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Summary 
The exponential growth of electronics and computing capacity has dramatically changed the way 
we live and can be envisioned even more in the future. This growth trend of electronics was 
predicted by Moore’s law and driven by the device scaling down to 10 nm node. However, with 
the impending fundamental physical limits and increased fabrication cost, new technology routes 
need to be proposed to empower the development of even smaller, faster, and more energy-
efficient devices. For memory devices, two technology routes were proposed. One is based on 
the 3D stacks of the traditional mainstream floating-gate based FLASH memory. The other is the 
new memory devices based on different storage mechanisms, such as resistive random access 
memory (RRAM). Compared to other emerging new memory technologies, such as ferroelectric 
random access memory (FeRAM), magnetoresistive random access memory (MRAM), and 
phase change memory (PCM), RRAM devices feature simple device structure, low fabrication 
cost, and easy 3D integration. RRAM devices were also reported to exhibit fast switching speed 
of less than 1 ns, superior endurance of 1012 cycles, and power consumption at several hundred 
pW. Yet combining all the excellent features within one material system is still an open challenge. 

The performances that can be achieved in devices are determined by the materials. 
Understanding how to grow and control the properties of the materials is of great importance. 
Tantalum oxide (TaOx) has been widely studied and reported to exhibit the fastest switching 
speed and the most superior endurance in RRAM applications. The use of pulsed laser deposition 
(PLD) technique to grow and control the TaOx thin film materials for RRAM devices are less 
reported. In this thesis, I first describe the stoichiometry of the TaOx thin films controlled by varying 
PLD conditions at room temperature and how it is related to the electrical properties, such as 
resistivity and resistive switching behaviour, of the TaOx thin films. Second, I present how 
annealing effect can influence the TaOx material and trigger the resistive switching behaviour in 
the TiN/TaOx/W structured RRAM devices. Also, the effect of strain on the Pt/TaOx/Ta structured 
RRAM devices were studied. The thesis ends with my view on how the understanding and the 
experiments can be improved further. 
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Resumé 
Den eksponentielle vækst i elektronik og computerkapacitet har dramatisk ændret den måde, vi 
lever på, og vil forsætte med at ændre vores levemåde i fremtiden. Tendensen til vækst inden for 
elektronik blev forudsagt af Moore's lov og drevet af enkeltkomponenter, der skalerer ned til 10 
nm. Men med de nuværende grundlæggende fysiske grænser samt øgede 
fabrikationsomkostninger, skal nye teknologiruter findes for at styrke udviklingen af endnu mindre, 
hurtigere og mere energieffektive enheder. For hukommelsesenheder er der foreslået to 
teknologiruter. Den ene er baseret på 3D-stablerne i den traditionelle mainstream flydende gate-
baserede FLASH-hukommelse. Den anden er de nye hukommelsesenheder, der er baseret på 
forskellige lagringsmekanismer, såsom resistive random access memory (RRAM). Sammenlignet 
med andre nye hukommelsesteknologier, såsom ferroelektric random access menory  (FeRAM), 
magnetoresistive random access menory   (MRAM) og phase change memory (PCM), har RRAM-
enheder en enkel enhedsstruktur, lave fabrikationsomkostninger og nem 3D-integration. RRAM-
enheder er rapporteret til at udvise en hurtig skiftehastighed på mindre end 1 ns, overlegen 
udholdenhed på 1012 cyklusser og strømforbrug ved få hundrede pW. Alligevel er det stadig en 
storudfordring at kombinere alle disse fremragende funktioner i ét materialesystem. 

De funktionaliteter, der kan opnås i apparater, bestemmes af materialerne. At forstå, hvordan 
man fremstiller materialerne og kontrollerer deres egenskaber, er af stor betydning. Tantaloxid 
(TaOx) er  undersøgt grundigtog rapporteret til at udvise  den hurtigste skiftehastighed og den 
mest overlegen udholdenhed i RRAM-applikationer. Der rapporteres mindre om anvendelsen af 
en pulsed laser deposition PLD) til at fremstille og kontrollere TaOx-tyndfilmmaterialerne til 
RRAM-enheder. I denne afhandling beskriver jeg først samspillet mellem støkiometrien i TaOx-
tyndfilmog forskellige PLD-betingelser ved stuetemperatur, samt hvordan støkiometrien er 
relateret til de elektriske egenskaber, såsom resistivitet og resistiv skifteadfærdiTaOx-tyndfilm. 
For det andet præsenterer jeg, hvordan temperaturbehandling kan påvirke TaOx-materialet og 
udløse det resistive skift i TiN/TaOx/W strukturerede RRAM-enheder Derudover blev effekten af 
tøjning på de Pt/TaOx/Ta strukturerede RRAM-apparater observeret. Specialet afsluttes med mit 
syn på, hvordan forståelsen og eksperimenterne kan forbedres yderligere. 
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Motivation 

The way we work, live, and communicate has been profoundly changed by the exponential growth 
of electronics and computing capacity. Driven by the need of the enterprise storage application, 
Big Data, Artificial Intelligence (AI), and Internet of Things (IoT), non-volatile memory devices with 
lower power consumption, faster-switching speed, and lower fabrication cost are highly desirable. 
Historically, the device scaling down process has led to less power consumption, improvement in 
speed, and reduction of fabrication cost. However, with the impending fundamental physical limits 
and increased fabrication cost as the fabrication technology reaches 10 nm node, new technology 
routes need to be proposed to empower the development of even smaller, faster, and more 
energy-efficient devices. Two technology routes were proposed. One is based on the 3D stacks 
of the traditional mainstream floating-gate based FLASH memory. The other is based on the new 
memory devices, such as ferroelectric random access memory (FeRAM),[1], [2] magnetoresistive 
random access memory (MRAM),[3], [4] phase change memory (PCM),[5], [6] and resistive 
switching memory (RRAM).[7]–[10] A comparison of the device behaviours among different 
memory technologies is as shown in Table 1. Compared with other emerging new memory 
technologies, RRAM devices feature in small device area, fast switching speed, and easy 3D 
integration. 

Table 1 Comparison between different memory technologies. The data are based on Ref. [11]–[15]. 
Features FLASH 

(NAND) 
FeRAM MRAM PCM RRAM 

Cell size (F2) 1-4 40 to 20 25 4 to 16 4 
Read time (nm) 105 20 to 80 3 to 20 20 to 50 <10 
Write/erase time (ns) 105 50/50 3 to 20 20 to 30 <10 
Energy per bit (pJ) 2×10-5 3 to 20 <10 2 to 25 0.1 to 3 
Endurance 104 1012 >1015 >1016 1012 
Non-volatility Yes Yes Yes Yes Yes 
Maturity Commercia

lized 
Limited 
production 

Test chips Test chips Limited 
production 

Applications High 
density 

Low density Low density High 
density 

High 
density 
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1.1 Control of oxide materials electrical properties by deposition 

RRAM devices were reported to exhibit excellent device performances, such as a small device 
size down to 2 × 2 nm2,[16] the fast switching speed of less than 1 ns,[17] superior endurance of 
1012 cycles,[18] and power consumption of several hundred pW.[19] However, combining all these 
excellent performances within one material system remains an open challenge. 

Many materials have been reported to exhibit resistive switching behaviours, such as solid-state 
electrolytes,[20]–[22] organic materials,[23]–[25] and metal oxides.[8], [26]–[28] A roadmap of 
electronic oxide materials has recently been reported in the scientific literature and specified the 
oxide materials application in non-volatile memory devices.[29] Transition metal oxide materials 
for RRAM application are of particular interest for their compatibility with complementary metal-
oxide-semiconductor (CMOS) fabrication process. Full understanding of the resistive switching 
mechanisms in different RRAM material systems is still not achieved. Being able to finely control 
the materials composition/ properties as well as the statistical variation of the switching behaviour 
in RRAM devices is highly desirable. In this very relevant and interesting area, the use of different 
deposition techniques such as sputtering [8], [30]–[35], atomic layer deposition (ALD) [36]–[39] 
and pulsed laser deposition (PLD) [40], [41] techniques to be able to control the stoichiometry and 
properties of the film is very important. In the current work, I have used PLD to grow TaOx thin 
film materials for RRAM devices. The use of PLD for growing this type of composition is less 
reported in the literature. 

1.2 Effect of external stimulus on RRAM device performances 

Memristive materials which are capable of responses to external stimuli represent one of the most 
exciting and emerging areas of scientific interest and unexplored commercial applications. This 
allows modifying the materials by imposing external stimuli, such as electrical field, magnetic field, 
temperature change, irradiation, and strain, on the device performance. Achieving this can 
provide new insights into the switching mechanisms of RRAM devices and can lead to new and 
yet unexplored properties for future memory and computing technologies. In a recent book 
chapter, we have highlighted the recent progress in stimuli-responsiveness of the metal oxide-
based memristor (Appendix B, Article III). This research topic is to a large extent still unexplored 
both experimentally and theoretically and further research should be made in this direction. 

 

Figure 1 The scaling-down progress of RRAM devices. The figures are from Ref. [16], [42], [43]. 
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Basics of RRAM 

2.1 Definition and history of RRAM 

The resistive switching memory (RRAM) is a capacitor-like device structure with an insulating 
active layer (resistive switching layer) sandwiched between two metal electrodes. Resistive 
switching memory was first proposed by N. M. Bashara and P. H. Nielsen in a silicon monoxide 
thin film sandwiched between two gold electrodes (Au/SiO2/Au) in 1963.[44] The resistance of the 
Au/SiO2/Au can be tuned by an external electrical field and showed a low-frequency negative 
differential resistance. 

 

Figure 2 The relationship between the four fundamental circuit variables of 𝒊 (current), 𝒗 (voltage), 𝒒 
(charge), and 𝝓 (magnetic flux). The combination of these four variables gives six relationships and 
the sixth one is the proposed concept of the memristor. The figure is updated from Ref.[45]. The 
memristor symbol in this figure is from https://commons.wikimedia.org/wiki/File:Memristor-
Symbol.svg. 
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RRAM can arguably be viewed as memristors, a concept proposed by Leon Chua in 1971.[46], 
[47] The memristor as was predicated by Chua was considered as the fourth basic passive two-
terminal element in the electric circuit. As the name of memristor implies, it is a combination of 
memory and resistor, which indicates that the same device behaves like a nonlinear resistor with 
a memory. Considering the relationship between the four fundamental circuit variables, i.e. 𝑖 
(current), 𝑣  (voltage), 𝑞  (charge), and 𝜙  (magnetic flux), there should be six possible 
combinations of these. Five of these six relationships are shown in Figure 2. Out of the six 
relationships, three of these represent the three basic passive two-terminal elements in the 
electric circuit, which are the resistor, the capacitor, and the inductor. Two other relationships 
are the ones: i-q and v-ϕ. Based on the symmetric intuition, a fundamental element representing 
the relationship between q and ϕ is missing, and this is the one that defines the memristor, 
M(q)≡dϕ(q)/dq, with the unit of resistance.[46] The device representing the relationship between 
q and ϕ is later named as an ideal memristor [48] and was generalized to a memristive device by 
Leon Chua and Sung Mo Kang in 1976.[49] In 2015, Leon Chua further claimed that any two-
terminal device exhibiting a pinched hysteresis loop and passes through the origin in the voltage-
current plane is called a memristor, which is the definition of the non-ideal memristor. 

In 2008, R. Stanley Williams et al. from HP lab have shown experimentally the effect of resistive 
switching in TiO2 and for the first time related this experimental observation to the memristor, 
claiming that the missing fourth element has been found.[50] RRAM devices have drawn much 
attention since 2008 and show huge potential in the application area of non-volatile memories[8], 
[10], [51], [52] and the new neuromorphic computing.[8], [53]–[56]. 

2.2 Operation Principles of RRAM 

RRAM has a basic three-layered device structure with an insulating resistive switching layer 
sandwiched between two metal electrodes. The resistance of the device can be switched by an 
external electrical field and the device resistance upon removal of the filed retained its resistance, 
i.e. exhibit a non-volatile behaviour. During switching, the external electrical field is applied 
between the top and bottom electrodes while the bottom electrode is grounded (Figure 3a). By 
switching the device into different high or low resistance states (‘0’ and ‘1’), information can be 
stored and readout, which enables the RRAM to be used as a non-volatile memory device. 

 

Figure 3 A schematic illustration of (a) metal-insulator-metal (MIM) structured RRAM device under 
electric field and (b) its switching process and the corresponding 𝑰-𝑽 curve. The figures are from 
Appendix B, Article III. 
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The typical 𝐼-𝑉 curves of the RRAM device under the input of electrical voltage is shown in Figure 
3b. The device usually starts from a high initial resistance state (IRS) without any conduction 
inside the resistive switching layer, i.e. conductive filaments. A Forming process is then required 
to trigger the resistive switching process. As the voltage reaches a threshold value, the insulating 
resistive switching layer becomes conductive by forming a filament and the current increases 
abruptly. To protect the device from breakdown, a compliance current (ICC) is applied to limit the 
maximum current that can flow through the device. After the Forming process, and during the 
reversed cycle the device switches from initial resistance state to a low resistance state (LRS). In 
bipolar RRAM devices, a negative voltage ramp can switch the device from low resistance state 
back to a high resistance state (HRS). The process of switching the device from LRS into HRS is 
called RESET. The value of the high resistance state is usually smaller than the IRS. The process 
of switching the device from HRS to LRS is called SET. By alternating the polarity voltage, the 
device can be switched between low and high resistance states which can be maintained even 
upon removal of the power supply. The device can then store information at different resistance 
states and they can be read out at lower voltage values without disturbing the stored resistance 
states. 

Material research and device characterization have shown that it is the ion migration and 
redistribution under the external electrical field which account for the resistive switching 
phenomenon.[33], [57]–[62] Based on the types of ions and the formed conductive filaments, the 
RRAM devices can be classified into two types. The first type is the electrochemical metallization 
memory (ECM) which has an electrochemically active top electrode, such as Ag or Cu.[63]–[65] 
The highly mobile metal drift from the top electrode under the external electrical field and 
discharge at the inert counter electrode, leading to the formation of conductive filaments 
consisting of the active metal electrode material. At this stage, the device is in LRS. Upon reversed 
polarity of the applied voltage, the formed conductive filaments electrochemically dissolve and 
the device switches back to HRS. The second type is the valance change memory (VCM) which 
relies on the migration of anions, such as oxygen anions, which occur in transition metal oxides. 
The migration of oxygen anions is usually described by the corresponding oxygen vacancies. The 
migration of oxygen inions (i.e., oxygen vacancies) corresponds to stoichiometry change of the 
transition metal oxide, leading to a valence change of the cation sublattice and a change in 
material resistivity. Direct observations of the conductive filaments in both ECM and VCM have 
been reported.[61], [63], [65], [66] 

2.3 Applications RRAM 

2.3.1 RRAM Application as Non-volatile Memories 

One of the main driving forces for the development of non-volatile memories is the requirement 
for increasing storage density and reduction of the fabrication cost at the same time. As an 
example, for the recent achievement in this area, take the microSD card as an example, it is the 
smallest memory card that can be bought today and has a dimension of 15 mm × 11 mm × 1 mm. 
From 2005 to 2019, the storage density of micro SD storage card increased from 128 MB to 1 TB 
(SanDisk Company), which means in this 14 years, the storage density has increased by 10000 
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times (Figure 4). RRAM exhibits fast switching speed, small device area, and is easy for 3D 
integration, which makes RRAM a promising candidate for the next-generation storage. 

 

Figure 4 The storage density of MicroSD card has increased from 128 MB to 1 TB within a card 
dimension of 15 mm × 11 mm × 1 mm from 2005 to 2019. The products from SanDisk are taken as an 
example and figures are from the internet. 

2.3.2 RRAM Application in New Computing Diagrams 

Modern computers are based on von Neumann architecture using architecture proposed by John 
Von Neumann in 1945 in the First Draft of a Report on the EDVAC. The EDVAC (Electronic 
Discrete Variable Automatic Computer) was one of the earliest electronic computers. The term 
"von Neumann architecture" has evolved to describe any stored-program computer in which an 
instruction fetch and a data operation cannot occur at the same time because they share a 
common bus. This is referred to as the “von Neumann bottleneck” and often limits the 
performance of the system. Historically, the improvement of computing storage capability followed 
the prediction of Moore’s Law. The reduction of device sizes led to a reduction of power 
consumption, lowering of fabrication cost, and increase of computing speed. As the scaling of the 
devices run into its physical size limit and the increased fabrication cost, device scaling can no 
longer provide the desired performance improvement. The challenges of the classical von 
Neumann computing architecture are the memory bottleneck, high energy and speed costs, and 
device physical limits. New device structure, such as memristor (RRAM), and new computing 
diagram may provide a new method that enables hybrid memory–logic integration, bioinspired 
computing and efficient reconfigurable in-memory computing systems (Figure 5).[54], [56], 
[67][68], [69]  

 

Figure 5 The race towards future computing solutions. The figure is from Ref. [54].
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Properties Control of 

TaOx Thin Films by 
Pulsed Laser 

Deposition 
Tantalum oxide (TaOx) has a wide range of applications, such as waveguides and micro-
resonators,[70] anti-reflective coating,[71] catalyst for hydrogen generation,[72] high-dielectric 
material [73]–[79], Cu diffusion barrier material [80] in microelectronics, and resistive switching 
memories.[17], [18], [81], [82] Many of its properties are highly dependent on its crystalline 
structure and material oxygen composition. In this chapter, I will provide experimental results that 
show the electrical resistivity and the resistive switching behaviour of the TaOx controlled by 
changing the oxygen pressure during PLD. 

3.1 TaOx Stoichiometry and Crystal Structures Control by PLD 

3.1.1 Stoichiometry and Crystal Structures of TaOx 

The stoichiometric Ta2O5 phase was the first phase that has been discovered back in the 1950s. 
In a review paper on the Ta-O system which was published in 1996 [83], it was pointed out that 
tantalum oxide (TaOx) is a complex system that has more than twenty-five metastable sub-
stoichiometry. Extensive research has been conducted since 1952 to understand/characterize 
the crystal structure of Ta2O5 and I will try to highlight only a small portion, but important, of these 
results in this part of the thesis. Various thermal-processing and stabilizing methods lead to 
different types of Ta2O5 structures, such as the tetragonal, orthorhombic, monoclinic, and 
hexagonal phases have been reported. Here, X-ray diffraction (XRD) [79], [83]–[88] and electron 
microscopy,[83], [86], [87], [89], [90] are extensively used to interpret the Ta2O5 crystal structures. 
The predictions of different phases were also done using calculations based on first-principle 
calculation.[91], [92] 
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The formation of amorphous Ta2O5 
[76], [93], [94] and two other crystal 
structures, i.e. low-temperature β-
phase and high temperature a-
phase Ta2O5, were reported. The 
amorphous Ta2O5 crystallizes into 
low-temperature b-phase at 
elevated temperatures between 500 
˚C to 700 ˚C. This ordering process 
of the amorphous Ta2O5 induced by 
thermal annealing is a slow process, 
where the phase transition starts in 
the range of 500 ˚C to 600 ˚C and 
hardly completed even at 700 
˚C.[76], [93], [94] The crystal 
structures of the low-temperature β-
phase Ta2O5 were reported to be 
orthorhombic but with different 
lattice parameters (Table 2). 

Table 2 Reported experimental crystal structures of the low temperature b-phase Ta2O5 
Year Structure Lattice Parameters Ref. 
1961 Orthorhombic a=6.20 Å, b=69.6 Å, c=3.90 Å [95] 
1964 Orthorhombic a=6.20 Å, b=3.66 Å, c=3.89 Å [96] 
1967 Orthorhombic a=6.18 Å, b=3.66 Å, c=3.88 Å [90] 
1969 Orthorhombic a=14.65 Å, b=9.395 Å, c=31.19 Å, Z=48 [84] 
1971 Orthorhombic a=6.198 Å, b=40.29 Å, c=3.888Å, 11 formula units [85] 
2002 Orthorhombic a=6.217 Å, b=3.677 Å, and c=7.794 Å [79] 

Low temperature b-phase Ta2O5 can sluggishly transform into high temperature a-phase at about 
1320 ˚C. The high temperature a-phase is stable at the temperature range between 1320 ± 30 
°C and 1550 ± 30 °C.[83] The crystal structure of the high temperature a-phase Ta2O5 is shown 
in Table 3. Figure 6 shows the phase diagram of Ta-O system. 

Table 3 Reported experimental crystal structures of the high temperature a-phase Ta2O5. 
Year Structure Lattice Parameters Ref. 
1971 
(2 mol% Sc2O3) 

Face-centred 
monoclinic C2 

a=3.81 Å, b=3.81 Å, c=35.966 Å, β=96˚42′ [97] 

1997 & 2006 
(8 mol% TiO2) 

Monoclinic  a=3.79 Å, b=3.81 Å, c=35.7 Å, β=90˚48′ [77], 
[98]  

2007 
(pure Ta2O5) 

Tetragonal a=3.86 Å, c=36.18 Å [89] 

Other reports on the crystal structures of the tantalum oxide (TaOx) system show additional 
phases such as the hexagonal δ-phase,[74], [91], [99] high-pressure modification of B-Ta2O5 and 
Z-Ta2O5,[86] rutile-type TaO2 [100] and the orthorhombic λ-phase TaOx with inter-plane oxygen 
vacancies.[101] 

Figure 6 Phase diagram of Ta-O system. The figure is 
from Ref. [83]. 
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3.1.2 TaOx Stoichiometry and Crystal Structure Controlled by PLD 

Since the resistive switching depends very much on the stoichiometry and crystal structure, efforts 
have been made over the years to try to control the stoichiometry of the materials. One of the 
preferred deposition techniques to fabricate oxide and therefore these films is the PLD. By 
changing the PLD conditions, i.e. the oxygen pressure 𝑃!" in the deposition chamber and the 
deposition temperature 𝑇, the Ta/O composition and the crystallinity can be controlled. 

(1) Composition: the ratio of Ta/O 

For a constant deposition temperature, the Ta/O ratio decreases as the oxygen pressure in the 
chamber increases. For a constant oxygen pressure during deposition, the Ta/O ratio decreases 
as the deposition temperature increases. The ratio between Ta and O (Ta/O) depend on the 
deposition temperature and the deposition oxygen pressure and is shown in Figure 7, which was 
adapted from [102], [103]. The Ta/O ratio was determined by Rutherford backscattering 
spectrometry (RBS)1 in Figure 7a and by Auger electron spectroscopy (AES)2 in Figure 7b. 

 

Figure 7 The TaOx thin-film Ta/O dependency on the deposition temperature and the deposition 
oxygen pressures measured by (a) Rutherford backscattering spectrometry (RBS) and (b) Auger 
electron spectroscopy (AES). The figures are adapted from Ref. [102], [103]. 

(2) The crystallinity 

The crystallinity of the TaOx thin films is often characterized by X-ray diffraction (XRD).[103][102], 
[103] An interesting example of the evolution of the crystallinity is shown by the XRD spectra in 
Figure 8, where the XRD spectra were taken at Cu Kα radiation (λ=1.5406 Å) and the incident 

 
1 RBS, also referred to as high-energy ion scattering (HEIS) spectrometry, measures the backscattering of a beam of high 
energy ions (typically protons or alpha particles) impinged on a sample to determine the structure and composition of 
materials. 
2 AES is a common analytical technique used in the study of material surfaces and is based on the analysis of energetic 
electrons emitted from an excited atom after a series of internal relaxation events. 
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angle θ0 fixed at 1˚. The TaOx thin films shown in Figure 8 were deposited at deposition 
temperatures of 400, 650, and 800 ˚C under the deposition oxygen pressure of 1 to 40 mTorr (1.3 
× 10-3 to 5.3 × 10-2 mbar). For deposition temperature of 𝑇 ≤ 400 ˚C, the diffraction patterns of the 
TaOx thin films consisted of a diffuse-scattering curve, indicating amorphous-like structures for all 
deposition oxygen pressures (Figure 8a). At the deposition temperature of 𝑇 ≥ 650 ̊ C, amorphous 
TaOx thin film transits from amorphous structure towards polycrystalline for the deposition oxygen 
pressure 𝑃!" > 5 mTorr (6.7 × 10-3 mbar). The peaks observed at an angle 2𝜃 of 22.85˚, 28.7˚, 
37˚, and 49.3˚ can be assigned to the (001), (200), (201), and (1181) lines of the orthorhombic β-
phase Ta2O5 structure, respectively (Figure 8b). At the deposition temperature of 𝑇 = 800 ˚C, 
peaks at 2 𝜃  of 22.85˚, 28.85˚, 34˚ and 37˚ were observed, and can all be attributed to 
orthorhombic β-phase Ta2O5 structure (Figure 8c). 

 

Figure 8 XRD spectra of TaOx films deposited at (a) 400, (b) 650 and (c) 800 ˚C. For each temperature, 
the deposition oxygen pressure was: (i) 1 mTorr, (ii) 5 mTorr, (iii) 10 mTorr, (iv) 20 mTorr, and (v) 40 
mTorr. (●) Not a β-Ta2O5 line; (*) broad, not well-defined peaks; (**) many β-Ta2O5 lines in this 2θ 
vicinity. Peak 1: (140); peak 2: (001); peak 3: (200); peak 4: (280); peak 5: (201); peak 6: (1181). The 
figures are from Ref.[103]. 

Previous studies only showed the dependence of Ta/O ratio on the deposition conditions. Since 
TaOx is a complex system with many sub-stoichiometry states, the compositions of different 
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valence states of tantalum can be different even at the same Ta/O ratio. In my work, I therefore 
further investigated the composition of the TaOx thin film and its relation to the deposition 
conditions. Part of my thesis, I studied a series of TaOx thin films deposited at oxygen pressures 
from 10-6 mbar to 2 × 10-2 mbar by PLD and the effect of these deposition conditions on the 
composition and the physical properties. 

The PLD system used in my experiments is provided by Surface PLD system (SURFACE & 
SURFACE systems + technology GmbH & Co. KG). The system consists of a KrF excimer laser 
(248 nm), a deposition chamber, and a process computer control as shown in Figure 9a. During 
the deposition of the TaOx, the laser repetition rate was fixed at 10 Hz, the laser energy was fixed 
at 4 J/cm2, and the deposition temperature was kept at room temperature. The oxygen pressure 
in the chamber during the deposition was the only variable parameter and it was determined to 
be 10-6, 5.6 × 10-4, 2 × 10-3, 5 × 10-3, and 2 × 10-2 mbar. A commercial Ta2O5 ceramic target 
(99.99% purity, American Elements) with a diameter of 25.4 mm and a thickness of 6 mm was 
used. The target was investigated by XRD to ensure its phase purity before the deposition took 
place (Appendix A, Figure 55). The deposition was carried out by keeping the target-substrate 
distance constant at 7.5 cm. The target and the substrate were rotating in anti-clockwise and 
counter-clockwise, respectively, at a rate of 5 rpm during the deposition. Figure 9b shows a 
schematic illustration of the deposition process. 

 

Figure 9 (a) A picture of the pulsed laser deposition (PLD) system, and (b) a schematic illustration of 
the PLD process of TaOx thin films in our study. 

XRD Bruker D8 Advanced diffractometer (Germany) with Cu Kα (λ=1.5406 Å) radiation was used 
for the characterization of the films crystallinity. The XRD data in Figure 10a, c, and e were 
collected in theta-2 theta configuration scanning from 20˚ to 80˚ with a step size of 0.01˚ (0.2 
seconds per step) at room temperature. Grazing-incidence small-angle scattering data in Figure 
10b, d, and f were collected using the same diffractometer at room temperature. The X-ray 
incident angles 𝜃# were set to 0.5˚, 1˚, and 2˚, respectively. The detector scanned in 2 theta range 
20˚ ≤ 2𝜃 ≤ 90˚ with a step size of 0.02˚ (0.5 seconds per step). The peaks observed in Figure 10 
are attributed to the Si/SiO2/TiN substrate. The peaks at 2𝜃 of 32.9 and 69.1˚ can be attributed to 
(200) and (400) of Si.[104] The peaks at 2𝜃 of 36.8˚ can be attributed to TiN (111).[105] No 
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obvious peaks from TaOx were observed which indicates that all the TaOx thin films deposited at 
room temperature were amorphous as indicated by XRD. 

 

Figure 10 Morphology characterization of TaOx thin films deposited at different oxygen partial 
pressures by using XRD. (a), (c), and (e) were characterized by stationary and horizontal sample 
position with the X-ray tube and the detector both move simultaneously over the angular range θ. 
(b), (d), and (f) were characterized using grazing incidence XRD with the incident angle 𝜽𝟎 fixed to 
0.5˚, 1˚, and 2˚. The figures are adapted from Appendix B Article I. 

The chemical composition of the TaOx thin films was also examined using X-ray photoemission 
spectroscopy (XPS). The XPS analyses were performed on an ESCALAB XI+ X-ray photoelectron 
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spectrometer microprobe (Thermo Fisher Scientific, East Grinstead, U.K.) using a monochromatic 
Al-Kα X-ray source with a 900 µm spot size. A combined ion/electron gun (i.e. a dual-beam 
source) was used to control sample charging. High resolution local binding energy spectra were 
obtained for Ta-4f using 20 eV detector pass energy, 50 ms dwell time, 0.02 energy step size, 
and collected over 5 scans. An emission angle of 𝜃=0˚ was used, which is relative to the 
perpendicular direction to the surface of the sample (i.e. maximum escape depth of ~10 nm). The 
spectra are the solid black lines as shown in Figure 11a to e. Figure 11f shows a schematic 
illustration of the XPS experiment set up. 

The fitting analysis of the Ta-4f peaks and thus the quantification of the Ta oxidation states is 
based on the approach by Simpson et al.[106] Peaks were fitted using a 38% 
Lorentzian/Gaussian function, a 4f5/4f7 spin-orbit splitting of 1.9 eV, a 4f5/4f7 height ratio of 
0.788, and a full width at half maximum (FWHM) fitting parameter of 1.2 ± 0.1 eV. The fitting 
envelops are the solid red lines as shown in Figure 11a to e indicating almost a perfect fit. 

 

Figure 11 Ta 4f XPS spectra of TaOx thin films deposited for 60 min under different oxygen partial 
pressures of (a) 𝑷𝑶𝟐 = 10-6 mbar, (b) 𝑷𝑶𝟐 = 5.6 × 10-4 mbar, (c) 𝑷𝑶𝟐 = 2 × 10-3 mbar, (d) 𝑷𝑶𝟐 = 5 × 10-3 
mbar, and (e) 𝑷𝑶𝟐 = 2 × 10-2 mbar. The solid black lines are the experiment XPS spectra data and the 
solid red lines are the fitting envelopes of the XPS spectra data. (f) A schematic illustration of the 
XPS experiment set up. The figures are from Appendix B Article I. 

The results of the fitting show that the main peaks observed are the Ta 4f 7/2 and the Ta 4f 5/2 
peaks of Ta5+ (Ta2O5) at binding energies of 26.9 ± 0.1 eV and 28.8 ± 0.1 eV, respectively. Besides 
the main peaks of Ta5+ (Ta2O5), there are the peaks of the lower oxidation states, which are Ta4+, 
Ta3+, Ta2+, Ta1+, and Ta0, representing TaO2, Ta2O3, TaO, Ta2O, and Ta metal, respectively. The 
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comparison between the binding energies for each oxidation states used in the work of Simpson 
et al.[106] and in my experimental results is shown in Table 4. 

Table 4 The binding energies for each oxidation states used in the work of Simpson et al. and this 
paper. The table is from Appendix B Article I. 

Oxide State Binding Energy (eV) 
Simpson et al. (Ref. [106]) my experiments 

Ta4f 7/2 Ta4f 5/2 Ta4f 7/2 Ta4f 5/2 
Ta5+ (Ta2O5) 27.0 ± 0.05 28.9 ± 0.05 26.9 ± 0.1 28.8 ± 0.1 
Ta4+ (TaO2) 25.7 ± 0.30 27.6 ± 0.30 25.5 ± 0.2 27.4 ± 0.2 
Ta3+ (Ta2O3) 24.3 ± 0.20 26.2 ± 0.20 24.2 ± 0.2 26.1 ± 0.3 
Ta2+ (TaO) 23.3 ± 0.30 25.2 ± 0.30 23.1 ± 0.2 25.0 ± 0.2 
Ta1+ (Ta2O) 22.5 ± 0.10 24.4 ± 0.10 22.2 ± 0.2 24.1 ± 0.2 
Ta0 (metal) 21.50 23.42 21.3 ± 0.2 23.3 ± 0.3 

Based on the fitting results (shown in 
Figure 11 with an emission angle of 𝜃 = 
0˚), the percentage change of each 
oxidation states of the tantalum oxide at 
a maximum detection depth (~10 nm) 
as a function of the deposition oxygen 
pressures was determined and is 
shown in Figure 12. At a detection 
depth of ~10 nm, the films were 
composed of Ta2O5 and the content of 
Ta2O5 seemed to increase from 75 at. 
% to 95 at. % as the deposition oxygen 
pressure increased from 10-6 mbar to 2 
× 10-2 mbar. The percentage of the 
change of peaks with lower oxidation 
states found to decrease as the 
deposition oxygen pressure increased. 

By using angle-resolved X-ray 
photoelectron spectroscopy (ARXPS), 
the composition homogeneity along the 
film growth direction and the surface 
oxidation conditions of the TaOx thin films were further studied. The emission angles 𝜃, relative 
to the perpendicular direction of the surface of the sample, varied from 0˚ to 90˚ (gracing angle), 
which corresponds to the maximum probe depth of ~10 nm and the upper surface layer of the 
TaOx thin films, respectively. As shown in Figure 13a, for TaOx thin films deposited under high 
oxygen partial pressure (5 × 10-3 mbar) for a short time (10 min) corresponding to a film thickness 
of 23 ± 4 nm, the composition of TaOx is found to be homogeneous for all emission angles, which 
means a homogeneous (similar) Ta oxidation states composition from the surface to 
approximately 10 nm deep under the surface. As compared to the TaOx deposited for the same 
time but under a lower oxygen partial pressure (10-6 mbar) corresponding to a film thickness of 6 
± 1 nm, the composition of Ta2O5 increased as the emission angle increased, which indicate a 
higher Ta2O5 composition near the film surface, as shown in Figure 13b. These findings are 

Figure 12 The composition of the TaOx thin films 
deposited at different deposition oxygen pressures. 
The compositions were fitted according to the Ta 4f 
XPS spectra obtained at an emission angle of 𝜽 = 0˚ 
relative to the perpendicular direction to the surface of 
the sample. The figures are from Appendix B Article I. 
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consistent with the work of Sharath et al.[107] Furthermore, as the thickness of the films 
increased, the composition of the films deposited at high oxygen partial pressure was not 
homogeneous any longer from the surface to approximately 10 nm deep under the surface. The 
composition along the film growth direction can be seen for films deposited at both high and low 
oxygen partial pressure in Figure 13c and d. 

 

Figure 13 The Ta oxidation states of TaOx films deposited under different deposition oxygen 
pressures revealed by XPS spectra. (a) oxygen partial pressure of 𝑷𝑶𝟐 = 5 × 10-3 mbar for a deposition 
time of 10 min, (b) oxygen partial pressure of 𝑷𝑶𝟐 = 10-6 mbar for a deposition time of 10 min, (c) 
oxygen partial pressure of 𝑷𝑶𝟐 = 5 × 10-3 mbar for a deposition time of 60 min, and (d) oxygen partial 
pressure of 𝑷𝑶𝟐 = 10-6 mbar for a deposition time of 60 min. (e) is a schematic illustration of the 
principle of ARXPS. The angle 𝜽 is the emission angle relative to the perpendicular direction of the 
surface of the sample. By changing the emission angle, the sampling depth decreases from ~10 nm 
at 𝜽 = 0˚ to the very surface of the film at 𝜽 = 90˚. The figures are from Appendix B Article I. 

3.2 TaOx Electrical Properties Control by PLD 

The stoichiometry and the crystal structure of the TaOx material are known to influence the 
electrical properties of the TaOx film and the forming process of the TaOx based RRAM devices. 

3.2.1 The Electrical Properties of the TaOx 

Permittivity 



16 Fabrication and electrical properties of advanced thin film materials for resistive switching memories 

Ta2O5 has been used as dielectric material in the microelectronics industry due to its high 
permittivity, i.e. the electric polarizability of a dielectric.[73]–[78] The relative permittivity of the 
Ta2O5 prepared by different methods were reported to be at a range of 10 to 610.[76], [78], [94], 
[108] The permittivity alters either due to the different crystal structures or due to the doping of 
the materials. The permittivity was found to be 25 in amorphous Ta2O5 and 50 to 59 in hexagonal 
crystalline Ta2O5 with a high anisotropic character.[74], [75], [95] Interestingly, it was also reported 
that an addition of 8 mol% TiO2 can increase the permittivity of Ta2O5 by nearly a factor of four 
from 35 to 126.[6] 

Resistivity 

The electrical resistivity of TaOx depends strongly on the degree of crystallinity of the material, 
the temperature during the test, and the oxygen pressure during the test.[78], [94], [97], [109]–
[116] The resistivity of oxygen-deficient TaOx can vary several orders of magnitude ranging from 
1 to 105 µΩ·cm (in magnitude) both of which predicted by calculation[117] and verified by 
experiments.[118] Neutral in-plane oxygen vacancies are responsible for the formation of a broad 
band in the gap of disordered Ta2O5 films and these defect levels serve as conduction centres for 
electron hopping in oxygen-deficient TaOx films.[109], [116] 

3.2.2 TaOx Electrical Properties Controlled by PLD 

Although tantalum oxide thin films deposited by PLD were widely studied,[102], [103], [119]–[129] 
focus was mainly put on the optical properties, [102], [103], [119], [120], [122], [124], [126], [128], 
[129] leakage current[119], [120], [122], [123], [126] and dielectric constant[122] of the TaOx films. 
No direct link between the deposition condition, the thin film composition, and the thin film 
resistivity was reported. My work revealed a direct relationship between the oxygen pressure 
during PLD, the thin film composition, and the electrical resistivity. 

Insulating MgO substrates were used to avoid any influences from the substrates and the 
resistivity of the TaOx thin films were characterized by using Van der Pauw method.[130] The Van 
der Pauw method is suitable for a flat sample with arbitrary shape. Four successive contacts (1, 
2, 3, and 4) were made by the Imina probe tip. The tips are at the circumstances of the sample 
and are sufficiently small. The sample is 1 cm × 1 cm and the probe tip is 500 nm in diameter. 
The resistance 𝑅$",&' is defined as the potential difference 𝑉' − 𝑉& between the contacts 4 and 3 
per unit current through the contacts 1 and 2. The current enters the sample through contact 1 
and leaves the sample through contact 2. A schematic illustration of the testing configuration is 
as shown in Figure 14. The resistivity ρ is calculated according to the following equation [130] 

𝜌 = ()
*+"
(,!",$%-,"$,%!

"
)𝑓(,!",$%

,"$,%!
),                                                (1) 

where 𝑑 is the film thickness, 𝑓 is a function of the ratio 𝑅$",&'/𝑅"&,'$ only and satisfies the relation 

,!",$%.,"$,%!
,!",$%-,"$,%!

= 𝑓𝑎𝑟𝑐𝑜𝑠ℎ{/01(34"/6)
"

}.                                             (2) 
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The electrical tests were carried out using a test set up 
consisting of a Keithley 4200A semiconductor characterization 
system (SCS) and an Imina probe station. Figure 15 shows a 
picture of the whole electrical set up a zoomed-in view of the 
electrical contact to the sample under test. 

For the Keithley 4200A-SCS, the fundamental instrument 
modules used are four source-measurement units (SMU). The 
basic function of an SMU is to perform one of the following 
source-measure operations: (1) source voltage and measure 
current and voltage, or (2) source current and measure voltage and current. The source of the 
SMU can be configured to sweep or step voltages or currents, or to provide an output with a 
constant bias voltage or current. The 4200-SMU is a medium power (2 W) source-measure unit 
with a maximum voltage of 210 V and a maximum current of 105 mA. Two of the SUM were 
connected to two preamplifiers (4225-RPM) respectively. Without a preamplifier, the 100 nA range 
(100 fA resolution) is the lowest current source-measure range for an SMU. With a preamplifier 
installed, the 10 nA, 1 nA, 100 pA, 10 pA, and 1 pA source-measure ranges are available. 

The Imina probe station mainly consists of one XYZ stage, one microscope, drivers, control 
handles, and six piezoelectric miBots. The miBot´s are mobile robots and they are free to move 
over the stage surface. The Imina probe has 4 degrees of freedom, 2 translations (X and Y) and 
2 rotations (in-plane of the miBot itself and out-of-plane of the tool holder tip). Figure 16a is a 
picture of the miBot with a probe tip installed on the tool holder tip. It is capable of nanometre 
resolution of positioning, 50 nm in stepping mode and 1.5 nm in scanning mode. The dimension 
of the miBot is 20.5 mm × 20.5 mm × 13.6 mm with a weight of 12 g (Figure 16b). Different probes, 
micro-tools and sensors, such as microgripper, micropipette, and optical fibre (Figure 16c to e), 
can be installed according to different applications. In the current study, I have used tungsten 
probe tip with a diameter of 500 nm (as illustrated in Figure 16a) for all my electrical testing 
experiments. 

Figure 14 A schematic 
illustration of the resistivity 
testing set up using Van der 
Pauw method. 

Figure 15 A picture of the electrical test setup of a Keithley 4200A SCS and an Imina probe station. 
The sample under test is Si/SiO2/TiN substrate just as an example. 
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Figure 16 The applications and dimensions of the miBot robot. (a) A miBot with a probe tip on the 
tool-holder tip, (b) the miBot dimensions. According to different applications, the tool holder tip can 
hold different probes, micro-tools and sensors. The miBot with (c) microgripper, (d) micropipettes, 
and (e) optical fibre. The figures are from Imina’s website https://www.imina.ch/. 

 

Figure 17 Examples of thin-film thickness determined by (a) scanning electron microscopy (SEM), 
(b) stylus profilometer, and (c) x-ray reflectivity (XRR). The relationship between oxygen pressure 
during PLD and the thin film thickness is given in (d). The results in this figure are based on TaOx 
thin films grown by PLD at room temperature for 10 min (10 Hz, 4 J/cm2). 

The thickness of the TaOx thin films was determined either by using the scanning electron 
microscopy (SEM), Dektak stylus profilometer, or X-ray reflectivity (XRR). By using SEM, the 
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samples were cut along the middle line and the cross-sectional view was observed under SEM. 
The thickness of the TaOx thin films was measured at several different positions by using the ruler 
in the SEM software and an average of the measured thickness was used (Figure 17a). By using 
Dektak stylus profilometer, the TaOx thin film is determined by scanning along the TaOx thin film 
edge using a stylus (Figure 17b). A Rigaku Smartlab (Cu Kα radiation with λ=1.5406 Å) is used 
for XRR determination of the films thicknesses. Interference occurs between the x-rays reflected 
from the surface of the TaOx thin film and the interface between the TaOx film and the substrate. 
Figure 17c is an example of the tested sample showing oscillations caused by this x-ray 
interference. The oscillation depends on the film thickness, and the thickness 𝑑 can be calculated 
by 

𝑑 = $
4
∑ 8

9:&
4
;<$ .                                                              (3) 

where n is the number of oscillations and Δ𝛼 is the oscillation distance in radius. The results show 
that as the deposition oxygen pressure increased, the thickness of the TaOx thin films (10 Hz, 4 
J/cm2, 10 min deposition) increased (Figure 17d). A similar observation of the increase in the 
TaOx film growth rate as the PLD oxygen pressure increases was also reported in Ref. [119], 
[125], [129]. 

My results show that as the oxygen pressure increased from 10-6 mbar to 5 × 10-3 mbar, the 
resistivity of the TaOx thin films increased from 0.33 Ω·cm up to 2.34 × 103 W·cm. The resistivity 
of the TaOx film grown at an oxygen pressure of 2 × 10-2 mbar was high above the measurement 
limit (109 W·cm). A relationship between the TaOx resistivity and oxygen pressure during the 
growth in the PLD is shown in Figure 18.  

3.3 Resistive Switching Behaviours in TaOx based RRAM 

TaOx material is widely studied as the 
resistive switching layer in RRAM 
devices due to its excellent device 
performance, such as fast switching 
speed of about 100 ps [17] and high 
endurance cycles of 1012 times.[18], 
[82], [131] Numerous TaOx based 
single-layered [132], [133] or double-
layered [134], [135] were reported to be 
ECM type [136], [137] or VCM type 
[135], [138] depending on the electrode 
materials.[132] Collection of the typical 
device configuration and their 
performances for the TaOx based 
RRAM devices are shown in Table 5. Figure 18 The relation between TaOx thin film 

resistivity and the oxygen pressures during PLD. (b) 
This figure is adapted from Appendix B Article I. 
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Table 5 Device performances comparison in TaOx based RRAM devices. 
Device 
structure 

Device 
size 
(µm2) 

SET/RES
ET 
voltage 
(V) 

Complianc
e Current 
(µA) 

Retenti
on (s) 

Resistanc
e Ratio 

Enduran
ce 
(cycles) 

Ref 

Ti/TiO2/TaOx/T
a 

104 

(3D) 
+4/-6 0.01 >104 ~105 >1012 [18] 

Pt/TaOx/Ta/Pt 52-202 +1 to 
+2.5/ 
-1 to -4 

NR* NR NR NR [17] 

BE/TaOx/Ta2O
5/TE 

0.52 -1/+2 200 >3×108

, 85˚C 
~103 107 [82] 

Pt/TaOx/Ta2O5
/Pt 

302 -4.5/+7 self-
compliance 

>104, 
200˚C 

~300 >1012 [131] 

Pt/TaOx/Cu NR +2.3/+0.7 1000 >104, 
85˚C 

~10 >100 [132] 

Pt/TaOx/Ta 502 +0.6/-0.6 100 NR ~10 >1010 [133] 
Pt/Ta2O5-

x/TaO2-x/Pt 
502–
0.032 

-2.0/+2.0 40-200 >3×108

, 85˚C 
~10 1012 [134] 

W/WOx/TaOx/I
rOx 

22 -1.7/+1.1 500 >104, 
85˚C 

~103 >105 [135] 

Pt/Ta2O5/Cu 0.0252-
52 

2.1/-0.5 100 NR NR NR [136] 

W/TaOx/Cu 0.152 0.6/-0.1 100 >104 >104 >104 [137] 
W/TiOx/TaOx/
TiN 

0.152 3.0/-3.0 80 >104, 
85˚C 

100 104 [139] 

Ir or Pt/Ta2O5-
δ/Ta2-β/Pt 

0.52 -1/+0.8 80/150 >107 ~10 109 [138], 
[140] 

*NR: not reported. 

A schematic illustration of the possible electron conduction paths through a metal/insulator/metal 
stack is shown in Figure 19. The conduction of the thermally activated electrons injected over the 
barrier into the conduction band is termed Schottky emission. On the other hand, the emission of 
the trapped electrons to the conduction band is termed Pool-Frenkel emission. Most reported 
RRAM devices are based on amorphous TaOx. The dominant conduction mechanism in 
amorphous Ta2O5 thin films is Schottky emission at a low electric field with a typical number 
between 0.1 to 2 MV/cm,[94], [111], [112] and Pool-Frenkel emission at a high electrical field with 
a typical threshold number of 0.35 to 2 MV/cm.[78], [94], [111] Similar results were also observed 
in TaOx based VCM RRAM devices.  

Figure 19 A schematic illustration of the possible electron 
conduction paths through a metal/insulator/metal stack. (1) 
Schottky emission, (2) Fowler-Nordheim (F-N) tunnelling, (3) 
direct tunnelling, (4) tunnelling from the cathode to the traps 
inside the insulator, (5) Poole-Frenkel emission, (6) F-N-like 
tunnelling from the traps inside the insulator to the 
conduction band, (7) trap to trap hopping or tunnelling, and 
(8) tunnelling from the traps inside the insulator to the 
anode. Ef: Fermi energy level; Ev: valence band; Ec: 
conduction band; Eb: Schottky barrier height; Et: trap barrier 
height. The figure is from Ref.[8]. 
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Figure 20a shows a Pt/TaOx/Pt structured VCM RRAM where the log(I)-V1/2 for both HRS and 
LRS indicates a possible conduction mechanism of Schottky emission (Figure 20b).[138] Ohmic 
conduction mechanism at LRS [141], [142] and Poole-Frenkel conduction mechanism at HRS 
[141] were also reported in TaOx based RRAM devices.  

In Pt/TaOx/Pt RRAM device,[40] the TaOx thin films, deposited by PLD at different temperatures, 
mainly consisted of Ta2O5 and TaO2 according to the positions of the Ta4f peaks [106], [143] of 
the XPS spectra. The deconvolution of the XPS spectra shows that as the deposition temperature 
increased, the composition of TaO2 increased, which indicate a decrease of the oxygen content 
inside the TaOx thin film as shown in Figure 21a. Only films deposited at 600 ˚C showed resistive 
switching behaviour in Pt/TaOx/Pt structured RRAM device (Figure 21b).[40] I will show and 

Figure 20 (a) A cross-sectional view of the fabricated 1T1R cells and an illustration of the Pt/TaOx/Pt 
VCM RRAM, (b) the I-V characteristics indicating a Schottky emission conduction mechanism in 
both LRS and HRS states.[138] 

Figure 21 (a) The XPS spectra of the TaOx 
thin films deposited at room 
temperature, at 400 ˚C and 600 ˚C, 
respectively, (b) only the TaOx thin films 
deposited at 600 ˚C showed unipolar 
resistive switching behaviour in 
Pt/TaOx/Pt structured RRAM device. The 
figures are adapted from Ref. [40]. 
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explain later that if the oxygen deficiency of TaOx thin film is large the films will not exhibit resistive 
switching. The results in the literature[40], as well as my results, indicate that the control over the 
oxygen content in the TaOx thin films is crucial for the triggering the resistive switching of the TaOx 
based RRAM devices.  

My results have shown that the oxygen pressure during PLD can be an effective tuning knob to 
control the stoichiometry of the TaOx thin film. We further studied the effect of the deposition 
conditions (i.e. the stoichiometry of the TaOx thin film) on the resistive switching behaviours in 
different devices such as TiN/TaOx/W. In my samples, all the TaOx films were deposited at room 
temperature for 10 min by PLD (KrF excimer laser, 248 nm, 10 Hz, 4 J/cm2). TaOx thin films with 
different stoichiometry were obtained by changing the oxygen pressure during PLD. The TaOx 
films were all amorphous (similar to what have shown in Figure 10). Commercial silicon substrates 
(thickness of 525 ± 20 µm) in <100> orientation with 100 ± 10 nm silicon dioxide and 100 nm TiN 
film on top were used as the substrate (Figure 17a). The TaOx thin films were deposited through 
a metal sample holder which covered part of the TiN bottom electrode layer and enabled the direct 
electrical contact to the bottom electrode after deposition. Two device configurations were used 
(Figure 22). The top electrode is either the tungsten probe tip (0.5 µm diameter, Figure 22a) or 
the sputtering deposited thin film tungsten electrodes. The sputtered tungsten (W) top electrode 
layer was deposited by DC magnetron sputtering without intentional substrate heating. The 
deposition conditions were set as 40 sccm Ar gas, 10-2 Torr deposition pressure, 320 V discharge 
voltage and 0.2 A discharge current for a deposition time of 300 seconds. The sputtering 
deposited W top electrodes were patterned by Al2O3 shadow masks (LaserTech, Denmark) with 
diameters of 50 µm, 100 µm, 200 µm, and 500 µm, respectively (Figure 22b). 

 

Figure 22 Device configurations: (a) using the W probe tip (0.5 µm in diameter) as the top electrode, 
and (b) using the sputtering deposited W layer as the top electrode (50 µm, 100 µm, 200 µm, and 500 
µm in diameters. 

All electrical tests were carried out using Keithley 4200A with an Imina probe station providing the 
contact through W needle probes (0.5 µm in diameter) (Figure 15). Our results show that as the 
oxygen pressure in the chamber during PLD (or the oxygen composition inside the TaOx thin 
films) increases, the initial resistance of the devices increases. Figure 23a shows the relation 
between the initial resistance as a function of oxygen pressure measured at different electrode 
sizes. For devices with the same top electrode sizes, the initial resistance of the devices increased 
as the PLD oxygen pressure increased. For TaOx films deposited at a similar PLD oxygen 
pressure, the initial resistances increased as the top electrode sizes decreased. Figure 23b shows 
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the relation between the initial resistances and the forming voltages. Most data points are from 
devices with the probe tip as the top electrode and the forming voltages linearly increased as the 
logarithm of the initial resistances increased. 

 

Figure 23 (a) The initial resistances dependency on the oxygen pressure during PLD, (b) the 
relationship of the initial resistances and the forming voltages in TiN/TaOx/W structured devices with 
different top electrode diameters. Different colours represent different oxygen pressures. Different 
marker shapes represent different device sizes. Circle: probe tip, 0.5 µm; triangle: sputtered top 
electrode, 50 µm diameter; diamond: sputtered top electrode, 100 µm diameter; square: sputtered 
top electrode, 200 µm diameter; pentagram: sputtered top electrode, 500 µm diameter. 

For devices with W probe tip as the top electrode as illustrated in Figure 24a, all the TaOx thin 
films deposited under different oxygen pressures showed resistive switching behaviours. (Typical 
𝐼-𝑉 curves are shown in Appendix A, Figure 56.) Different colours represent different PLD oxygen 
pressures for the TaOx thin films. Figure 24b and d are the SET and RESET voltages of the 
devices. Figure 24b shows the error bars (left side) along with the scatter points (right side) of the 
switching voltages. Figure 24d shows the cumulative probability of the switching voltages. Both 
the SET and RESET voltages showed no dependency on oxygen pressure. Figure 24c and e are 
the LRS and the HRS of the devices. Figure 24c shows the error bars (left side) along with the 
scatter points (right side) of the LRS and HRS. The LRS kept almost the same for different TaOx 
thin films whereas the HRS increased as the oxygen pressure increased. Figure 24e shows the 
cumulative probability of LRS and HRS. The HRS showed larger variations than the LRS and the 
HRS of the devices based on the TaOx deposited at an oxygen pressure 𝑃!" = 2 × 10-2 mbar 
showed the largest variation. 
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Figure 24 (a) is a schematic illustration of the TiN/TaOx/W probe tip structured device. (b) and (d) 
show the SET and RESET voltages, (c) and (e) show the low state resistances (LRS) and the high 
resistance states (HRS). 

The degradation behaviour of the TiN/TaOx/W devices with TaOx layer deposited at oxygen 
pressure of 𝑃!" = 10-6 mbar for 10 min were tested over a time length of 117 days. Figure 25a 
shows the initial resistance, LRS, and HRS distribution along different testing time and Figure 25b 
shows the SET and REST voltages distribution along different testing time. No obvious 
degradation was observed, and the devices showed good stability over long time indicating minor 
effect owing to exposure to air. The devices were stored at room temperature in air. 
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Figure 25 The degradation of the TiN/TaOx/W probe tip structured devices tested over a time length 
of 117 days (from 1st July 2018 to 25th October 2018), (a) The distribution of the initial resistance 
(black square), LRS (red circle), and HRS (blue triangle), and (b) The distribution of SET (orange 
diamond) and RESET (green pentagram) voltages. 

The volatile behaviours were also observed for the TiN/TaOx/W devices with TaOx layer deposited 
at oxygen pressure of 𝑃!"  = 10-6 mbar for 10 min. The Successive SET operations can be 
achieved within one device without any RESET operation, as shown in Figure 26a. After the SET 
process, the device is set to LRS and the resistance retention is read. The current drops from 
high current value of 10-4 A to low current of about 10-10 A, which means the device resistance 
turned from LRS to HRS, within 150 s spontaneously without any RESET operation, as shown in 
Figure 26b. 

 

Figure 26 The volatile behaviours were observed in TiN/TaOx/W probe tip structured devices. (a) 
Successive SET operations can be achieved within one device without any RESET operation. (b) The 
current drops from high current value of 10-4 A to low current of about 10-10 A spontaneously within 
150 s. 
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W probe tip as the top electrode can provide a flexibility to have many ‘devices’ within one sample 
and the fabrication process is easier since no additional sputtering process is needed for the top 
electrode.  The disadvantage when using the probe tip as top electrodes is that the distribution of 
the initial resistances is wide. 

For TiN/TaOx/W devices with TaOx layer deposited at oxygen pressure of 𝑃!" = 10-6 mbar for 10 
min, the initial resistances of the devices can have a wide distribution from about 10 Ω to 109 Ω 
as shown in Figure 27a. Devices with initial resistances lower than 103 Ω were too conductive and 
showed no Forming or any resistive switching behaviours. Only devices with initial resistances 
from 104 Ω to 109 Ω showed resistive switching behaviours. Not all the devices with initial 
resistances falling within this range were switchable, some devices electrically broke down during 
the Forming process, which cannot RESET back to HRS, and some devices showed volatile SET. 
Figure 27b only shows the initial resistances and the Forming voltages of the devices 
(TiN/TaOx/W with TaOx layer deposited at oxygen pressure of 𝑃!" = 10-6 mbar for 10 min ) with 
many switching cycles. The percentage of the switchable devices out of all tested devices is 
38.7% (12 out of 31 devices). 

 

Figure 27 The initial resistances and the Forming voltages of (a) all tested TiN/TaOx/W probe tip 
structured devices. (b) TiN/TaOx/W (probe tip as top electrode) devices with many switching cycles. 
Several different device behaviours were observed: too low initial resistances without any Forming 
or resistive switching behaviour, break down after Forming, volatile SET, and many resistive 
switching (RS) cycles. The yielding of the devices with many switching cycles wee 38.7% (12 out of 
31 devices). The TaOx film was deposited at oxygen pressure 𝑷𝑶𝟐 = 10-6 mbar for 10 min. 

The wide distribution of the initial resistances in TiN/TaOx/W devices may be due to the vertical 
position of the probe tip when it is brought into contact with the TaOx film surface. When placing 
the probe tip on the TaOx surface, since there is no force feedback function of the probe tip, the 
extent of the approaching process is not always the same for each device. Figure 28 shows the 
relationship between the initial resistances and the probe tip approaching process. The 
resistances were recorded at the same position and the probe tip was lifted up and lowered down 
using different number of steps per move. When using stepping mode to manipulate the probe 
approaching to the surface, the number of steps per move can be changed. For 300, 200, 100, 
50, and 10 steps per move, the results obviously show a large difference of resistance 
distributions from about 100 Ω to 1010 Ω. However, it is worth noting that, as also shown in Figure 
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25 and Figure 27, this will not affect the LRS and HRS or the SET and REEST voltages. Another 
disadvantage of using probe tip as top electrode is that the device cannot be tested again after 
the probe is lifted up for there is no mark to trace the device position again. 

Based on these results, we have decided to concentrate on the devices with the top electrodes 
of 50 µm diameters which showed a resistance resistive switching compared to other devices 
with larger top electrode sizes. Figure 29a shows the initial resistance of the TiN/TaOx/W (50 µm 
diameter) devices and the initial resistances seems to increase as the PLD oxygen pressure 
increase. Figure 29b shows typical 𝐼-𝑉 curves of different devices. Only devices based on TaOx 
films deposited at an oxygen pressure 𝑃!" > 2×10-3 mbar showed resistive switching. The devices 
based on the TaOx thin films deposited at an oxygen pressure 𝑃!" ≤ 2 × 10-3 mbar were very 
conductive and cannot be switched to lower resistance states or be RESET to higher resistance 
states. 

Figure 28 The effect of W probe tip 
vertical position on the initial 
resistances of TiN/TaOx/W probe tip 
structured devices. The resistances 
were read at the same position and the 
prove tip was lifted up and lowered 
down using different number of steps 
per move. The TaOx film was deposited 
at oxygen pressure 𝑷𝑶𝟐 = 10-6 mbar for 
10 min. 

Figure 29 Resistive switching behaviours of the TiN/TaOx/W (sputtered W electrodes with 50 µm 
diameter) structured devise: (a) shows the initial resistance dependency on the oxygen pressure, (b) 
shows the typical I-V curves of different devices. The figures are adapted from Appendix B Article II. 
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1. The oxygen pressure in the PLD chamber during the growth was used as a 
tuning knob to control the TaOx thin films oxygen content and the resistivity. 
As the deposition oxygen pressure increased from 10-6 mbar to 2 × 10-2 mbar, 
the Ta2O5 inside the TaOx thin films increased from 75 at.% to 95 at.% and 
the resistivity of the TaOx thin films increased from 0.33 Ω·cm to higher than 
the equipment test limit (109 W·cm). 

2. For TiN/TaOx/W (probe tip, 0.5 µm diameter) structured RRAM devices, the 
devices initial resistances increased as the deposition oxygen pressures 
increased and all devices showed resistive switching behaviours. The 
switching voltages are independent on the deposition oxygen pressure of the 
TaOx thin films. The LRS kept almost the same for different TaOx thin films 
whereas the HRS increased as the oxygen pressure increased. The HRS 
showed larger variations than the LRS and the HRS of the devices based on 
the TaOx deposited at an oxygen pressure of 2 × 10-2 mbar showed the 
largest variation. 

3. For TiN/TaOx/W (sputtered, 50 µm diameter) structured RRAM devices, the 
devise initial resistances also increased as the deposition oxygen pressures 
increased. Only devices with TaOx deposited at oxygen pressure higher than 
2 × 10-3 mbar showed resistive switching behaviour. 

 
  

Summary 
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Phase and Device 

Behaviour Control by 
Annealing 

So far, I have been discussing the effect of being able to control the performance of the TaOx 
based device by controlling the fabrication conditions. However, there is another way to control 
the device behaviours and this is via post-deposition annealing. Post-deposition annealing is often 
used to further improve the mechanical, electrical or optical properties of thin films by structural 
relaxation and stoichiometry change.[93], [144] In this chapter I will provide the results which show 
the behaviour of the TaOx materials under post-deposition annealing. 

4.1 Stoichiometry and Crystal Structure 

Both the stoichiometry 
and the crystal structure 
of the TaOx films can be 
influenced by the post-
deposition annealing 
process. Annealing in 
different gas atmospheres 
at elevated temperatures 
can be an effective way to 
tune the stoichiometry of 
tantalum oxide.[132], 
[145] [146] Compositions 
dependence on the post-
deposition annealing 
temperature and time 
were studied by O. K. 
Donaldson et al.[146] Figure 30 shows the TaOx thin films stoichiometry change as a function of 
the post-deposition annealing time and temperature. Figure 30a and b show the TaOx films 

Figure 30 The stoichiometry retained in the TaOx thin films during 
the annealing at different temperatures: (a) TaOx thin films deposited 
at low vacuum condition (1.3 × 10-4 mbar), and (b) TaOx thin films 
deposited at high vacuum condition (1.3 × 10-7 mbar). The figures are 
from Ref. [146]. 
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deposited at low vacuum condition (1.3 × 10-4 mbar) and high vacuum condition (1.3 × 10-7 mbar), 
respectively. The TaOx films deposited at low vacuum condition (1.3 × 10-4 mbar) showed 
devitrification after annealing 1 hr at 700 °C and the TaOx films deposited at vacuum condition 
(1.3 × 10-7 mbar) showed an increase devitrification temperature of 900 °C.[146]  

As for the development of crystal structure as a function of temperature and time, the amorphous 
Ta2O5 transfer into the low temperature β-phase Ta2O5 at elevated temperatures between 500 ˚C 
to 700 ˚C. This ordering process of the amorphous Ta2O5 induced by thermal annealing is a slow 
process, where the phase transition starts in the range of 500 ˚C to 600 ˚C and hardly completed 
even at 700 ˚C.[93] For comparison, the low temperature b-phase can sluggishly transform into 
high temperature a-phase at a very high temperature of about 1320 ˚C.[83] [76], [93], [94] 

4.2 Resistive Switching Behaviours of samples after post-deposition 
annealing 

The annealing process can influence the behaviours of the TaOx based RRAM devices depending 
on the atmosphere, temperature and time. Rapid thermal annealing (RTA) process of the TaOx 
films in NH3 at 400 ˚C for 5 min results in the incorporation of hydrogen (H) species in the TaOx 
(Figure 31a), which lowered both the forming voltage and the low resistance states (LRS) of 
TiN/Ta2O5/Ta structured RRAM devices. This also shifted HRS and LRS to higher values after 
heating the device at 250 °C for 15 days (Figure 31b and c). The improved thermal stability of the 
device was attributed to the O-H bonds formed in Ta2O5 after RTA. This effect can be described 
by the Kröger–Vink notation as 

$
"
𝐻"(𝑔) + 𝑂!= ⇌ 𝐻𝑂!- + 𝑒..                                            (4) 

Figure 31 Rapid thermal annealing effect in TaOx based RRAM devices. (a) Schematic illustration 
of TiN/Ta2O5/Ta RRAM and a TEM cross-sectional view of the RRAM device, (b) resistance 
retention behaviour in devices without NH3 annealing, (c) resistance retention behaviour in 
devices with NH3 annealing.[147] (d) Schematic illustration of Pt/TaOx/TiN RRAM, (e) endurance 
behaviour without rapid thermal annealing (RTA), (f) endurance behaviour after rapid thermal 
annealing.[145] 
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This process shows that the formed O-H bonds act as donors and lead to the generation of 
electrons (𝑒.). The formation of the O-H bonds stabilized the 𝑉!.. defects and improved the stability 
of the conductive filaments.[147] Another work showed that annealing TiN/TaOx/Pt structured 
RRAM devices in an oxygen atmosphere at 300 °C for 1 min changed the TaOx thin film oxygen 
stoichiometry from TaO2-y to Ta2O5-z and improved the device endurance from 27 cycles to more 
than 270 cycles (Figure 31d to e).[145] 

In Pt/TaOx/W structured RRAM devices, annealing the device in the air at 964 °C for 30 min led 
to a change of the TaOx layer from amorphous (blue) to polycrystalline β-phase (red), as indicated 
by the XRD in Figure 21a. But the resistive switching of the Pt/TaOx/W device showed negligible 
difference (Figure 32b).[148] This indicates that for this device configuration the crystallinity of the 
films (seen only from XRD) maybe does not affect the electrical characteristics of the device. 

 

Figure 32 Annealing effect on Pt/TaOx/W RRAM. (a) XRD patterns showed amorphous phase for the 
as-deposited TaOx and β-phase Ta2O5 after annealing in air at 964 ˚C for 30 min. (b) No obvious 
resistive switching difference was observed after the annealing process. The figures are from Ref. 
[148]. 

I studied the effect of post-deposition annealing on the TiN/TaOx/W devices. The active TaOx 
layer was deposited by PLD under oxygen pressure 𝑃!"  = 2 × 10-3 mbar. The top electrodes were 
deposited by sputtering and patterned by an Al2O3 shadow mask with diameters of 50 µm, 100 
µm, 200 µm, and 500 µm, respectively. Each sample (525 µm 1×cm×1 cm) had 16 devices for 
each size, respectively to get more statistics in the measurements. 

Two different annealing methods were used in these experiments: (1) annealing the devices in 
air at 100 ˚C and 150 ˚C for 1 min, 5 min, and 30 min, continuously, which means the devices 
under test undergone 6 annealing processes and 72 min annealing time in total as shown in 
Figure 33a; (2) annealing the devices in air at different temperatures for 4 hr, respectively, with a 
heating up and cooling process of 200 ˚C/hr as shown in Figure 33b. All the electrical 
measurements were carried out at room temperature. 
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Figure 33 The temperature change as a function of the total annealing time: (1) annealing method 1 
and (2) annealing method 2. 

(1) Method 1 for annealing temperatures 𝑇 ≤ 150 ˚C: the devices showed good thermal stability. 

In the first annealing procedure, a hot plate (Cossim, China) was used for annealing the devices 
in the air. The heater has a heating temperature range from room temperature to 400 ˚C with a 
maximum heating speed of 10 ˚C/min, temperature fluctuation of ± 0.5 ˚C, and measurement 
accuracy of ≤ ± 0.5%. The heating plate is 109 mm in diameter with a heating area of 31.5 mm in 
diameter. The hot plate is as shown in Figure 34. After the temperature is stabilized at the desired 
value, the samples were placed onto the heating plate. After each annealing process, the samples 
were cooled down to room temperature and the resistance of the devices were measured at room 
temperature. Since the volume of the sample used was 525 µm × 1 cm × 1 cm, the heating and 
the cooling process were regarded as fast and negligible. 

Low annealing temperatures of 
100 ˚C and 150 ˚C were chosen 
to have better control of the 
annealing process and the 
annealing time was used as 
another parameter to control the 
annealing process. The as-
fabricated samples with TaOx 
deposited at an oxygen pressure 
𝑃!" = 2 × 10-3 mbar did not show 
resistive switching initially with 
low initial resistances with an 
average below 104 Ω magnitude. 

Figure 35 shows the resistance change in the first annealing process. The left column shows the 
resistance changes for each device with different top electrode diameters. The right column 
shows the relative resistance changes to the initial resistance state. Due to the relatively low 
annealing temperatures (36 min at 100 ˚C and 36 min at 150 ˚C in the air), the resistances of 
most devices kept stable after the whole annealing process, which indicates the thermal stability 
of the devices. 

Figure 34 A picture of the hot plate used in the first annealing 
method. The heating plate is 109 mm in diameter with a heating 
area of 31.5 mm in diameter. The sample is 525 µm × 1 cm × 1 
cm. 
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Figure 35 The resistance change of TiN/TaOx/W structured devices after annealing in air at 100 C (36 
min) and 150 C (36 min) for 72 min in total. Left column figures (a, c, e, and g) are the resistance 
changes for 50 µm, 100 µm, 200 µm, and 500 µm devices, respectively. Right column figures (b, d, f, 
and h) are the relative resistance changes to the initial resistance state for 50 µm, 100 µm, 200 µm, 
and 500 µm devices, respectively. 
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(2) Method 2 for annealing 
temperatures 300 ˚C ≤ 𝑇 ≤ 500 ˚C 

In the second annealing procedure, a 
furnace was used to anneal the 
samples in the air at the annealing 
temperatures of 300 ˚C to 500 ˚C. The 
temperatures were raised to accelerate 
the process. The samples were heated 
up in the furnace at a heating up rate of 
200 ˚C/hr to the desired annealing 
temperatures, annealed at the desired 
temperatures for 4hr, and then cooled 
down to room temperature at a cooling 
rate of 200 ˚C/hr. Figure 36 shows that 
the devices initial resistance increases 
as the annealing temperatures 
increases. Since the devices with 50 
µm diameter showed the highest resistances among all devices, for simplicity, the focus was put 
on the devices with 50 µm diameter top electrodes. 

For the annealing temperature up to 300 ˚C, the resistances showed no obvious change after the 
annealing process and the devices kept non-switchable after the annealing process.  

For the annealing temperatures between 325 ˚C ≤ 𝑇 ≤ 400 ˚C, the results show that the devices 
initial resistances increased from about 5.6 kΩ to about 103 kΩ after the annealing process as 
shown in Figure 37a. At this temperature range, the resistive switching behaviours were triggered 
after the annealing process. Typical 𝐼-𝑉 curves of the devices with resistive switching behaviours 

Figure 37 (a) The devices 
resistances change after 
annealing in air at different 
temperatures for 4 hr. The 
resistive switching 
behaviours were triggered in 
initially non-switching 
devices after annealing at 325 
˚C ≤ T ≤ 400 ˚C. (b) Typical I-V 
curves, (c) the switching 
voltages, and (d) the 
resistance states of the 
devices whose resistive 
switching behaviours were 
triggered by annealing. (a) 
and (b) are adapted from 
Appendix B Article II. 

Figure 36 The devices resistances change after the 
annealing in the air for 4 hr at different annealing 
temperatures. The inset shows the devices area and 
annealing temperatures for each symbol. 
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are shown in Figure 37b. Different colours represent different annealing temperatures. The dash 
lines are the Forming cycle and the solid lines are typical following switching cycles. The SET 
voltages showed no obvious dependency on the annealing temperatures and the absolute value 
of the RESET voltage increased as the annealing temperature increased, as shown in Figure 37c. 
The LRS and HRS for devices after different annealing at different temperatures are shown in 
Figure 37d and the resistance window decreased as the annealing temperatures increased. 

For annealing temperatures of 400 ˚C < 𝑇 ≤ 5 00 ˚C, the devices initial resistances exceeds 1010 
Ω, showing an insulating state with no resistive switching. 

To understand the oxidation state and stoichiometry of the TaOx thin films after annealing using 
the second annealing method and their relation to the resistive switching, I studied the following 
three samples: (1) as-deposited sample, (2) sample after annealing at 350 ˚C, and (3) sample 
after annealing at 500 ˚C, using XPS depth profiling. The conditions for the XPS depth profiling 
were: a spot size of 650 µm and a take-off angle of 90° from the surface plane on a fraction of the 
area of 0.7 × 0.7 mm2 with monoatomic Ar+ Ion Beam. The kinetic energy of the beam was set to 
3 keV (10 s/each level with 30 levels in total). The analysis chamber pressure was 4×10–8 mbar. 
For obtaining high resolution local binding energy spectra for the Ta-4f, a 20 eV detector pass 
energy, a dwelling time of 50 ms, and an energy step size of 0.05 eV were used. To control the 
sample charging, a combined ion/electron gun (i.e., a dual-beam source) was used. According to 
the O1s spectra peak position of the second spectrum of the as-deposited sample, all Ta-4f 
spectra were shifted accordingly. 

Figure 38 XPS depth profiles of the TaOx thin films (a) as fabricated, (b) after annealing at 350 ˚C, and 
(c) after annealing at 500 ̊ C. The black arrows indicate the etching direction from the surface of TaOx 
to the inner part of TaOx thin film. The dashed lines represent the binding energy for Ta5+. The figures 
are adapted from Appendix B Article II. 
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Figure 38a to c are the XPS depth profiles 
of the sample as-deposited, sample after 
annealing at 350 ˚C, and sample after 
annealing at 500 ˚C. The black arrows in 
each figure represent the depth profiling 
direction from the TaOx surface to the inner 
part of the TaOx. Since the analysed times 
for each set of profiles were similar, the 
profiling depths for each sample were also 
similar. In the as-deposited sample (Figure 
38a), the Ta 4f peaks shifted to a lower 
binding energy direction. This means that 
from the surface to the inner part of the 
TaOx thin films, a stoichiometric to less 
stoichiometric composition gradient was 
observed. In the sample after annealing at 
500 ˚C (Figure 38c), Ta2O5 was the 
dominant composition independent of the 
profiling depth. In the sample after 
annealing at 350 ˚C (Figure 38b), the 
results show a mixture of both stoichiometric and non-stoichiometric compositions through the 
depth profiling direction. Relating the XPS results in Figure 38 and the resistive switching 
behaviours in Figure 37, the results indicate that to trigger the resistive switching behaviour, the 
TaOx layer of the devices should be partially insulating and partially conductive, i.e. as observed 
in Figure 38b of the sample after annealing at 350 ˚C. 

Besides the stoichiometry of the TaOx layers, other sources influencing the resistive switching 
behaviour are the electrodes and the interfaces. The resistivity of the TiN layer (red line in Figure 
39) was 320 ± 19 µΩ·cm to 592 ± 61 µΩ·cm for annealing temperatures up to 400 ˚C, which 
showed a no obvious resistivity increase. After annealing at 450 ˚C and 500 ˚C, the TiN layer 
became insulating with a resistivity higher than the equipment test limit. The oxidation of the TiN 
layer led to the non-switching of the devices after annealing at temperatures at 450 ˚C and 500 
˚C. The resistivity of W (blue line in Figure 39) kept stable for all annealing temperatures up to 
500 ˚C. 

The samples were studied by scanning tunnelling electron microscopy (STEM) analysis using a 
probe-aberration corrected JEOL JEM-ARM200F microscope. A probe semi-convergence angles 
of 20 and 28 mrad (probe sizes of 0.8 and 1.0 Å) and collection angles for HAADF images of 75–
310 mrad were used. The out-of-plane elemental intermixing at both TiN/TaOx and TaOx/W 
interfaces increased as the annealing temperature increased, as observed by the STEM-HAADF 
imaging profiles and STEM-EDX chemical investigations (Figure 40). For the as-deposited 
sample, Figure 40d shows that the TiN/TaOx interface and the TaOx/W interface had an 
intermixing width of about 5 nm and 10 nm, respectively. Samples after annealing at 350 ˚C, 
shows that the intermixing at both interfaces increased and the presence of Ta in the nominal W 
layer suggests Ta diffusion into the W layer, see Figure 40e. An additional (W, Ta)Ox layer over 
the nominal W layer was observed and the W layer thickness (~20 nm) was less than expected. 

Figure 39. Resistivity change of TiN and W layer 
after annealing at different temperatures. The 
resistivity was tested by using Van der Pauw 
configuration on 1 cm×1 cm samples. The figure is 
from Appendix B Article II. 
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For the sample after annealing at 500 ˚C, the elemental intermixing was the highest at both 
interfaces. The TiN layer was found to be completely oxidized, which was also indicated by the 
high resistivity of the TiN layer at this temperature. 

Figure 40 STEM investigations of TiN/TaOx/W interfaces annealed under different conditions. 
Representative STEM-HAADF images of (a) an as-fabricated device, (b) a device after annealing at 
325 °C, and (c) a device after annealing at 500 °C. The arrows on the STEM-HAADF images indicate 
both the growth direction and the EDX line scan positions acquired across the interfaces of (d) an 
as-fabricated device, (e) a device after annealing at 325 °C, and (f) a device after annealing at 500 °C. 
The elemental profiles in (d-f) are obtained using Ta M (blue), O K (orange), W L (yellow) and Ti K 
(purple) X-ray emission lines. The figures are from Appendix B Article II. 
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1. Post-deposition annealing can trigger the resistive switching behaviours 
inside the initially non-switching TiN/TaOx/W devices and two annealing 
methods were carried out. 

2. For the annealing temperatures 𝑇 ≤ 300 ˚C, the devices initial resistances 
kept stable and showed no resistive switching behaviour after annealing 
using both annealing methods. 

3. For the annealing temperatures 300 ˚C ≤ 𝑇  ≤ 400 ˚C, the devices initial 
resistances increased from about 5.6 kΩ to about 103 kΩ and the resistive 
switching behaviours were triggered after the annealing process using 
method 2. As indicated by XPS depth profiling, the TaOx layer became more 
stoichiometric after annealing, which contributed to the emergence of the 
resistive switching behaviour, compared to the as-deposited sample. The 
resistivity of both TiN and W electrodes kept stable after annealing. 

4. For the annealing temperatures T  > 400 ˚C, the TaOx became more 
stoichiometric and TiN bottom electrode became fully oxidized and 
insulating. As the TiN layer became insulating, the devices were non-
switchable, indicating that both the stoichiometry and the TaOx/electrode 
interface played an essential role in triggering resistive switching behaviour. 

 

Summary 
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Effect of Strain on the 

Device Behaviour 
The RRAM devices have a potential application in flexible electronics, such as roll-up displays 
and wearable devices. Exploring the feasibility of printable, foldable and stretchable devices and 
the effect of strain on the device is of particular interest and is a key parameter for tuning the 
functionality of the devices.[149] RRAM devices have been reported to be fabricated on many 
different flexible or foldable substrates, such as paper,[150], [151] plastic,[152]–[155] mica,[156] 
water-soluble substrates[157] polyimide,[158]–[160] polyethersulfone (PES),[161]–[166] 
polyethene-naphthalate (PEN),[22] poly-ethylene-terephthalate (PET),[167]–[174] parylene,[175] 
and polydimethylsiloxane (PDMS).[176] 

Three types of strain can be applied to an RRAM device: (1) mechanical deformation,[164] (2) 
interface mismatch induced strain (heterostructure interfaces [149], [177], [178] and weak points 
at grain boundaries [179]), and (3) doping induced strain.[180] The strain induced by the 

Figure 41 Two sources of stress applied to RRAM device: (a) the fabrication process flow of 
Al/TiO2/Al structured RRAM on polyethersulfone (PES) and a photograph of the mechanical bending 
stress applied to RRAM devices; (b) illustration of stress introduced by heterostructure interfaces 
inside RRAM device. The figures are adapted from Ref. [149], [164]. 
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mechanical deformation [164] and at the heterostructure interfaces [149] is shown in Figure 41a 
and b, respectively. Figure 41a shows the Al/TiO2/Al structured RRAM fabricated on 
polyethersulfone (PES) and the sample is under strain induced by the mechanical bending.[164] 
Figure 41b shows schematic illustrations of the RRAM devices with multilayer films and nano 
scaffold film as the resistive switching layer. The strain can be induced at the lateral or the vertical 
hetero-interfaces of dissimilar crystal structures.[149] Doping can also induce strain by modifying 
the lattice with elements of different sizes, since the effect of doping induced strain on the RRAM 
devices are less reported, the doping induced strain will not be discussed here.[181]–[194] 

5.1 The Effect of Strain on Metal Oxide Based RRAM Devices 

The mechanical deformation using bending is the most widely reported strain applied to the 
RRAM devices. Under repetitive bending, the strain often results in detachment of the films or 
formation of cracks in the metal oxide-based RRAM devices.[163], [170], [195] In ITO/ZnO/ITO 
RRAM fabricated on PES substrate, after bending for 10 times at a bending radius of 20 mm, 
both the LRS and HRS of the device increased due to the cracking of the ITO bottom electrode 
layer. It was observed that the crack density increased as the strain increased.[172] The number 
of bending cycles was improved from 10 to 104 cycles for the PES/ITO/ZnO/ITO RRAM by 
inserting a ductile Ag layer between the ITO bottom electrode and the ZnO layer (Figure 42a). A 
record of 105 bending cycles was measured for the Ni/GeO/HfON/TaN system and both the LRS 
and HRS remained stable after 105 bending cycles (Figure 42 b).[159] Other works [151], [156], 
[168], [170], [172], [195]–[197] also reported the mechanical robustness of the device by showing 
stable resistance states after many cycles of bending, yet currently, the maximum bending cycles 
is still limited to 105. 

 

Figure 42 Mechanical endurance of RRAM devices. (a) ITO/ZnO/ITO structured RRAM devices 
showed severe resistance degradation when exceeding 10 times of bending due to the bottom 
electrode cracking. Improved mechanical endurance was achieved by inserting Ag into the bottom 
electrode. (b) TaN/HfON/GeO/Ni structured RRAM device showed robust LRS and HRS after 105 times 
of bending. The figures are from Ref. [159], [163] 

Another source of strain comes from the interface mismatch between the layers, which causes 
lattice compressive or tensile strain depending on the type of materials used. [198], [199] These 
studies focused mainly on the tuning of the ionic conductivity at such interfaces.[200]–[203] S. 
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Schweiger et al. [204] reported an RRAM device based on Gd0.1Ce0.9O2-δ/ Er2O3 heterostructure 
as shown in Figure 43a. A compressive strain is induced in Gd0.1Ce0.9O2-δ by the lattice mismatch 
between the Gd0.1Ce0.9O2-δ and the Er2O3 interface as shown in Figure 43b.[178], [204] As the 
number of interfaces within a constant total thickness increased, the compressive strain in the 
Gd0.1Ce0.9O2-δ increased from unstrained state (single layer Gd0.1Ce0.9O2-δ) to -1.26% (60 
interfaces). As the strain increased, the concentration of oxygen vacancies and the electrons 
increased. The mobility of the oxygen vacancies decreased in the Er2O3 layer and the mobility of 
electrons increased. The effect of concentration and the mobility of oxygen vacancies and the 
electrons together decreased the LRS as the strain increased and resulted in an increase of the 
HRS/LRS ratio by one order of magnitude as shown in Figure 43c. 

 

Figure 43 (a) a schematic illustration of the device composed of Gd0.1Ce0.9O2-δ/Er2O3 heterostructures 
and the testing set up, (b) schematic view of one of the Gd0.1Ce0.9O2-δ/Er2O3 interface showing the 
lattice mismatch induced strain and the conduction channels of oxygen vacancies 𝑽𝑶.. , (c) the 
HRS/LRS ratio under different strain conditions. The figures are from Ref.[204]. 

5.2 The Effect of Strain on the TaOx Thin Film and the TaOx Based RRAM 
Devices  

For the TaOx, in particular, Y.Jia et al. reported 
the change in the electrical properties induced 
by the strain.[205] The hexagonal δ-phase 
Ta2O5 showed a large change in the resistance 
and capacitance under mechanical strain. In 
that work, a hexagonal δ-phase Ta2O5 thin film 
deposited on Si was glued to an Ag/PMN-
PT/Ag piezoelectric stack that imposes strain to 
the thin film using an applied electrical field. 
Two Al circular electrodes (3 mm thick) were 
deposited on to the Ta2O5 thin film with a 4 mm 
spacing between the electrodes to characterize 
its resistance change under strain (Figure 44). 

Figure 44 The geometry of the strain modulation of 
the Ta2O5 film by the converse piezoelectric effect. 
The arrow in the PMN-PT layer represents the 
poling direction. The figure is from Ref. [205]. 
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Table 6 gives a detailed material and deposition parameters of the reported δ-phase Ta2O5 thin 
film. 

Table 6 Properties of the hexagonal δ-phase Ta2O5 in Ref. [205]. 
Crystalline phase Hexagonal structure δ-Ta2O5 
Lattice constant a=6.2 Å, b=3.66 Å, c=3.89 Å 
Substrate (001)-oriented Si, 500 µm in thickness 
Deposition method DC magnetron sputtering 
Deposition conditions Ar2 and O2, 0.5 Pa (0.005 mbar) 

Deposition temperature unknown 
Film thickness 200 nm 
Post deposition treatment In situ annealing, 700 ˚C, 30 min 

By applying an electric field 𝑈?  to the Ag/PMN-PT/Ag 
piezoelectric stack, a strain is induced to the whole film 
stack. Three steps of strain change were observed in the 
piezoelectric stack: (1) In stage A (0 V/mm < 𝑈?  < 250 
V/mm), the PMN-PT undergoes a rhombohedral lattice 
distortion; (2) In stage B (250 V/mm < 𝑈? < 500 V/mm), the 
PMN-PT undergoes a rhombohedral to a tetragonal phase 
transition; (3) In stage C (500 V/mm < 𝑈? < 800 V/mm), the 
strain in the electric-field induced tetragonal phase of 
PMN-PT is saturated. These three steps of strain change 
under the electrical field is as shown in Figure 45a. The 
maximum strain induced in the Ta2O5 layer is 0.09% which 
resulted in a 50% resistance change as shown in Figure 
45b. 

Another study by C. Chou et al. reported that in 
Ti/TiO2/TaOx/Ta RRAM, both the LRS and HRS increased 
by almost an order of magnitude as the bending radius 
decreased from a flat initial state (infinite bending radius) 
to 10 mm.[160] Figure 46a shows a schematic illustration 
of the device structure, Figure 46b shows the mechanical 
bending of the devices, and Figure 46c shows the 
resistance change of the devices under different strain 
conditions. 

Figure 45 The relationship between (a) 
electrical field 𝑼𝒔 and induced transvers 
strain in whole film stack, and (b) 
electrical field 𝑼𝒔  and the relative 
resistance change in Ta2O5 thin film 
(200 nm). The figure is from Ref. [205]. 

Figure 46 (a) Schematic illustration of the device structure. (b) Image of fabricated RRAM devices, 
electrical measurement setup and flexible RRAM device. (c) Resistance evolution as the bending 
radius decreased. The figure is from Ref. [160]. 
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Since the strain has already been shown to strongly affect both the mobility of the oxygen 
vacancies 𝑉𝑂..  in metal oxide materials and the resistance in TaOx thin films and TaOx based 
RRAM, it is of interest to further investigate the effect of strain on the TaOx-based RRAM device 
behaviour by in-situ materials characterization. Aiming at this purpose, I, therefore, studied the 
strain effect on the Pt/TaOx/Ta RRAM fabricated on 50 µm thick Si substrates. 

A mechanical strainer with a cylinder to introduce strain to the devices was used in my 
experiments. Figure 47a is a picture of the sample under strain on the mechanical strainer and 
Figure 47b shows a schematic illustration of a simplified mechanical strainer and the sample. The 
sample under test is fixed by two clamps at both sides. By turning the screw under the cylinder, 
the height of the cylinder can be adjusted, which induces a mechanical deformation of the sample 
and introduce strain. 

 

Figure 47 (a) A picture of the mechanical strainer with a 50 µm thick Si substrate inserted. (b) A 
schematic illustration of the strainer and the 50 µm thick Si substrate. The arrows indicate the 
cylinder movement direction. 

The substrate deformation was characterized by a laser profilometer (cyberTECHNOLOGIES, 
GmbH). The profilometer scans the morphology of the sample surface with a measurement range 
of 600 µm, a spot size of 1.8 µm, and a Z-resolution of 0.01 µm. Both the deformation of the 525 
µm thick Si substrates (Appendix A, Figure 57) and the 50 µm thick Si substrates were measured. 
The 50 µm thick Si substrates were used in my strain related experiments for they are more 
flexible than the thick Si substrates. 

Figure 48a and c show the mechanical deformation of 50 µm Si under no strain and the 
mechanical deformation of 50 µm Si under maximum strain. The maximum height displacement, 
ℎ, in the 50 µm Si substrates induced by the strainer is ℎ = 325.9 ± 10.9 µm which corresponds 
to the maximum strain condition with a strain of 0.14%. The sample length projection d on the XY 
plane is 𝑑 = 6.8 mm. The bending radius 𝑅 of the substrate can be calculated by solving the 
equation 

𝑅" = (𝑑/2)" + (𝑅 − ℎ)",                                               (5) 

with 𝑅 = 17.9 mm. According to [172], the strain 𝜀 induced can be simply estimated by 

𝜀 = 𝑡/2𝑅,                                                              (6) 
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where 𝑡 is the thickness of the substrate and 𝑅 is the bending radius. The maximum strain 𝜀 we 
can apply to the 50 µm thick Si substrate can be estimated as 𝜀 = 0.14%. As indicated in [205], 
the maximum strain induced by a piezoelectric stack was 0.09%, which means our method can 
induce large enough strain inside the TaOx based RRAM fabricated on 50 µm Si. 

 

Figure 48 The mechanical deformation of 50 µm thick Si under strain. (a) and (c) No deformation of 
the Si substrate, (b) and (d) the maximum deformation of the Si substrate, (e) the relationship 
between the number of turns of the strew in the strainer and the maximum height deformation in Si, 
(f) the yoz plane view of the Si under maximum strain. The 50 µm Si did not break under the maximum 
strain which the mechanical strainer can induce. 

A COMSOL model for the 50 µm Si substrate under strain was built. A block of 10 mm × 5 mm × 
50 µm was used to represent the Si substrate. The strainer was simplified as the boundary 
conditions. Two clamps with a distance of 1.5 mm from the substrate edges were set as fixed 
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constraints (red lines indicated in 
Figure 49). The left bottom corner 
and right upper corner (blue circles 
labelled in Figure 49) of the clamps 
were set with a prescribed 
displacement of 0 µm. The cylinder 
is represented by the prescribed 
displacement at the centre of the 
substrate (blue dash line as 
indicated in Figure 49). The Young’s 
modulus is defined as the 
relationship between the force per unit area (stress) and proportional deformation (strain) in a 
material in the linear elasticity regime of uniaxial deformation. The Young's modulus of Si used in 

this model is 1.7 × 1011 Pa which is 
the embedded value of Si in the 
COMSOL software. 

By setting the prescribed 
displacement of the cylinder to 
different values, the strain induced in 
the substrate can be simulated. 
Figure 50a to c show the XX, YY, ZZ 
strain components induced in the 
substrate under maximum 
deformation. The maximum strain 
induced in the substrate is the XX 
component with a strain of about 
0.2%, which is similar to the 
previously estimated value of 0.14%. 

For the strain experiments, the 
Si/Ti/Pt/TaOx/Ta structured devices 
were fabricated on 50 µm Si 
substrates. The experimental 
fabrication of these films was carried 
out using sputtering at 
Forschungszentrum Jülich where 
Prof. Regina Dittmann’s group is a 
worldwide leading group of RRAM. 
The deposition conditions for the 
layers are described in Table 7. 

 

Figure 49 A simplified strainer model in the COMSOL 
software.  

Figure 50 Simulation of the strainer in a COMSOL 
model showing the strainer tensor of (1) XX 
component, (b) YY component, and (c) ZZ 
component. 
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Table 7 Sputtering deposition conditions for each layer in Si/Ti/Pt/TaOx/Ta structured devices. 
Material Thickness 

(nm) 
Deposition Condition 

Ti (adhesion layer) 5 30% Ar (60 sccm), 2.33 × 10-2 mbar, 299 W, 265 V, 
DC 

Pt (bottom electrode) 100 30% Ar (60 sccm), 1.44 × 10-2 mbar, 375W, 330 V, 
DC 

TaOx (resistive 
switching layer) 

7, 14, or 25  23% Ar (46 sccm), 7% O2 (14 sccm), 2.2×10-2 mbar, 
RF 

Ta (top electrode) 14, 28, or 50 30% Ar (60 sccm), 2.3 × 10-2 mbar, RF 
Pt (protective layer) 50 30% Ar (60 sccm), 1.44 × 10-2 mbar, 375W, 330 V, 

DC 

Different TaOx thin films (7 nm, 14 nm, and 25 nm) were used. The top Ta electrode thickness 
was chosen in the way to be twice the thickness of the TaOx layer. This is because the Forming 
voltage was reported to decrease as the Ta electrode thickness increase and the decrease of the 
Forming voltage saturated when the Ta electrode thickness is twice of the TaOx layer.[206] Figure 
51a shows the device configuration with an example of different thickness of layers. Figure 51b 
shows a relationship between the Forming voltages and the initial resistances. Typical 𝐼-𝑉 curves 
of the devices were shown in Appendix A, Figure 58. 

 

Figure 51 (a) A schematic illustration of the Pt/TaOx/Ta structured RRAM device, (b) the forming 
voltages and the initial resistances of devices with different TaOx thicknesses. 

For the devices under no strain condition, both the initial resistances and the Forming voltages 
increased (decreased) as the TaOx layer thickness increased (the device area increased). Figure 
52a shows that the initial resistances of 200 µm devices increases from about 108 Ω to 109 Ω as 
the TaOx layer thickness increases from 7 nm to 23 nm. Figure 52b shows that the Forming 
voltages of 200 µm devices increase from about 2 V to 3.5 V as the TaOx layer thickness increases 
from 7 nm to 23 nm. This is in agreement with the report in the literature [206] where the forming 
voltage of Pt/TaOx/Ta devices increases from about 2 V to 3V as the TaOx layer thickness 
increases from 7 nm to 13 nm in a 2 µm × 2 µm Pt/TaOx/Ta devices. A similar trend of increased 
Forming voltages and initial resistances as the TaOx thickness increase was also observed in 500 
µm devices as shown in Figure 53a and b, respectively. For both 200 µm and 500 µm devices, 
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the LRS was at 103 Ω magnitude and the HRS were at 104 Ω magnitude, independent of the TaOx 
thickness, as shown in Figure 52a (200 µm) and Figure 53a (500 µm). The SET and RESET 
voltages for both 200 µm devices and 500 µm devices also showed no obvious dependency on 
the TaOx layer thickness, as shown in Figure 52b (200 µm) and Figure 53b (500 µm). 

 

Figure 52 Device size of 200 µm in diameter: (1) the initial resistances (yellow), LRS (light red), and 
HRS (blue), (b) the Forming voltages (yellow), SET voltages (light red), and RESET voltages (blue) 
for devices with different TaOx thicknesses. 

 

Figure 53 Device size of 500 µm in diameter: (1) the initial resistances (orange), LRS (green), HRS 
(grey), (b) the Forming voltages (orange), SET voltages (green), and RESET voltages (grey) for 
devices with different TaOx thicknesses. 

For devices under maximum strain condition, the effect of strain was tested in 500 µm diameter 
devices with 7 nm thick TaOx resistive layer. Comparison of the resistances and switching 
voltages under no strain and maximum strain conditions were made. Preliminary results indicate 
that the initial resistances increased under the strain condition and the LRS and HRS showed no 
dependency on the strain effect as shown in Figure 54a. The Forming, SET, and RESET voltages 
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showed no obvious change under no strain and the maximum strain conditions as shown in Figure 
54b. However, due to the stochastic nature of the RRAM devices, additional experiments are 
needed to be carried out before any concrete conclusions can be drawn out of these experiments. 

 

Figure 54 The comparison between no strain and maximum strain conditions on Pt/TaOx (7nm)/Ta 
devices with 500 µm diameters: (a) the distribution of the initial resistances (orange), LRS (green), 
and HRS (grey), (b) the distribution of the Forming voltages (orange), SET voltages (green), and 
RESET voltages (grey).  
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1. The deformation of the 50 µm Si substrates induced by the mechanical 
strainer was characterized by using a laser profilometer and the maximum 
height displacement was 325.9 ± 10.9 µm, which corresponds to an 
estimated maximum strain condition with a strain of 0.14%. 

2. A simplified model of the sample under strain was simulated by using 
COMSOL software and the maximum strain component was simulated to be 
about 0.2%. 

3. Pt/TaOx/Ta devices were fabricated on 50 µm Si substrates. Different TaOx 
layer thickness of 7 nm, 15 nm, and 23 nm with Ta top electrode layer 
thickness of double the thickness of the TaOx layer were used.  

4. For the devices under no strain condition, both the initial resistances and the 
Forming voltages increased (decreased) as the TaOx layer thickness 
increased (the device area increased). 

5. For the devices under maximum strain condition, the initial resistances 
increased and the LRS and HRS showed no obvious change. The Forming, 
SET, and RESET voltages showed no obvious change under strain. 
However, due to the stochastic nature of the RRAM devices, additional 
experiments are needed to be carried out before any concrete conclusions 
can be drawn out of these experiments. 

 

Summary 
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Conclusions 

This thesis focused on the electrical properties of the TaOx materials and the TaOx based RRAM 
devices during the fabrication, post-fabrication and under external strain. Three main areas of 
research were reported in this thesis and the conclusions are: 

(1) By controlling the deposition parameters during the pulsed laser deposition (PLD), the 
stoichiometry of the TaOx was controlled by the deposition conditions, such as the oxygen 
pressure and the deposition temperature. Both the stoichiometry and the resistivity of the 
TaOx thin films increased as the oxygen pressure increased. A direct link between the 
deposition condition and the electrical resistivity was given. In TiN/TaOx/W (W is the probe 
tip) devices, all the TaOx thin films deposited under different oxygen pressures showed 
resistive switching. Both the SET and RESET voltages showed no dependency on the oxygen 
pressures during PLD. The value of the low state resistance (LRS) kept almost the same for 
different TaOx thin films whereas the value of the high resistance state (HRS) increased as 
the oxygen pressure increased. In TiN/TaOx/W (sputtered W thin film) devices, the TaOx 
deposited at oxygen pressures 𝑃!" < 5 × 10-3 mbar showed Ohmic 𝐼-𝑉 relationship without 
any resistive switching behaviour. The TaOx deposited at oxygen pressures 𝑃!" ³ 5 × 10-3 
mbar showed resistive switching behaviour. The results show that the amount of oxygen 
content is critical for the triggering of the resistive switching behaviour. 

(2) By post thermal annealing the TiN/TaOx/W (sputtered W thin film) devices (TaOx deposited 
at an oxygen pressure of 𝑃!" = 2 × 10-3 mbar) in the air between 325 ˚C and 400 ˚C for 4 hr, 
the resistive switching behaviour was successfully triggered in the devices with no switching 
behaviour at the beginning. 

(3) The effect of strain on the Pt/TaOx/Ta devices on 50 µm Si substrates was studied. The 
hypothesis is that the strain may influence the mobility of the oxygen vacancies, which are 
also the ions contributing to the filament formed in the Pt/TaOx/Ta VCM RRAM. Influencing 
the mobility may be used as a tuning knob to control the switching parameters change. 
Primary results show that the strain has an effect on the Forming process but further tests 
and investigations are needed to be conducted due to the stochastic nature of the devices. 
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Outlook 

The effect of external stimuli on the RRAM devices represent one of most exciting and emerging 
areas of scientific interest with possible commercial applications. Strain is an interesting external 
stimuli which can either be induced by external stress or by inducing strain via heterostructures 
interfaces. Preliminary experiments were carried out during my work to study the strain effect on 
TaOx based RRAM devices by using voltage sweep external electrical field. It is early to conclude 
that but the Forming process showed some dependence on the strain effect. More devices could 
be tested for a better understanding of the stochastic nature of the resistive switching behaviour 
under strain. Further in-situ characterizations of the TaOx materials change by the Raman 
spectroscopy or XPS under strain can be a good way to interpret and understand the effect of 
strain on the resistive switching. Achieving this can provide new insights into the switching 
mechanisms of RRAM devices and can lead to new and yet unexplored properties for future 
memory and computing technologies.  

Another interesting possibility for future work will be to conduct a dedicated experiment to study 
the crystallization of the amorphous TaOx films and the effect on the resistive switching. Since 
most TaOx based RRAM devices are amorphous the effect of crystallinity of TaOx on the resistive 
switching behaviours would important both from fundamental point of view but also commercially.  

The effect of electrode geometry and position can be another interesting topic to study in the 
future. It would be interesting to study the effect of multiple electrodes on one single device. This 
will enable understanding the role of position of the electrodes with respect to each other and with 
respect to the counter electrodes on the device states.  
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Appendix A 
A.1 List of Abbreviations 

 
AI Artificial Intelligence 

IoT Internet of Things 
FeRAM Ferroelectric Random Access Memory 
MRAM Magnetoresistive Random Access Memory 
PCM Phase Change Memory 
RRAM Resistance (Switching) Random Access Memory 
COMS Complementary Metal-Oxide-Semiconductor 
PLD Pulsed Laser Deposition 
MIM Metal-insulator-metal 

IRS Initial Resistance State 
LRS/RON Low Resistance State 
HRS/ROFF High Resistance State 
ECM Electrochemical Metallization Memory 
VCM Valance Change Memory 
RBS Rutherford backscattering spectrometry 
AES Auger electron spectroscopy 
XRD X-ray diffraction 
XPS X-ray photoemission spectroscopy 
FWHM the full width at half maximum 
ARXPS angle-resolved X-ray photoelectron spectroscopy 
SCS semiconductor characterization system 
SMU source-measurement unit 
SEM scanning electron microscopy 
XRR X-ray reflectivity 
RTA rapid thermal annealing 

STEM scanning tunnelling electron microscopy 
EDX Energy Dispersive X-Ray Spectroscopy 
PEN Poly-Ethylene-Naphthalate 
PET Poly-Ethylene-Terephthalate 
PDMS Polydimethylsiloxane 
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A.2 The Ta2O5 target used in PLD 

The commercial Ta2O5 target (99.99% purity, American Elements) has a diameter of 25.4 mm 
and a thickness of 6 mm. The target was investigated by X-ray diffraction (XRD) to ensure their 
phase purity before the deposition (Figure 55a and b). The XRD pattern of the as bought Ta2O5 
is consistent with the reported literature,[207] with an orthorhombic structure of a=6.1886(3) Å, 
b=3.66227(13)Å, and c=7.7838(2) Å, space group Pccm (49). The Ta2O5 target changed from 
white colour (Figure 55b and c) to black colour (Figure 55d) after being ablated by the laser, but 
the XRD patterned remained constant (Figure 55a to d), which indicated no change of the target 
itself. 

 

Figure 55 The XRD spectra of (a) the Ta2O5 from literature (ICSD database),[207] (b) the as-bought 
Ta2O5 target (white), (c) the rear side of the Ta2O5 after PLD laser ablation (white), and (d) the front 
side of the Ta2O5 after PLD laser ablation (black). 
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A.3 Typical 𝑰-𝑽 curves for TiN/TaOx/W (tip probe) devices 
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Figure 56 Typical resistive switching behaviour of the TiN/TaOx/W probe tip structured device. The 
left column is the typical IV curves and the right column is the initial resistance, LRS and HRS 
resistances. The TaOx thin films used in the devices were deposited at 10-6, 5.6×10-4, 2×10-3, 5×10-3, 
and 2×10-2 mbar, respectively (from top to down). All the TaOx thin films were deposited at room 
temperature, with laser energy of 4 J/cm2 (10 Hz) for 10 min. The W probe tip acted as the top 
electrode and has a diameter of 500 nm. 
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A.4 Height deformation calibrated in 525 µm Si substrates 

 

Figure 57 The mechanical deformation of 525±20 µm thick Si under strain. (a) No deformation of the 
Si substrate, (b) the maximum deformation of the Si substrate before breaking, (c) the relationship 
between the number of turns of the strew in the strainer and the maximum height deformation in Si, 
(d) the yoz plane view of the Si under maximum strain. 
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A.5 Typical 𝑰-𝑽 curves for Pt/TaOx/Ta devices 
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Figure 58 Typical resistive switching behaviour of the Pt/TaOx/Ta devices. The left column is the 
typical IV curves and the right column is the initial resistance state, LRS and HRS. The TaOx thin 
films used in the devices were deposited at the same conditions by sputtering with different 
thicknesses of 7n, 14 nm, and 25 nm. 
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Two types of commercial substrates were used in this study: (1)
(100) silicon substrates with 100 ± 10 nm silicon di-oxide and 100 nm
sputtered TiN film on top, labeled as Si/SiO2/TiN substrates and (2)
single crystal (100) MgO substrates. The TiN layer in the Si/SiO2/TiN
substrate acts as a conducting layer, whereas the MgO substrates were
insulating. Both substrates and target were investigated with X-ray
diffraction (XRD) to ensure their phase purity prior to the deposition.
The deposition was carried out by keeping the target-substrate distance
constant at 7.5 cm, while the deposition time was chosen to be either 10
or 60min at room temperature. The oxygen partial pressure was varied
from 10−6 mbar (base pressure) to 2× 10−2 mbar and five different
values of oxygen partial pressures were used in total. X-ray diffraction
(XRD) and scanning electron microscope (SEM) were employed on all
films to characterize the crystalline quality and the morphology of the
films. The oxidation states of Ta in the TaOx films were determined by
angle resolved X-ray photoelectron spectroscopy (ARXPS). The ARXPS
analyses were performed on a ESCALAB XI+ X-ray photoelectron
spectrometer microprobe (Thermo Fisher Scientific, East Grinstead,
U.K.) using a monochromatic Al-Kα X-ray source with a 900 µm spot
size. A combined ion/electron gun (i.e. a dual beam source) was used to

control sample charging. The electrical conductivity was measured on a
rectangular shaped sample (10mm× 10mm) in a Van der Pauw con-
figuration using a station probe (Imina).

Fig. 1(a) and (b) show the schematic configurations of the deposited
films together with a micrograph showing a cross-sectional SEM image
of the TaOx film deposited on TiN substrate (at PO2= 10−6 mbar, room
temperature). The TaOx thin films deposited at PO2= 10−6 mbar on Si/
SiO2/TiN and MgO substrates show a typical similar surface mor-
phology, as illustrated in Fig. 1(c) and (d), respectively. TaOx thin films
grown at different oxygen partial pressures all show similar micro-
structures. XRD of TaOx films deposited at different oxygen partial
pressure shows that all the films deposited on top of the Si/SiO2/TiN
substrate have no distinct diffraction peak other than the one belong to
substrate peaks, indicating the existence of an amorphous structure
(supplementary material, Fig. S1).

Since the memristors operate at room temperature, the resistivity of
different TaOx films were measured at this temperature. Fig. 2 shows
the results of the room-temperature resistivity of TaOx thin films grown
on MgO substrates for 60min as a function of oxygen partial pressure in
the PLD chamber. The resistivity of the films did not show very minor
anisotropy in the plane of the film. The result shows that the resistivity
increases from 0.33Ω·cm up to 2.34 kΩ⋅cm as the oxygen partial
pressure increases from 10−6 mbar to 5× 10−3 mbar. The resistivity of
the TaOx film grown at an oxygen partial pressure of 2× 10−2 mbar
was high above the measurement limit. The oxygen partial pressure can
therefore be used as a convenient knob to tune the conductivity towards
a more insulating phase as the pressure is increased.

The chemical composition of the TaOx thin films were examined by
ARXPS. High resolution local binding energy spectra, as shown in
Fig. 3, were obtained for Ta-4f using 20 eV detector pass energy, 50ms
dwell time, 0.02 energy step size, and collected over 5 scans. Fitting
analysis of the Ta 4f peaks and thus quantification of the Ta oxidation
states is based on the approach by Simpson et al. [41]. Peaks were fitted
using a 38% Lorentzian/Gaussian function, a 4f5/4f7 spin orbit split-
ting of 1.9 eV, and a 4f5/4f7 height ratio of 0.788. Fig. 3 presents Ta 4f
ARXPS spectra obtained at an emission angle of θ=0˚ relative to the
perpendicular direction to the surface of the sample (i.e. maximum
escape depth), showing the main Ta5+ peak together with lower oxi-
dation states. These are Ta4+, Ta3+, Ta2+, Ta1+, and Ta0 representing
TaO2, Ta2O3, TaO, Ta2O, and Ta metal, respectively. The main peaks
observed are the Ta 4f 7/2 and the Ta 4f 5/2 peaks at binding energies
of 26.9 ± 0.1 eV and 28.8 ± 0.1 eV, respectively. This confirms that
most of the deposited thin films are composed of Ta2O5. The fit of the
Ta 4f peaks and thus quantification of the Ta oxidation states is based
on the approach by Simpson et al. [41]. (The comparison between the
binding energies for each oxidation states used in the work of Simpson
et al. [41] and this paper is shown in the supplementary material Table
S1.)

In order to investigate the composition homogeneity along the film
growth direction and the surface oxidation conditions of the TaOx thin
films, ARXPS were carried out and the emission angles θ, relative to the
perpendicular direction of the surface of the sample, vary from 0° to 90°
(grazing angle), which corresponds to the maximum probe depth of
∼10 nm and the upper surface layer of the TaOx thin films, respec-
tively. As show in Fig. 4(a), for TaOx thin films deposited under high
oxygen partial pressure (5× 10−3 mbar) for a short time (10min)
corresponding to a film thickness of 23 ± 4 nm, the composition of
TaOx thin film is homogeneous for all emission angles, which means a
homogeneous Ta oxidation states composition from surface to ap-
proximately 10 nm deep under the surface. As compared to the TaOx
deposited for the same time but under a lower oxygen partial pressure
(10−6 mbar) corresponding to a film thickness of 6 ± 1 nm, the com-
position of Ta2O5 increases as the emission angle increases, which in-
dicate a higher Ta2O5 composition near the film surface, as shown in
Fig. 4(b). This finding is in consistence with the work of Sharath et al.
[42] Furthermore, as the thickness of the films increase, the

Fig. 1. (a) A schematic illustration of TaOx film deposited on Si/SiO2/TiN
substrate. The inset shows a cross sectional SEM image of the film stack. (b) A
schematic illustration of TaOx film deposited on MgO (100) substrate. (c) SEM
picture showing the surface of TaOx film deposited on Si/SiO2/TiN substrate.
(d) SEM picture showing the surface of TaOx film deposited on MgO (100)
substrate. The TaOx films shown here are all deposited under 10−6 mbar at
room temperature.

Fig. 2. The relation between TaOx thin film resistivity and oxygen partial
pressure during deposition. The inset figure shows the van der Pauw config-
uration for resistivity test. Since the figure is plotted in double logarithmic
coordinates, the error bars are not included due to lack of visibility. The relative
standard deviation (σ/µ) of the resistivity is smaller than 13%.
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Fig. 3. Ta 4f XPS spectra of TaOx thin films deposited for 60min under different oxygen partial pressure of: (a) PO2=10−6 mbar, (b) PO2=5.6× 10−4 mbar, (c)
PO2= 2× 10−3 mbar, (d) PO2= 5× 10−3 mbar, and (e) PO2= 2× 10−2 mbar. The solid black lines are the experiment XPS spectra data and the solid red lines are
the fitting envelopes of the XPS spectra data.

Fig. 4. The Ta oxidation states of TaOx films deposited under different conditions revealed by ARXPS spectra. (a) oxygen partial pressure of PO2=5× 10−3 mbar for
deposition time of 10min, (b) oxygen partial pressure of PO2=10−6 mbar for deposition time of 10min, (c) oxygen partial pressure of PO2= 5× 10−3 mbar for
deposition time of 60min, and (d) oxygen partial pressure of PO2=10−6 mbar for deposition time of 60min. (e) is a schematic illustration of the principle of ARXPS.
The angle θ is the emission angle relative to the perpendicular direction of the surface of the sample. By changing the emission angle, the sampling depth decreases
from ∼10 nm at θ=0° to the very surface of the film at θ=90°.
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composition of the thin films deposited at high oxygen partial pressure
is not homogeneous any longer from surface to approximately 10 nm
deep under the surface and a composition gradient along the film
growth direction can be seen for films deposited at both high and low
oxygen partial pressure, as shown in Fig. 4(c) and (d), respectively.

Fig. 5 illustrates the Ta oxidation states in the TaOx films as a
function of oxygen partial pressure. The percentage of Ta oxidation
states in the TaOx films are obtained from the XPS data taken at an
emission angle of 0°. The percentage of Ta5+ (Ta2O5) increases from 75
at.% to 95 at.% as the oxygen partial pressure increases from
10−6 mbar to 2× 10−2 mbar while the contribution from the lower
oxidation state reduces. By comparing the XPS results, it is clear that it
requires very low oxygen partial pressures to form lower oxidation state
than the Ta5+ in a significant concentration. Comparing the XPS results
of samples deposited at the same oxygen partial pressure, but different
deposition duration of 60min and 10min (supplementary material S2),
the results indicate that combining long deposition duration with low
oxygen partial pressure provides the most efficient way to form lower
oxidation states in significant concentrations.

In summary, we demonstrated the influence of oxygen partial
pressure during PLD growth on the properties and stoichiometry of
TaOx films. This was used to tune the oxygen content in the film and
therefore the resistivity of the TaOx films. Our approach suggests that
the future design of the desired initial state of the memory devices
which depend very much of the phases used can be attained by
choosing the right deposition parameters.
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XRD Bruker D8 Advanced diffractometer (Germany) with Cu Kα (λ=1.5406 Å) radiation was used 

for XRD characterization. The XRD data in Figure S1 (a), (c), and (e) were collected in theta-2 

theta configuration scanning from 20˚ to 80˚ with a step size of 0.01˚ (0.2 seconds per step) at 

room temperature. The grazing-incidence small-angle scattering data in Figure S1 (b), (d), and (f) 

were collected using the same diffractometer at room temperature. The X-ray incident angles were 

set to 0.5˚, 1˚, and 2˚, respectively. The detector scanned in 2 theta range 20˚�2θ�90˚ with a step 

size of 0.02˚ (0.5 seconds per step). 
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Figure S1 Morphology characterization of TaOx thin films deposited at different oxygen partial pressure by 
using X-ray diffraction (XRD). (a), (c), and (e) were characterized with stationary and horizontal sample 
position with the X-ray tube and the detector both move simultaneously over the angular range θ. (b), (d), 
and (f) were characterized using grazing incidence XRD. 
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Figure S2 Ta 4f XPS spectra of TaOx thin films deposited for 10 min under different oxygen partial 
pressures of: (a) PO2= 10-6 mbar, (b) PO2=5×10-3 mbar, and (c) PO2=2×10-2 mbar. (d) The Ta oxide states 
composition inside TaOx thin films deposited under different oxygen partial pressure for 10 min at room 
temperature. 
 

During the XPS data analysis, the Ta 4f5/4f7 height ratio was fixed to 0.788, which was 

automatically chosen by the Avantage software. The Ta 4f5/4f7 binding energy splitting is fixed 

to 1.9 eV and the full width at half maximum (FWHM) fitting parameter used for all XPS spectrum 

is 1.2± 0.1 eV. Table 1 shows the comparison between the binding energies for each oxidation 

sates used in the work of Simpson et al. and this paper. Table 2 is an example of the fitting 

parameters used for XPS spectra analysis and the data is of the sample for TaOx film grown under 

PO2=10-6 mbar for 60 min. 

Table 1 The binding energies for each oxidation states used in the work of Simpson et al. and this paper. 
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Oxide State 

Binding Energy (eV) 

Simpson et al. (Ref. 41 in main text) this paper 

Ta4f 7/2 Ta4f 5/2 Ta4f 7/2 Ta4f 5/2 

Ta5+ (Ta2O5) 27.0± 0.05 28.9± 0.05 26.9± 0.1 28.8±0.1 

Ta4+ (TaO2) 25.7± 0.30 27.6± 0.30 25.5±0.2 27.4± 0.2 

Ta3+ (Ta2O3) 24.3± 0.20 26.2± 0.20 24.2± 0.2 26.1± 0.3 

Ta2+ (TaO) 23.3± 0.30 25.2± 0.30 23.1± 0.2 25.0± 0.2 

Ta1+ (Ta2O) 22.5± 0.10 24.4± 0.10 22.2± 0.2 24.1± 0.2 

Ta0 (metal) 21.50 23.42 21.3± 0.2 23.3± 0.3 

 

Table 2 An example of the fitting parameters used for XPS spectra analysis. The data is of the sample for 
TaOx film grown under PO2=10-6 mbar for 60 min. 
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Fit 
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r (eV) 

 
Percenta

ge (%) 

4f5/4f7 

Height 

Ratio 

4f5/4f7 BE 

Splitting 

(eV) 

Ta 4f7 Ta2O5 
26.78 110948.04 1 139461.49 1 1.2 

    

Ta 4f5 Ta2O5 28.68 87469.41 0.79 109729.01 0.79 1.2 Ta2O5 75.7 0.788 1.9 

Ta 4f7 TaO2 
25.3 13901.3 0.13 17501.13 0.13 1.2 

    

Ta 4f5 TaO2 27.2 10959.53 0.1 13770.02 0.1 1.2 TaO2 9.5 0.788 1.9 

Ta 4f7 Ta2O3 
24.23 11991.4 0.11 15113.78 0.11 1.2 

    

Ta 4f5 Ta2O3 
26.13 9453.8 0.09 11891.66 0.09 1.2 Ta2O3 8.2 0.788 1.9 

Ta 4f7 TaO 
23.38 5105.89 0.05 6441.06 0.05 1.2 

    

Ta 4f5 TaO 
25.28 4025.39 0.04 5067.9 0.04 1.2 TaO 3.5 0.788 1.9 

Ta 4f7 Ta2O 
22.58 2893.05 0.03 3652.62 0.03 1.2 

    

Ta 4f5 Ta2O 
24.48 2280.83 0.02 2873.94 0.02 1.2 Ta2O 2.0 0.788 1.9 

Ta 4f7 Ta 
21.56 1665.87 0.02 2101.29 0.02 1.2 

    

Ta 4f5 Ta 
23.46 1313.34 0.01 1656.64 0.01 1.2 Ta 1.1 0.788 1.9 

       
Sum= 100 
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ABSTRACT 

A key step in engineering resistive switching is the ability to control the device switching behavior. 
Here, we investigate the possibility to tune the resistive switching of tantalum oxide-based 
memristors from a non-switchable state to a switchable state by applying post-fabrication 
annealing of the devices. The switching of the devices was found to be related to: (1) The oxidation 
state changes in the TaOx thin film after annealing as well as (2) The local variations in oxygen 
stoichiometry in the vicinity of the interface between the TiN electrode and the TaOx active 
resistive layer. We further discuss the possible mechanism behind the resistive switching after 
annealing. This experimental approach provides a simple but powerful pathway to trigger the 
resistive switching behavior in devices that do not show any resistive switching behavior initially. 

 

1. INTRODUCTION 

Tantalum oxide (TaOx) is widely used as resistive switching material in memristors as it exhibits 
excellent features such as superior endurance of more than 1012 cycles 1 and ultra-fast switching 
speed of sub-nanosecond.2 Tantalum oxide is a complex system that includes more than 20 non-
equilibrium phases and two equilibrium Ta2O5 (tantalum pentoxide) phases.3 Being able to control 
these phases is an essential step in achieving highly controllable resistive switching behaviors in 
tantalum oxide memristors. 

Two simple but effective methods enable to tune and control the tantalum oxide (TaOx) based 
memristor behaviors are: (1) by manipulating the TaOx thin film growth conditions 4–7 or/and (2) 
by annealing TaOx thin film after deposition.8–11 We have shown in our previous work 4 that we 
can finely tune and control the resistivity of the TaOx thin film during the grown using Pulsed 
Laser Deposition (PLD). By varying the oxygen pressure during deposition from 10-6 mbar to 
2×10-2 mbar, the resistivity of deposited tantalum oxide can be altered by more than six orders of 
magnitude as a result of a controlled oxygen stoichiometry. This, in turn, led to different resistive 
switching behavior of memristors. Memristors with TaOx deposited at low oxygen pressure below 
and equal to 2×10-3 mbar showed no resistive switching, whereas TaOx deposited at oxygen 
pressures above 2×10-3 mbar showed resistive switching character. 

Besides varying the oxygen pressure during thin film deposition, the temperature is another critical 
factor influencing TaOx phases. For example, Ta2O5 pellet after been sintered at 1400 to 1600 ˚C 
for 24 hours, shows a monoclinic to orthorhombic phase transition by Raman scattering at about 
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327 ˚C.12 Ta2O5 in the amorphous state (a-Ta2O5) transfer into low-temperature (LT) crystalline 
state (orthorhombic β-phase) at approximately 650 ˚C. The orthorhombic β-phase can reversibly 
transfer into the high temperature (HT) crystalline tetragonal α-phase at approximately 1320 ± 20 
˚C.3,12,13  

Beside controlling the Ta2O5 phases by annealing at different temperatures, annealing in different 
gas atmospheres at elevated temperatures can also be an effective way to tune the stoichiometry 
of tantalum oxide.8,11 This approach is also often used to further improve the mechanical, electrical 
or optical properties of thin films by structural relaxation and stoichiometry change.14,15 

Altogether, annealing is an effective way to tune the properties of TaOx based memristors.8,11,16 
For example, annealing a TaOx-based memristor in oxygen atmosphere at 300 °C can affect the 
oxygen stoichiometry, which has been found to improve the device endurance.8 Annealing in NH3 
at 400 ˚C, on the other hand, resulted in the incorporation of hydrogen (H) species into TaOx,10 
which improved the device endurance, lowered the forming voltage, and enhanced the retention 
lifetime of formed conductive filaments. Besides the effect of annealing on the active TaOx layer, 
the electrode materials may also be affected by the annealing process. For example, Raman 
scattering spectra indicated the presence of rutile TiO2 signals in 1 µm thick TiN after annealing 
in air at 500  ̊C for 2 hours.17 

So far, most studies on the annealing of TaOx based memristors were carried out on TaOx films 
deposited either by sputtering or by atomic layer deposition (ALD). No systematic work on the 
effect of post-deposition annealing on the resistive switching behavior of TaOx films fabricated by 
PLD has so far been reported. PLD is a powerful technique for fabrication of complex oxide while 
preserving the stoichiometry. In this work, we focus on utilizing post-deposition annealing method 
to tune the stoichiometry and resistive switching behaviors of tantalum oxide-based memristors. 
By using isochronal annealing steps imposed with controlled heating and cooling, we successfully 
trigger the switching behavior in devices which did not show any switching initially. We also 
reveal the stoichiometry change of TaOx after annealing and propose a possible mechanism for the 
triggering of the switching behavior. 

 

2. EXPERIMENT 

The configuration of the device film stack used in this study was Si/SiO2/TiN/TaOx/W with TiN 
and W serving as the electrodes and TaOx being the active memristor layer. The substrates are 
commercially available (100) silicon substrates with 100 ± 10 nm native silicon dioxide, and 100 
nm sputtered TiN film on top (Prime Wafers), labeled as Si/SiO2/TiN substrates. The TiN layer in 
the Si/SiO2/TiN substrate acts as the bottom electrode. An active oxide layer of TaOx thin films 
was deposited using pulsed laser deposition (PLD) through a square-shaped shadow mask in order 
to expose the TiN bottom electrode. A KrF excimer laser (248 nm, 10 Hz, 4 J/cm2) was used to 
ablate a commercial ceramic target of Ta2O5 (American Elements) with 99.99% purity and 
dimensions of 25.4 mm in diameter and 6 mm in thickness. The deposition was carried out keeping 
the target-substrate distance constant at 7.5 cm. The TaOx thin films were deposited with a 
thickness of approximately 20 nm at room temperature (RT) with an oxygen pressure PO2=2×10-3 
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mbar inside the chamber. The tungsten (W) top electrode layer was deposited by DC magnetron 
sputtering without intentional substrate heating, using the following parameters: 40 sccm Ar gas, 
10-2 Torr deposition pressure, 320 V discharge voltage and 0.2 A discharge current for a deposition 
time of 300 seconds. The top electrodes were patterned into a circular shape with a diameter of 50 
µm and a thickness of about 150 nm using an Al2O3 shadow mask. 

All electrical tests were carried out using Keithley 4200A with an Imina probe station providing 
the contact to the W and TiN electrodes through W needle probes. During the two terminal 
electrical tests, voltages were applied to the W top electrodes, and the TiN bottom electrodes were 
grounded. The voltage ramp with 10 mV per step was used in both SET and RESET processes. A 
compliance current of 1 mA was used in the SET process. The resistances of the devices follow 
lognormal distribution, which means the log of the resistances follow normal distribution. In Figure 
1, the mean values are of the log of the resistances and the error bars are the standard deviations 
of the mean. The electrical conductivity was measured on rectangular-shaped samples (1×1 cm2) 
in a van der Pauw configuration.  

Chemical and structural changes in the materials induced by the annealing were characterized by 
x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), scanning transmission electron 
microscopy (STEM), and energy-dispersive x-ray spectroscopy (EDX). The XPS analyses were 
performed on an ESCALAB XI+ X-ray photoelectron spectrometer (Thermo Fisher Scientific, East 
Grinstead, U.K.) using a monochromatic Al-Kα X-ray source with a 650 µm spot size and a take-
off angle of 90° from the surface plane. A combined ion/electron gun (i.e., a dual-beam source) 
was used to control sample charging. The pressure in the analysis chamber was 4×10–8 mbar. High 
resolution local binding energy spectra were obtained for Ta-4f using 20 eV detector pass energy, 
dwelling time 50 ms, and energy step size 0.05 eV. The sputter depth profiling was performed on 
fraction of the area of 0.7×0.7 mm2 with monoatomic Ar+ Ion Beam. The beam has a kinetic energy 
of 3 KeV, for 10 sec each level and with 30 levels in total. All spectra were shifted according to 
the O1s spectra peaks position using the second O1s spectrum of the as-deposited sample. For the 
XRD analysis, Bruker D8 Advanced diffractometer (Germany) with Cu Kα (λ=1.5406 Å) radiation 
was used. For the STEM analyses, a probe-aberration corrected JEOL JEM-ARM200F microscope 
equipped with a cold field-emission electron source, a probe Cs-corrector (DCOR, CEOS GmbH), 
and a large solid-angle JEOL Centurio SDD-type EDX detector was used. STEM imaging and 
EDX analyses were performed at probe semi-convergence angles of 20 and 28 mrad, resulting in 
probe sizes of 0.8 and 1.0 Å, respectively. Collection angles for HAADF images were 75–310 
mrad. 

 

3. RESULTS AND DISCUSSION 

A set of seven samples were fabricated under the same conditions as described in the experimental 
part. Each sample contains 16 devices defined by a circular W top-electrode with a diameter of 50 
µm and a 20 nm active TaOx layer. A schematic illustration of the device is shown in the inset of 
Figure 1a. Initially, all devices showed no resistive switching with an average low initial resistance 
of approximately 5.26 kΩ (Figure 1a). We annealed the memristors at different temperatures 
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ranging from 300 ̊ C to 500 ̊ C in air. Seven annealing temperatures were used: 300, 325, 350, 375, 
400, 450, and 500 ˚C, with a fixed annealing time of 4 hours and ramping rate of 200 ˚C/hr during 
heating and cooling (inset of Figure 1b). After the annealing process, the ability of the samples to 
resistive switch were tested at room temperature. 

 

Figure 1. (a) Initial resistance distribution for seven as-fabricated samples. Each sample contains 16 
devices. The diameter of the top electrodes is 50 µm. The thickness of the TaOx layer is about 20 nm. The 
inset shows a schematic illustration of the devices under test and the two terminal electrical test setup. (b) 
Change of resistances after the annealing process at different temperatures. The inset shows the 
temperature change during the annealing process. RS stands for resistive switching. The error bars 
represent the standard deviation of the mean. 

The results of the annealing revealed the following: (1) For annealing temperature smaller than or 
equal to 300 ˚C, no resistive switching was observed inside the devices (Figure 2a to b), (2) From 
325 ˚C to 400 ˚C, the resistive switching was triggered (Figure 2c to f) and (3) Above 400 ˚C, the 
average resistance of devices exceeds 1010 Ω, showing an insulating state with no resistive 
switching (Figure 2g to h). 
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Figure 2. Typical !-" relation for (a) as-fabricated devices and (b) to (h) devices after annealing at 300 ˚C, 
325 ˚C, 350 ˚C, 375 ˚C, 400 ˚C, 450 ˚C, and 500 ˚C, respectively. The dashed lines in (c) to (f) represent 
the corresponding Forming and the first RESET processes. 

Thus, only in a limited window, between 325 ˚C and 400 ˚C, could we trigger resistive switching 
behaviors in TiN/TaOx/W structured devices. In the following, we, therefore, investigate the 
underlying origins responsible for enabling of the resistive switching within this window and the 
reasons for terminating the resistive switching when annealed outside this window. 

Oxidation and crystallinity of the TaOx resistive switching layer 

In order to understand the oxidation state and stoichiometry of film and their relation to the 
resistive switching, we have studied three samples: (1) as-deposited sample, (2) annealed at 350 
˚C and (3) annealed at 500 ˚C, using XPS depth profiling (Figure 3). The black arrows in Figure 3 
represent the XPS depth profile direction from the surface of the TaOx to the inner part of the TaOx. 
The depth profiles taken from these samples have a similar analysis time, i.e. approximately similar 
depth length. From these profiles we can conclude the following: (1) For the as-deposited samples, 
the position of Ta4f peaks shift to the lower binding energy as the profiling depth increases, which 
means that there is a gradient of composition starting from the stoichiometric composition at the 
surface towards less stoichiometric composition at the inner part of the film, (2) For the samples 
annealed at 500 ˚C, the dominant phase is the Ta2O5 independent of the depth. This indicate that 
the films are completely oxidized, and (3) Samples annealed at 350 ˚C show a mixture of both 
stoichiometric and non-stoichiometric compositions along the depth. 

Comparing the XPS results to the corresponding resistive switching of the heat-treated devices, it 
indicates that, in order to restive switch the devices the samples should be partially resistive and 
partially conductive, i.e. as observed in the samples annealed at 350 ˚C. In other words, the 
resistive switching depends on the right amount of oxygen vacancies in the device. Note that after 
being annealed at 500 ˚C, the devices were also non-switchable, but this is related to the sample 
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being fully oxidized but also to the oxidation of the TiN bottom electrode. This will be discussed 
in the following paragraph. 

 

Figure 3. (a) An illustration of the XPS depth profiling direction. XPS depth profiles of devices (b) as 
fabricated, (b) after annealing at 350 ˚C, and (c) after annealing at 500 ˚C. The black arrows indicate the 
etching direction from the surface of TaOx to the inner part of TaOx thin film. The dashed lines represent 
the binding energy for Ta5+. 

The devices which showed resistive switching i.e., the samples annealed in air between 325 ̊ C and 
400 ˚C, show also amorphous structure which seems to be robust and stable without any changes, 
at least in this temperature interval and time, as indicated by x-ray diffraction (XRD) 
(Supplementary materials, Error! Reference source not found.). 

The effect of electrodes and interfaces 

As mentioned before, another source of possible absence of resistive switching is the degradation 
of the electrodes during annealing. Besides the oxidation process of TaOx, we also observe an 
indication of oxidation of the TiN electrode materials, i.e. by transport measurements. After the 
annealing process (on samples similar to the one shown in Figure 3), the resistivity of both the TiN 
bottom electrode layer and the W top electrode layer were tested using four-probe van der Pauw 
configuration. The four-probe test was carried out on the TiN layer of the devices, and on a new 
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set of samples only consisting of bare W electrode. All tests were carried out at room temperature 
after the annealing process. The resistivity of the TiN layers show an increase from 320 ± 19 
µΩ·cm without any post-annealing process to 592 ± 61 µΩ·cm after being annealed at 400 ˚C. As 
the annealing temperatures increased above 400 ˚C, the TiN layer became very insulating with a 
resistivity above the detection limit of our equipment (Figure 4). On the other hand, the W layer 
kept a stable resistivity even after being annealed at 500 ˚C. 

 

Figure 4. Resistivity change of TiN and W layer after annealing at different temperatures. The resistivity 
was tested by using four-probe van der Pauw configuration on 1 cm×1 cm samples. 

In addition to the stoichiometry control of the TaOx layer, one need also to ensure the right choice 
of electrode combination which is also a crucial factor for the resistive switching. By inserting a 
layer of W between the TiN and the TaOx layer (Si/SiO2/TiN/W/TaOx/W), as a “blocking” layer 
for oxygen, the resistance increased from 102 Ω to 107 Ω, see Figure 5a. However, no resistive 
switching was triggered in these samples (Figure 5b). The devices showed Ohmic !-" relationship 
for the annealing temperature up to 400 ˚C. Devices after being annealed at 500 ˚C showed a 
Forming/SET process but cannot be switched back to the high resistance state at negative voltage 
side. 
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Figure 5. (a) Resistance change of TiN/TaOx/W and TiN/W/TaOx/W structured devices after the annealing 
process. (b) Typical IV curves for TiN/W/TaOx/W structured devices. 

In order to understand the influence of annealing on the interface profiles, detailed STEM 
investigations were carried out on similar samples (Figure 3). Figure 6 a-c show STEM-HAADF 
imaging profiles of the layered structure. From STEM-EDX chemical investigations, it was clear 
also that the out-of-plane elemental intermixing at both TiN/TaOx and TaOx/W interfaces was 
observed (Figure 6d-f). Concerning the as-fabricated sample, the interfaces between TaOx and W 
are relatively sharper and show an intermixing width of about ~5 nm, while the elemental 
intermixing at the TiN-TaOx interfaces show much larger intermixing width of about ~10 nm 
(Figure 6d). For the sample annealed at 325 ˚C, the intermixing of the elements at both interfaces 
are more pronounced compared to the as-fabricated sample, i.e. the presence of Ta in the nominal 
W layer suggests Ta diffusion into the W layer. Besides, the observation of an emergence of an 
additional (W, Ta)Ox layer over the nominal W layer, the thickness of the W layer (~20 nm) was 
in fact less than what expected, which is explained by the formation of a (W, Ta)Ox layer. After 
annealing at 500°C (Figure 6c and f), the elemental intermixing across the interfaces was observed 
to be highest among all samples. Here, the TiN layer is found to be completely oxidized, which is 
also indicated by the high resistivity of the TiN layer as indicated by transport measurements. 
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Figure 6. STEM investigations of TiN/TaOx/W interfaces annealed under different conditions. 
Representative STEM-HAADF images of (a) an as-fabricated device, (b) a device after annealing at 325 
°C, and (c) a device after annealing at 500 °C. The arrows on the STEM-HAADF images indicate both the 
growth direction and the EDX line scan positions acquired across the interfaces of (d) an as-fabricated 
device, (e) a device after annealing at 325 °C, and (f) a device after annealing at 500 °C. The elemental 
profiles in (d-f) are obtained using Ta M (blue), O K (orange), W L (yellow) and Ti K (purple) X-ray 
emission lines. 

 

4. CONCLUSION 

In this work, we were able to trigger the resistive switching in TiN/TaOx/W devices by applying 
post-annealing procedure. We identify three different temperature regimes: 
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• T ≤ 300 ˚C: The devices are thermally stable when exposed to annealing in air up to 300 
°C for 4 hours. With the given deposition parameters used for the TaOx deposition, no 
resistive switching was observed at room temperature.  

• 300 ˚C ≤ T ≤ 400 ˚C: The devices showed resistive switching after annealing within this 
temperature window. As indicated by the XPS depth profiling, the TaOx layer became more 
stoichiometric after annealing compared to the as-deposited sample. Electrical resistivity 
measurements of the electrodes indicate that both the TiN and W layer showed stability 
within this temperature range. Based on these observations, we argue that the shift towards 
the stoichiometric sample of TaOx, which indicates the decrease of the oxygen vacancies 
content inside the films, contributed to the emergence of resistive switching behavior. This 
is consistent with TaOx layers deposited by PLD at different oxygen partial pressures, as 
shown in Error! Reference source not found., where using a higher oxygen pressure led 
to an enabling of the resistive switching behavior.  

• T > 400 ˚C: The TaOx becomes more oxides, i.e. towards stoichiometric composition, 
leading to more insulating films. Furthermore, the TiN bottom electrode layer became 
oxidized after annealing at temperatures above 400 ˚C and the resistivity of TiN layer 
increased abruptly. As the TiN layer became insulating, the devices lost resistance 
switching behavior. This indicates that both stoichiometry of TaOx and TaOx/electrode 
interface played an essential role in triggering resistive switching behavior. 

We have shown that post-annealing can enable resistive switching and allow studying the 
switching behavior in samples which otherwise did not show resistive switching. Annealing can 
then be a simple yet powerful method in triggering the resistive switching. By post-annealing the 
devices at a temperature range between 325 ˚C and 400 ˚C, the initial resistances of the 
TiN/TaOx/W structured devices increased from 103 Ω to 106 Ω resulting in the resistive switching. 
The temperature range observed in these experiments related to the stability of the electrodes and 
the active layer. Both the stoichiometric TaOx layer and the TiN/TaOx interface or TiN electrode, 
played an important role in the emergence of resistive switching behavior. 
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SUPPLEMENTARY INFORMATION 

The XRD data in Figure S 1a was collected in theta-2theta configuration, scanning from 20˚ to 
80˚ with a step size of 0.01˚ (0.2 s/step). The grazing-incidence small angle scattering data in 
Figure S 1b to d were collected using the same diffractometer. The x-ray incident angles were 
set to 0.1˚, 0.5˚, and 1˚, respectively. The detector scanned in 2 theta range 20˚�2θ�90˚ with 

a step size of 0.02˚ (0.5 s/step). 

 

Figure S 1 X-ray diffraction (XRD) results of samples annealed at different temperatures. (a) XRD of 
samples under θ/2θ method, (b), (c), and (d) are results for samples characterized using grazing 
incidence XRD with a grazing incident angle α of 0.1˚, 0.5˚, and 1˚. 

For TaOx films grown at low PO2, more oxygen vacancies !!..  are incorporated into the TaOx 
film during deposition and thus leading to a more conductive electrical property. As fabricated 
devices start from already quite low initial resistances and external electrical field cannot 
switch the device to even lower or even higher resistance states. The devices are ‘stuck’ at low 
initial resistances states. Whereas for the device with TaOx layer grown at high PO2, device 
initial resistance starts from high resistance state and can be switched to low resistance state 
after a forming process with a positive voltage applied to W top electrode. The device 
resistance can be switched back to a higher state when applying a negative voltage after the 
forming process. The devices showed bipolar resistive switching behavior. It shows that the 
initial oxygen content inside TaOx layer will influence the devices initial resistances and the 
resistive switching behaviors dramatically (Figure S 2). 
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Figure S 2 Typical electrical properties of TiN/TaOx/W structured devices. (a) During pulsed laser 
deposition (PLD) of TaOx layer, as the oxygen partial pressure PO2 vary from 10-6 mbar to 2×10-2mbar, 
the initial resistances of devices increased about seven orders of magnitude (b) Typical I-V curves for 
devices with TaOx layer deposited at different PO2. For TaOx layer deposited at PO2 > 2×10-3 mbar, the 
devices began to show resistive switching behavior. Inset of (a) is an illustration of device film stacks. 
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The effect of external stimuli on the performance of memristive 

oxides 

Yang Li, Dennis Valbjørn Christensen, Simone Sanna, Vincenzo Esposito, and Nini Pryds 

Department of Energy Conversion and Storage, Technical University of Denmark 

Abstract 

This book chapter provides a comprehensive overview of the interrelationship between memristors 

properties and their responses to external stimuli such as electrical field, magnetic field, temperature, strain 

and radiation. The ability of a material to change properties in response to external stimuli is an attractive 

feature which is gaining attention across many different fields, especially for metal oxides, where it already 

finds uses in numerous applications, such as light-emitting diodes and photodetectors, chemical sensors, 

transistors, and nonvolatile memories. This book chapter introduces the concepts of stimuli-responsiveness 

for metal oxide based memristors, including the fundamental materials properties required for designing and 

understanding the new generation of memristors under the application of external stimuli. It provides 

readers with comprehensive scientific literature review on the principles and the developments of stimuli 

responsive memristor and presents several concrete examples showing the effect of external stimuli on the 

materials properties. 

Introduction 

The concept of memristor was first introduced and predicted by Leon Chua [1], [2] as the forth basic circuit 

element after resistor, capacitor, and inductor. It is based on a two terminal passive device linking the 

relationship between the charge ! as time integral of current "($) and the generalized flux & as time integral 

of voltage '($). If the resistance representing the ratio '/" depends on the charge !($) passed through the 

device, it becomes a memristance )(!($)) according to 

'($) = )(!($))/$ 

This theoretical concept was verified experimentally by R. Stanley Williams and his colleagues by fabricating 

nanoscale memristor based on TiO2 thin films sandwiched between two electrodes.[3] The memristance, i.e. 

the property of a material which enables it to remember the last resistance it had before being shut off, 
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shows hysteretic behavior which can be exploited as non-volatile memory device. Memristors, which are also 

known as resistive switching memories, can be grouped in different categories depending on the underlying 

physical mechanism responsible for the non-volatile behavior: ferroelectric random access memory 

(FeRAM),[4], [5] magnetoresistive random access memory (MRAM),[6], [7] phase change memory (PCM),[8], 

[9] and resistance (switching) random access memory (RRAM).[10]–[13] In this chapter, we will focus on 

RRAM and provide an overview of how devices respond to various external stimuli (electrical field, magnetic 

field, temperature, strain and radiation) as well as explaining the physical mechanisms behind these 

observations. For the other types of novel non-volatile memory technologies mentioned above, the readers 

referred to many excellent reports including review papers and books[4]–[9] which will not be included in 

this book chapter. 

A typical RRAM device exhibits a three-layered metal-insulator-metal (MIM) structure. The device switches 

under an electrical stimuli between two different resistance states, i.e. high resistance state (HRS or +!"") 

and low resistance state (LRS or +!#) with a typical value of the resistance ratio +!""/+!# exceeding 10.[13] 

Usually a “forming process” is required to trigger the resistive switching behavior in a device at the high initial 

resistance state (IRS). During the forming process of many resistive switching devices, conductive filaments 

are formed, connecting the top electrode (TE) and the bottom electrode (BE) of the device and switching the 

device to LRS. The following process of switching the device from LRS to HRS is called RESET while the 

opposite process from HRS to LRS is called SET. A compliance current ("$$), i.e. the maximum current that 

can flow through a RRAM device during the forming or SET process, is applied to protect the device from 

hard breakdown. A typical device structure and "-' curve during switching process is as shown in Figure 1. 

 

 



  

  

Fabrication and electrical properties of advanced thin film materials for resistive switching memories 109 

III 

 

 3 

Figure 1 A schematic illustration of (a) metal-insulator-metal (MIM) structured RRAM device under electric field and (b) its switching 

process and the corresponding !" curve. 

Redox-based ion-related RRAM devices include two types of memory devices: electrochemical metallization 

memories (ECM) and valance change memories (VCM).[13]–[16] More detailed explanation of RRAM devices 

and the corresponding switching mechanisms can be found in Refs.[10], [11], [17]–[24] In the remaining of 

the chapter, emphasis will be put on the effect of external stimuli on the device behavior.  

1. Electrical field  

External applied electrical field is the most basic and common method to tune the resistance states of RRAM 

devices. The ECM based device is a memory cell with a metal electrode supplying electrochemical active 

elements, such as Ag and Cu, and a counter inert electrode, such as Pt and W. The distance between the 

electrodes can be very small, e.g. a few nanometers to a few tens of nanometers. A conductive filament 

formed during the switching process consist of an active electrodeposition of metal bridging the two 

electrodes. The SET process of ECM involve three steps: (i) anodic dissolution of electrochemical active metal 

)  () → )%& + ./' , with )%&  representing the metal cations in the resistive oxide thin film and /' 

representing electrons), (ii) migration of the metal cations under the external electrical field, and (iii) 

reduction and electrocrystallization of ) on the surface of inert electrode ()%& + ./' → )). In the RESET 

process, the formed conductive filaments are dissolved partially under reverse external stimuli.[25] VCM 

device consists of electrodes which do not inject metal cations but rather form conductive filaments consist 

of oxygen vacancies '!.. . The conductive filaments are driven by point defects, such as oxygen vacancies 

'!.. .[26]–[28] 

Direct experimental observations of conductive filaments were reported using different experimental 

methods, including energy dispersive X-ray spectroscopy (EDX),[29] scanning electron microscopy (SEM),[29] 

transmission electron microscopy (TEM),[26], [27], [30]–[34] scanning TEM (STEM),[35] conductive atomic 

force microscopy (CAFM),[36], [37] X-ray absorption spectroscopy,[28], [38] and scanning tunneling 

microscopy (STM).[39] 

The formation and the dissolution dynamics of conductive filaments for Pt/SiO2/Ag structured RRAM was 

studied by TEM, as shown in Figure 2 (a) to (c). Figure 2 (a) shows the initial device state without any 

conductive filaments inside SiO2 layer (bright layer). During the forming process, conductive Ag filaments 

were formed, Figure 2 (b), and later dissolved during the RESET process, Figure 2 (c). A schematic illustration 
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of the Ag ions transport and reduction process which results in formation of dendrite shaped filaments is 

given in Figure 2 (d).[40] 

 

Figure 2 Observation of Ag conductive filament dynamics in SiO2-based RRAM. Scale bar, 200 nm. (a) TEM image of an as-fabricated 

Ag/SiO2/Pt structured RRAM device with an inset showing the device structure schematic illustration. (b) TEM image of the same 

device after the forming process. The arrows highlight several representative filaments. (c) TEM image of the same device after RESET. 

(d) A schematic illustration of the conductive filament formation process under external electrical stimuli.[40] 

The conductive filaments can be controlled by the compliance current in the SET process[41]–[46] and the 

stop voltage in the RESET process.[41], [42], [46]–[48] By limiting the compliance current ("$$) during the SET 

process, it was shown possible to control the diameter of the conductive filament.[45], [49] In the RESET 

process, a depletion gap is formed and interrupted the conductive filament, i.e., the electric field drops across 

the gap region and induces an abrupt increase of cell resistance. The length (distance) of the depletion gap 

can be controlled by different RESET stop voltage.[25], [50] An example illustrating the control of the 

resistances by both limiting the compliance current in the SET process and the stop voltage in the RESET 
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process within one RRAM device is shown in Figure 3. Figure 3 (a) shows a circuit of one RRAM device 

connected in series with one transistor, which formed the so-called one transistor one RRAM (1T1R) structure. 

The transistor here is implemented in order to provide the possibility to control the compliance current. A 

TEM picture of the device is also provided in Figure 3 (a). By varying the compliance current from 100 μA to 

1 μA, the intermediate resistance states (INRS) achieved after SET process varied from 1 kΩ to 1MΩ. This 

showed a relationship between the INRS and the compliance current "$$  of INRS∝ )
*!!

, Figure 3 (b). Figure 3 

(c) shows different INRS achieved by varying RESET stop voltage, here the INRS was found to be INRS∝ '+,-,.. 

 

Figure 3 Multi-level storage obtained in (a) 1T1R structured RRAM by (b) different compliance current in SET process and (c) different 

sweep stop voltage in RESET process.[42] 

The above example shown in Figure 3 used voltage sweep to switching the RRAM device. Besides voltage 

sweep, the external voltage can also be applied in a form of voltage pulse.[48], [51]–[57] Compared to voltage 

sweep switching, the voltage pulse switching method has several advantages, such as fast switching speed 

and low switching energy. For example, the fastest switching time by voltage pulse is about 100 ps for SET 

process and 120 ps for RESET process.[56] The switching energy consumption by voltage pulse is as low as 

less than 0.1 pJ per bit.[57] The voltage pulse width and amplitude can also influence the amplitude of the 

resistance change. Two examples illustrating the change of voltage pulse are shown in Figure 4 (a) and (b). 
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Figure 4 (a) shows that by increasing the amplitude of the RESET voltage pulse from -4.5 V to -6.5 V, the HRS 

increases.[58] Figure 4 (b) shows that by decreasing the voltage pulse width from 100 µs to 100 ns in RESET 

process (or by decreasing the voltage pulse width from 100 ms to 10 µs in SET process), the HRS decreases 

(or the LRS achieved increases).[59] Figure 4 shows the device structures (left) and the corresponding device 

responses under voltage pulse (right). 

 

Figure 4 (a) In Ti/TiOx/TiO2/TaOx/Ta RRAM, multiple resistance states, indicated by ‘11’, ‘10’, ‘01’, ‘00’, were achieved by using 

different voltage pulse heights in RESET process. An excellent endurance property of 1012 cycles without obvious resistance 

degradation was also verified by using pulse switching mode.[58] (b) In Pt/PCMO/SiNx/W RRAM, multiple high resistances or multiple 

low resistances were achieved by varying pulse widths in RESET and SET process, respectively.[59] 

2. Magnetic field 

The research question is whether resistive switching can be influenced by magnetic field? If the answer is 

positive, this can provide a unique opportunity to encode information in resistive switching with the help of 

magnetic modulation.[60] However, so far only few works have been focused on the responses of a device 

to external magnetic field.[60]–[65] 

For ECM devices, such as Pt/TiO2/Ni,[61] Pt/HfO2/Ni,[62] and Pt/HfO2/Co RRAM[63], the conductive filaments 

consist of magnetic metal ions such as Ni and Co. The anisotropic magnetoresistance (AMR) behavior in 

Pt/HfO2/Ni device is shown in Figure 5.[61] The directions of the external magnetic field are shown in Figure 

5 (d). Magnetic field of 1/ and 10 are in plane of the substrate and perpendicular to the Ni top electrode, 



  

  

Fabrication and electrical properties of advanced thin film materials for resistive switching memories 113 

III 

 

 7 

i.e., 1%  is perpendicular to the substrate. Magnetoresistance is defined as ∆+/+ = [+(1) − +(11)]/
+(11) × 100(%) , where +(1)  is the resistance under the external magnetic field and +(11)  is the 

resistance at zero field. The AMR of device at LRS under different magnetic fields are as shown in Figure 5 (a) 

to (c). Low AMR value was observed with a relative resistance change of less than 0.5%. The observed AMR 

is induced by ferromagnetic conductive filaments formed during the LRS. Whereas no AMR was observed for 

devices at HRS (data not shown in original references).[61], [62]  

 

Figure 5 Anisotropic magnetoresistance (AMR) observed in Pt/TiO2/Ni RRAM devices at LRS. The directions of the applied magnetic 

field are (a) #", (b) ##, and (c)#$ as indicated in (d).[61] 

For VCM devices, such as Pt/Co:ZnO/Pt,[60] Pt/Mg-substituted ZnO/Pt,[65] and 

Ag/BaTiO3/FeMn/BaTiO3/Ag,[64] the magnetization (or magnetic moment) and coercive field of the RRAM 

devices at both HRS and LRS were tested.[60], [65] The resistive switching was found to be controlled by 

magnetic fields.[64] A model of bound magnetic polarons (BMP), stemming from a coupling between the 

magnetic moments of the electrons and those of the magnetic ions, was used to explain the resistive 

switching as a function of magnetic modulation for the VCM.[60], [65], [66] As shown in Figure 6 (a), the 

device configuration consists of Pt/(Zn0.95Co0.05)O/Pt and the resistive switching layer, (Zn0.95Co0.05)O, is made 

of a diluted magnetic semiconductor (DMS). Figure 6 (b) and (c) show typical magnetization hysteresis loops 

of devices measured at HRS and LRS. The most eminent feature is that both the saturation magnetization 

()-) and coercive field (1$) changed as the device switched between HRS and LRS. The )- changed from 3.2 

µemu to 5.8 µemu and the 1$  changed from 65 kOe to 90 kOe as the RRAM switched from HRS to LRS, 
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respectively. Reversible control of )- and 1$  in a sequence of HRS/LRS cycles is shown in Figure 6 (d) and 

(e). The BMP mechanism is believed to be accounted for the observed ferromagnetism. The higher density 

of well-ordered '!..  yields a larger volume occupied by BMPs, thus increasing the probability of transferring 

more Co2+ ions into the ferromagnetic domains and enhanced the ferromagnetism. While the model claimed 

remains phenomenological, the description appears reasonable and efforts to pursue these processes 

further are highly warranted. 

 

Figure 6 (a) A schematic illustration of Pt/(Zn0.95Co0.05)O/Pt RRA device and measurement setup. Hysteresis loop measured at room 

temperature of RRAM devices at (b) HRS and (c) LRS. The magnetization $% (d) and coercive field #&  (e) are altered reversibly when 

the resistance of RRAM switched between HRS and LRS.[60] 

The desire is to achieve a multi-level or a multi-state storage by combining electrical and magnetic properties 

together however, a real uncoupled multi-level storage device has not yet been fully realized, since the 

magnetic properties are always coupled to the device resistance states. More detailed models of the physical 

mechanism are desirable to a better understanding the device behavior and its relation to magnetic stimuli. 

3. Thermochemical treatments 

In this part, we would like to discuss the thermochemical treatment which refers to annealing of post-

deposited RRAM devices under a certain gas atmosphere at elevated temperatures. Depending on the gas 

type, temperature and treatment time, the thermochemical treatment can influence the device 

crystallinity,[67]–[69] defects concentration,[52], [70]–[74] and stoichiometry,[73] which will in turn affect 

the devices performances. 
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Thermochemical treatment can have a profound influence on the device crystallinity i.e., the degree of 

structural order. The Pt/TaOx/W system after annealing at 964 °C for 30 min shows a change of the TaOx layer 

structure from amorphous to polycrystalline β phase while the resistive switching showed negligible 

degradation.[67] For the TiN/HfOx/TiN based system, only cubic HfOx layer deposited at 350 ˚C showed 

resistive switching while the monoclinic HfOx deposited at 400 ˚C did not show resistive switching.[75] 

Interestingly, in the Pt/HfO2/Pt system, the monoclinic HfOx also showed resistive switching.[69] For the 

Pt/La0.7Ca0.3MnO3 (LCMO)/Ag system, the resistance switching took place only at the crystalline state of the 

LCMO and not in the amorphous state.[76] 

During a thermochemical treatment, defects such as hydrogen ions or '!.. , can be introduced into metal oxide. 

Annealing the TiN/Ta2O5/Ta in NH3 at 400 °C for 5 min, introduced hydrogen into Ta2O5, see Figure 7 (a). The 

presence of hydrogen inside Ta2O5 decreased the forming voltage as well as the LRS of the device. Besides, 

the drift of both HRS and LRS to higher resistances is reduced after treatment with NH3. Figure 7 (b) and (c) 

show the degradation of the resistance after 15 days for samples treated at 250 °C. However, devices which 

annealed with NH3 showed less pronounced degradation of the resistance. The authors explained this 

behavior in the following way: annealing introduces H species which led to spontaneous formation of O-H 

bonds in Ta2O5. This process can be expressed using the Kröger–Vink notation by 
)
212(:) + ;!

/ ⇌ 1;!& +
/', which shows that the formation of O-H act as donors i.e., leads to the generation of electrons (/'). After 

heat treating the devices at 250 °C for 15 days, the introduction of H species led to a better thermal stability 

of both the HRS and the LRS. At elevated temperatures and over long time (15 days), the O-H bonds stabilized 

the '!..  defects and improved the stability of the conductive filaments . In another example, it was shown that 

annealing of Al-doped ZnO/ZnO/Au in H2 at 350 ˚C for 15 min introduced a layer with high concentration of 

'!.. , which acted as oxygen reservoir.[71] This resulted in improvement of the +!""/+!# ratio from ~10 to 

104. In both Pt/Al2O3/Cu based ECM type and Pt/HfO2/Zr based VCM type RRAM, annealing the devices in 1 

MPa H2 at 400 °C for 30 min lowered the forming voltage due to the generation of oxygen vacancies '!..  and 

;1' bounds, which assist the conductive filament formation.[70] 

Thermochemical treatment can also result in stoichiometry changes. An example of such effect can be seen 

in the Pt/TaOx/TiN system which was annealed in O2 at 300 ˚C for 1 min. Here, the stoichiometry of TaOx 

changed from TaO2-y to Ta2O5-z which has a profound effect on the device endurance i.e., changes from 27 

cycles to more than 270 cycles, as shown in Figure 7 (d) to (e). 
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Figure 7 Rapid thermal annealing effect in TaOx based RRAM devices. (a) Schematic illustration of TiN/Ta2O5/Ta RRAM and a TEM 

cross sectional view of the RRAM device, (b) resistance retention behavior in devices without NH3 annealing, (c) resistance retention 

behavior in devices with NH3 annealing.[72] (d) Schematic illustration of Pt/TaOx/TiN RRAM, (e) endurance behavior without rapid 

thermal annealing (RTA), (f) endurance behavior after rapid thermal annealing.[73] 

4. Strain 

Due to the potential application of RRAM devices in electronics, roll-up displays, and wearable devices, the 

impact of stress and flexible (foldable or stretchable) RRAM devices have been widely studied and reported. 

Various substrates including paper,[77], [78] polyethersulfone (PES),[79]–[84] plastic,[85]–[88] 

polyimide,[89]–[91] poly-ethylene-naphthalate (PEN),[92] poly-ethylene-terephthalate (PET),[93]–[100] 

parylene,[101] polydimethylsiloxane (PDMS),[102] mica,[103] and water soluble substrates[104] have been 

used in flexible applications. 

Exploring the feasibility of printable, foldable and stretchable devices and the effect of strain on the device 

is of particular interest and is a key parameter for tuning the functionality of the devices.[105] Three sources 

of stress can be applied to a device, i.e. stress caused by external mechanical deformation,[82] stress 

introduced by interfaces mismatch, i.e., heterostructure interfaces[105], [106] and weak points at grain 

boundaries,[107], and stress induced by doping.[108] Figure 8 shows schematic illustrations of two types of 

stress sources with (a) showing the mechanical bending stress[82] and (b) showing the stress introduced at 

heterostructure interfaces, either in multilayer (left) or vertical aligned (right) structure.[105] Doping is a very 

common and widely used way to influence the performance of the devices, but currently there are only a 
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few reports which explain or relate the stress causes by the doping to the device performance and therefore 

this not be discussed here.[109], [110], [119]–[122], [111]–[118] 

 

Figure 8 Two sources of stress applied to RRAM device: (a) the fabrication process flow of Al/TiO2/Al structured RRAM on 

polyethersulfone (PES) and a photograph of the mechanical bending stress applied to RRAM devices;[82] (b) illustration of stress 

introduced by heterostructure interfaces inside RRAM device.[105] 

The most commonly reported applied stress is bending, which is often characterized by the so-called 

mechanical flexibility and endurance. Mechanical flexibility of the device is commonly characterized by the 

bending radius R and bending angle θ, as illustrated in Figure 9. Mechanical endurance is characterized by 

the repeatability of the bending process, i.e. the number of bending cycles. 

 

Figure 9 Common mechanical stress applied to RRAM devices with an illustration of bending radius R and bending angle %. 

Before reaching a critical crack initiation and propagation which lead to the failure of the device, most devices 

exposed to mechanical stress showed stable resistive switching, including single layered Al2O3,[79], [87] 

HfO2,[98], [101], [104] TiO2,[78], [82], [84], [86], [89], [97] ZnO,[80], [81], [99], [123] NiO,[94] CuxO,[88] 

WO3·H2O,[96] and α-IGZO,[85] bilayered Al2O3/HfO2,[93] Zr0.5Hf0.5O2/InGaZnO,[103] Al-In-O/InOx,[124] 
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GeOx/HfON,[90] and TaOx/TiO2.[91] Due to different ductility of the individual film, detachment of the films 

or formation of crack often happened under repetitive bending or varying strain conditions.[81], [96], [123] 

As the bending radius decreases (i.e., increasing the bending angle), cracks are initiated and propagated 

leading to deterioration of the resistive switching behavior. The crack density increases as the strain 

increases.[98] An example using the ITO/HfOx/ITO device show that the relation between the bending radius 

and the strain as well as crack density are shown in Figure 10 (a) and (c). The strain was estimated by the 

relation = = $/2+, where $ is the thickness of the substrate and + is the bending radius.[98] As the bending 

radius decreased from flat state (∞) to 2 mm, the strain increased from 0% to 3.18%. The structure of the 

HfOx layer is a mixed amorphous-nanocrystalline and the tensile stresses in HfOx layer is found to be released 

by the presence of the amorphous components. As the crack density in the ITO bottom electrode increased 

from 0 to 35 mm-1, the resistance of the ITO layer increased and the corresponding voltage required for RESET 

increased as well. At the critical bending radius of 2 mm, the applied voltage mainly dropped on the fractured 

bottom electrode and the voltage remained on the HfOx layer is no longer sufficient to rupture the conductive 

filament. The devices failed to RESET and the +!""/+!# ratio decreased to 0, as shown in Figure 10 (b) and 

(d).[98] 

 

Figure 10 Mechanical flexibility of TIO/HfOx/ITO structured RRAM device: (a) mechanical strain vs. bending radius.(b) resistance 

evolution as a function of the bending radius, (c) crack density vs. bending radius, and (d) switching voltages evolution as a function 

of the bending radius.[98] 
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The experimental setup of strained Ti/TiO2/TaOx/Ta device deposited on polyimide are shown in Figure 11 (a) 

and (b). In these experiments, both the LRS and HRS increased as the bending radius increased from a flat 

state to 10mm, see Figure 11 (c).[91] The physical mechanism behind the behavior of the device resistance 

under bending is still unclear. 

 

Figure 11 (a) Schematic illustration of device structure. (b) Image of fabricated RRAM devices, electrical measurement setup and 

flexible RRAM device. (c) Resistance evolution as the bending radius decreased.[91] 

Experiments with ITO/HfOx/ITO deposited on poly-ethylene-terephthalate (PET) showed no obvious 

degradation of the resistance after 2.4x104 cycles of bending i.e., at a bending radius of 6 mm.[98] Whereas 

ITO/ZnO/ITO devices deposited on polyethersulfone (PES) began to show degradation of the resistance 

already after 10 cycles of bending, i.e., at a bending radius of 20 mm. The degradation of the resistance is 

caused by cracks formation in the ITO bottom electrode.[81] The number of bending cycles was improved 

from 10 to 104 cycles for the PES/ITO/ZnO/ITO by inserting a ductile Ag layer between the ITO bottom 

electrode and the ZnO layer, as shown in Figure 12 (a). A record of 105 bending cycles was measured for the 

Ni/GeO/HfON/TaN system, as shown in Figure 12 (b).[90] Both LRS and HRS remained stable after 105 

bending cycles, however, the reason for such improvement in the bending resistant was not explicitly 

explained. Other works [78], [94], [96], [98], [103], [123]–[125] also reported the mechanical robustness of 

the device by showing stable resistance states after many cycles of bending, yet currently the maximum 

bending cycles is still 105. 
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Figure 12 Mechanical endurance of RRAM devices. (a) ITO/ZnO/ITO structured RRAM devices showed severe resistance degradation 

after 10 times of bending due to the bottom electrode cracking. Improved mechanical endurance was achieved by inserting Ag into 

bottom electrode.[81] (b) TaN/HfON/GeO/Ni structured RRAM device showed robust LRS and HRS after 105 times of bending.[90] 

Since a poor adhesion between the device and the substrates usually results in formation of cracks and 

detachment under repetitive bending, flexible materials rather than metal oxides are often used, e.g., organic 

materials[77], [102], [125], [126] and graphene oxide[83], [95], [100] based devices. Since this chapter is 

dealing mainly with metal oxide we will not discuss these type materials by rather referred the readers who 

are interested in these materials to the references above. 

Besides bending, stress can also be introduced at the interfaces, such as multilayer heterostructures by 

mismatch of the different layers.[127], [128] Many studies in metal oxide heterostructures with variation of 

interfaces focused on tuning the ionic conductivity through lattice compressive or tensile strain caused by 

the mismatch between the layers.[129]–[132] For example, tuning the '!..  mobility in Gd0.1Ce0.9O2-δ/Er2O3 

heterostructures was reported to enhanced the mobility as the number of interfaces increase.[106] In this 

paper, the strain was systematically varied by increasing the number of individual layers of Gd0.1Ce0.9O2-δ and 

Er2O3 from 1 to 60 while keeping the overall heterostructure at a constant thickness. By changing the 

compressive strain in these structures by more than 1.16%, the activation energy for oxygen vacancies 

migration was altered by 0.31 eV while the ionic conductivity increased. The same authors used the same 

system Gd0.1Ce0.9O2-δ/Er2O3 to fabricate RRAM device with side electrodes to study the stress effect on the 

performance of the device along the direction of the interfaces, Figure 13 (a). [106], [128], [133] The lattice 

mismatch between the Gd0.1Ce0.9O2-δ and the Er2O3 interface led to an in-plane compressive strain in 

Gd0.1Ce0.9O2-δ, as shown in Figure 13 (b) and in the TEM image in Figure 13 (c) and (d). By increasing the 

number of interfaces from 6 to 60 while keeping the ceria-to-erbia ratio and the total film thickness constant, 

the device transformed from a volatile to a nonvolatile behavior. Hysteresis of the resistance during cycling 

was also observed and it was explained by the formation of filaments of ceria at the phase boundary with 
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erbia. The authors speculate that the low mobility of oxygen ions was a results of compressive strain. The 

low mobility of oxygen vacancies does not allow fully oxidation Ce, which basically hindered the formation 

of conductive filaments, this retained the device kinetically frozen at LRS. 

 

Figure 13 (a) a schematic illustration of device composed of Gd0.1Ce0.9O2-δ/Er2O3 heterostructures and the testing set up, (b) schematic 

view of one of the Gd0.1Ce0.9O2-δ/Er2O3 interface showing the lattice mismatch induced strain and the conduction channels of oxygen 

vacancies "'.. , (c) bright field high resolution TEM image of a 60 interface sample, and (d) diagram illustration of the Miller plane 

spacing measurements and the in-plane compressive and out-of-plane tensile strain.[133] 

5. Radiation 

Radiation is another form of external stimuli which can affect the performance of the resistive switching 

device. External radiations often cause defects generation in the materials, such as electron-hole pairs[134], 

[135] and Frenkel defects,[136] or ion displacement,[137]–[139] which thereby effect the performance of 

the RRAM devices. A wide range of electromagnetic and particle radiations can affect the RS behavior of the 

materials, e.g. x-ray,[139]–[142] γ-ray,[75], [137], [150]–[153], [139], [143]–[149] ultraviolet light (UV),[140], 

[154] visible light,[155]–[157] protons,[139], [141], [142] α particles,[158]–[160] heavy ions,[161]–[164] and 

neutrons.[135], [138] Interestingly, in space application the failure of the RRAM devices can be caused by 

cosmic rays and radiations from the Van Allen radiation belts around the earth.[158], [165]  

The effect of radiation can be categorized into two main types: (1) a cumulative effect and (2) a single-event 

effects (SEE). Cumulative effects are the device responses to total ionizing dose (TID) integrated over time. 

While SEEs are caused by a single, energetic particle and is characterized by an instantaneous failure 

mechanism.[158], [163], [165]–[168] 

Total ionizing dose (TID) is characterized by absorbed dose, i.e., the energy absorbed by matter, with a unit 

called rad (an acronym for radiation absorbed dose). The effect of TID on RRAM devices were tested using γ-
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ray generated by 60Co source,[75], [137], [150]–[153], [139], [143]–[149] x-ray,[139]–[142] protons,[139], 

[141], [142] and EUV[140] as radiation sources. The responses of the device to TID depend on metal oxide 

materials, radiation dose and device dimensions. Different TID tolerance values were reported in different 

oxide based RRAM.[137], [148]–[150] A threshold TID to change device resistances or switching voltages was 

reported[140] and higher dose usually caused more severe device degradation.[140], [144], [147], [148] In 

Pt/HfO2/Ti/Pt devices, the TID threshold for HRS change was reported to be 100 Mrad for EUV and 600 Mrad 

for x-ray.[140] The effect of γ-ray irradiation on the Mo/Ti/HfO2/Au system is shown in Figure 14. Both HRS 

and LRS decreased with the increase the irradiation dose, i.e., 60Co γ-ray, Figure 14 (b). In particular, more 

than 20% change in LRS, 20% change in forming voltage and 16% change in SET voltage were observed as the 

radiation dose exceeded 3 Mrad, see Figure 14 (c) and (d).[147] Here, the decrease in the forming voltage 

and SET voltage were explained by the increase of oxygen vacancies inside HfO2 layer after radiation. In other 

experiments, the performance of the device as a response to radiation were explained by radiation-induced 

charge trapping inside the RRAM devices,[139], [143], [144] radiation-induced defects generation,[147], [150] 

and metal oxide phase transition.[148], [149] 

 

Figure 14 (a) Schematic illustration of Ti/HfO2/Au RRAM device. 60Co γ-ray irradiation effect on (b) resistance states, (c) forming 

voltage and (d) SET voltage in Ti/HfO2/Au RRAM.[147] 
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Thinner oxide layer and smaller device area showed improved resilience to radiation, e.g. Pt/TaOx/TiN RRAM 

devices as shown in Figure 15 (a). These devices with a thickness 25nm were exposed to 180 krad (Si) of γ-

ray radiation.[143] Devices with the same area of 20 µm x 20 µm, but a thicker, i.e. 50 nm, show a larger 

degradation of the HRS after radiation compared to a thinner samples i.e., 25 nm , see Figure 15 (b). This is 

explained by a electron-hole pair generation under γ-ray radiation where holes believed to be trapped. Holes 

are more likely to be trapped in thick oxide layer or near the oxide/metal electrode interface in this device. 

This was explained by the drift or hopping of holes under different built-in electric field caused by different 

oxide thickness. Here, the trapped holes in thick oxide may form a path for the electron transport, which 

resulted in a decreased HRS. Whereas holes tapped near interface in thin oxide are more easily to escape 

and tunnel through electrode, which impeded the formation of an electron conduction path in thin oxide. In 

the same structured devices with different area of 2 µm x 2 µm, 20 µm x 20 µm, and 80 µm x 80 µm, higher 

HRS degradation are observed in larger area devices, as shown in Figure 15 (c), indicating an improved 

tolerance to irradiation as devices scale down.[143] 

 

Figure 15 (a) A schematic illustration of 20 µm x 20 µm Pt/TaOx/TiN RRAM device, (b) resistance degradation after radiation in devices 

of same area of 20 µm x 20 µm with 25-nm thick TaOx and 50-nm thick TaOx, respectively, (c) HRS degradation after radiation in 

devices of different area of 2 x 2 µm, 20 x 20 µm, and 80 x 80 µm.[143] 

RRAM devices were also reported to be resilient to a single-event effects (SEE). The TiN/HfOx/Ti device was 

irradiated by heavy ions and showed no single event upset in the device.[163] The effects of SEE on the 

devices were also simulated based on the experimental results of TiN/TaOx/Ta/TiN RRAM and the results 

indicated that the system is highly resistant to SEEs for over 30 years of operation.[167] 

Radiation can also affect the device resistances through radiation induced metal-oxygen bond breaking,[155], 

[169] photon-excited oxygen ion migration,[156] and illumination generated electron-hole pairs.[157] Figure 

16 (a) shows the effect of photo-radiation on the performance of RRAM devices for the ITO/ZnO nanorods/Au 

structured.[155] After treating the sample with a low surface-tension perfluorinated liquid, the 
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hydrothermally grwon ZnO nanorods changed from hydrophilic to super hydrophobic. When submerged in 

water, a double layer containing water-air interface structure is formed due to the hydrophobic property of 

ZnO nanorods, as shown in Figure 16 (b). The air layer prevented the water from penetrating to the device 

and caused an operational failure or even more seriously, an electric shock. The water/air interface 

completely reflected the light when the incident angle is larger than the critical incident value of ?3 = 48.6°. 
When the angle of the light incident is larger than ?3, the light is totally reflected and the device showed 

resistor-type behavior, as shown in Figure 16 (c). When the light incident angle is smaller than the critical 

angle ?3, the light penetrate the water-air interface and device showed memristor-type behavior, as shown 

in Figure 16 (d). The presence of light, triggered the resistive switching behavior due to the radiation induced 

desorption of cheimisorbed oxygne ions from ZnO nanorods. This gave rise to selective illumination direction 

as a tuning parameter to trigger the RS. 

 

Figure 16 Light radiation (wavelength of 200 to 2500 nm) induced RS behavior inside the ITO/ZnO nanorods/Au structured RRAM 

devices.(a) Schematic diagram representing the concept of light controlled reversible device function between memristor-type 

behavior and resistor-type behavior, (b) schematic side view of RRAM device submerged in water with a total reflection at 48.6˚, (c) 

when the incident angle is 60˚, the light is total reflected and the device showed resistor-type behavior, (d) when the incident angle is 

10˚, the light can assist the oxygen inside ZnO nanorods and device showed memristor-type behavior.[155] 
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Light illumination can also influence the oxygen ion migration of the devices and lead to accelerated 

dissolution of the filaments. In TiN/HfO2/diamond-coated Si tip RRAM device,[156] as shown in Figure 17 (a), 

light radiation caused current drop/RESET process inside the RRAM device. Under light illumination, the 

device current drops and the resistance increases, which indicates a conductive filament rupture process 

under illumination, as shown in Figure 17 (b). As the illumination intensity increases, the time it takes to 

RESET decreases. At an illumination intensity of 1 mW/cm2, the device resistance can be modulated by 

controlling the exposure time, as shown in Figure 17 (c). The illumination induced drop in the resistance and 

it is due to the photons induced excitation of oxygen ions migration. During the formation of conductive 

filament (comprising oxygen vacancies) in the dark, Figure 17 (d), oxygen ions are populating the interstitial 

sites in the filament vicinity. Under light illumination, the interstitial oxygen ions migration is excited by 

photons, migrating and recombining with the filament vacancies. This lead to a conductive filament rupture, 

as shown in Figure 17 (e). 

 

Figure 17 Light induced resistance modulation due to light excited oxygen ion movement. (a) Schematic illustration of the device 

structure and experimental setup used in this study. (b) Current drop (RESSET) process speed dependence on illumination intensity, (c) 

different intermediate resistance states can be achieved by limiting the duration of exposure time. (d) Conductive filament comprising 

of oxygen vacancies under darkness, (e) photon excited oxygen migration and recombination with oxygen ions, which lead to 

conductive filament rupture under illumination.[156] 

The behavior of Ti/BiFeO3/ITO RRAM device under different light intensities [157] is shown in Figure 18 (a) 

and (b). As the light intensity increases, both SET voltage ( '-,.) and RESET voltage ('+,-,.) decreases, as 



  

126 Fabrication and electrical properties of advanced thin film materials for resistive switching memories 

III 

 

 20 

shown in Figure 18 (c). The HRS drops from 550 MΩ in the dark to about 1 MΩ under a light with intensity of 

20 mW/cm2, Figure 18 (d). The change in the HRS under light illumination were verified both in the dark and 

under light illumination repeatedly as shown in Figure 18 (e). Besides the switching properties, the device 

also showed a significant photoferroelectric effect where both ferroelectric polarization (E4) and saturated 

ferroelectric polarization (E5) increases as the light intensity increases, not shown here. The light induce 

modulation of the resistive switching was explained by the photo-generated polarized charges in the BiFeO3 

layer which cause an increase in the electric field in the opposite direction leading to a decrease in the HRS 

and the LRS. 

 

Figure 18 (a) Schematic device illustration of Ti/BFO/ITO RRAM, (b) I-V curve change under different light illumination conditions, (c) 

light radiation caused decrease of switching voltages, (d) light illumination decreased both HRS and LRS, (e) repeatable verification of 

resistance change in the dark and under light illumination condition which is explained by photo-generated polarized charges in BiFeO3 

layer.[157] 

Outlook 

Memristors materials capable of responses to external stimuli represent one of the most exciting and 

emerging areas of scientific interest and unexplored commercial applications. This provide the potential to 

modify the materials by applying external stimuli such as light, temperature, magnetic fields, electric fields 



  

  

Fabrication and electrical properties of advanced thin film materials for resistive switching memories 127 

III 

 

 21 

and stress. While there are many exciting challenges facing this field, there are a number of opportunities in 

design, synthesis, and engineering of memristor systems. However, this research topic is to a large extent 

still unexplored both experimentally and theoretically. This book chapter highlights the recent progress in 

stimuli-responsiveness of metal oxide based memristor. The demand for widespread research on 

development of stimuli-responsive memristors are requisite to understand and resolve the future challenges 

relating to the memristive switching dynamics which require higher resolutions in experiments and a larger 

degree of accuracy in modeling. This can lead to new and yet unexplored properties for future memory and 

computing technologies. Navigating this multi-dimensional space is an enormous task without an additional 

guidance. Therefore, combining in situ techniques and computational materials science to uncover the 

detailed switching mechanism is one of the key tools for understanding the responds of materials to multiple 

stimuli. 

Acronyms list 

FeRAM Ferroelectric Random Access Memory 

MRAM Magnetoresistive Random Access Memory 

PCM Phase Change Memory 

RRAM Resistance (Switching) Random Access Memory 

MIM Metal-Insulator-Metal 

IRS Initial Resistance State 

HRS/ROFF High Resistance State 

LRS/RON Low Resistance State 

TE Top Electrode 

BE Bottom Electrode 

CC Compliance Current 

ECM Electrochemical Metallization Memory 

VCM Valance Change Memory 

EDX Energy Dispersive X-Ray Spectroscopy 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

STEM Scanning Transmission Electron Microscopy 

CAFM Conductive Atomic Force Microscopy 
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STM Scanning Tunneling Microscopy 

INRS Intermediate Resistance State 

DMS Diluted Magnetic Semiconductor 

AMR Anisotropic Magnetoresistance 

C-AFM Conductive Atomic Force Microscope 

BMP Bound Magnetic Polarons 

XPS X-ray Photoelectron Spectroscopy 

PEN Poly-Ethylene-Naphthalate 

PET Poly-Ethylene-Terephthalate 

PDMS Polydimethylsiloxane 

UV Ultraviolet Light 

SEE Single-Event Effect 

TID Total Ionizing Dose 

Symbols list 

"($) Current as a function of time 

& Generalized flux 

'($) Voltage as a function of time 

!($) Charge as a function of time 

)(!($)) Memristance 

+!""  High resistance state 

+!# Low resistance state 

"$$  Compliance current 

) Electrochemical active metal 

)%& Metal cations 

/' Electrons 

'!..  Oxygen vacancy 

1 Magnetic field 

∆+ Resistance difference 

+(1) Resistance under external magnetic field 
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+(11) Resistance at zero field 

)- Saturation magnetization 

1$  Coercive field 

F3467 Critical temperature 

R Bending radius 

θ Bending angle 

= strain 

$ Thickness of the substrate 

?3  Critical incident value 

E4  ferroelectric polarization 

E5 saturated ferroelectric polarization 
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Phase separation in amorphous tantalum-oxide from first principles†

Christian Søndergaard Pedersen, Jin Hyun Chang
⇤
, Yang Li, Nini Pryds, Juan Maria Garcia

Lastra
⇤

The transition between Ta2O5 and TaO2 governs resistive switching in tantalum-oxide-based resistive

random access memory. Despite its importance, the Ta2O5�TaO2 transition is scarcely described

in the literature in part because the tantalum-oxide layer in devices is amorphous, which makes it

difficult to characterize. In this paper, we use first-principles calculations to construct the convex hull

of the amorphous Ta2O5-x system for 0  x  1 and show that oxygen-deficient tantalum oxide phase

separates into Ta2O5 and TaO2. In addition, our work challenges the conventional interpretation

of X-ray Photoelectron Spectroscopy (XPS) spectra of the Ta 4f orbitals. Specifically, we find that

TaO2 exhibits both the Ta
4+

peak associated with TaO2 and the Ta
5+

peak normally associated

with Ta2O5. While our simulated Ta2O5 peak originates from a narrow range of oxidation states,

the TaO2 peak comes from disproportionated Ta atoms with Bader charges ranging from +3 to

+1, the lowest of which are well below Ta atoms in crystalline TaO. Finally, we demonstrate that

the XPS blueshift of around 1 eV observed experimentally in amorphous Ta2O5 with respect to

crystalline Ta2O5 comes from both the presence of under-coordinated Ta atoms and longer Ta�O

bond distances in the amorphous system. Our simulated XPS analysis shows that amorphous XPS

spectra may be more complex than previously thought, and hence caution should be applied when

assigning XPS peaks to oxidation states.

1 Introduction
Resistive switching devices constitutes an important research
topic within the general area of random access memory (RAM)
technology.1,2 Since Chua proposed the “memristor” — mem-
ory resistor — in 1971,3 researchers have demonstrated memory
resistive properties in Metal/Metal-oxide/Metal devices4,5 using
semiconducting and insulating transition metal oxides such as
TiO2,4 HfO2,6,7 and Ta2O5

8 as the active layer. The switching
mechanism in these layers is initiated by applying a large electric
field across the device. This leads to the creation and subsequent
migration of oxygen vacancy (vO) defects, and eventually to the
growth of nanoscale filaments of oxygen-deficient and conductive
regions through the device.9–11

Tantalum pentoxide (Ta2O5) is one of the key candidate ma-
terial for the switching layer of memristive switching devices. In
a direct comparison to TiO2, which was the first material to be
linked to memristive switching,4 Ta2O5 shows five times greater
ionic mobility4,12 and, by extension, may yield greater switching
speed and lower power consumption.13 Additionally, a switching
endurance exceeding 1012 cycles has been demonstrated without

⇤
Department of Energy Conversion and Storage, Technical University of Denmark, DK-

2800 Kgs. Lyngby, Denmark. E-mail: jchang@dtu.dk, jmgla@dtu.dk

† Electronic Supplementary Information (ESI) available. See DOI:
00.0000/00000000.

device breakdown.14

Structurally, Ta2O5 thin films fabricated at low to room tem-
perature are amorphous,15–17 which make them difficult to study
on a theoretical level. Nevertheless, previous ab initio Molecu-
lar Dynamics (AIMD) studies based on Density Functional The-
ory (DFT) have provided in-depth investigations of amorphous
tantalum oxide. Utilising the atomic-level information offered by
DFT, researchers have described atomic arrangements surround-
ing singular vO’s,18 density-of-states spectra of several TaOx sto-
ichiometries,19 electrical conductivity of TaOx,20 and formation
energy of vO’s in Ta2O5 close to a Ta-Ta2O5 interface.21 To our
knowledge, however, neither experiment nor simulation has thus
far attempted to map the Ta2O5�TaO2 transition which governs
resistive switching in TaOx devices.

One reason for this is that determining the exact composition
of amorphous materials is a non-trivial task, which is highly de-
pendent on fabrication parameters.17 Several studies have ap-
plied X-ray Photoelectron Spectroscopy (XPS) to obtain binding
energies (BEs) for especially the Ta 4f orbitals.17,22–27 Usually,
the resultant spectra are deconvoluted using Gaussian/Lorentzian
functions17,24,26,27 assigned either to different oxidation states
of Ta or to different stoichiometries. The two assignments can
be used interchangeably since the stoichiometries Ta2O5, TaO2,
Ta2O3, TaO, Ta2O and Ta respectively correspond to the oxidation
states +5, +4, +3, +2, +1, and 0. A compositional analysis can

+PVSOBM�/BNF�<ZFBS>�<WPM�> 1–7 | 1
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be performed based on the relative areas underneath the fitting
functions. However, the XPS spectra of amorphous materials are
more complex compared to crystalline materials, which exhibit
well-defined patterns.

In this study, we zoom in on the transition between Ta2O5 and
TaO2, which is the range of compositions where resistive switch-
ing takes place. We use DFT to investigate amorphous Ta2O5-x
(a-Ta2O5-x), sampling fourteen different snapshots for each of six
different compositions with 0  x  1. We draw the convex hull
for the Ta2O5–TaO2 transition and confirm that the hull consists
of these two stoichiometries, with Ta6O13 being another possible
meta-stable intermediate phase. Further, we simulate XPS spectra
for each stoichiometry and show that the XPS spectrum of TaO2
shows both Ta5+ and Ta4+ peaks, the latter of which comes from
disproportionated atoms with a wide range of oxidation states. Fi-
nally, by fitting Gaussian components to our oxidation state spec-
tra and our XPS spectra, we establish a linear correlation between
the Gaussian peak locations. These conclusions aid the under-
standing of XPS results of a-Ta2O5 and of amorphous materials in
general.

2 Methods

All calculations employed DFT as implemented in the Vienna Ab
initio Simulation Package (VASP),28–31. Ta and O atoms used Pro-
jector Augmented Wave (PAW) pseudopotentials32 with valence
electron configurations of 5p65d36s2 and 2s42p4, respectively.
Calculations used the Perdew-Burke-Ernzerhof (PBE) General-
ized Gradient Approximation (GGA)33 to describe the exchange-
correlation functional except where noted otherwise. The con-
vergence threshold of the electronic structure iterations was set
to 10�5 eV.

Amorphous systems of Ta2O5-x, x 2 {0.00, 0.33, 0.50, 0.67, 0.80,
1.00} were generated using AIMD. Beginning with the primitive
cell of l -Ta2O5 suggested by Lee et al.

34, we created a 2⇥ 2⇥ 3
orthogonal supercell containing 48 Ta atoms and 120 O atoms;
same size as those used by Bondi et al.

18,20 and Guo and Robert-
son.35 Oxygen atoms were subsequently deleted randomly to ob-
tain 8, 12, 16 and 24 vacancies. We expanded each lattice vector
by a factor of 1.06, which was chosen to match the experimen-
tal density for a-Ta2O5 of 6.88⇥103 kg/m3. 36 The expanded cell
vectors were kept fixed throughout the duration of the MD simu-
lations.

The amorphous structure generation used the following melt-
and-quench procedure: 1) equilibration at 5000 K for 10 ps, 2) fur-
ther equilibration and extraction of in total 14 structure snapshots
per stoichiometry in intervals of 2 ps following the initial equi-
libration, 3) quenching of each snapshot from 5000 K to 300 K,
and 4) equilibration for 2 ps at 300 K. The MD simulations used
a low-accuracy/high-speed setup with a cutoff energy of 300 eV
and sampling only the G point. The time step was 1 fs for equili-
brations and 2 fs for quenching.

Following the AIMD procedure, we increased the cutoff energy
to 520 eV and k point sampling to (2⇥ 2⇥ 2) and performed full

DFT relaxations of ionic positions and lattice vectors‡. Atomic
forces were converged to within 0.025 eV/Å, which resulted in
little change to the cell volume, and thus density. We performed
a high-precision calculation of the optimised structures using the
hybrid functional of Heyd-Ernzerhof-Scuseria (HSE06).37–39 Due
to their high computational demands, these calculations sampled
only the G point. Following these calculations, the BEs of the Ta
4f orbitals were computed using the initial state approximation,
which involves recalculating the Kohn–Sham eigenvalues of the
core states after a self-consistent calculation of the valence charge
density. The HSE06-calculated wave functions served as the basis
for a Bader charge analysis40 using the program developed by
Henkelmann et al.

§

In addition to our amorphous systems, we performed PBE re-
laxation followed by HSE06 calculations of the following crys-
talline structures: l -Ta2O5, rutile TaO2, corundum Ta2O3, rock-
salt TaO, and BCC Ta. These calculations used the same setup
as the DFT calculations of the amorphous systems with a k point
sampling density of at least 3.6 k points per Å

�1
.

3 Results and Discussion
3.1 Energetic Stability and Structural Analysis
We first examine the phase change between Ta2O5 and TaO2 as
well as differences in the Ta�O bonding. Fig. 1 presents the con-
vex hull, cumulative distribution function (CDF) for Ta�O bonds
limited to the sixth nearest neighbour, and a histogram of Ta co-
ordination numbers for all simulated systems (radial distribution
functions can be found in Fig. S2†). The total energies making
up the hull are extracted from the HSE06 calculations and subse-
quently normalised to 24 formula units (f.u.). Our high sampling
of fourteen structures per stoichiometry allows us to visualise the
energy variance, providing reassurance that our convex hull is
accurate.

The convex hull in Fig. 1(a) shows a preference for phase sep-
aration into Ta2O5 and TaO2. However, while Ta3O7 (x = 0.33),
Ta4O9 (x= 0.50), and Ta12O25 (x= 0.80) lie on average more than
0.6 eV above the hull, Ta6O13 (x = 0.67) is considerably lower at
only 0.11 eV above the hull. Our calculations show a clear di-
vide into high-energy and low-energy stoichiometries, and we
expect some degree of similarity between the three low-energy
stoichiometries.

To investigate what the three low-energy stoichiometries
(Ta2O5, Ta6O13, and TaO2) have in common, we consider the
CDF for the Ta�O bonds in the atomic structures of Fig. 1(a).
Since Ta is 6-fold coordinated in most, if not all, stable and
metastable crystalline TaOx phases, we limit our investigation to
exactly the sixth-nearest neighbour. The resultant spectra are
shown in Fig. 1(b). All systems are characterised by an ascent
beginning at ⇠2.0 Å and ending at ⇠2.5 Å. Therefore, we use
2.5 Å as the cutoff radius for when an O atom counts towards
the coordination number of a Ta atom. The height of the ini-

‡Despite the relaxation of the lattice vectors, the average density of the final Ta2O5

geometry was still similar to the experimental density (see Fig. S1†).
§ http://theory.cm.utexas.edu/henkelman/code/bader/
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gies significantly lower than other intermediate stoichiometries,
which is linked to the existence of a vanadium-oxide phase with
stoichiometry V6O13. Our CDF spectra showed that stoichiome-
tries with relatively low energy contain higher proportions of Ta
atoms with six O neighbours within a radius of 2.5 Å.

By using Bader charges to model oxidation states explicitly, we
found that Ta atoms in amorphous TaO2 were divided into two
different Bader charge spectra: one representing oxidation state
+5 contributing to the Ta5+ peak, and one with a wide range of
oxidation states contributing to the Ta4+ peak. Unlike the crys-
talline TaO2 with a nominal Ta oxidation state +4, amorphous
TaO2 possesses disproportionated Ta atoms which make such a
description less accurate. Our finding that the XPS spectrum of
amorphous TaO2 contains both Ta4+ and Ta5+ peaks challenges
the conventional view of a-TaOx spectra. Our results suggest
that only the Ta2O5 stoichiometry may be reduced to a single
oxidation state (+5). This finding is important for researchers
wishing to use XPS spectra to estimate the composition of amor-
phous TaOx samples, and conceivably samples of other amor-
phous metal-oxides as well. Finally, we determined the origin
of the experimentally observed blueshift of the Ta 4f XPS peaks
in amorphous Ta2O5 relative to its crystalline counterpart. The
presence of under-coordinated Ta atoms and the longer Ta�O dis-
tances in amorphous TaOx leads to lower Coulomb repulsion and
hence higher binding energies.

As a final remark, we decompose our calculated XPS and Bader
charge spectra in Gaussian components and find a linear corre-
lation between peak locations. The correlation strength of this
Gaussian model exceeds the strength of a linear model account-
ing for Coulomb interactions with the sixth nearest neighbours,
suggesting that the more accurate way to analyse amorphous ma-
terials is by using statistical models.
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Phase separation in amorphous tantalum-oxide from first

principles
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S1 Density of amorphous tantalum oxide

Fig. S1 plots the density of each individual calculation in a box plot, grouped by stoichiometry. The
average Ta2O5-density from our calculations lie very close to the experimental density, 6.88⇥ 103 kg/m3,
of amorphous Ta2O5.1 Decreasing oxygen content leads to increasing average density, with TaO2 having
a density of 7.06⇥ 103 kg/m3. No order seems to govern the density of the lowest-energy structure
(visualized as blue circles) in relation to the mean.

Figure S1: Boxplot of density versus oxygen content and a trend line to the mean values. Densities of the
minimum-energy structure are shown for each stoichiometry.
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S4 Relation between BE and Bader charge for crystalline TaOx

This section presents a simple linear fit as well as the a fit incorporating the expression by Ebadi et al.,3

BEA = �0qA + �1

X

i6=A

qi
riA

+ �2. (S1)

We limit the second term to include only the six nearest oxygen neighbours of tantalum atoms. Fig. S4
shows how the correction improves the fit for crystalline �-Ta2O5, rutile-TaO2, corundum-Ta2O3 and
rocksalt-TaO. A near-perfect correlation is obtained for these systems.

Figure S4: (left) Linear fit of BE to Bader charge for crystalline TaOx-phases. (right) Corrected fit based
on Ebadi et al. 3 for the same data.

References

S1 S. Kakio, K. Hosaka, M. Arakawa, Y. Ohashi and J. Kushibiki, Japanese Journal of Applied Physics,
2012, 51, 07GA01.

S2 B. Xiao and S. Watanabe, Nanoscale, 2014, 6, 10169–10178.

S3 M. Ebadi, A. Nasser, M. Carboni, R. Younesi, C. F. N. Marchiori, D. Brandell and C. M. Araujo, The
Journal of Physical Chemistry C, 2019, 123, 347–355.

4


