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Chapter 5  Results and discussion of the resistive switching 

properties in the LaAlO-based memory devices 

5.1 Introduction 

    Transparent electronics has emerged as an important new class of devices for a 

wide range of application since the announcement of transparent thin film transistors 

[1] and other first-generation transparent electronics [2] in 2003. They are typically 

fabricated from transparent conductive oxides (TCO), which are both electrically 

conductive and visually transparent. Such materials have enable a host of transparent 

passive and active devices, including liquid crystal display (LCDs) [3], organic light 

emitting diodes (OLED) [4], solar cells [5], and optical sensors [6]. In particular, 

transparent resistive random access memory (T-RRAM) [7] has found widespread 

application in consumer devices such as cell phones, computers, TV monitors, and 

watches. 

    The basic T-RRAM concept involves a transition metal oxide (TMO) film 

sandwiched between two transparent electrodes, such as ZnO:B, fluorine-doped tin 

oxide (FTO) or indium-doped tin oxide (ITO). The deposition of this stack on a 

transparent substrate produces a transparent capacitor device. The first transparent 

nonvolatile memory - ITO/ZnO/ITO sandwiched structures – were successfully 

fabricated by Seo et al. in 2008 [7]. Large-band-gap TMO materials are highly 

transparent in the visible portion of the electromagnetic spectrum. Following from this 

concept, other transparent devices exhibiting bipolar resistance switching properties 

have been reported. Such devices are made by sandwiching ZnO:Mg films between 

ITO and FTO electrodes on a glass substrate [8]. Although a variety of materials have 

been used for RRAM device fabrication – including TMOs such as NiO [9], TiO2 [10], 

ZrO2 [11], perovskite oxide such as doped-SrZrO3 (SZO) [12], and doped manganites 
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[13] - T-RRAM devices have only been realized in ZnO-based materials. Since the 

materials used in RRAM devices are all highly transparent, they might also be 

suitable for dependence on insulator materials; it is essential to investigate the 

switching properties on other oxide materials. 

The ternary oxide LaAlO3 (LAO) is one of the materials that has been identified 

by the semiconductor industry as a potential replacement for SiO2 in gate dielectric 

layers. It has a high dielectric constant of 24 [14] and has large band offsets (over 2 

eV) with silicon [15]. Furthermore, the thin film of LAO is amorphous until 800 °C 

[16], the band gap is predicted to be 6.2 eV [17], and is theoretically thermally stable 

in contact to silicon up to 1000 °C [18], as well as high dielectric breakdown field 

(6.3 MV/cm). The LAO thin film used on RRAM application here was the first time, 

therefore, the fundamental factor - oxygen partial pressure is needed to be discussed. 

Furthermore, it should be noted that for the polycrystalline structure, grain boundaries 

can enable the development of filaments. As the MIM materials integrated with 22 nm 

technology projected for 2016, its cell size will become comparable to the grain 

diameter thus causing detrimental variations in switching characteristics. The 

amorphous high-k gate dielectrics have already been applied on the semiconductor 

technology. Especially for the lanthanum based high-k dielectrics, it has been 

considered as one of the candidates beyond the hafnium-based technology. Once the 

lanthanum based materials can exhibit reliable RS properties, it can be a good choice 

for 1T1R integration application. Furthermore, the dielectric layer with amorphous 

phase is less being discussed compared to the polycrystalline structure on the RRAM 

field. Its forming process, conducting mechanism, electrical properties, as well as the 

switching characteristics, may differ with the polycrystalline one. For a thoroughly 

understanding on the switching properties, it‘s needed to have a detailed investigation 

on the correlation between thin film quality and electrical characteristics. 
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    In this chapter, we report on the structural and electrical properties of LAO based 

capacitor device under various oxygen partial pressure ranging from 7×10
-3

 torr to 2.8

×10
-2

 by pulsed laser deposition (PLD). Correlation between the fabrication process 

and thin film properties of a LaAlO based capacitor device is discussed. Applying the 

background gas pressure during deposition, both gas-phase and surface reactions will 

be important for the oxidation process, and may dominate the LAO thin film quality, 

surface morphology, electrical properties, and resistive switching characteristics. The 

change in thin film properties and switching behavior are discussed in terms of 

oxygen vacancies contents inside LAO film, which was formed during forming 

process. A possible model based on the correlated barrier hopping is proposed to 

elucidate the switching mechanism of the ITO/LaAlO/ITO T-RRAM device. 

 

5.2 Experimental details 

    The commercial ITO (Corning 1737) glass substrates deposited with 

300-nm-thick transparent conducting indium tin oxide (ITO) thin films prepared as 

the bottom electrode. Then, PLD was used to deposit the LaAlO using LaAlO target 

as the resistive layer of T-RRAM device. A KrF excimer laser (λ=248 nm) was used 

as the light source of PLD with a pulse duration of 25 ns, a repetition rate of 3Hz, and 

a laser energy of 500 mJ. The distance from the target to the substrate was 10 cm and 

the target rotation rate was 5 rpm. The ambient oxygen pressure, which is the most 

important process parameter of PLD, was varied with 7×10
-3

, 1.4×10
-2

, and 2.8×10
-2

 

Torr. At last, we use ITO as a top electrode, a 100 nm-thick ITO thin film is deposited 

by dc sputter system using a shadow mask with a diameter of 1200 μm. Electrical 

characteristics were performed on Agilent 4156C semiconductor parameter analyzer 

(SPA) at room temperature. Current flow from the top to the bottom electrode was 

defined as positive sweep. 
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5.3 Thin film properties and its characteristics of ITO/LaAlO/ITO 

capacitor devices 

    This section is aimed at an understanding of how the different oxygen pressure 

influences the microstructure and surface morphology, such as film growth mode, in 

the PLD of multi-component ceramics. We have clearly explained the substrate 

temperature effect on the Gd2O3 film growth in last chapter and investigated its 

corresponding resistive switching characteristics. In this section, we are going to 

introduce another fundamental parameter that significantly dominate the thin film 

quality and electrical properties - background oxygen pressure. In general, deposited 

oxide ceramics in vacuum usually tend to deficient to oxygen content, therefore, the 

background gas is sometimes admitted in situ during PLD, to compensate the loss of a 

constituent element such as oxygen or nitrogen in ceramics. Once the background gas 

is admitted into the chamber during PLD process, the growth condition is quite 

different compared to the vacuum chamber, and greatly depends on the chamber 

circumstance. The effect of inert ambient gas pressure on the nature is more likely to 

the increased collisions between the ejected species and the ambient gas inside the 

chamber, resulting in a more complex reaction during deposition. Therefore, it is 

essential to make a clear understanding on the correlation between the thin film 

properties and the electrical characteristics, as well as the resistive switching 

behaviors. First, we will discuss the fabrication process effect on the thin film 

morphology, surface roughness, crystallinity, and material composition by varying 

oxygen pressure during PLD process of LAO film in section 5.3.1. The electrical 

characteristics of the three samples, such as leakage current, breakdown voltage, 

temperature effect to conducting current, and conducting behavior will be discussed in 

section 5.3.2. Finally, how a forming process deteriorates the oxide thin films will be 
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discussed at last. 

 

5.3.1 Thin film properties of the ITO/LaAlO/ITO capacitors 

After the LAO thin film deposition by PLD process, we measured the surface 

roughness of LAO thin film where the LAO films were deposited at various oxygen 

partial pressure of 7×10
-3

 (L-7), 1.4×10
-2

 (L-14), and 2.8×10
-2

 (L-28) torr by atomic 

force microscope (AFM). The surface roughness of L-7, L-14, and L-28 samples in 

room mean square (RMS) is about 3.66, 4.00, and 4.38 nm, respectively. The results 

indicate that the surface roughness increases with the increase of the oxygen pressures, 

which may be related to the oxygen contents during the LaAlO thin film deposition. 

Let‘s back to discuss the mechanism of PLD fabrication process. The evaporants 

vaporized from the target surface are highly forward-directed plume along the target 

normal, therefore, the substrate generally displaced opposite to the target. Under the 

vacuum circumstance, the kinetics energies of the vaporized evaporants may directly 

be related to the laser energy and pulsed duration time because there are no or less 

collisions during the transferring between the target and substrate. However, when the 

ambient gas pressure increases, the vaporized species will undergo enough collisions 

that these vaporized species to form larger clusters will occur by nucleation growth 

before they arrive at the substrate surface. The ambient oxygen gas inside the chamber 

will be ionized to atomic oxygen via electron or photon impact ionization. The atomic 

oxygen is quite reactive and tends to easily interact with the vaporized evaporants. 

The higher the oxygen pressure, the more atomic oxygen will be generated, and then 

the reaction and collision between the vaporized species and the oxygen gas will 

increase. For example, at a pressure of the order of 1 mtorr, the mean free path is 

approximately 5 cm, while the mean free path of ejected species becomes 0.05 cm at a 

higher pressure of 100 mtorr. The specific effect of the target-to-substrate distance and 
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ambient pressure are interrelated by Dyer et al. [19]. They proposed that due to the 

increased collisions between the vaporized plume and the ambient gas, the plume 

dimension decreases as the ambient gas pressure increases. The plume length L and 

the oxygen pressure Po will follow the equation: L α (E/Po)
1/3γ

, where E is the 

laser-pulse energy, and γ is the ratio of specific heats of the elements in the plume. 

Schematic diagrams shown for PLD process under low and high oxygen partial 

pressure is depicted in Fig. 5-4 and Fig. 5-5, respectively. When the target-to-substrate 

distance is much smaller than L, no obvious difference in the cluster size and density 

will be observed. As the target-to-substrate distance increases larger than L, the 

concentration of the smaller ones decreases and the larger clusters appear indicating 

that during a longer time of transferring, the clusters will merge via reaction. For the 

higher oxygen pressure, the corresponding plume length L is shorter, which enlarge 

the distance between plume and substrate thus causing deterioration of the thin film 

morphology. Since the adhesion of the ejected matter may also be poor, a rougher 

surface may be expected [20]. From the basic PLD process theory, it can well explain 

why the surface roughness increases with increasing the oxygen pressure during thin 

film deposition. The top view of the L-7, L-14 and L-28 samples were investigated by 

scanning electron microscopy (SEM) as shown in Fig. 5-6 ~ Fig. 5-8, respectively. 

The L-28 samples in Fig. 5-8 exhibit rougher surface than that of L-7 ones, which is 

consistent with the observed AFM data shown in Fig. 5-5. The L-28 samples 

undergone more collisions and reaction with the atomic oxygen during LAO thin film 

deposition also reflects on the stoichiometry of the LAO composition. Fig. 5-9(a) and 

5-9(b) show the XPS spectra of the La 3d and Al 2p core level electrons. In Fig. 

5-9(a), the peak binding energy of the La 3d core level electron shifts to higher 

binding energy with the oxygen pressure increasing from 7 to 28 mtorr, which may be 

attributed to highly oxidized of the LAO film and fewer structural defects are 
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introduced. Xiang et al. [21] claimed that LAO film deposited under a high oxygen 

pressure of 10
-1

 Pa, the kinetic energy and internal energy of the flying particles are 

easily lost by frequent collisions between the evaporated particles and the oxygen gas. 

When oxygen pressure was higher than 2×10
-3

 Pa, the stoichiometry ratio of La, Al, 

and O in the deposited LAO films can be maintained and approached 1:1:3, or the 

oxygen content will decrease with decreasing oxygen pressure. Fig. 5-9(b) shows the 

Al 2p core level electron shifts from 72 to 74 eV with the increasing of oxygen 

pressure, which corresponds to the peak binding energy shifts from metal Al
0+

 to the 

oxidized Al
3+

 spectra. From XPS data analysis as shown in Fig. 5-9(a) and 5-9(b), we 

further confirm that when increasing oxygen pressure, the amount of atomic oxygen 

can compensate the oxygen deficient of vaporized species by collision or reaction, 

resulting in the stronger binding energy of the oxidized peak and accompanying less 

defects existence inside LAO thin film. From the investigation by K. Xiong et al. [22], 

the energy levels of three main defect types inside LAO film, including oxygen 

vacancy (Vo), oxygen interstitial defects (Io), and the Al antisite (AlLa), were 

calculated by using the screened exchange (sX) and weighted density approximation 

(WDA) methods. They believe that the Vo will be the key defect in LAO with 0.7 eV 

energy level lied below the upper oxide band gap, but not the AlLa antisite because the 

formation energy of the neutral antisite is large, 6.8 eV. Therefore, it is rationally to 

make the relationship between the oxygen pressure and the oxygen vacancies contents. 

With increasing the oxygen pressure during PLD process, excess collision and 

interaction with the atomic oxygen will occur, which corresponds to stronger binding 

energy of the oxidized peak and less oxygen vacancy defects existence inside LAO 

thin film. The oxygen vacancies contents inside LAO thin film can greatly dominate 

thin film‘s properties, which correspond to its leakage current, breakdown voltage, 

and conducting behavior, as well as the resistive switching characteristics. In the 
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following section, we will have a systematic investigation on the electrical 

characteristics. 

The cross sectional structures of the stacked ITO/LAO/ITO devices were 

characterized by high resolution transmission electron microscopy (HR-TEM) image 

shown in Fig. 5-10 ~ 5-12, respectively. It can be seen clearly that there exists a very 

clear interfacial layer (IL) with a more rough surface between the ITO substrate and  

the LAO film deposited in 2.8×10
-2

 torr oxygen. But nearly no evidence of IL was 

observed between the ITO substrate and the LAO film deposited in 7×10
-3

 torr oxygen. 

This indicates that the interfacial reaction between LAO films and ITO is also greatly 

affected by the oxygen pressure and higher oxygen pressure would be favorable for 

the formation of IL. The phenomenon can be generally observed at the LAO/Si 

interface at high oxygen pressure, but was less investigated at the LAO/ITO interface. 

Once the larger the oxygen ambient gas was purged into the reaction chamber, the 

more atomic oxygen content will be generated. More collision and reaction is 

expected to occur at higher oxygen pressure, and more the atomic oxygen may be 

kicked or impinged onto the substrate surface. This behavior may cause the growth of 

the interfacial layer during thin film deposition. Formation of the IL during PLD 

process at low temperature (RT) may lead to lattice distortion or strain near the 

interface, which causes a rough substrate surface for LAO thin film deposition. From 

the HRTEM images, three samples show the amorphous phase. The LAO thin films 

have been reported that the crystallization temperature is about 900-1000 °C, which is 

anticipated that deposited films may remain amorphous even in the presence of a 

relatively high-temperature processing. Fig. 5-13 compares the transmittance of 

ITO/LAO/ITO devices where the LAO films were deposited at various oxygen 

pressure of 7×10
-3

, 1.4×10
-2

, and 2.8×10
-2

 torr. The logo under the transparent device 

can be seen clearly owing to the transparent ITO, LAO, and glass substrate. 
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Distinction on the transmittance of the three samples was attributed to the distinction 

on the structural composition. 

 

5.3.2 The electrical characteristics of forming procedure in ITO/LaAlO/ITO 

capacitor 

LAO thin film properties of the three samples before forming process were 

investigated here. Fig. 5-14(a) shows the leakage current density of the LAO MIM 

samples from zero bias to 1 MV/cm. As show in Fig. 5-14(a), with increasing the 

oxygen pressure, the leakage current density of LAO thin films decreases steeply. In 

this study, LAO films deposited at low oxygen pressure are believed to have more 

oxygen vacancies than that of LAO films deposited at higher oxygen pressure, based 

on the XPS analysis and PLD film growth mechanism as shown above. Under higher 

oxygen pressure ambient during PLD process, the evaporated species will have excess 

collision and interaction with the atomic oxygen, thus, stronger binding energy of the 

oxidized peak and less oxygen vacancy defects existence inside LAO thin film will 

occur. In has been also evidenced by other groups that oxygen vacancies often exists 

for oxide film deposited by PLD or Laser MBE. According to Choopun et al. [23], 

larger leakage current is expected for films with larger density of oxygen vacancy. 

These results are also coincident with the literature reported by Lu et al. [24] and 

Xiang et al. [21] The conducting electrons mediate inside LAO film has been 

regarded via hopping through oxygen vacancies inside the insulator film. Xiang et al. 

further claimed that the LAO deposited at a higher oxygen pressure promoted the 

fabrication of highly oxidized films, and consequently reduced the concentration of 

the oxygen vacancies inside the insulator films. Therefore, the LAO films grown at 

higher oxygen pressure has lower leakage current owing to lower oxygen vacancies 

contents. Another reason may be that the absence of oxygen will lead to the 
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generation of dislocations in the films. Dislocation is also a leakage path, which leads 

to the increase of leakage current of LAO films. Fig. 5-14(b) compares the breakdown 

(BD) voltage of the three samples. The L-7 sample exhibits the lowest BD voltages 

(spread from -17.5 to -18.5 V) while the L-28 samples show the highest one (spread 

from -26 to -28 V) among the three samples. The evolution of the electroforming is 

expected to degrade the oxide film and result in the oxygen vacancies generation 

inside the LAO films. Fig. 5-15(a) shows the leakage current density at positive bias 

operation. A similar trend to the negative bias operation was observed when oxygen 

pressure increases form zero to 1 MV/cm, which the current reducing with the oxygen 

pressure increasing. The breakdown voltage measured at positive bias was shown in 

Fig. 5-15(b) that a similar tread of increasing the breakdown voltage with the oxygen 

pressure increases. The need for larger voltage value to degrade the LAO device 

further confirms that the films in higher oxygen pressure during PLD can lead to 

higher densification of the film structure. More dense and less relaxation space inside 

the L-28 samples result in the increased difficulty for oxygen vacancies formation and 

migration, thus larger applied voltage is further needed. The breakdown information 

not only demonstrates the integrity and reliability of oxide film but also dominates the 

following resistive switching properties, which will be discussed in the next section.  

The breakdown property of the LAO devices is also investigated by measuring 

the electrical I-V characteristics at various temperatures from 25 °C to 125 °C. Fig. 

5-16(a) ~ 5-16(c) shows the relationship of the BD voltage values versus the 

temperature. The BD process involves the oxygen vacancies migration and formation 

under the applied bias. As we can see in the three figures, all the BD voltages decrease 

with the increasing measured temperature, which indicates that the external thermal 

heat can facilitate the migration and formation of the oxygen vacancies. In oxide ion 

conductors, if the number in the unit volume of oxygen vacancies is denoted by nv, we 
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may write, for the ionic conductivity, σi, the expression:  

vvi
qn               (5-1) 

The motion of the oxygen vacancy can be expressed as follows: 
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Where 
v

  is the vacancy mobility, Ea is the activation energy for motion of Vo, 0

v
  

is the pre-exponential factor, T is the absolute temperature, k is Boltzman‘s constant, 

is the lattice vibration frequency factor, a0 is the jump distance and S  is a sum of 

the activation entropy 
a

S , and the configuration entropy 
f

S , respectively. 

As clearly been seen from the above equation, we can understand why the 

breakdown voltage decreases with the measurement temperature increasing. High 

temperature circumstance can provide enough energy for the oxygen ions to jump out 

from its original lattice site resulting in formation of an oxygen vacancy, and the 

motion ability of oxygen vacancy directly proportional to the temperature. Because 

the energy needed for formation and migration of the oxygen vacancy are both 

provided from the external environment, the voltage value needed to successfully 

breakdown the oxide film can be gradually reduced as the measured temperature 

gradually increasing. 

To explore the conducting behavior of the LAO devices, the plot of ln (J) vs ln 

(V) of device was shown in Fig. 5-17(a). The purpose of this discussion is to 

demonstrate the conducting mechanism during the evolution of the electroforming 

process by sweeping voltage. In the low voltage region (V < 0.7 V), the curve 

presents slope of 1 for the L-7 sample. For L-14 and L-28 samples, it also exhibits the 

slope of 1 in the low voltage region of V < 0.5 V and V < 0.4 V, as shown in Fig. 
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5-17(b) and 5-17(c), respectively. The observed results in the low voltage region 

indicate that there might be some preexisted tiny defects such as oxygen vacancies 

inside the pristine LAO thin films for all the samples, thus contributes the leakage 

current via electron hopping in the low voltage region. We further investigate on the 

dependence between conducting current and the temperature as a function of ln(|I|) vs. 

T
-1/4

 shown in Fig. 5-18. The results confirm that the conducting behavior follow the 

hopping conduction, which jumps between the discrete defects inside the LAO films. 

The L-7 sample exhibits longer hopping region than the others, indicating more 

oxygen vacancies may be expected to preexist inside the LAO films for L-7 samples. 

One advantage of LAO film is that it has much lower atomic diffusion rates than other 

binary oxides, such as TiO2  or HfO2, which hinders the oxygen vacancy from random 

migration. Therefore, in the hopping region, neither the Vo migration nor the Vo 

formation occurs because there may not be enough applied energy for the LAO films 

to change its microstructure. This case is different from the polycrystalline Gd2O3 

films that the Vo tends to segregate to the grain boundaries inside the oxide film even 

under low voltage because the segregation energy of Vo near grain boundaries is quite 

small, which means that the variation on the LAO films‘ microstructure may happen 

at low voltage bias. 

In the middle voltage region (about 1 V < V < 6 V), the re-plotted I-V curve can 

be well fitted to the Schottky emission. It is natural to suggest that the ITO/LAO/ITO 

structure has a Schottky barrier in the interface because the LAO has a quite low 

electron affinity. The I-V relation can be expressed as follows: 
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where J is the current density, e is the electronic charge, εo is the permittivity of free 

space, εi is the optical dielectric constant, V is the applied voltage, d is the thickness of 
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a film, k is the Boltzmann‘s constant, and T is temperature. If the Schottky conduction 

is obeyed, a linear relationship between ln (J/T
2
) vs E

1/2
 should be obtained and the 

slope should give the refractive index n (n=εi
1/2

). Fig. 5-19(a) shows the curves of ln 

(J/T
2
) vs E

1/2
 for L-7 sample in the middle voltage region, where linear behaviors are 

observed. The refractive index calculated from the slope is about 1.874 (with the 

temperature T of 298 K and thickness d of 30 nm), which is very close to the value of  

1.82 for LAO. Hence, it appears that the I-V characteristics of the LAO film are 

governed by the Schottky conduction mechanism in the voltage region of 0.7 V < V < 

6.5 V. Fig. 5-19(b) and 5-19(c) shows the curves of ln (J/T
2
) vs E

1/2
 for L-14 and L-28 

sample in the middle voltage region, where linear behaviors and the refractive index 

calculated from the slope is about 1.86 and 1.84 are observed. These values are quite 

reasonable because the lanthanum aluminum oxide contains Al2O3 (n = 1.64) and 

La2O3 (n = 2). Lim et al. [25] observed that the La0.5Al1.5O3 had a refractive index of 

1.73 and increased to 1.8 for the La0.9Al1.1O3 films, owing to larger refractive index 

value of La2O3 films. The Schottky emission behavior is further confirmed by the 

plots shown in Fig. 5-20(a) and Fig 5-21(a) where ln (J/T
2
) vs 1000/T for L-7 and 

L-28 samples. The activation energies at each voltage [-qΦb+q√(qV/4πdεoεi)] are 

obtained from the slopes in Fig. 5-20(a) and Fig 5-21(a) and are re-plotted in Fig. 

5-20(b) and Fig. 5-21(b). The activation energy decreases linearly with V which is in 

agreement with the Schottky-type thermionic emission theory. The interfacial 

potential barriers (Φb) at the top electrode interfaces were obtained by extrapolating 

the plots to V=0. The Φb at top electrode interface is about 0.73 and 1.46 eV for L-7 

and L-28 samples, respectively. Seo et al. [26] have reported that higher oxygen 

content inside TMO films may result in higher electron affinity of the insulator film, 

thus leads to a higher interfacial potential barriers between top electrode interface. Jha 

et al. [27] observed that the work function of the Ru in the Ru/HfO2 system was found 
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to be strongly influenced by the oxygen concentration at the metal oxide interface. 

Interface with deficiency in oxygen atoms result in the lowering of work function for 

Ru, while interfaces with excess oxygen concentration lead to the increase of work 

function of Ru. Therefore, a more well-defined Schottky contact will be formed at the 

interface of oxygen-rich LAO films. Our results are quite consistent with the previous 

reports. The higher the oxygen pressure during PLD process, the lower oxygen 

vacancy concentration and an oxygen-rich LAO films interface will be formed. Thus, 

a shorter hopping behavior at V < 0.4 V follows a longer Schottky conduction at 

voltage range of 0.4 V < V < 6 V is obeyed, with a larger potential barrier of 1 .46 eV 

at the ITO/LAO interface. The interfacial potential barriers (Φb) is increased from 

0.73 eV for L-7 to 1.46 eV for L-28, which further confirm that interfacial Schottky 

barrier might be one of the main reasons why the leakage current is decreased. 

When the voltage is near the breakdown voltage, LAO film is expected to have 

shallow oxygen vacancies generation, and the Frenkel-Poole (FP) conduction 

mechanism usually fits well with defect-rich LAO thin films. During FP conduction, 

trapped charge carriers hop between potential wells that define the trap states, and an 

applied electric field enhances the hopping state because of the barrier-lowering effect. 

The current density and the electric filed (J-E) characteristics follow the relationship: 
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where E is the electric field, e is the electronic charge, εo is the dielectric constant of 

free space, εi is the high-frequency dielectric constant, k is the Boltzmann‘s constant, 

and T is temperature, and ψt is the trap energy level with respect to the conduction 

band. The ln (J/E) was plotted as a function of the inverse temperature in Fig. 5-22(a) 

and 5-22(b) for L-7 sample. According to this equation, the experimental data results 

in a straight line with an electric field dependent slope at 6 V < V < VBD. The 
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activation energies Ea of L-7 samples are obtained from the slopes in the Arrhenius 

plot, which decrease from 0.41 eV at low voltage to 0.32 eV at higher voltage for top 

electrode injection, as shown in Fig. 5-22(b). Fig. 5-22(c) shows the plotting of the 

extracted activation energy values Ea as function of the applied electric field. The trap 

energy level ψt is estimated from the ordinate intercept point at E = 0 and a value of 

0.8 eV is derived. The electrical curves of L-28 sample were also fitted to the FP 

conduction as shown in Fig. 5-23(a) ~ 5-23(c). The experimental data shows a linear 

straight slope in the voltage range of 6 V < V < VBD, as shown in Fig. 5-23(a), 

confirmed the L-28 sample also follow the FP conduction during the voltage range. 

The activation energies Ea about 1.01 eV of L-28 samples are also extracted out based 

on the above technique, obtaining the slope decreases from 0.61 eV to 0.52 eV as the 

voltage increases from 6 V to 9 V. The trap energy level can be interpreted as an 

electron trap level below the conduction band. The extracted values are close to the 

energy levels of the oxygen vacancies in LAO calculated in the literature. From K. 

Xiong et al.‘s [22] reports, they have calculated the vacancy state level of LAO films 

by using the screened exchange (sX) and weighted density approximation (WDA) 

methods, and claimed that Vo will be the key defect in LAO films. The Vo level inside 

LAO films lie in the upper oxide bandgap, about 0.7 eV deep for Vo and 0.5 or 0.6 for 

Vo
2+

. From the F-P conduction curve fitting, the Vo level in our L-7 and L-28 samples 

are estimated to be 0.8 and 1.01 eV, respectively, which is quite consistent with the 

reported data. The trap depth of ψt is increased from 0.8 eV for L-7 to 1.01 eV for 

L-28, which further indicates that some of the trap states are contributed from the O 

interstitial because its defect state is much lower than that of Vo defect state. From the 

fabrication process point of view, the L-28 samples deposited at higher oxygen partial 

circumstance may suffer highly collision and reaction during films deposition, which 

will reasonably incorporate some O interstitials inside thin films. Both interfacial 
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Schottky barrier height and the trap depth of ψt for L-28 samples is deeper than that 

of L-7 one, which might be the main reasons why the leakage current is decreased. 

    All the samples in LAO films during the electroforming process follow the three 

conduction mechanism: Hopping conduction →  Schottky emission → 

Frenkel-Poole emission, as the applied voltage increases to breakdown voltage (VBD). 

In the low voltage region, the applied voltage is not high enough for the Vo formation 

or migration, thus, only trapped electrons hop via the tiny preexisted defects for this 

conduction. As the applied voltage increases, the dominant conduction current 

becomes Schottky emission, which reveals that most of the injected electrons gain 

enough energy to jump across the interfacial barrier. As the voltage value evolves, the 

Vo might be gradually generated in this Schottky emission region. Until the oxygen 

vacancy concentration values is high enough, the injected electrons can directly tunnel 

into the Vo defect states in LAO film instead of jumping across the Schottky barrier 

height. Since the Vo defect states are about 0.8 ~ 1.0 eV below the conduction band, 

which is lower than that of interface Schottky barrier height 1.42, therefore, once the 

defect states form, the current will further increase by conducting through the 

generated defects.  

From the experimental results it was identified that the electroforming in LAO 

are influenced by the thin film composition and ambient temperature. Some groups 

observed the evolution of oxygen bubble gas at the anode and identified by using 

TOF-SIMS [28]. In our LAO films, we also observed the film structural deformation 

at the anodic side. The evolution of oxygen gas at the anode of ITO/LAO/ITO might 

be attributed to the formation of oxygen vacancies in LAO. The electrochemical 

reaction of oxygen vacancy and gas formation at the anode can be expressed in the 

Kröger-Vink notation as  
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During electroforming LAO molecules are decomposed into free oxygen ions and 

oxygen vacancies at the anode. Each free oxygen ion donates two electrons to the 

conduction band (La 4d and Al 2p band). The La and Al ions in the oxygen deficient 

(oxygen-vacancy-enriched) regions might be reduced to fulfill the local charge 

neutrality, according to 


)4(3 n
LaneLa  and 


)4(3 n

AlneAl , by 

capturing electrons from the cathode. Therefore, the captured electrons fill the La 4d 

and Al 2p band. The reduced La and Al ions and the oxygen vacancies can form 

conduction paths in the insulating LAO matrix. According to the above equation, 

oxygen vacancies are created in the vicinity of the anode during electroforming, 

including the decrease in resistance of LAO. The nonhomogeneous growth of the 

conduction paths is most probably due to the nonuniform distribution of the electric 

field over the switching cell, which dominates the following resistive switching 

characteristics. 

 

5.4 Resistive switching characteristics of ITO/LaAlO/ITO T-RRAM 

devices 

    In this section, we investigate the influence of oxygen pressure during PLD 

process of LAO films on the unipolar and bipolar resistive switching characteristics. 

The surface morphology, atomic composition ratio, crystallinity, grain size, reaction 

with underlying layer, etc. are greatly influenced by the oxygen partial pressure 

during deposition. Several groups have reported that the oxygen partial pressure 

during thin film deposition is a key factor on the switching properties. Park et al. [29] 

reported on NiO film that whether the stable RS exists or not greatly depending on the 

oxygen contents during sputtering deposition. As oxygen content increased from 5% 
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to 10% during NiO film deposition, the resistance value of the NiO film drastically 

increased, and a resistive switching behavior was observed. However, as the oxygen 

content increased to 20%, the resistive switching behavior disappeared. According to 

RBS and XRD data, both metallic nickel defects and nickel vacancies coexist in a 

NiO film and as they increase oxygen content in the gas mixture, metallic nickel 

defects decrease and nickel vacancies increase. Because the HRS and LRS current of 

NiO film is mainly mediated with these metallic nickel defects and nickel vacancy 

proposed by Seo et al., thus the different metallic nickel defects or nickel vacancies 

contents will lead to different RS properties. Chang et al. [30] observed that oxygen 

content in the sputtering gas can determine the peak intensity of anatase or rutile 

phase. With increasing the oxygen content in the sputtering gas mixture, the peak 

intensity of anatase phase and HRS resistance values significantly increases. It may be 

related to the increase of anatase content in TiO2 matrix as the anatase phase has a 

wider bandgap and higher resistivity than rutile phase at room temperature. From the 

above reports, we know that the oxygen pressure influence the atomic composition 

ratio, crystallinity orientation, oxygen vacancy concentration and distribution inside a 

TMO layer, thus it will determine the thin film properties as well as the RS 

characteristics. 

We have investigated the thin film properties including surface morphology, 

crystallinity, structural composition in the last parameter. In this section, we will 

discuss these parameters in relation to RS characteristics including switching 

properties, operation voltage dispersion, endurance, retention, readout test, conduction 

behaviors, and switching mechanism of PLD-deposited LAO films by modulating the 

oxygen pressure during PLD process. 

 

5.4.1 Bipolar resistive switching characteristics in ITO/LaAlO/ITO T-RRAM 
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devices 

(a) Comparison on different growth oxygen pressure of LAO thin films 

To perform the RS characteristics, the electroforming process is necessary to 

activate the RS characteristics for all the LAO devices. The detail electroforming 

procedure has been discussed detail in Section 5.3.2. The current compliance of 10 

mA was chosen for an appropriate current value level for reducing the operation 

power, even if larger current compliance can also perform the RS properties. After the 

electroforming process, the devices were tested under different switching polarity. As 

can be seen in Fig. 5-24, three devices all exhibit a bipolar RS behavior, and the RS 

from the low resistance state (LRS) to high resistance state (HRS) can all be realized 

under positive voltages (clockwise loop). To evaluate the memory performance of the 

ITO/LAO/ITO devices, the endurance characteristics were measured. Fig. 5-25(a) ~ 

5-25(c) compares the endurance characteristics of the three LAO devices. The devices 

were measured in the voltage list sweep mode by performing a series of consecutive 

set/read/reset/read cycles. Among the consecutive switching cycles, several times of 

switching-failure cycles are observed on the L-7 devices, while the resistance values 

in both states become distinguishable on the L-28 devices. The average values of the 

resistance ratio measured at the bias voltage of 0.1 V is about 4.7, 9.7, and 26.7 for the 

L-7, L-14, and L-28 samples, respectively. As a NVM device application, the RRAM 

devices usually require a large resistance ratio between HRS and LRS for obtaining a 

high signal-to-noise ratio. Furthermore, a long endurance characteristic under 

repetitive switching test still maintaining a distinguishable high to low resistance ratio 

is the key issue for us to seek. Thus, a detailed research on the relationship between 

the RS characteristics and the microcrystalline structure is necessary to elucidate the 

detailed switching mechanism. Then, we further collected the operation voltage for 

the discussion on the switching stability. Fig. 5-26(a) ~ 5-26(c) shows the SET and 
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RESET voltage distribution of the three LAO thin films grown at 7×10
-3

, 1.4×10
-2

, 

and 2.8×10
-2

 torr, respectively. As we can clearly see from these three figures, the SET 

and RESET voltage distribution decreases with the growth oxygen pressure increases. 

We suggest that the difference on the RS characteristics may come from the intrinsic 

material difference between the samples grown at different oxygen pressure. 

 

(b) Electroforming procedure 

To explain why samples grown under different oxygen pressure during LAO 

films deposition will cause different electrical characteristics, voltage/resistance 

dispersion and its physical mechanism, the forming process is the key factor to be 

discussed. For the amorphous LAO films, it requires much higher energy for the 

oxygen ions and vacancies migration inside the amorphous film, and no preferred 

orientation or grain boundaries exist inside LAO films. Though we have introduced 

the electroforming process of the Gd2O3 films in the last chapter, however, the 

electroforming procedure was quite different compared to the LAO films. The main 

distinction between the two samples is attributed to their crystallinity: the Gd2O3 film 

is polycrystalline and the LAO film is amorphous. The electrochemical reaction of 

oxygen vacancy at the anode can be expressed in the Kröger-Vink notation as we 

shown above. When using negative voltage application to the TE, a large number of 

oxygen vacancies are introduced at the LAO/BE interface according to the 

electrochemical reaction, leading to the reduction of the SBH at the interface. 

Therefore, the LAO/BE interface serves as a source of oxygen vacancies. Several 

groups have reported that the oxygen vacancies will migrate away from the anode and 

accumulate at the insulator/cathode interface on a variety of materials [31,32]. 

However, the LAO films in our study are all amorphous, and these oxygen vacancies 

inside LAO films are hard to migrate. In addition, the oxygen vacancy diffusion 
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coefficient inside the amorphous LAO film is quite low. This results in a much larger 

forming voltage of the LAO films during the electroforming process. C. Tang et al. 

[33] have calculated the diffusion of O vacancies near Si:HfO2 interface by using the 

VASP code with the Vanderbilt ultrasoft pesudopotentials. A detailed first principles 

calculations on several types of Si:HfO2 interface both to assess their relative stability 

and to understand the tendency for the atomic level diffusion of O vacancies. They 

concluded that the strong thermodynamic and kinetic driving forces exist for the 

segregation of O vacancies to the interface. K. McKenna et al. [34] used empirical 

pair potentials and the METADISE code to generate a number of prospective low 

energy boundary configurations. He calculated segregation energies of an oxygen 

vacancy in the vicinity position away from the GB, and observed that the segregation 

energy of a vacancy from a bulklike three-coordianted position to a site at the GB 

(barrier : 0.42 eV) is much smaller than that away from the GB (barrier : 1.14 eV). 

And the diffusion of a vacancy parallel to the boundary is in barrier of about 0.57 eV. 

He further observed that for a wide range of concentrations, vacancies are 

significantly closer together at the GB than in the bulk. About 86% of the defects 

segregate to the GB, which the GB can act as sinks for oxygen vacancies then 

percolation paths may be preferentially generated along these GB. The existence of 

the GB inside ITO film near LAO/ITO (BE) interface may act as a catalyst for oxygen 

vacancies migration along the GB. Based on the reported literature, the energy needed 

for oxygen vacancy to migrate (Emigr) is much lower than to form (Eform), especially 

lower in the interface than that in the bulk. For the L-7 samples, the LAO films 

directly contacts with the ITO electrode due to no additional IL formation at the 

LAO/ITO interface. The conductivity of ITO is n-type as a result of oxygen vacancies 

and the presence of tin dopant which has a higher valence than indium. These oxygen 

vacancies provide electrons by acting as singly or doubly charged donors, and films 
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are generally sufficiently oxygen deficient that the electron gas in the conduction band 

is degenerate. For L-7 samples, during electroforming process under negative bias, 

oxygen vacancies are generated at the bottom of LAO films first near GB since it has 

the lowest segregation energy, as discussed above and shown in Fig. 5-27(a) ~ 5-27 

(c). Oxygen vacancies are preferentially formed at the LAO/ITO (BE) interface than 

that in the bulk, and then the process toward to the ITO (TE)/LAO side with the 

forming voltage increasing. The oxygen vacancies are generated in a broad range at 

the LAO/ITO (BE) while the other side is only a small measurement probe tip. The 

probe contact size difference causes a gradual distribution on the oxygen vacancy 

concentration, as shown in Fig. 5-27(c). As we compared the L-7 and L-28 samples, a 

more dense (with trap depth of 1.01 eV), well-defined Schottky barrier (with barrier 

height of 1.46 eV), and an additional IL was formed on the L-28 sample. For L-28 

samples, this additional layer blocks the LAO film from the ITO (BE) electrode. 

Furthermore, under the high oxygen pressure circumstance, the oxygen adatoms will 

deposit on ITO (BE) film surface, diffuse into the ITO film, and reoxidize with In or 

Sn atoms at the grain boundary. This will increase the grain size of the ITO (BE) films. 

Wu et al. [35] reported the presence of oxygen enhances the crystallization of the film. 

Film grain size increases as more oxygen is added. It was also confirmed from the 

transmittance of the ITO films. In previous work, it was argued that the oxygen 

deficiency in the ITO film would contribute to blackening of the ITO film. Therefore, 

once the additional oxygen gas is added on the ITO films, the blackening of the 

transmittance of the ITO films will be improved, as shown in Fig. 5-13. This 

additional amorphous thin layer will contribute on the uniform generation of the 

oxygen vacancies inside the LAO films, as shown in Fig. 5-28(c). It will change from 

the gradual generation (trapezoid shape, from bottom ITO film toward top ITO film) 

to uniform generation (rectangle shape) of oxygen vacancies, since there was no 
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preferentially preexistence of the defects, dislocation, and grain boundaries. The 

schematic diagrams of the forming procedure were shown in Fig. 5-28(a) ~ 5-28(c). 

The higher oxygen pressure during PLD process can effectively compensate the 

oxygen vacancies concentration near the interface, thus causing a blocking oxide at 

the LAO/ITO (BE) interface. This GB inside ITO films was not only reduced but also 

terminated by the additional thin layer. We argued that this structural difference under 

different oxygen pressure will also cause a distinction on the switching characteristics, 

reliability and stability. Many residual tiny defects may be generated at the LAO/ITO 

(BE) interface of L-7 samples owing to lower segregation energy during 

eletroforming process. These tiny defects may contribute on higher concentration of 

oxygen vacancies at the bottom interface. Because of the amorphous phase of our 

LAO films, these oxygen vacancies are difficult to migrate or diffuse, acts as like 

fixed states near the interface. When negative bias was applied to the device, injected 

electrons can hop via the various tiny defects to the bottom ITO electrode, thus 

causing the state to LRS. During the RESET process, positive bias was needed to 

rupture the conducting paths. The positive bias can attract the oxygen ions back to 

reoxidize with the oxygen vacancy and rupture the conducting paths. However, 

because of many residual tiny defects exists at the interface and high conducting 

mobility of the oxygen ions inside ITO film, the oxygen ions supply for this reduction 

process may be insufficient. This will sometimes cause a RESET-failure phenomenon 

during switching and fail on the reliability of the resistance state, as shown in Fig. 

5-27(d) and (e). For L-28 samples, the oxygen vacancy and grain boundary at the ITO 

(BE) surface will be much reduced under the oxygen gas circumstance of PLD 

process. The will avoid preferentially formation of the oxygen vacancy at the interface. 

Furthermore, a blocking layer growth between LAO and ITO (BE) electrode 

terminate the extended defects formation. This leads to a uniform distribution on the 
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oxygen vacancy concentration from top to bottom insulator film, and the oxygen 

vacancy will not segregate at the bottom interface. Therefore, once a sheet layer of the 

LAO films near the bottom interface was reoxidized under positive bias, the state can 

be switched back to HRS accurately, as shown in Fig. 5-28(d).  

 

(c) Switching parameters test 

    To further understand the effect of applied voltage on the RS characteristics, the 

detailed switching parameters are operated and tested here. First, we sweep the I-V 

curve by fixing the Vreset of 2 V and varying the Vset from -0.5 to -10 V on L-7 

samples, as shown in Fig. 5-29(a). In this test, we observed on the effect of different 

Vset values to the high to low resistance ratio, while the Vreset is fixed. The resistance 

value versus set voltage is plotted and shown in Fig. 5-29(b). The LRS resistance 

value shows highly dependent on the Vset (the LRS resistance values decreases with 

increasing the Vset ), while HRS is nearly independent. The resistance ratio increases 

with Vset from 1.3 to 8. The set process is corresponding to the formation of oxygen 

vacancies inside the LAO films under the external negative bias. Therefore, larger Vset 

values means that a stronger or more conductive leaky paths are formed inside the 

insulator matrix, as a result of lower LRS resistance values. The independent 

correlation between HRS and Vset may be owing to the fixed Vset values of 2 V for all 

the operation. We also performed the same Vset test measurement on L-14 and L-28 

samples, as shown in Fig. 5-30(a) and 5-31(a), respectively. The L-14 and L-28 

devices show the similar tendency on the applied set voltage like the L-7 sample, 

which the resistance ratio increases with the applied Vset values, as shown in Fig. 

5-30(b) and 5-31(b), respectively. The resistance ratio increases with Vset increasing 

from 1 to 7.3 and from 1 to 8.63 for the L-14 and L-28 samples, respectively. A rapid 

decrease on the LRS resistance values when Vset is operated under 0 < Vset < |-2| V, 
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while saturated to a nearly constant value at larger |-2| V in all samples. It means that 

the |-2| V is already enough for a LAO-based memory device to perform the RS 

characteristics. Then, we sweep the I-V curve by fixing the Vset of -3 V and varying 

the Vreset from 0.5 to 10 V on L-7, L-14, and L-28 samples, as shown in Fig. 5-32(a), 

5-33(a), and 5-34(a), respectively. In this test, we observed on the effect of different 

Vreset values to the high to low resistance ratio, while the Vset is fixed. The resistance 

value versus set voltage is plotted and shown in Fig. 5-32(b), 5-33(b), and 5-34(b), 

respectively. As we can see from the three figures, we obtain an opposite correlation 

compared to the previous test that the HRS resistance value shows highly dependent 

on the Vreset (the HRS resistance values increases with increasing Vset value), while 

LRS is nearly independent. The reset process is corresponding to the rupture of the 

conducting filaments by reoxidation inside the LAO films under the external positive 

bias. Therefore, larger Vreset values means that the more conductive filaments are 

broken or ruptured inside the insulator matrix, as a result of higher HRS resistance 

values. We obtain the similar tendency on the three samples that the HRS resistance 

values increases with the Vreset voltage. The high to low resistance ratio varied from 2 

to 21, from 1 to 17, and from 3 to 34 for the L-7, L-14, and L-28 samples, respectively. 

We also observed that a rapid increase on the HRS values when voltage is near 2 V, 

while saturated when reset voltage is larger than 2 V. When an appropriate set/reset 

voltage was chosen to perform the RS cycle, we can obtain more endurable RS 

characteristics with a resistance ratio margin large enough. We further compare the 

relationship of Vset and Vreset to resistance ratio among the three samples. The Vset 

value variation shows stronger dependence on the resistance ratio at low voltage 

region V < |-2| V than that of Vreset one. The results reveal that the rate of formation 

and rupture of the conducting filaments is asymmetry under certain same voltage 

values but opposite polarity, and formation of conducting filaments are much easier 
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than that of rupture them though the detailed switching mechanism of LAO-based 

memory still not discussed. Therefore, we conclude that the switching mechanism 

based on merely trapping/detrapping of injected electron carriers and migration of the 

oxygen ions or vacancies can be excluded because of highly asymmetry on the 

response to the applied voltage values. The higher resistance variation response to the 

applied voltage values indicates that the lower time it takes to achieve the same 

resistance value. The rupture of conducting defects takes more time than that of 

formation, which means that there might be reaction involved during the RS. We also 

observed that the dependence of HRS resistance values as a function of Vset reduces 

with the oxygen pressure increases. The variation sensitivity for Vset on L-7 samples is 

about 3200 ohm/V, while reduces to 2200 and 1200 ohm/V for L-14 and L-28 samples. 

However, the variation sensitivity for Vreset is about 480, 600, and 820 ohm/V for L-7, 

L-14, and L-28, which means that the variation sensitivity increases with the growth 

oxygen pressure. Our proposed model in last paragraph can also well explain this 

phenomenon. Since the LAO film of L-7 sample directly contacts with the ITO (BE) 

electrode without IL, higher oxygen vacancies concentration may be formed and 

many tiny oxygen defects may exist at the interface. In addition, the high oxygen ions 

migration mobility inside ITO films can easily diffuse away through the GB, therefore, 

the much higher variation sensitivity for Vset on L-7 sample is observed. An addition 

IL existence between the LAO and ITO (BE) electrode on the L-28 samples blocks 

the easy formation of the oxygen vacancy at the interface and limits easy migration 

along the GB. Oppositely, the variation sensitivity for Vreset of L-7 samples exhibits a 

reverse result. Many tiny residual defects at the LAO/ITO (BE) interface are hard to 

be ruptured, which results in larger applied voltage value is needed to back to HRS on 

L-7 samples.  
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(d) Where to rupture 

    To further confirm our switching model, we have also investigated on where to 

rupture the conducting paths inside a LAO film. In the case of conventional I-V 

measurement, the bias was applied from top-to-bottom electrode with grounded 

bottom electrode. In contrast, we applied bias from top-to-top electrodes (horizontally) 

when one pad is applied bias and the other one is bottom grounded. First, we 

electroform two RRAM devices separately, which one is by negative bias (pad A) and 

the other is by positive bias (pad B). This was equivalent to achieve a series of 

negative bias to switching on the device, as shown in Fig. 5-35(a) and 5-35(b). After 

electroforming process, then the RRAN with a series of two pads can be switched to 

LRS and HRS under the applied bias. The resistance values of pristine, HRS and LRS 

in the A-G, B-G, and A-B films were measured in Fig. 5-36. Operation 1 shows the 

resistance values of the pristine samples in the order of several hundreds MΩ. The 

resistance values variation with the HRS and LRS are also shown in the inset of Fig 

5-36. As we clearly observed in this figure, only the B-G resistance values change 

during the continuous switching, while the A-G operation remains the same. It means 

that only the dielectric films near bottom electrode was altered during the RESET 

process, i.e. the B-G side. This measurement results further confirm that the change of 

the resistances values occurs in the vicinity of the cathode electrode. Therefore, the 

microstructure and components difference at the LAO/ITO (BE) interface may greatly 

dominate the RS characteristics, and the switching model can well explain why 

different RS properties are observed under different thin film fabrication process. 

 

5.4.2 Polarity issue of the bipolar resistive switching characteristics in 

ITO/LaAlO/ITO T-RRAM devices 

    The bipolar RS characteristics of LAO films operated under negative bias for 
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SET and positive bias for RESET process (clockwise loop) have been thoroughly 

investigated in last paragraph. And the different polarity issue on the RS behaviors 

will be discussed in this parameter. The opposite polarity of the bipolar RS 

characteristics can both be performed on our LAO films, i.e. it can be operated by the 

clockwise sweeping loop or by the counter-clockwise sweeping loop. However, the 

RS properties under the two kinds of operation are quite different. Fig. 5-37(a) ~ 

5-37(c) show the RS I-V curves of the three samples. Three LAO films can all be 

operated by the counter-clockwise sweeping loop. We can further observe that the 

LAO films deposited at higher oxygen pressure have the longest endurance 

performance, as shown in Fig. 5-25(a) ~ 5-25(c). It was quite different to samples 

under the clockwise sweeping operations, the high-to-low resistance ratio is improved 

with increasing the oxygen pressure from 7 to 28 mtorr. Though our ITO/LAO/ITO 

capacitor structures look like symmetry, we prove from the XPS and TEM analysis 

above that our LAO structures were asymmetry. The critical factor to cause the 

structure asymmetry is the PLD process during LAO films deposition. The difference 

of the asymmetric structure of ITO/LAO/ITO films may contribute to distinct 

electrical characteristics. We have discussed detailed in last section that the structural 

difference will cause a different oxygen vacancy distribution inside the LAO films, 

thus determine the final switching properties. In this section, we will discuss on the 

LAO films under positive bias electroforming procedure and compare how different 

voltage polarity causes the distinction on the defects distribution inside the LAO 

films. 

    We applied electroforming process on LAO films by positive bias on ITO (TE) 

when the counter-clockwise sweeping loop was performed. Under positive voltage, 

oxygen vacancies are formed at the ITO (TE)/LAO interface, and lead to the 

reduction of the SBH at the ITO (TE)/LAO interface. In this case, the three cases are 
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quite the same (no additional interfacial layer), and only a little oxygen contents 

difference for the LAO films. Oxygen vacancies in a gradual distribution within the 

LAO films will be obtained after electroforming process. The switching cycles 

increase with increasing the oxygen pressure indicates the oxygen vacancies inside 

the LAO films should be well controlled. However, the RS was quite poor compared 

to the clockwise loop, since the absence of additional IL at the interface. The IL can 

serve as an oxygen reservoir or a good diffusion barrier to terminate the oxygen ions 

random migration along the extended GB at the interface. When the devices were 

operated at the counter-clockwise sweeping loop, the oxygen ions can easily diffuse in 

and out via the GB inside ITO electrode to the atmosphere. Chemical oxidation may 

also take place by virtue of external oxygen to cause the conduction path reoxidation. 

Thus, the RS properties will much poor than that of clockwise loops.  

 

5.4.3 Switching mechanism of the ITO/LaAlO/ITO T-RRAM devices – Random 

resistor network model 

    For an amorphous LAO thin film, the conducting current is based on the density 

of oxygen vacancy inside the insulator film, which was determined from the chamber 

condition during PLD deposition. The cluster defects, such as dislocation or grain 

boundary, are expected to be absent in an amorphous film, as shown in Fig. 5-9(a). 

Based on Miller and Abrahams‘s model [36], the conduction for an electron transition 

from one defect site to another in amorphous thin films can be regarded as an 

equivalent network of random resistors. The schematic diagram of the random resistor 

network is shown in Fig. 5-38(a). They assumed that a random network is effectively 

equivalent to a set of independent chains of resistances, each chain passing through 

the entire sample from one electrode to the other. The resistances of a single chain are 

in series, and hence the chain resistance is given by the sum of individual resistances 
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Rij. A simple interpretation of their calculation for relatively high temperature is of the 

order of unity and  
ijijij
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impurity wave functions, Rij is the distance between site i and j, and a is the Bohr 

radius. When a critical number of sites is occupied by these traps, a percolation path is 

formed between the two electrodes and the I-V characteristics of the whole system can 

behave like a power law, 
 IV

eff
 , where ρeff is the effective resistivity of the 

system, and α exponent is obtained from the slope of the V-I curves [37,38]. 

Shklovskii and Efros [39] proposed a method of calculating the random network 

conductivity, based on the mathematical theory of percolation. Random sites are 

chaotically distributed points in insulator film, and a percolation path formed under 

the applied bias contributed to the resistivity in the form of  )/(exp
3/1

0
aN

eff
  , 

where N is the concentration of vertices of the Miller-Abrahams network, which 

coincides with the concentration of the major dopant. We suggest that the resistivity 

of the network system decreases with increasing the applied voltage is related to the 

generation of a critical number of electron traps in the oxide film. The main defects 

inside the LAO thin film are reported to be oxygen vacancy by Xiong et al. [22], 

therefore, we may rationally suggest the concentration of the dopants N are the 

oxygen vacancies inside LAO film. 

    Then, we can propose the switching mechanism of amorphous LAO thin film as 

follows. The conduction transition between IRS, HRS and LRS is consequently 

attributed to the electron transport controlled by the feature of oxygen vacancies. In 

the beginning, the separation between oxygen vacancy is in a large distance (larger 

than the critical percolation radius rc), thus, only tiny leakage current can be obtained. 

Electroforming triggers the percolation process occurrence by inducing more oxygen 

vacancy N in the insulator film, as shown in Fig. 5-38(b). The percolation radius rc 
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depends solely on the site concentration N ( 3/1
 Nr ), while N can be determined 

from compliance current during electroforming. Therefore, whether the RS exists or 

not will as a function of the compliance current, as shown in Fig. 5-39. After 

electroforming, it turns out the exponent in the electrical conductivity is entirely 

determined by jumping over the distance of the percolation radius. At LRS in Fig. 

5-38(b), oxygen vacancies are considered to be separated by a smaller distance r, 

leading to the smaller resistivity of LAO thin film. When an opposite electric field is 

applied onto the MIM structure, some oxygen vacancies are annihilated or recovered, 

causing the r to be larger and the state switches to HRS. The dotted circle shown in 

Fig. 5-38(c) represents the enlarged percolation radius. The oxygen vacancies are not 

necessarily aligned in filamentary configurations throughout the capacitor to the LRS. 

These defects will be arranged in a feature of percolation network as long as the 

portion of the defect density exceeds certain threshold to form the LRS. One can use 

the percolation network model to estimate the expected resistance values and/or 

determine the desired compliance current for a reliable switching operation for a 

certain material of insulator film free from overshooting. 

 

5.4.4 Conduction mechanism in ITO/LaAlO/ITO T-RRAM devices 

(a) Conducting mechanism 

    In order to obtain an extended understanding about the switching characteristics 

of RRAM devices, the conduction mechanisms of the HRS and LRS were examined. 

The plots of the ln (J) - ln (V) in the L-7 and L-28 devices are shown in Figs. 5-40 ~ 

5-41. The conduction behavior in the LRS (the curve 2 and 3) under both positive and 

negative bias undergoes Ohmic transport, because the curve of the ln (J) - ln (V) is a 

linear line with a slope of about 1 for all the samples. The conduction behavior in the 

HRS is also governed by Ohm‘s law at a low voltage region due to the straight slope 
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(~1). Taking into account the fact that forming process is necessary to develop 

resistance switching, the filament conduction is suggested in the low voltage region 

for both the stable LRS and HRS. However, it seems that an entirely different 

conducting mechanism is dominated in the high voltage region. This linear relation 

changes from 1 to 2 at larger voltage indicates that the conducting behavior is 

dominated by the space-charge-limited conduction (SCLC), for all the samples. In the 

sweeping curve 1 as shown in Fig. 5-40 (a) and Fig. 5-41 (a), the residual electrons 

inside the LAO films contribute to the Ohmic conduction behavior in the HRS. As the 

applied voltage continuously increases, the amounts of injected electrons will be 

larger than the residual electrons, and hop through the oxygen vacancies which were 

generated during the electroforming process, thus contribute on the SCLC behavior. 

From the Kröger-Vink notation as we shown above, an oxygen vacancy and two 

electrons will be generated once an oxygen atom was removed. These oxygen 

vacancies can provide defect states for injected electrons occupancy, therefore, the 

conductivity of the LAO films may be increased. Since we have discussed above that 

the main defects inside the LAO films are oxygen vacancies, the numbers of the 

trapped electrons will dominate the conducting current. Once all the traps are filled by 

the injected electrons, the state was switched to LRS. The state then can be switched 

back to HRS by applied positive values to drive the oxygen ions back into LAO films. 

When the oxygen vacancies are recovered by reoxidation with the oxygen ions, the 

current gradually reduced and the state was switched to HRS, as shown in curve 4 in 

the Fig. 5-40 (b) and Fig. 5-41 (b). To obtain a reliable resistance value of the 

respective state, the same voltage values have to be added. Otherwise, an intermediate 

state with a different resistance value will be obtained. It implies that the multi-level 

states are possible to be achieved. 

    We observed that the conducting behavior of the LAO films changes in the 
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following procedure of Hopping conduction →  Schottky emission →  Frenkel 

emission during the electroforming process. After electroforming, the conducting 

mechanism changes to the SCLC. The conduction behavior changes from contact 

limited (Schottky emission) to the bulk limited (SCLC) indicating that the 

well-defined Schottky barrier was destructed during the forming procedure. We 

suggest that the total destruction of the Schottky barrier was occurred at the voltage 

value when the conduction behavior changes from Schottky emission to Frenkel 

emission. Owing to low oxygen vacancy mobility inside the amorphous LAO films, a 

larger electroforming voltage is needed to break the Schottky barrier. At the same time, 

oxygen vacancies were also generated inside bulk LAO films during the forming 

process.  

     

(b) Reliability 

As a NVM device, reliable and stable data retention for a long time is required to 

maintain the information accuracy. And the switching between HRS and LRS must 

have a large resistance ratio to keep a high signal-to-noise ratio during the repeated 

switching. So, the reliability issues of the LAO-based T-RRAM devices were tested 

here. The retention data of the three samples measured at a positive voltage of 0.1 V at 

RT were shown in Fig. 5-42(a) ~ 5-42(c). The resistance values of high and low 

resistance states were almost constant for more than 10000 s without any fluctuation 

or degradation. We perform the acceleration test by elevating the measured 

temperature. Fig. 5-43 shows the resistance values of OFF state and ON state of L-28 

samples as a function of reciprocal temperatures. It is found that the current of the 

HRS exhibits positive dependence on temperature like the pristine samples, implying 

the semiconductor-like behavior. The relationship between the resistance of OFF state 

and temperature can be well fitted to R = Ro exp(Ea/kT), where Ro is a constant 
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independent of temperature, k the Boltzmann‘s constant, T the temperature, and Ea is 

the activation energy for charge carriers. The Ea for the HRS is about 0.46 eV. 

Different from the HRS, the resistance values of the LRS increases with increasing 

temperature, which indicates the conduction mechanism is metallic like.  

 

5.5 Conclusion 

    We have successfully fabricated the LAO based T-RRAM capacitor devices and 

investigated its RS characteristics. The high-k dielectric LAO thin film deposited by 

pulsed laser deposition grown at different oxygen partial pressure is investigated in 

this study. Based on the pulsed laser deposition growth mechanism, we clearly explain 

how different oxygen partial pressure influences the surface roughness, the formation 

of the interfacial layer, the leakage current density, the breakdown voltage, and the 

resistive switching characteristics of the LAO thin films. The micro-structure and 

oxygen concentration difference inside LAO thin films may be the main reason for 

the distinction of the resistive switching characteristics. Conduction behavior of the 

electroforming procedure was investigated under the electrical fitting curve. It 

changes from Ohmic conduction, to Schottky emission in the middle voltage value, 

and to Frenkel emission in the vicinity of breakdown voltage. The residual electrons 

inside LAO contribute to the space-charge-limit conduction during the RS operation. 

LAO films grown at higher oxygen partial pressure is beneficial for a more reliable 

resistive switching performance, because the formation of the interfacial layer and 

lower oxygen vacancy concentration exist in the LAO thin film. The interfacial layer 

can serve as a good oxygen reservoir residence and the more oxygen ions involve can 

ensure the switching reliability. Migration of the oxygen ions between the interfacial 

layer and the LAO films under applied bias may be the possible switching mechanism. 

We also construct the electroforming model to explain why the switching properties 
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will differ after forming process. A blocking layer growth between LAO and ITO (BE) 

terminate the extended defects, which leads to a uniform distribution on the oxygen 

vacancy concentration from top to bottom insulator film. The high to low resistance 

ratio as a function of compliance current reveals the correlation between the resistive 

switching properties and the percolation theory of nonlinear conductor networks. The 

ITO/LAO/ITO device may be a strong candidate for future nonvolatile memry 

application. 
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Fig. 5-1  AFM image of the LaAlO films grown at oxygen partial pressure of 7×10

-3 

torr. 

 

 
Fig. 5-2  AFM image of the LaAlO films grown at oxygen partial pressure of 1.4×

10
-2 

torr. 

 

 
Fig. 5-3  AFM image of the LaAlO films grown at oxygen partial pressure of 2.8×

10
-2 

torr. 
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Fig. 5-4  Schematic diagram depicts the pulsed laser deposition fabrication process 

in low oxygen partial pressure. 

 

 

 

Fig. 5-5  Schematic diagram depicts the pulsed laser deposition fabrication process 

in high oxygen partial pressure. 
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Fig. 5-6  Surface morphology image of the LaAlO films grown at oxygen partial 

pressure of 7×10
-3 

torr. 

 

 

Fig. 5-7  Surface morphology image of the LaAlO films grown at oxygen partial 

pressure of 1.4×10
-2 

torr. 

 

 
Fig. 5-8  Surface morphology image of the LaAlO films grown at oxygen partial 

pressure of 2.8×10
-2 

torr. 
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Fig. 5-9 (a)  The La 4d spectrum of LAO deposited at various oxygen pressure. 

 

 

 
 

Fig. 5-9 (b)  The Al 2p spectrum of LAO deposited at various oxygen pressure. 
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Fig. 5-10  High resolution cross-sectional TEM image of the LaAlO films grown at 

oxygen partial pressure of 7×10
-3 

torr. 

 

 

Fig. 5-11  High resolution cross-sectional TEM image of the LaAlO films grown at 

oxygen partial pressure of 1.4×10
-2 

torr. 

 

 

Fig. 5-12  High resolution cross-sectional TEM image of the LaAlO films grown at 

oxygen partial pressure of 2.8×10
-2 

torr. 
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Fig. 5-13  Transmittance of the ITO/LAO/ITO structure grown at various oxygen 

pressure of 7×10
-3

 (L-7), 1.4×10
-2

 (L-14), and 2.8×10
-2

 (L-28) torr under wavelength 

of visible light in the range of 400-800 nm. 
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Fig. 5-14(a)  Leakage current I versus electric field of LAO films deposited at 

various oxygen pressures. 

 

 

 

Fig. 5-14(b)  Comparison on the breakdown (BD) voltages of LAO films deposited 

at various oxygen pressures. 
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Fig. 5-15(a)  Leakage current I versus electric field of LAO films deposited at 

various oxygen pressures. 

 

 

Fig. 5-15(b)  Comparison on the breakdown (BD) voltages of LAO films deposited 

at various oxygen pressures. 
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Fig. 5-16(a)  Forming voltages for the LAO films grown at oxygen pressure of 7×

10
-3

 torr at various measured temperature. 

 

 

Fig. 5-16(b)  Forming voltages for the LAO films grown at oxygen pressure of 1.4×

10
-2

 torr at various measured temperature. 

 

 

Fig. 5-16(c)  Forming voltages for the LAO films grown at oxygen pressure of 2.8×

10
-2

 torr at various measured temperature. 
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Fig. 5-17(a)  Plots of ln J vs ln V curve for the LAO films grown at oxygen pressure 

of 7×10
-3

 torr. 

 

 

Fig. 5-17(b)  Plots of ln J vs ln V curve for the LAO films grown at oxygen pressure 

of 1.4×10
-2

 torr. 

 

Fig. 5-17(c)  Plots of ln J vs ln V curve for the LAO films grown at oxygen pressure 

of 2.8×10
-2

 torr. 
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Fig. 5-18  The ln (|I|) values versus T
-1/4

 for the LAO films grown at different oxygen 

pressure. 
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Fig. 5-19(a)  Plots of ln (J/T
2
) vs E

1/2
 curve for the LAO films grown at oxygen 

pressure of 7×10
-3

 torr. 

 

 

Fig. 5-19(b)  Plots of ln (J/T
2
) vs E

1/2
 curve for the LAO films grown at oxygen 

pressure of 1.4×10
-2

 torr. 

 

Fig. 5-19(c)  Plots of ln (J/T
2
) vs E

1/2
 curve for the LAO films grown at oxygen 

pressure of 2.8×10
-2

 torr. 
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Fig. 5-20(a)  Variations of ln (J/T
2
) with 1/T of the ITO/LAO(L-7)/ITO capacitor, 

where the J represents the measured value at voltages over the range of 1 to 5 V. 

 

 

 

Fig. 5-20(b)  Variation in activation energies of the ITO/LAO(L-7)/ITO capacitor as 

a function of V
1/2

. 
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Fig. 5-21(a)  Variations of ln (J/T
2
) with 1/T of the ITO/LAO(L-28)/ITO capacitor, 

where the J represents the measured value at voltages over the range of 1 to 5 V. 

 

 

 

Fig. 5-21(b)  Variation in activation energies of the ITO/LAO(L-28)/ITO capacitor as 

a function of V
1/2

. 
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Fig. 5-22(a)  Plots of ln (J/V) vs V
1/2

 curve for the LAO films grown at oxygen 

pressure of 7×10
-3

 torr. 

 

 

 

Fig. 5-22(b)  Variations of ln (J/V) with 1/T of the ITO/LAO/ITO capacitor, where 

the J represents the measured value at voltages over the range of 6 to 9 V. 
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Fig. 5-22(c)  Variation in activation energies of the ITO/LAO/ITO capacitor as a 

function of V
1/2

. 

 

 

Fig. 5-23(a)  Plots of ln (J/V) vs V
1/2

 curve for the LAO films grown at oxygen 

pressure of 2.8×10
-2

 torr.  
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Fig. 5-23(b)  Variations of ln (J/V) with 1/T of the ITO/LAO/ITO capacitor, where 

the J represents the measured value at voltages over the range of 6 to 9 V. 

 

 

 

Fig. 5-23(c)  Variation in activation energies of the ITO/LAO/ITO capacitor as a 

function of V
1/2

. 
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Fig. 5-24  I-V curves of LAO-based memory device grown at various oxygen 

pressures. 

 

 

 

Fig. 5-25(a)  The resistance values of both ON-state and OFF-state at 0.1 V of 

LAO-based memory device grown at 7×10
-3

 torr. 
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Fig. 5-25(b)  The resistance values of both ON-state and OFF-state at 0.1 V of 

LAO-based memory device grown at 1.4×10
-2

 torr. 

 

 

 

Fig. 5-25(c)  The resistance values of both ON-state and OFF-state at 0.1 V of 

LAO-based memory device grown at 2.8×10
-2

 torr. 



 273 

 

Fig. 5-26(a)  Vset and Vreset distribution among 500 switching cycles of LAO-based 

memory device grown at 7×10
-3

 torr. 

 

 
Fig. 5-26(b)  Vset and Vreset distribution among 500 switching cycles of 

LAO-based memory device grown at 1.4×10
-2

 torr. 

 

 

Fig. 5-26(c)  Vset and Vreset distribution among 500 switching cycles of LAO-based 

memory device grown at 2.8×10
-2

 torr. 
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Fig. 5-27  Schematic diagrams for resistive switching mechanism in ITO/LAO/ITO 

structure on forming process (a) at low voltage bias (initial), (b) at middle voltage bias 

(|-0.7| V < V < |-8| V), (c) at large voltage bias (V > |-8 V|) to LRS. Under the positive 

bias, the oxygen ions can migrate back to reoxidize in the insulator film. (d) and (e) 

represent different HRS picture of the insulative matrix. 
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Fig. 5-28  Schematic diagrams for resistive switching mechanism in ITO/LAO/ITO 

structure on forming process (a) at low voltage bias (initial), (b) at middle voltage bias 

(|-0.7| V < V < |-8| V), (c) at large voltage bias (V > |-8 V|). Under the positive bias, 

the oxygen ions can migrate back to reoxidize in the insulator film. (d) and (e) 

represent different HRS picture of the insulative matrix. 

 

 

 

 

 

 



 276 

 

Fig. 5-29(a)  The I-V curves operate at fixed Vreset = 2 V and varying Vset from 

-0.5 to -10 V of LAO-based memory grown at oxygen pressure of 7×10
-3

 torr. 

 

 

Fig. 5-29(b)  Resistance values of HRS and LRS as a function of Vset of LAO-based 

memory grown at oxygen pressure of 7×10
-3

 torr. 
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Fig. 5-30(a)  The I-V curves operate at fixed Vreset = 2 V and varying Vset from 

-0.5 to -10 V of LAO-based memory grown at oxygen pressure of 1.4×10
-2

 torr. 

 

 

Fig. 5-30(b)  Resistance values of HRS and LRS as a function of Vset of LAO-based 

memory grown at oxygen pressure of 1.4×10
-2

 torr. 
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Fig. 5-31(a)  The I-V curves operate at fixed Vreset = 2 V and varying Vset from 

-0.5 to -10 V of LAO-based memory grown at oxygen pressure of 2.8×10
-2

 torr. 

 

 

 
 

Fig. 5-31(b)  Resistance values of HRS and LRS as a function of Vset of LAO-based 

memory grown at oxygen pressure of 2.8×10
-2

 torr. 
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Fig. 5-32(a)  The I-V curves operate at fixed Vset = -3 V and varying Vreset from 1 

to 4 V of LAO-based memory grown at oxygen pressure of 7×10
-3

 torr. 

 

 

 

Fig. 5-32(b)  Resistance values of HRS and LRS as a function of Vreset of 

LAO-based memory grown at oxygen pressure of 7×10
-3

 torr. 
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Fig. 5-33(a)  The I-V curves operate at fixed Vset = -3 V and varying Vreset from 

0.6 to 3 V of LAO-based memory grown at oxygen pressure of 1.4×10
-2

 torr. 

 

 

Fig. 5-33(b)  Resistance values of HRS and LRS as a function of Vreset of 

LAO-based memory grown at oxygen pressure of 1.4×10
-2

 torr. 
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Fig. 5-34(a)  The I-V curves operate at fixed Vset = -3 V and varying Vreset from 

0.2 to 3 V of LAO-based memory grown at oxygen pressure of 2.8×10
-2

 torr. 

 

 

Fig. 5-34(b)  Resistance values of HRS and LRS as a function of Vreset of 

LAO-based memory grown at oxygen pressure of 2.8×10
-2

 torr. 
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Fig. 5-35(a) Schematic diagrams for the measurement test. (b) Effective schematic 

diagrams for illustrating the measurement test. 

 

 

Fig. 5-36  Evolution on the resistance values of A-B, A-G, and B-G measuring test. 
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Fig. 5-37 (a) The I-V curves of L-7 sample. 

 

 

Fig. 5-37 (b) The I-V curves of L-14 sample. 

 

 

Fig. 5-37 (c) The I-V curves of L-28 sample. 
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Fig. 5-38  Schematic diagram for the configuration of random resistor network 

model for (a) IRS, (b) LRS, and (c) HRS. 

 

 

 

Fig. 5-39  The ON and OFF resistance values (left y-axis) and the ON/OFF ratios 

(right y-axis) as a function of compliance current. 
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Fig. 5-40 (a)  Electrical curves fitting on the negative side of the switching I-V 

curves L-7 samples.  

 

 

Fig. 5-40 (b)  Electrical curves fitting on the positive side of the switching I-V 

curves L-7 samples. 
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Fig. 5-41 (a)  Electrical curves fitting on the negative side of the switching I-V 

curves L-28 samples. 

 

 

Fig. 5-41 (b)  Electrical curves fitting on the negative side of the switching I-V 

curves L-28 samples. 
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Fig. 5-42(a)  Data retention test of both HRS and LRS of L-7 over 10000 s at 0.1 V. 

 

 

Fig. 5-42(b)  Data retention test of both HRS and LRS of L-14 over 10000 s at 0.1 V. 

 

 

Fig. 5-42(c)  Data retention test of both HRS and LRS of L-28 over 10000 s at 0.1 V. 
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Fig. 5-43  Data retention test of both HRS and LRS of L-28 over 10000 s at 0.1 V. 
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Chapter 6  Conclusion 

6.1 Conclusion 

The RS memories based on HfOx, Gd2O3, and LaAlO3 thin film were fabricated, 

investigated, and discussed in this thesis. Some important factors were investigated 

including the intrinsic modulation (about MIM) and extrinsic modulation 

(post-treatment). The intrinsic modulated parameters included top electrode material, 

operation mode, operation polarity, electrode fabrication process, oxygen partial 

pressure condition, and deposition temperature. On the other hand, the extrinsic 

modulated parameters consisted of thermal treatment in N2 and N2/O2, UV light 

exposure effect, among others. For the unipolar and bipolar RS characteristics, we 

then both propose the possible model to explain the switching mechanism. In addition, 

we can improve the electrical properties by modulating the above treatment. 

A variety of factors of RS characteristics, including electrode material effect, 

electrode thickness effect, rapid thermal annealing effect in Ar or O2 circumstance, 

electrode process effect, and UV light irradiation effect, were analyzed. A model 

based on the formation and rupture of the conducting filamentary paths through the 

pre-existing oxygen vacancies or grain boundaries may be the possible switching 

mechanism for our HfOx thin film. Electrode is critical in determining the switching 

properties. Top portion of the HfOx thin film is responsible for the RS under the 

applied bias, and can be well modulated by inserting a reactive metal Al, or by 

thermal annealing and/or recovery, electrode process, and UV light exposure. To sum 

up, as more oxygen ions are induced onto the HfOx surface, the switching properties 

of the dispersion of operation voltage and high and low resistance values can be 

greatly improved. However, the conducting paths may be stemmed when the 

treatment condition is longer. When the crystallinity of the HfOx surface was changed, 
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the switching behaviors became unstable and the switching parameters become 

dispersed. A well-chosen electrode material and fabrication process effectively 

improves the RS reliability. 

    The bipolar RS characteristics also greatly depend on the electrode materials. 

The Pd/HfOx/TiN devices only exhibited the clockwise current loop, whereas the 

Pd/Al/HfOx/TiN devices were able to perform both the clockwise and 

counterclockwise current loops. Such condition may be attributed to the interfacial 

layer formed at the Al/HfOx interface because the reactive metal Al will easily oxidize 

with the underlying HfOx. The interfacial layer HfAlO composed of defects, such as 

oxygen vacancies or metallic defects, may be responsible for the migrated oxygen 

ions under applied bias. In addition, the effect of inserted thin Al layer can improve 

switching characteristics due to the increase in the crystallization temperature of the 

HfOx film. Given that the devices were free from thermal fluctuation factor, the 

structure of Pd/Al/HfOx/TiN structure provided a better nonpolar RS characteristic 

and a reliable switching behavior, which widen the application of nonvolatile memory 

devices. 

The Gd2O3 films for the RRAM application were successfully fabricated at RT 

by pulse laser deposition. The switching characteristics in the Ti/Gd2O3/Pt capacitor 

structure was investigated and discussed. Using XPS analysis data, we examined the 

distinction of the chemical composition between pristine and after forming samples, 

and confirmed that the metallic Gd defect inside the Gd2O3 films is necessary for the 

resistance switching behaviors. The RS behaviors of Ti/Gd2O3/Pt devices were 

observed and were found highly correlated with the anode electrode. Under positive 

bias operation, more than 100 switching characteristics could be detected with low 

voltage and resistance dispersion, whereas the switching properties became unstable 

and turned into a large fluctuation on the resistance and voltage values when the 
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devices were operated under negative bias. This phenomenon has already been 

explained in terms of the anode material. The current research demonstrates the 

switching properties of Gd2O3 film and its dependence on electrode material under a 

unipolar operation. 

    For the T-RRAM devices, highly transparent RRAM devices were successfully 

fabricated in this work based on the ITO/Gd2O3/ITO sandwich structure on a glass 

substrate. The devices exhibited reliable and reproducible RS characteristics under 

bipolar operation for more than 2000 switching cycles, low operation voltage of 

approximately 1.6 V, and good data retention for more than 50000 seconds. Based on 

the results of the XPS analysis, the different composition ratio on the metallic (Gd
0
) / 

oxidized (Gd
3+

) were 65.5 % / 34.5 % and 49.3 % / 50.7 % for the 25 °C- and 300 

°C-deposited samples, respectively. The large amounts of defects in the Gd2O3 film, 

including oxygen vacancies or metal atoms, among others, may considerably 

dominate the switching characteristics. The Gd2O3 particles gained higher kinetic 

energy to migrate on to the surface, and easily grew larger grains at 300 °C, resulting 

in the improvement in crystallinity of Gd2O3 film, more densification on film‘s 

structure, and lower leakage current. Therefore, a larger high to low resistance ratio 

was obtained. 

    The high-k dielectric LAO thin film deposited by pulsed laser deposition and 

grown at different oxygen partial pressure was investigated in this study. Based on the 

pulsed laser deposition growth mechanism, the effect of different oxygen partial 

pressures on surface roughness, the formation of the interfacial layer, the leakage 

current density, the breakdown voltage, and the RS characteristics of the LAO thin 

films were clearly investigated. The micro-structure and oxygen concentration 

difference inside the LAO thin films may be the main reason for the distinction of the 

RS characteristics. The conduction behavior of the electroforming procedure was 
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investigated using the electrical fitting curve. The conduction behavior changed from 

Ohmic conduction to Schottky emission in the middle voltage value, and to Frenkel 

emission in the vicinity of breakdown voltage. The residual electrons inside LAO 

contributed to the space-charge-limit conduction during the RS operation. Therefore, 

LAO films grown at higher oxygen partial pressure are beneficial for a more reliable 

RS performance because the formation of the interfacial layer and lower oxygen 

vacancy concentration exist in the LAO thin film. The interfacial layer can serve as a 

good oxygen reservoir residence and the involvement of more oxygen ions can ensure 

the switching reliability. The migration of the oxygen ions between the interfacial 

layer and the LAO films under applied bias may be the possible switching mechanism. 

The electroforming model was constructed to explain the reasons for the differing 

switching properties after the forming process. A blocking layer growth between LAO 

and ITO (BE) terminated the extended defects, leading to a uniform distribution on 

the oxygen vacancy concentration from top to bottom insulator film. 

 

6.2 Future Work 

In the present study, the appropriate treatment in O2 and N2 circumstance under 

specific temperature effectively improved the switching properties. Furthermore, a 

thin robust alumina formed at the interface of hafnium oxide enhanced the operation 

endurance and retention. Therefore, an insulator film composed of two different 

atomic distributions is needed for a stable switching operation. A conducting film was 

employed to control the amount of the injected electron, and another insulator film 

was used to control of the RS. Two stacked insulator films confined the conducting 

filamentary paths at some localized spot under applied bias, which improved the 

controllability on the filamentary path free from random fluctuation. For 

commercialized application, a pulse I-V test was conducted by applying the micro- or 
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nano-second square pulse to trigger the switch. Pulse I-V measurement decreased the 

measurement time to avoid the sample from being broken at long measurement time. 

Thus, when unipolar switching is operated, a material that can bear the high thermal 

budget is recommended for the insulator film. Note that the Hf has lower free energy 

of oxidation. Therefore, some higher free energy material oxide may be considered. 

The free energy of formation of oxidation of metals is important for selecting the 

metal electrode. This can be achieved using an alloy material, such as PtAl and PdTi, 

as top electrode. For bipolar HfOx RRAM, the switching operation of SET and 

RESET under negative bias is needed for asymmetrical MIM structure. Chemical 

analysis is used to explore the oxygen concentration of HfOx films. Pulse I-V 

measurement can provide not only an extra degree of freedom of measurement time, 

but also more precise reliability tests, endurance and data retention. Future research is 

necessary to determine with certainty the relationship between optimal condition of 

O2 RTA, thickness, and oxygen content of HfOx. The effect of thermal treatment on 

RRAM, which is constructed by the other metal top electrode, is also a great avenue 

for future research.  

    Research can also be focused on the different crystallinities of the insulator film. 

From the investigation on Gd2O3 and LAO thin film, we observed that different 

crystallines dominated the morphology, electrical characteristics, and RS properties of 

the thin films. For a suitable resistive operation, the optimal conditions of the thin film 

properties have to be well controlled. Forming process is needed before switch 

operation for all the memory cells. However, the main features of polycrystalline or 

amorphous semiconductors are quite different. For the crystalline thin film, defects 

such as metallic defects or oxygen vacancies inside the insulator thin film tended to 

migrate toward the grain boundaries first, and then tended to migrate along the grain 

boundaries, expanding toward the electrode under applied bias. However, for the 
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amorphous thin films, no preferential conducting path pre-existed inside the insulator 

film, which makes the injected electron mediate by random hopping or percolation 

phenomenon. The forming process for the two thin films with different crystallinity 

may induce alternative effect on each memory cells. Given that the forming process is 

necessary for most of the memory cells, a systematic study on how the forming 

process induces the defect sites inside the insulator thin film is beneficial for a 

universial understanding on RS.  

We are hoping that future research will focus on these views to realize the 

commercial applications of RRAM, which we hope will ultimately result in better 

uniformity and reliability of its manufacture. 
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