Pt

and Ta16Ox/Ta
16
2 O5/Pt samples were prepared by using isotope 16O2 and

18O2 gases as the

reactive oxygen gas during the RF sputtering deposition. The purities of 16O2 and 18O2
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Figure 3.17: Cell area dependence of DC conductance Gini in the samples of D2, E3, and

E5, indicating positive correlation with the cell size.
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Figure 3.18: Schematic illustration of distribution of oxygen vacancies (VOs) in a

Pt/TaOx/Ta2O5/Pt cell. From the linear relationship of Gtot in the high frequency region,

VOs are almost uniformly distributed. Filamentary conductive paths are non-uniformly

formed in a Ta2O5 layer even in the initial state as speculated from the dispersion and the

positive correlation of Gtot in the low frequency region.
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Figure 3.19: Typical resistive switching characteristics in the sample of D3. The initial

conductance Gini was almost equal to the resistance after reset processes.
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Figure 3.20: Current–voltage and Resistance–voltage characteristics when forming and

then sufficient reset processes were performed in a cell of sample D3. The cell resistance

increases up to the initial resistance Rini due to a reset process when applying a negative

voltage, which means that the resistance in the high-resistance state (RHRS) is equal to Rini.
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Figure 3.21: The temperature dependence of GHRS (= 1/RHRS) in the cell after the

sufficient reset process presented in Fig. 3.20.
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gases are 99.99995% and 98%, respectively. Note that these samples were not exposed to

the atmosphere between the deposition of the Ta2O5 and TaOx layers. Moreover, in order

to discharge the residual 18O2 gas, evacuation up to 2 × 10−5 Pa and injection of 16O2 gas

were repeated 5 times after the deposition of Ta 18
2 O5. To prevent the mixture of 16O and

18O on a Ta target, different Ta targets were used for the deposition of Ta16Ox and Ta 18
2 O5.

3.5.2 18O and 16O atom profiles in TaOx and Ta2O5 layers

Figure 3.22 shows secondary-ion mass spectrometry (SIMS) profiles for Ta16Ox/Ta
18
2 O5/Pt

and Ta16Ox/Ta
16
2 O5/Pt samples. The 18O intensity in the depth profile for the

Ta16Ox/Ta
16
2 O5/Pt structure is derived from 18O2 molecules in the high-purity 16O2 gas.

The 18O intensity in the Ta16Ox layer for the Ta16Ox/Ta
18
2 O5/Pt structure is four times

greater than that in the Ta16Ox layer for the Ta16Ox/Ta
16
2 O5/Pt structure. This result

reveals that 18O was supplied from the Ta 18
2 O5 layer to the Ta16Ox layer. Because of the

low purity of the 18O2 gas in contrast to the high-purity 16O2 gas, the 16O intensity in

the Ta 18
2 O5 layer for the Ta

16Ox/Ta
18
2 O5/Pt structure is considered to originate from 16O2

molecules in the 18O2 gas. Although the migration of 16O from the Ta16Ox layer to the

Ta 18
2 O5 layer occurs in the Ta16Ox/Ta

18
2 O5/Pt structure, the oxygen migration mainly

occurs from the Ta2O5 layer to the TaOx layer. Since the SIMS was performed for the

as-deposited TaOx/Ta2O5/Pt structure, VOs are supplied from the TaOx layer to the stoi-

chiometric Ta2O5 layer even in the absence of an applied voltage. Thus, the Ta-rich TaOx

layer with a resistance typically less than 100 Ω acts as a VO reservoir layer.

3.6 Discussion

In this section, based on the above results, the author discusses the effects of the Ta-rich

TaOx layer. The results of SIMS in Fig. 3.22 revealed that just stacking the TaOx layer

on the Ta2O5 layer causes the VO supply from the TaOx layer to the Ta2O5 layer. The

supplied VO forms localized states in the Ta2O5 layer. As shown in Fig. 3.12, the density

of localized states in the Ta2O5 layer, corresponding to the VO density, depends on the

oxygen composition x and thickness of the TaOx layer. Fig. 3.23 schematically illustrates

the relationship between the density of the supplied VO and the oxygen composition x and

thickness of the TaOx layer. When the oxygen composition x of the TaOx layer increases

under the constant thickness, the TaOx layer is less likely to incorporate oxygen and the

VO supply to the Ta2O5 layer is suppressed. On the other hand, when the thickness of the

TaOx layer increases under the constant x, the TaOx layer can incorporate more oxygen

and more VOs are supplied to the Ta2O5 layer. Thus, the density of the supplied VO can

be controlled by the oxygen composition x and thickness in the TaOx layer.
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Figure 3.22: Secondary-ion mass spectrometry (SIMS) profiles for Ta16Ox/Ta
18
2 O5/Pt and

Ta16Ox/Ta
16
2 O5/Pt samples.
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Figure 3.23: Schematic illustration of the relationship between the density of the supplied

VO and the oxygen composition x and thickness of the TaOx layer.
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3.7 Summary

The impacts of introducing a Ta-rich TaOx layer on initial characteristics in Pt/Ta2O5/Pt

cells were investigated. First, comparing the initial electrical characteristics in Pt/Ta2O5/Pt

cells and Pt/TaOx/Ta2O5/Pt cells, where the diameter of the Pt top electrode is 100 µm,

stacking the TaOx layer significantly reduces the device-to-device variation. Second, in

Pt/TaOx/Ta2O5/Pt cells, the temperature dependence of initial conductance with the small

device-to-device variation was characterized in the wide temperature and frequency ranges

to clarify the dominant conduction mechanism. The temperature dependence of DC con-

ductance revealed that Mott’s variable range hopping (VRH) conduction is dominant in the

low-temperature region below 200 K, and that both VRH conduction and band conduction

contribute to the DC conductance in parallel from 200 K to 400 K. In contrast, the frequency

characteristics of AC conductance at different temperatures indicated that the relaxation of

small polarons formed by carriers in the localized states contributed to AC conductance at

high frequency. Moreover, the cell size dependence of AC conductance suggested that the

introduction of a TaOx layer formed filamentary conductive paths without applying volt-

age. Third, the results of secondary ion mass spectrometry for two samples prepared using

oxygen isotopes as markers revealed that oxygen migration occurs from the Ta2O5 layer to

the TaOx layer, indicating that the origin of the localized states in the Ta2O5 layer could

be oxygen vacancies supplied from the TaOx layer. Finally, by using the VRH conduction

equation, the density of VOs in the Ta2O5 layer, corresponding to the localized states, was

estimated from the temperature dependence of the initial resistance in Pt/TaOx/Ta2O5/Pt

cells with different oxygen compositions of the TaOx layer. It was quantitatively revealed

that the density of VOs supplied from the TaOx layer to the Ta2O5 layer can be controlled

by the oxygen composition (1.5–2.1) and thickness in the TaOx layer.
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Chapter 4

Semi-forming Phenomenon and

Analog Resistive Switching in

Pt/TaOx/Ta2O5/Pt Cells

4.1 Introduction

Numerous studies have reported gradual reset processes in binary transition metal oxide-

based resistive switching (RS) cells [1–7]. In contrast, gradual set processes are often difficult

to achieve [2, 7–11]. The lack of the gradual set processes might be caused by positive

feedback between the filament growth and the rise in Joule heating within the conductive

filament [4, 5]. The authors of some previous studies have demonstrated multi-level control

of the cell resistance by suppressing the positive feedback with compliance currents, which

induce undesired external circuits [5, 6]. Brivio etal. suggested that the positive feedback

could be alleviated by the competition between set and reset processes [12]. Here, the

author focused on the complementary RS, in which set and subsequent reset processes occur

at both positive and negative voltages [13–15]. In the complementary RS, the growth and

dissolution of a conductive filament could compete with and suppress each other. Figure 4.1

shows typical current–voltage (I–V ) characteristics of complementary resistive switching

(RS) and the qualitative model of the growth and dissolution of conductive filaments in the

complementary RS [16]. In general, the complementary RS characteristics can be obtained

in two bipolar RS cells connected anti-serially as shown in the schematic of Fig. 4.1 [16]. In

these cells, the growth and dissolution of the conductive filaments occur in each spatially

separated cell. Therefore, the growth and dissolution of the conductive filaments are less

likely to interfere with each other. In contrast, in complementary RS operations in a single

RS cell, the growth and dissolution of the conductive filament could compete with and

suppress each other. Various RS operation modes, including the complementary RS mode,

have been reported in some RS cells, such as those based on HfOx and TaOx [12, 14, 17].

However, experimental methods for controlling the various RS operation modes in a single
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RS cell have not been established.

In this section, forming and resistive switching characteristics were investigated in the

Pt/TaOx/Ta2O5/Pt cells when the oxygen composition and thickness of the TaOx layer

were varied systematically, based on the results in Chap. 3. The purpose of this section is

to demonstrate analog RS characteristics in the complementary RS operations.

4.2 Experimental methods

Pt(25 nm)/TaOx/Ta2O5 (10 nm)/Pt(60 nm) cells were fabricated on a SiO2/Si substrate,

as shown in Fig. 4.2. The 60-nm-thick Pt layer as a bottom electrode (BE) was deposited

by DC sputtering. The TaOx layer with various thicknesses and the 10-nm-thick Ta2O5

layer were deposited by reactive radio-frequency sputtering. The oxygen compositions in

the TaOx and Ta2O5 layers were controlled by adjusting the oxygen gas flow rate at 0.8–1.2

sccm and 2.0 sccm, respectively, under an Ar gas flow at 5.0 sccm. Finally, Pt top electrodes

(TEs) with a diameter of 100 µm were deposited by electron-beam evaporation. Forming

and RS characteristics were evaluated for the Pt/TaOx/Ta2O5/Pt cells at room temperature

using a Keithley 4200 semiconductor parameter analyzer with the BE grounded. These

measurements were performed using voltage sweeps at a ramp rate of about 0.2 V/s.

4.3 Semi-forming phenomenon

Figure 4.3 shows typical I–V and resistance–voltage (R–V ) characteristics in as-deposited

Pt/TaOx/Ta2O5/Pt cells with a 25-nm-thick TaOx layer deposited at an oxygen gas flow

rate of 0.8 sccm, at which the oxygen composition of the TaOx layer is about 1.5. Two modes

of forming phenomena occur; the conventional forming phenomenon, which transits to a low

resistance state less than 100 Ω, and the unique forming phenomenon in Pt/TaOx/Ta2O5/Pt

cells, which transits to a higher resistance state more than 1 kΩ. Figure 4.4 shows typical

RS characteristics after the conventional forming. The reset characteristics are symmetric

irrespective of voltage polarity, which are called nonpolar RS, and are often observed in the

RS cells with a symmetric stack structure such as Pt/Ta2O5/Pt. In the following section,

the author investigated the unique forming phenomenon in Pt/TaOx/Ta2O5/Pt cells with

the TaOx layer as a VO-reservoir, which is defined as “semi-forming”, and subsequent RS

characteristics.

4.3.1 Oxygen composition dependence in TaOx

Fig. 4.5 shows the dependence of the initial resistance (Rini) and the cell resistance after

semi-forming (Rsemi) on the oxygen composition x of the TaOx layer when the oxygen

gas flow rate was controlled between 0.8 sccm and 1.2 sccm by 0.1 sccm. The initial

resistance Rini exponentially increases with x from about 3 kΩ to about 1 GΩ, while Rsemi
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Figure 4.2: Stacking structures of the fabricated RS cells. The size of such capacitor-type

RS cells is determined by the area of the Pt top electrode (TE).
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Figure 4.3: Typical I–V and resistance–voltage (R–V ) characteristics in as-deposited

Pt/TaOx/Ta2O5/Pt cells with a 25-nm-thick TaOx layer deposited at an oxygen gas flow

rate of 0.8 sccm, at which the oxygen composition of the TaOx layer is about 1.5.
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Figure 4.5: Oxygen composition x dependence of the initial resistance (Rini) and the cell

resistance after the semi-forming (Rsemi) in Pt/TaOx/Ta2O5/Pt cells.
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also tends to increase. Fig. 4.6 shows the oxygen composition dependence of the relative

occurrence frequency of the semi-forming phenomenon (Fsemi) when forming characteristics

were investigated for 20 cells at each oxygen gas flow rate. As the oxygen composition x

increases, Rini and Rsemi increase while Fsemi tends to decrease, which means the conventional

forming phenomenon is more likely to occur. The frequency of semi-forming deteriorates

due to the suppression of the VO supply, based on the results in Chap. 3.

4.3.2 TaOx thickness dependence

Fig. 4.7 shows the TaOx thickness dependence of Rini and Fsemi when the oxygen composition

x is 1.51, 1.81, and 2.13. As the TaOx thickness increases, Rini decreases and the decrease

in Rini tends to saturate. As described in Chap. 3, an increase in the TaOx thickness causes

more VO supply to the Ta2O5 layer. The results in Fig. 4.7 indicate that the number of

VOs supplied from the TaOx layer saturates for the TaOx thickness. In contrast, Fsemi tends

to increase toward 1 as the TaOx thickness increases. When the oxygen composition x is

2.13, even though the TaOx thickness increases, Fsemi hardly increases and the conventional

forming occurs, suggesting that the saturated number of the supplied VO from the TaOx

layer is not sufficient for semi-forming to occur.

4.3.3 Discussion

In this section, the author discusses the mechanism of the semi-forming phenomenon. As

mentioned in Chap. 3, the supplied VO from the TaOx layer is expected to be distributed

non-uniformly in the Ta2O5 layer. The non-uniformity in the VO supply causes current

concentration and accompanying local Joule heating when a positive voltage is applied to

the top electrode (TE), as schematically shown in the left diagram of Fig. 4.8. The local

Joule heating facilitates the growth of a conductive filament only at the local spot, which

is referred to as the semi-forming phenomenon. As a result, a resistance of a filament gap

above the partially formed filament contributes to the cell resistance after semi-forming, as

shown in the right diagram of Fig. 4.8. The resistance of the filament gap depends roughly

on the density of the supplied VO. Owing to more insufficient VO supply in the case of

larger x, Rsemi tends to increase with x. In contrast, Fsemi tends to decrease with x because

the current concentration and accompanying local Joule heating, as shown in Fig. 4.8, are

less likely to occur due to the insufficient VO supply, and thus, the conventional forming

phenomenon is more likely to occur.
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4.4 Resistive switching characteristics after

semi-forming phenomenon

Fig. 4.9 presents typical RS characteristics when a negative voltage is applied to the TE

after semi-forming in Pt/TaO1.5(25 nm)/Ta2O5(10 nm)/Pt cells. When a negative voltage

sweep down to −4 V was performed, the cell resistance abruptly decreases at about −1

V (a set process) and subsequently increases over − 1 V (a reset process). On the other

hand, when a positive voltage is applied to the TE after semi-forming, unipolar set and

subsequent reset processes occur. Fig. 4.10 shows the typical unipolar RS characteristics

after semi-forming in Pt/TaO1.5(10 nm)/Ta2O5(10 nm)/Pt cells. In this thesis, the author

focused on the RS characteristics in Fig. 4.9 because such RS characteristics have not been

reported previously.

4.4.1 Control of resistive switching operation modes

Figure 4.11 shows various modes of RS characteristics when the range of voltage sweep is

adjusted from the maximum magnitude of the negatively applied voltage (Vnmax) to +1.5

V. Panels (a)–(d) in Fig. 4.11 show a series of RS characteristics in different modes when

Vnmax increases from −1.0 V [panel (a)] to −2.5 V [panel (d)] in increments of 0.5 V.

Panels (i) and (ii) show the corresponding I–V and R–V characteristics, respectively. Set

processes induced by a negative voltage (negative set), and reset processes induced by a

positive voltage (positive reset), occur when Vnmax is −1.0 V, as shown in Panel (a) of

Fig. 4.11. This RS operation mode is referred to as “counterclockwise RS” because the

direction of the trace in the R–V plot is counterclockwise [18, 19]. Note that the resistance

changes in the voltage sweep from −0.6 V to +1.5 V reflect the nonlinearity of the I–V

characteristics with no accompanying transitions of the resistance state. In the clockwise

RS mode, the dissolution and growth of the conductive filament occur near the TaOx/Ta2O5

interface. Since the TaOx/Ta2O5 interface forms an ohmic contact [17], the cell resistance

in the 8-wise RS mode is dominated by the resistance of the conductive filament, resulting

in the symmetry of the R–V characteristics with respect to the applied voltage from −0.6

V to +0.6 V. On the other hand, the direction of the trace of the R–V characteristics is

clockwise when Vnmax is +2.5 V, as shown in Panel (d) of Fig. 4.11. This RS operation

mode is referred to as “clockwise RS” [18, 19]. The cell resistance reaches approximately

3 kΩ at zero bias through the negative reset processes. The resistance changes in the

voltage sweep from −2.0 V to +0.6 V reflect the nonlinearity of the I–V characteristics

in the clockwise RS mode. In the clockwise RS mode, the dissolution and growth of the

conductive filament occur near the Ta2O5/Pt Schottky interface [20]. Therefore, the R–

V characteristics are asymmetric with respect to the applied voltage from −0.6 V to +0.6 V

in the high resistance states due to the Schottky barrier at the Ta2O5/Pt interface. In the

middle range of the applied voltage between the two aforementioned operation modes, when
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Figure 4.9: Typical RS characteristics when a negative voltage is applied to the top

electrode (TE) after semi-forming in Pt/TaO1.5(25 nm)/Ta2O5(10 nm)/Pt cells.
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Figure 4.10: Typical unipolar RS characteristics when a positive voltage is applied to the

TE after semi-forming in Pt/TaO1.5(10 nm)/Ta2O5(10 nm)/Pt cells.
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Figure 4.11: Various modes of RS characteristics in the range of voltage sweep from

the maximum magnitude of the negatively applied voltage (Vnmax) to +1.5 V when Vnmax

increases from −1.0 V panel (a) to −2.5 V panel (d) in increments of 0.5 V.
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Vnmax is +1.5 V [Panel (b)], the complementary RS characteristics are obtained. Although

the cell resistance decreases from 1.0 kΩ to 0.6 kΩ at approximately ±0.8 V because of the

set processes, the subsequent reset processes from ±1.0 V to ±1.5 V result in an increase in

the cell resistance up to a value similar to that before the previous set processes. The RS

operation mode in the voltage range from −1.5 to +2.0 V [Panel (c)] is an intermediate mode

between the complementary RS and the clockwise RS. Thus, the increase in Vnmax causes

the increase in the cell resistance after applying a negative voltage in each RS mode from

0.8 kΩ to 3.0 kΩ, resulting in a change in the RS operation mode from the counterclockwise

RS mode through the complementary RS mode to the clockwise RS mode. Although the

values of Vnmax required for these principal RS operation modes slightly differ among the

Pt/TaOx/Ta2O5/Pt cells, it could be confirmed that the modification of the RS operation

modes occurs in other cells as well. Moreover, in the case of the cells with a 10-nm-thick

TaOx layer after the semi-forming, similar RS characteristics to those in Fig. 4.11 could

be observed. This systematic transition among the RS operation modes has not been

reported in other related studies [21–25]. Notably, a particular mode of RS operations can

be selectively obtained by controlling the applied-voltage range in the same cell.

4.4.2 Analog resistive switching

Here, the author discusses typical symmetric analog RS characteristics in the complementary

RS mode, as shown in Panel (a) of Fig. 4.12. The positive set, the negative reset, the

negative set, and the positive reset processes in the complementary RS mode are labeled as

(b), (c), (e), and (d), respectively, in Panel (a). These RS characteristics can be individually

obtained in the same cell. The maximum magnitude of the voltage sweep was gradually

increased by ∆V+ or ∆V− each time a positive or negative voltage was swept, respectively.

The cell resistance gradually changed with each voltage sweep at not only the reset processes

but also the positive and negative set processes. The analog RS characteristics are more

prominent in the complementary RS mode than in the counterclockwise and clockwise RS

modes shown in Panels (a) and (d). Thus, analog RS irrespective of bias polarity was

demonstrated in the complementary RS mode. Fig. 4.13 shows retention characteristics in

7 resistance states between 100 Ω and 1 kΩ when applying a voltage of +0.1 V at room

temperature, indicating that little fluctuation of resistance was observed for about 1000

seconds in any resistance states.

An abrupt transition in the set processes is explained by a positive thermal feedback

effect [4, 5]. Therefore, a pulse voltage or compliance current has been used to suppress Joule

heating in many previous studies [6, 9, 12, 15, 24]. By contrast, the analog RS characteristics

in the present study can be obtained during the DC voltage sweep, indicating that the

competition between the growth and dissolution of a conductive filament is beneficial for

analog RS even under the effect of Joule heating. Herein, because the VOs are positively

charged, they are assumed to move in the same direction as the electric field. Figure 4.14
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Figure 4.12: Symmetric analog RS characteristics in the complementary RS mode. The

negative set, the positive reset, the positive set, and the negative reset processes in the

complementary RS mode are labeled as (b), (c), (e), and (d), respectively, in Panel (a).

The maximum magnitude of the voltage sweep was gradually increased by ∆V+ or ∆V−

each time a positive or negative voltage was swept, respectively.
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shows schematics of a conductive filament in these RS operation modes. The positive set

and the negative reset in the counterclockwise RS mode indicate the growth and dissolution

of a conductive filament near the TaOx layer, as shown in the left diagram in Fig. 4.14.

Here, a conductive filament can be dissolved near the VO reservoir layer for a negative

reset because of a limited supply of VOs to the Ta2O5 layer; this behavior is attributed

to the TaOx (x ∼ 1.5) thin layer acting as a moderate VO reservoir layer, [26] and not as

an infinite VO reservoir layer [27]. Furthermore, several recent studies have reported that

oxygen exchange can occur between the Pt electrode and the oxide layer under an applied

voltage [20, 28, 29]. Interestingly, the complementary RS characteristics are approximately

symmetric with respect to the polarity of the applied voltage despite the asymmetric stacked

structure, as shown in Panel (a) of Fig. 4.12. The symmetry of the RS characteristics may

originate from the VO supply by an oxygen exchange process between the Pt electrode

and the Ta2O5 layer. The cell resistance after reset processes is lower than the inverse of

the quantized conductance (12.9 kΩ) [30, 31], indicating that a conductive filament is not

completely ruptured but constricted, as shown in the left diagram in Fig. 4.14. The negative

reset and the positive set in the clockwise RS mode can be explained by the growth and

dissolution of the conductive filament near the Pt BE, as shown in the right diagram in

Fig. 4.14. The cycle of the negative set, the negative reset, the positive set, and the positive

reset observed in the complementary RS mode suggests that reversible changes occur in the

constricted region of the conductive filament in Fig. 4.14. The increase in Vnmax indicates

that the constricted region moves from near the TaOx layer toward the Pt BE, followed by

further dissolution of the constricted filament near the Pt BE.

4.4.3 Reduction of operation current in analog resistive

switching

Light blue lines in Fig. 4.15 show R–V characteristics of analog RS operations after the

semi-forming when the oxygen composition and the thickness in the TaOx layer are 1.81

and 50 nm, respectively. As shown by the blue lines in Fig. 4.15, when the magnitude

of Vnmax increases to −3 V, a transition to a higher resistance state occurs. After the

transition, analog RS operations in a higher resistance range can be obtained. Figure 4.16

shows R–V characteristics of analog RS operations in different resistance ranges when Vnmax

is −2 V, −3 V, and −4 V. The resistance range of the analog RS operations depends on

Vnmax. The increase in Vnmax could lead to a decrease in the density of VOs constituting

the conductive filaments because VOs are driven to the TaOx layer due to the electric field.

Even though the negative applied voltage increased further, the cell resistance does not

exceed Rini because Rini is contributed by the current in the entire area of the cell from

the cell size dependence in Fig. 3.17 in Chap. 3. Therefore, a higher Rini is preferable

in terms of analog RS operations in a higher resistance range. Although Rini and Fsemi

exhibit a trade-off relationship for the oxygen composition in the TaOx layer, the trade-off
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Figure 4.15: p

Figure 4.16: p
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relationship can be improved by increasing the TaOx thickness. The optimal conditions in

this thesis to keep both Rini and Fsemi high values are the oxygen composition x of 1.81 and

the TaOx thickness of 50 nm. Compared to the resistance range of the analog RS operations

at the oxygen composition x of 1.51 between 100 Ω and 1 kΩ in Fig. 4.12, the resistance

range of the analog RS operations at the oxygen composition x of 1.81 is higher between

5 kΩ and 20 kΩ. These results demonstrated that operation currents in analog RS can be

reduced to about 1/20 by controlling the oxygen composition x, the TaOx thickness, and

Vnmax.

4.5 Summary

Forming and resistive switching characteristics were investigated in detail for demonstration

of analog RS characteristics in Pt/TaOx/Ta2O5/Pt cells. First, the author found a unique

forming phenomenon (semi-forming) that transitions to a high-resistance state of several

kilo-ohms. The dependence of semi-forming properties on the density of oxygen vacancies

supplied from the TaOx layer to the Ta2O5 layer was investigated, revealing that the semi-

forming phenomenon is more likely to occur when more oxygen vacancies are supplied to

the Ta2O5 layer. Based on these results, the mechanism of semi-forming was proposed.

Second, the author also found that in Pt/TaOx/Ta2O5/Pt cells after semi-forming, set and

subsequent reset processes occur when the negative applied voltage increases. Moreover,

various operation modes of resistive switching can be controlled by adjusting the magnitude

of the negative applied voltage: counterclockwise, complementary, and clockwise resistive

switching. In particular, analog control of the cell resistance can be demonstrated even

in set processes in the complementary resistive switching of Pt/TaOx/Ta2O5/Ptcells. The

author proposed a qualitative model for the origin of the analog resistive switching that the

growth and dissolution in the identical filament in the Ta2O5 layer could suppress each other.

Finally, by appropriately adjusting the oxygen composition x and thickness of the TaOx

layer, both the initial resistance and the relative occurrence frequency of the semi-forming

were successfully controlled to relatively high values of 1 MΩ and 0.9,respectively, leading

to establishing the method to reduce operation currents in analog resistive switching.
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Chapter 5

Effects of Joule Heating on Oxygen

Vacancy Transport in

Pt/TaOx/Ta2O5/Pt Cells

5.1 Introduction

As mentioned in Chap. 1, it is difficult to experimentally observe the growth and dissolution

processes of conductive filaments (CFs) because the growth and dissolution processes occur

in an unpredictable localized spot (a diameter of a few nano-meters) and in ultra-thin oxide

films (∼10 nm) [1–3]. Therefore, the mechanism of the growth and dissolution processes of

the CFs, in other words, transport properties of oxygen vacancies (VOs) in the oxide films

during resistive switching (RS) operations has not been clarified.

The author focused on Joule heating generated in the filament because its effects on

the transport properties of VOs in Pt/TaOx/Ta2O5/Pt cells can be investigated with both

experimental and theoretical approaches. As for the experimental approach, local Joule

heating was observed on the surface of Pt/TaOx/Ta2O5/Pt cells during forming and RS

operations. As for the theoretical approach, a coupled simulation of electric potential distri-

bution, temperature distribution, and VO concentration distribution during a reset process

in Pt/TaOx/Ta2O5/Pt cells was performed. Since Joule heating is believed to have signifi-

cant effects on Fick diffusion due to the gradient of VO concentration, which is considered

to be one of the dominant driving forces for VO transport during the dissolution of the

CFs [4–14], in this study, the author especially aimed to elucidate VO transport properties

during analog reset processes.

5.2 Experimental observation of local Joule heating

In this section, the author performed the in-situ measurement of temperature distribution

on the surface of Pt/TaOx/Ta2O5/Pt cells during RS operations using an infrared detector
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to reveal a local position at which Joule heating is generated and transient characteristics

of temperature at the local spot.

5.2.1 Experimental methods

First, based on the results in Chap. 4, Pt(15 nm)/TaOx(40 nm)/Ta2O5(10 nm)/Pt(60 nm)

cells were fabricated on a SiO2/Si substrate under the optimal condition that the TaOx

and Ta2O5 layers were deposited at the oxygen gas flow rate of 1.0 sccm and 2.0 sccm,

respectively, where semi-forming is more likely to occur and initial resistance is higher.

Figure 5.1 shows a schematic illustration of the measurement system including an infrared

detector. The resolution of this microscope is approximately 3 µm because the system

detects infrared wavelengths (3-–5 µm) [15–17]. The sample stage was heated to 50◦C to

improve the signal-to-noise ratio of the measurement. When a voltage is applied to the

Pt top electrode (TE) of the RS cells with the Pt bottom electrode (BE) grounded using

a semiconductor parameter analyzer (Agilent 4156C), current flows through CFs in the

Ta2O5 layer during RS operations, generating Joule heating in the CFs. The Joule heating

is transferred to the Pt TE by thermal conduction. The temperature increment at the

surface of the Pt TE was measured by detecting infrared radiation using an InSb detector

(InfraScope MWIR temperature mapping microscope, Quantum Focus Instruments Co.).

The infrared radiation is emitted primarily from the surface of the Pt TE [17]. A ramp rate

of voltage sweep is about 0.2 V/s, and compliance current (Icomp) in the forming operations

was set at 1 mA.

5.2.2 Temperature distribution in forming and resistive

switching operations

Figure 5.2 shows current–voltage (I–V ) characteristics in semi-forming processes and tem-

perature mapping images for the corresponding RS cells. At the moment of current rise

during a forming process, in each RS cell, temperature increment can be locally observed

at different spots excluding the edge of the cell. Although the maximum temperatures have

several variations, the local maximum temperatures were 50–90◦C. These results suggest

that a single conductive filament (CF) is locally formed at the semi-forming.

Figure 5.3 (a)–(c) show I–V characteristics in a semi-forming process, a temperature

mapping image at the maximum temperature for the corresponding RS cell, and transient

characteristics of temperature at the local heated spot and the introduced power. At the

semi-forming, the temperature at the local spot rises rapidly, as shown in Fig. 5.3 (c), while

the introduced power decreases abruptly. As shown in Fig. 3.17, there is a positive correla-

tion between initial conductance and cell size, indicating that current flows throughout the

entire Pt/TaOx/Ta2O5/Pt cell before the semi-forming. In contrast, after the semi-forming,

current flows in the local region of the CF. Therefore, as shown in Fig. 5.3, although the
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Figure 5.1: A schematic illustration of the in-situmeasurement system of temperature dis-

tribution on the surface of Pt/TaOx/Ta2O5/Pt cells during RS operations using an infrared

detector.



94 Chapter 5. Effects of Joule Heating on Oxygen Vacancy Transport

Figure 5.2: Current–voltage (I–V ) characteristics in semi-forming processes and temper-

ature mapping images for the corresponding RS cells.
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Figure 5.3: (a) I–V characteristics in a semi-forming process. (b) A temperature mapping

image at the maximum temperature for the corresponding RS cell. (c) Transient character-

istics of temperature at the local heated spot and introducing power.
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introduced power decreases at the semi-forming because the applied voltage is reduced due

to the decrease in the cell resistance, the introduced power per unit area significantly in-

creases in the local region of the CF formed at the semi-forming. For this reason, in the

semi-forming process, the outline of transient characteristics of the local temperature is not

consistent with that of the introduced power.

For the same cell shown in Fig. 5.3, transient characteristics during RS operations in var-

ious RS modes were evaluated in the same way. Figure 5.4 (a)–(c) show I–V characteristics

when applying a negative voltage after the semi-forming process, a temperature mapping

image at the maximum temperature, and transient characteristics of the local temperature

and the introduced power. The local temperature rose rapidly at the identical spot as at

the semi-forming when the cell resistance decreased at about −1 V (4.0 s). Then, when

the introduced power reached a maximum at about −3 V (13.5 s), the local temperature

also reached the maximum value of 85◦C. As the magnitude of the negative applied voltage

increased further from −3 V to −6 V, the local temperature fell down with the increase in

the cell resistance from 13.5 s to 20 s. Figure 5.5 and Figure 5.6 show I–V characteristics

when applying negative and positive voltages in the complementary RS mode, temperature

mapping images at the maximum temperature, and transient characteristics of the local

temperature and the introduced power. Moreover, Figure 5.7 and Figure 5.8 show I–V

characteristics when applying negative and positive voltages in the counterclockwise RS

mode, temperature mapping images at the maximum temperature, and transient charac-

teristics of the local temperature and the introduced power. During various RS operations

except for the semi-forming process, the outline of transient characteristics of the local tem-

perature is consistent with that of the introduced power, which means that most current

flows in the local region of the CF. In addition, interestingly, the local heated spot was

identical for various RS modes in the single Pt/TaOx/Ta2O5/Pt cell. Furthermore, when

the cell resistance abruptly decreased, the local temperature tended to increase rapidly.

Similarly, transient characteristics during analog RS operations were investigated in

another Pt/TaOx/Ta2O5/Pt cell, as shown in Figure 5.9 and Figure 5.10. Also in analog RS

operations, the outline of transient characteristics of the local temperature is consistent with

that of the introduced power. Both when the cell resistance decreases (set) and increases

(reset), the local heated spot was identical in the Pt/TaOx/Ta2O5/Pt cell. During an analog

set operation, the local temperature rose gradually, indicating that the rapid temperature

rise was successfully suppressed.

5.2.3 Discussion

In this section, the author discusses the growth and dissolution processes of the CF, based

on the semi-forming mechanism proposed in Chap. 4 and the experimental results obtained

in Chap. 5. As shown in Fig. 4.8, the semi-forming can be understood as a phenomenon

that a conductive filament (CF) with a gap formed in the VO-poor region of the Ta2O5 layer
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Figure 5.4: (a) I–V characteristics when applying a negative voltage after the semi-forming

process. (b) A temperature mapping image at the maximum temperature. (c) Transient

characteristics of the local temperature and the introducing power.
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Figure 5.5: (a) I–V characteristics when applying a negative voltage in the complementary

RS mode. (b) A temperature mapping image at the maximum temperature. (c) Transient

characteristics of the local temperature and the introducing power.
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Figure 5.6: (a) I–V characteristics when applying a positive voltage in the complementary

RS mode. (b) A temperature mapping image at the maximum temperature. (c) Transient

characteristics of the local temperature and the introducing power.
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Figure 5.7: (a) I–V characteristics when applying a negative voltage in the counter clock-

wise RS mode. (b) A temperature mapping image at the maximum temperature. (c)

Transient characteristics of the local temperature and the introducing power.
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Figure 5.8: (a) I–V characteristics when applying a positive voltage in the counter clock-

wise RS mode. (b) A temperature mapping image at the maximum temperature. (c)

Transient characteristics of the local temperature and the introducing power.
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Figure 5.9: (a) I–V characteristics when applying a positive voltage in an analog set

process. (b) A temperature mapping image at the maximum temperature. (c) Transient

characteristics of the local temperature and the introducing power.
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Figure 5.10: (a) I–V characteristics when applying a negative voltage in an analog reset

process. (b) A temperature mapping image at the maximum temperature. (c) Transient

characteristics of the local temperature and the introducing power.
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due to the local Joule heating. This model is consistent with the local temperature rise at a

single spot in the semi-forming process, which was experimentally observed in this section.

The result that a local heated spot was identical for various RS modes in a single

Pt/TaOx/Ta2O5/Pt cell suggests that the growth and dissolution processes of the CF occur

in the identical region of the Pt/TaOx/Ta2O5/Pt cell when a negative voltage applied.

5.3 Theoretical analyses of Joule heating effects on

oxygen vacancy transport

In this section, the author performed a coupled simulation of temperature distribution,

electric potential distribution, and VO concentration distribution during a reset process in

Pt/TaOx/Ta2O5/Pt cells to elucidate VO transport properties during analog reset processes.

5.3.1 Simulation details and parameter determination

The growth and dissolution processes of the CFs could be described by self-consistently

solving three partial differential equations (PDEs) using the finite element method [18–20]:

a Heat equation for thermal conduction,

k∇2T + σ|∇V |2 = ρCp
∂T

∂t
, (5.1)

a current continuity equation for electrical conduction,

∇ · (σ∇V ) = 0, (5.2)

a drift/diffusion equation for VO transport,

∂c

∂t
= ∇ · (cDVO

SSoret + cµVO
∇V +DVO

∇c). (5.3)

These three PDEs were self-consistently solved using a numerical solver (COMSOL Mul-

tiphysics) to calculate distributions of temperature T , electrostatic potential V , and VO

concentration c. In particular, VOs are driven by the following three factors: thermal diffu-

sion due to the gradient of temperature, VO drift due to the gradient of electric potential,

and VO diffusion due to the gradient of VO concentration, which are represented by the

first, second, and third terms on the right side of Eq. (5.3), respectively [20, 21].

For simplicity, the cell structure, including the surrounding atmosphere, was defined

in an axisymmetric two-dimensional cylindrical coordinate with radial coordinate r and

vertical coordinate z, as shown in Fig. 5.11. Here, only the domains directly below the top

electrode with a diameter of 100 µm were defined, ignoring electric potential spread. To

verify the electric field spread, the author simulated the distributions of electric potential

and electric field in Pt/TaOx/Ta2O5/Pt cells in Appendix B. In Fig. 5.11, the domains,
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Figure 5.11: Cell structure including the surrounding atmosphere in an axisymmetric two-

dimensional cylindrical coordinate with radial coordinate r and vertical coordinate z. The

domains, where the heat equation, the current continuity equation, and the drift/diffusion

equation were calculated, are indicated by red, green, and blue dashed lines. The initial

values in Eqs. (5.1)–(5.3) are also given.
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where the heat equation, the current continuity equation, and the drift/diffusion equation

were calculated, are indicated by red, green, and blue dashed lines. First, the heat equation

was calculated in the whole system including the surrounding atmosphere. The bottom of

the SiO2 was assumed to be an ideal heat sink, and so the boundary condition for Eq. (5.1)

was T = T0, where T0 is room temperature (293 K). The other boundaries were assumed

to be thermally insulated. The initial value of temperature in all domains was also set to

T = T0. Second, the current continuity equation was calculated in the top and bottom

Pt electrodes and the domains sandwiched between these Pt electrodes. The boundary

conditions for Eq. (B.1) are V = 0 (grounded) and V = Vramp(t) at the bottom and top

electrodes, respectively. The ramp rate and the maximum magnitude of the voltage sweep

were set to 0.2 V/s and −0.45 V. The initial value of potential in all calculated domains was

set to V = 0. Finally, the drift/diffusion equation was calculated in the domain where the

initial value of VO concentration was defined as a higher value (conductive filament domain),

and in the surrounding domains. At all boundaries, it was assumed that there was no flux

of VO due to the VO diffusion for Eq. (5.3). For the convergence of the calculations, no

boundary conditions were set for the VO flux due to thermal diffusion and VO drift.

Based on the results obtained in Chap. 3, the initial value of VO concentration and the

conductivity of Ta oxide depending on VO concentration were determined as follows. First,

from the results shown in Fig. 3.10, it was assumed that the conductivity of the Ta2O5 layer

is dominated by the band conduction above room temperature, and is expressed by

σ(T, c) = σ0(c)exp

[
−Ea(c)

kBT

]
, (5.4)

Ea(c) = 0.23 eV − (5.6× 10−8 eV · cm) · c
1
3 . (5.5)

Here, Eq. (5.5) has been obtained from the results of Fig. 3.13 in Chap. 3, assuming that

VO concentration is equal to 0.1 eV·NF. Figure 5.12 shows the relationship between the

activation energy Ea and VO concentration calculated by Eq. (5.5). Next, the threshold

VO concentration cth is defined at a VO concentration of 6.9×1019 cm−3, where Ea =

0. Thus, the conductivity of the Ta2O5 layer σ(T, c) depends on VO concentration c, as

shown in Table 5.1. As for σ0, it was assumed to vary linearly from the conductivity of

stoichiometric Ta2O5 (3.7 ×10−9 S/m) to that of metallic Ta (7 ×106 S/m) depending on

VO concentration c. The initial values of VO concentration in the domains of the conductive

filament (cini), surrounding the conductive filament, above the conductive filament, and the

others (cBG) were cth/5, cth/25, cth, and cth/4 × 105, respectively, as shown in Fig. 5.11.

Note that the domain surrounding the conductive filament (r = 5–25 nm) was defined as

a domain that relaxes the large difference between the initial values of VO concentration,

cini and cBG, for the convergence of the calculations. Using the above assumptions and

initial values, the author comprehensively calculated the Ta oxide conductivity depending

on VO concentration c and temperature T in the domain including the conductive filament

indicated by the blue dashed line in Fig. 5.11.
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Figure 5.12: The relationship between the activation energy Ea and VO concentration

calculated by Eq. (5.5).

Table 5.1: Expression for the activation energy Ea(c), the conductivity of the Ta2O5 layer,

and the coefficient of the conductivity, depending on VO concentration c and temperature

T .

0 < c < cth cth < c

semiconductor-like metal-like

Ea(c) Eq. (5.5) 0

σ(T, c) σ0(c)exp
[
−Ea(c)

kBT

]
σ0(c)

σ0(c) σTa · c/cth + σTa2O5 σTa

σTa2O5 = 3.7× 10−9 S/m, σTa = 7× 106 S/m
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5.3.2 Distribution of temperature and oxygen vacancies in

resistive switching operations

Figure 5.13 shows the experimental and calculation results of I–V characteristics. As for

the experimental results, the maximum local temperature obtained in Sec. 5.2 is also shown

for reference. Although the absolute values of current and voltage are slightly different, as a

result of the calculation, analog reset characteristics similar to the experimental results were

obtained. Next, Fig. 5.14(b) shows the distribution of the conductivity before and after the

reset process. The results indicate that the reset process is caused by the decrease in the

conductivity above the center of the Ta2O5 layer. The conductivity distribution is attributed

to the distribution of VO concentration, corresponding to the geometry of the conductive

filament. Fig. 5.14(c) shows transient characteristics of the distribution of temperature T

and VO concentration c in the analog reset process. Regarding the temperature distribution,

temperature significantly rises at the center of the conductive filament as the magnitude

of the negative voltage increases. At the maximum magnitude of the negative applied

voltage, the temperature at the center of the conductive filament reaches a maximum value

of about 450 ◦C. After that, the temperature drops to room temperature. Fig. 5.15 shows

the temperature distribution including the Pt surface of the Pt/TaOx/Ta2O5/Pt cell when

the center of the conductive filament reaches the maximum temperature (t =2.25 s). At

this time, the temperature of the Pt surface also reaches its maximum of about 90 ◦C,

which is consistent with the experimental result that the Pt surface temperature reaches

about 80 ◦Cin the analog reset processes, as shown in Fig. 5.13 or Fig. 5.10. Regarding

the VO concentration distribution, the conductive filament dissolves near the TaOx layer in

the Ta2O5 layer as the magnitude of the negative voltage increases. After the maximum

magnitude of the negative applied voltage, the VO concentration distribution exhibits little

change when the magnitude of the negative voltage decreases, and the constriction of the

conductive filament is preserved.

5.3.3 Driving force of oxygen vacancy transport

As mentioned in Sec. 5.3.1, the VO concentration distributions shown in Fig. 5.14(c) were

calculated by Eq. (5.3) for the VO transport. The first, second, and third terms on the

right side of Eq. (5.3) represent the contributions of thermal diffusion due to the gradient of

temperature, VO drift due to the gradient of electric potential, and VO diffusion due to the

gradient of VO concentration, respectively. The author calculated the components of VO

flux contributed by these three terms on the right side of Eq.(5.3), FHeat−diffusion, FVo−drift,

and FVo−diffusion, to reveal dominant driving forces for VO transport. Figure 5.16 shows VO

flux vectors on the VO distribution when the center of the conductive filament reaches the

maximum temperature (t =2.25 s), where Ftot is the sum of FHeat−diffusion, FVo−drift, and

FVo−diffusion. In Fig. 5.16 (a), Ftot, FHeat−diffusion, and the sum of FVo−drift and FVo−diffusion
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Figure 5.13: The experimental and calculation results of I–V characteristics. As for the

experimental results, the maximum local temperature obtained in Sec. 5.2 is also shown for

reference.
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Figure 5.14: (a) The calculated I–V characteristics. (b) Distribution of the conductiv-

ity before and after the reset process. (c) Transient characteristics of the distribution of

temperature T and VO concentration c in the analog reset process.
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Figure 5.15: The temperature distribution including the Pt surface of the

Pt/TaOx/Ta2O5/Pt cell when the center of the conductive filament reaches the maximum

temperature. At this time, the temperature of the Pt surface also reaches its maximum of

about 90 ◦C.
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Figure 5.16: When the center of the conductive filament reaches the maximum temper-

ature (t =2.25 s), VO flux vectors on the VO distribution. The components of VO flux

contributed by these three terms on the right side of Eq.(5.3), FHeat−diffusion, FVo−drift and

FVo−diffusion, and the sum of FHeat−diffusion, FVo−drift and FVo−diffusion is Ftot.
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are compared, indicating that the contribution of the VO diffusion due to the gradient of

VO concentration is sufficiently small to be ignored. Next, in Fig. 5.16 (b), FVo−drift and

FVo−diffusion are compared, revealing that the main driving force for VO transport is the

VO drift due to the gradient of electric potential although the contribution of the thermal

diffusion due to the gradient of temperature cannot be ignored.

5.4 Discussion

In this section, the effects of Joule heating on the VO drift were investigated in detail. Drift

velocity of VO (vVO
), mobility of VO (µVO

), and diffusivity of VO (DVO
) were defined by

the following equations [20, 21];

vVO
= µVO

(−∇V ), (5.6)

µVO
=

ZVO
e

kBT
DVO

, (5.7)

DVO
= D0exp

[
− Ua

kBT

]
, (5.8)

where ZVO
, D0, and Ua are a valence of VO, VO diffusivity coefficient, and activation energy

for VO diffusivity, respectively. In this study, ZVO
, D0, and Ua are set to 2, 10−6 m2/s, and

1.06 eV, respectively. Figure 5.17 (a) shows the transient characteristics of the VO concen-

tration distribution in the analog reset process from −0.36 V to −0.45 V. Figure 5.17 (b),

(c), and (d) show transient characteristics of distributions on z-axis (r = 0) of electric field

in the z-direction, temperature, and the drift velocity in the z-direction.The temperature

rise at and near the center of the conductive filament in Fig. 5.17 (c) is attributed to Joule

heating generated in the conductive filament. Moreover, these results in Fig. 5.17 (b)–(d)

suggest that rising temperature at and near the center of the conductive filament causes

an exponential increase in the drift velocity. Therefore, Joule heating generated in the con-

ductive filament has a significant large effect on the diffusivity, which contributes to VO

drift rather than VO diffusion. As a result, it was revealed that when a negative voltage

is applied, VO transport toward the TaOx layer occurs due to the VO drift, and that the

conductive filament dissolves near the TaOx layer in the Ta2O5 layer as shown in Fig. 5.17

(a).

5.5 Summary

Effects of Joule heating generated in the conductive filament on transport properties of

VOs in Pt/TaOx/Ta2O5/Pt cells were investigated with both experimental and theoretical

approaches. As for the experimental approach, local Joule heating was observed on the

surface of Pt/TaOx/Ta2O5/Pt cells during forming and various RS operations. As a result,

it was revealed that a single conductive filament is locally formed at the semi-forming, that
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Figure 5.17: (a) Transient characteristics of the VO concentration distribution in the analog

reset process from −0.36 V to −0.45 V. (b) Transient characteristics of distributions on z

axis (r = 0) of electric field in the z direction (c) Transient characteristics of distributions

on z axis (r = 0) of temperature. (d) Transient characteristics of distributions on z axis

(r = 0) of the drift velocity in the z direction.
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the growth and dissolution of the conductive filament occur in the same local spot, and

that the maximum surface temperature of the Pt/TaOx/Ta2O5/Pt cells reaches about 80
◦C when a few mA of current flows. As for the theoretical approach, a coupled simulation of

electric potential distribution, temperature distribution, and VO concentration distribution

during a reset process in Pt/TaOx/Ta2O5/Pt cells was performed. Here, key parameters

for the calculations were determined based on the results in Chapters 2–4. As a result of

the simulation, the current–voltage characteristics in a reset process were consistent with

the experimental results. Analyses of the temperature distribution in Pt/TaOx/Ta2O5/Pt

cells indicated that the maximum surface temperature reaches about 90 ◦C when a current

of 1.5 mA flows. Moreover, the transient analyses of VO transport during the reset process

revealed that the dominant driving force of VO transport is the drift due to the electric

field.
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Chapter 6

Conclusions

6.1 Conclusions

In this thesis, forming and resistive switching phenomena in TaOx -based resistive switch-

ing cells were studied with both experimental and theoretical approaches for establishing

the analog resistive switching characteristics and for elucidating the mechanism of the con-

ductive filament growth/dissolution during the analog resistive switching operations. The

major conclusions obtained in this study are summarized as follows.

In Chapter 2, the author worked on modeling the reactive sputtering deposition of Ta

oxides, based on experimental characterization of the deposited Ta oxide films. First, a sim-

plified theoretical model (Berg’s model) was used to calculate the relationship between the

oxygen gas flow rate during deposition and the chemical composition of the Ta oxide films.

Second, the composition of Ta oxide films fabricated with different oxygen gas flow rates dur-

ing deposition was characterized by Rutherford backscattering spectroscopy, indicating that

the experimental values of the chemical composition and the density were consistent with

the calculated values. Third, the results of X-ray diffraction, cross-sectional transmission

electron microscopy, and electron diffraction revealed that the Ta oxide films are micro-

crystalline close to amorphous. Finally, the high-resolution RBS for the TaOx/TaOy/Pt

stacking samples, where the TaOy and TaOx layers were deposited at oxygen gas flow rates

of 2.0 sccm (oxide mode) and 0.8–1.2 sccm (metal mode), respectively, revealed that the

oxygen composition ratio in the TaOx layer linearly increases from 1.51 to 2.13 with the

oxygen gas flow rate during the TaOx deposition and that the oxygen composition ratio of

the TaOy layer is 2.5 (stoichiometry). These results indicate that the oxygen composition

of the Ta oxide deposited by reactive sputtering was precisely controlled by the oxygen gas

flow rate.

In Chapter 3, the impacts of introducing a Ta-rich TaOx layer on initial characteristics in

Pt/Ta2O5/Pt cells were investigated by comparing the electrical properties of Pt/Ta2O5/Pt

and Pt/TaOx/Ta2O5/Pt cells. First, in Pt/TaOx/Ta2O5/Pt cells, the large device-to-device

variation in initial electrical characteristics observed in Pt/Ta2O5/Pt cells was significantly
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reduced. Second, in Pt/TaOx/Ta2O5/Pt cells, the temperature dependence of initial con-

ductance with the small device-to-device variation was characterized in the wide tempera-

ture and frequency ranges to clarify the dominant conduction mechanism. The temperature

dependence of DC conductance revealed that Mott variable range hopping (VRH) conduc-

tion is dominant in the low-temperature region below 200 K, and that both VRH conduc-

tion and band conduction contribute to the DC conductance in parallel from 200 K to 400

K. In contrast, the frequency characteristics of AC conductance at different temperatures

indicated that the relaxation of small polarons formed by carriers in the localized states con-

tributed to the AC conductance at high frequency. Moreover, the cell size dependence of AC

conductance suggested that the introduction of a TaOx layer formed filamentary conductive

paths without applying voltage. Third, the results of secondary ion mass spectrometry for

two samples prepared using oxygen isotopes as markers indicate that the deposition of a

TaOx layer on a Ta2O5 layer causes the migration of oxygen atoms from the Ta2O5 layer to

the TaOx layer, and the author proposed that oxygen vacancies (VOs) are supplied from the

TaOx layer as a VO reservoir to the Ta2O5 layer even in the as-deposited Pt/TaOx/Ta2O5/Pt

cells. Finally, by using the VRH conduction equation, the density of VOs in the Ta2O5 layer,

corresponding to the localized states, was estimated from the temperature dependence of

the initial resistance in Pt/TaOx/Ta2O5/Pt cells with different oxygen compositions of the

TaOx layer. It was quantitatively revealed that the density of VOs supplied from the TaOx

layer to the Ta2O5 layer can be controlled by the oxygen composition (1.5–2.1) and thickness

in the TaOx layer.

In Chapter 4, forming and resistive switching characteristics were investigated in detail

for demonstration of analog resistive switching characteristics in Pt/TaOx/Ta2O5/Pt cells.

First, the author found a unique forming phenomenon (semi-forming) that transitions to a

high-resistance state of several kilo-ohms. The dependence of semi-forming properties on

the density of oxygen vacancies supplied from the TaOx layer to the Ta2O5 layer was in-

vestigated, revealing that the semi-forming phenomenon is more likely to occur when more

oxygen vacancies are supplied to the Ta2O5 layer. Based on these results, the mechanism

of semi-forming was proposed. Second, the author also found that in Pt/TaOx/Ta2O5/Pt

cells after semi-forming, set and subsequent reset processes occur when the negative ap-

plied voltage increases. Moreover, various operation modes of resistive switching can be

controlled by adjusting the magnitude of the negative applied voltage: counterclockwise,

complementary, and clockwise resistive switching. In particular, analog control of the cell

resistance can be demonstrated even in the set processes in the complementary resistive

switching of Pt/TaOx/Ta2O5/Pt cells. The author proposed a qualitative model for the

origin of the analog resistive switching that the growth and dissolution in the identical fila-

ment in the Ta2O5 layer could suppress each other. Finally, by appropriately adjusting the

oxygen composition x and thickness of the TaOx layer, both the initial resistance and the

relative occurrence frequency of the semi-forming were successfully controlled to relatively

high values of 1 MΩ and 0.9, respectively, leading to establishing the method to reduce an
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operation current in analog resistive switching.

In Chapter 5, the effects of Joule heating generated in the conductive filament on

the transport properties of VOs in Pt/TaOx/Ta2O5/Pt cells were investigated with both

experimental and theoretical approaches. As for the experimental approach, local Joule

heating was observed on the surface of Pt/TaOx/Ta2O5/Pt cells during forming and var-

ious resistive switching operations. As a result, it was revealed that a single conductive

filament is locally formed at the semi-forming, that the growth and dissolution of the

conductive filament occur in the same local spot, and that the maximum surface tem-

perature of the Pt/TaOx/Ta2O5/Pt cells reaches about 80 ◦C when a few mA of current

flows. As for the theoretical approach, a coupled simulation of electric potential distri-

bution, temperature distribution, and VO concentration distribution during a reset pro-

cess in Pt/TaOx/Ta2O5/Pt cells was performed. Here, key parameters for the calculations

were determined based on the results in Chapters 2–4. As a result of the simulation, the

current–voltage characteristics in a reset process were consistent with the experimental re-

sults. Analyses of the temperature distribution in Pt/TaOx/Ta2O5/Pt cells indicated that

the maximum surface temperature reaches about 90 ◦C when a current of 1.5 mA flows.

Moreover, the transient analyses of the VO transport during the reset process revealed that

the dominant driving force of the VO transport is the drift due to the electric field.

6.2 Future outlook

Although the experimental and theoretical studies on resistive switching phenomena were

performed from various viewpoints in this thesis, there still remain several issues to be

solved. In this section, the author describes several challenges and suggestions as future

outlooks.

Elucidation of VO transport properties in analog set processes

In this thesis, the author simulated the distribution of VO concentration and temperature

in the analog reset process in the Pt/TaOx/Ta2O5/Pt cell. However, in order to completely

clarify the mechanism of the VO transport for the analog resistive switching, it is also

necessary to calculate the distribution of VO concentration and temperature in a set process.

Characterization of the cross-sectional structure of a conductive filament

Although in-situ observation of a conductive filament has been studied using transmis-

sion electron microscopy (TEM) [1, 2], the focused ion beam (FIB) process is used in these

studies to extremely thin the resistive switching cells with respect to the vertical direction

to the thickness direction, so there is a problem that the cell structure is greatly different

from the practical device. In this thesis, by observing the temperature rise using an infrared

detector during the semi-forming and subsequent analog resistive switching operations, the
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author successfully identified the local spot where the growth and dissolution of a conduc-

tive filament occurs. Then, observation of the cross-sectional structure of the identified local

spot for several cells with various resistance states could reveal the structure of a conductive

filament in the practical resistive switching cells.

Characterization of performance as memory cells

Regarding the analog resistive switching characteristics obtained in this thesis, the basic

characteristics as memory devices, such as endurance and retention, have not yet been

evaluated. For the application of the Pt/TaOx/Ta2O5/Pt cells to analog memory devices,

it is necessary to miniaturize the cell size and characterize these memory performances.

It is also necessary to elucidate the impacts of VO transport properties on such memory

performances to obtain guidelines for an optimal device design.
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Appendix A

Reactive Sputtering Model

Berg’ model is well known as one of quantitative models of reactive sputtering. The model

assumes the steady-state values, instead of time-variations during reactive sputtering [1, 2].

A.1 Equations in Berg’s model

Fig. A.1 and Fig. A.2 show schematic illustrations of reactive sputtering. A uniform partial

pressure P of reactive gas causes a uniform bombardment of neutral reactive molecules F

(molecules/unit area and time) to all surfaces in the processing chamber. The relationship

between F and P is described by

F =
P√

2kTπm
(A.1)

where kB, T , and m are the Boltzmann constant, temperature in the chamber, and the

mass of the reactive gas molecule, respectively. The total supply of the reactive gas Qtot

is the sum of all sources for the reactive gas consumption, the consumption at the target

Qt, the consumption at the collector (including the substrate) Qc, and the evacuation by a

pump Qp:

Qtot = Qt +Qc +Qp (A.2)

= αtF (1− θt)At + αcF (1− θc)Ac + SP, (A.3)

where αt and αc are the sticking coefficient for unreacted fraction at the target and at the

collector, respectively. Moreover, θt and θc are the compound fraction at the target with a

size of Atand at the collector with a size of Ac, respectively, and S is pumping speed. Here,

the total number of sputtered compound molecules Fc and metal atoms Fm per unit time

from the target can be described by

Fc =
J

q
YcθtAt, (A.4)
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Figure A.1: .

Figure A.2: Illustration of flux of sputtered material to the substrate area Ac.
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Fm =
J

q
Ym (1− θt)At, (A.5)

where J is the ion current density to the target, q is the elementary charge, and Yc and

Ym are the sputtering yield of compound molecules and metal molecules, respectively.

The author assumes reactive atom composition n in the compound MXn (M: metal, X:

reactive gas). Therefore, a steady-state equation of X atoms for the target is described as

follow:

nFc = 2Qt. (A.6)

Here, a factor of 2 means the number of atoms per the reactive gas molecule, such as O2

and N2. In the similar manner, a steady-state equation for the collecting area is described

as follow:

2Qc + nFc (1− θc) = θcFm. (A.7)

Note that the terms on the left and right hand correspond the contributions supporting

an increase and decrease in θt, respectively.

A.2 O2 flow rate dependence

The author calculated the dependences of characteristic parameters on oxygen gas flow rate

(Qtot) during the deposition of tantalum oxides.

Partial pressure

θt and θc can be derived from Eqs. (A.4)–(A.7). Qtotcan be easily described as a function

of the O2 partial pressure P by using Eqs. (A.1)–(A.3).

Deposition rate

When the compound fraction θc at Ac are calculated, the deposition rate D is expressed

as

D =
Fm + Fc

Ac

[c1(1− θc) + c2θc] (A.8)

where c1 and c2 are constants accounting for unit conversions. The first term represents the

contribution by elemental metal atoms, while the second term represents the contribution

by compound material. In the deposition of tantalum oxides, c1 and c2 are 1.81 ×10−23 cm3

and 8.44 ×10−23 cm3, respectively.
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Oxygen composition

The oxygen composition x in the tantalum oxide layer is equivalent to nθc. Note that

the author assumed n as 2.5 because oxygen composition of stoichiometric tantalum oxide

is 2.5.
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Appendix B

Simulation of electric field and

electric potential

To verify the validity of considering the size of the top electrode (TE) as that of the

Pt/TaOx/Ta2O5/Pt cell, the author simulated the distributions of electric potential and

electric field in Pt/TaOx/Ta2O5/Pt cells.

B.1 Simulation methods

The distributions of electric potential and electric field in steady state were calculated by

solving a current continuity equation for electrical conduction using a numerical solver

(COMSOL Multiphysics). The current continuity equation is presented by

∇ · (σ∇V ) = 0, (B.1)

where σ and V are conductivity and electric potential, respectively.

For simplicity, the cell structure was defined in an axisymmetric two-dimensional cylin-

drical coordinate with radial coordinate r and vertical coordinate z, as shown in Fig. B.1.

As shown in Fig. B.1, the boundary conditions were 0 V on the bottom of the Pt bottom

electrode (BE) and 1 V on the top of the Pt TE. Other boundaries were assumed to be

electrically insulated. The initial value of electric potential was set to 0 V in all domains.

The conductivity of Pt was set to be 9.4 ×106 S/m. The conductivities of TaOx and Ta2O5

can vary depending on VO density. Based on the previous study reported by Bondi et al. [1],

it was assumed that the conductivity of the TaOx layer changes from 104 S/m to 10 S/m

when the oxygen composition of the TaOx layer changes from 1.5 to 1.8. Moreover, from the

experimental results in Chap. 3, since the density of VOs in the Ta2O5 layer supplied from

the TaOx layer depends on the oxygen composition of the TaOx layer, the conductivity of

the Ta2O5 layer also depends on the oxygen composition of the TaOx layer. Therefore, it

was assumed that the conductivity of the Ta2O5 layer changes from 10−3 S/m to 10−6 S/m

when the oxygen composition of the TaOx layer changes from 1.5 to 1.8. Under the above
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Figure B.1: Cell structure in an axisymmetric two-dimensional cylindrical coordinate with

radial coordinate r and vertical coordinate z.
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conditions, the distributions of electric potential and electric field were calculated when the

oxygen compositions x of the TaOx layer were 1.5 and 1.8.

B.2 Distributions of electric potential and electric

field

Figure B.2 shows the distribution of the electric potential when the oxygen compositions x

of the TaOx layer were 1.5 and 1.8. Note that the scale in the z direction was multiplied

by 2000 with respect to the r direction. These results indicates that the spread of electric

potential is small enough to be neglected with respect to the size of the Pt TE in both

cases of x. Moreover, Fig. B.3 shows the distribution of the electric field when the oxygen

compositions x of the TaOx layer were 1.5 and 1.8, indicating that the electric field intensity

is almost zero in the TaOx layer and that the electric field intensity is maximum in the Ta2O5

layer just below the Pt TE.
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