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Abstract  

 

The ReRAM device is being spotlighted as a next-generation alternative to 

conventional memory devices. Although extensive studies on switching materials 

have been reported, ReRAM devices based on halide perovskites have not been 

reported much because they have only recently emerged as viable materials. Metal 

oxide-based resistive switching memories show disadvantages such as low 

mechanical flexibility, high-temperature process, and hard bonding between metal 

and oxide. Thus, the active materials for resistive switching memory are needed to 

investigate.   

Currently, many groups have started to research halide-perovskite-based ReRAM 

devices owing to their potential. Halide perovskites based resistive random-access 

memory (ReRAM) can be a new data storage device because of their high ON/OFF 

ratio, low operating voltage, and excellent mechanical properties.  

In the thesis, the characterization of electrical properties of halide perovskites and 

the operating mechanism of resistive switching memories are described in detail in 

two parts. Moreover, three research topics are introduced for enhancement resistive 

switching performance, such as high ON/OFF ratios, long-endurance, and long 

retention time enhancement are described in detail. 

In the first chapter, the backgrounds of halide perovskites are introduced.  
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In general, halide perovskites are a family of compounds with the chemical formula 

ABX3, where a monovalent A+ cation, a divalent B2+ cation, and the 1− charge of the 

X halide anion are positioned in a unit cell corresponding to a corner-sharing 

octahedral network. In terms of geometric structures, to satisfy the ideal cubic halide 

perovskite unit, the tolerance factor (t) developed by Goldschmidt has to be met first, 

0.85 < t < 1.11. The t is described by (rA+rX)/√2(rB+rX), where rA, rB, and rX are the 

ionic radius of A, B, or X atoms, respectively. When the BX6 octahedron tilts, that 

leads to a lower-symmetry tetragonal or orthorhombic crystal structure.  

In terms of electronic properties, halide perovskites have tunable blends and colors 

are unique properties, which allow them to work in a broad visible spectral range, 

which can be extended to near-infrared. Also, the carrier diffusion length of MAPbI3 

is a few hundred nm, and it can be extended up to 1 µm using a mixed halide, 

according to transient photoluminescence measurements. Thus, there are extensive 

applications of halide perovskites owing to their exceptional attributes in different 

areas, such as light-emitting diodes, lasers, X-ray detectors, memory devices, and 

more.  

Still, several key challenges of halide perovskites are highlighted, such as toxicity of 

lead or instability.; these challenges need to be addressed to realize the commercial 

potential of these unique materials fully.  
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In the second chapter, the operating mechanism within ReRAM devices are 

explained.  

Generally, ReRAM is a metal-insulator-metal stack, which is a two-terminal device. 

Following the electroforming process, when the opposite threshold voltage is applied, 

the low resistance state is switched to the high-resistance state at the particular 

voltage (RESET process). Then, the "SET process," which refers to the switching 

from an HRS to an LRS, occurs at opposite bias. In the resistive switching operation, 

the SET changes to the RESET process indicate an "ON" state, and the opposite 

behavior indicates an "OFF" state. 

The switching mechanism can be classified as a filamentary-type and interface-type 

depending on the conducting path. The difference between filamentary and interface 

resistive switching depends on the area. In the filamentary switching, the current 

conduction is narrowly confined to a narrow part of the device area. In contrast, in 

interface switching, the resistance change occurs by field-induced modification over 

the entire electrode area. 

Here, as the structure of composition, halide perovskites based ReRAM devices are 

classified; 1) organic-inorganic hybrid, 2) all inorganic, 3) layered structure, and 4) 

lead-free and new composition halide-perovskite-based ReRAMs in this part.  

In the third chapter, quasi-2D halide perovskites (PEA)2Cs3Pb4I13 based memory 

device is introduced.  
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Three-dimensional (3D) halide perovskites are the most investigated materials for 

resistive switching memory devices. However, 3D-based memory devices display 

comparable ON/OFF ratios to oxide or chalcogenide ReRAM devices. Additionally, 

the perovskite materials are susceptible to exposure to air. Herein, we compare the 

resistive switching characteristics of ReRAM devices based on a quasi-two-

dimensional (2D) halide perovskite, (PEA)2Cs3Pb4I13, to those based on 3D CsPbI3. 

Astonishingly, the ON/OFF ratio of the (PEA)2Cs3Pb4I13-based memory devices (109) 

was three orders higher than that of the CsPbI3 device, which is attributed to a 

decrease in the high resistance state (HRS) current of the former. This device also 

retained a high ON/OFF current ratio for two weeks under ambient conditions, 

whereas the CsPbI3 device degraded rapidly and showed unreliable memory 

properties after five days. These results strongly suggest that quasi-2D halide 

perovskites have potential in resistive switching memory based on their desirable 

ON/OFF ratio and long-term stability.  

In the fourth chapter, 2D/3D perovskite heterojunction films are introduced to be 

applied to resistive switching memory devices. 

Halide perovskites have garnered significant attention for resistive switching 

memory devices due to their low cost, low operation voltage, and excellent 

mechanical properties. However, the halide perovskite-based memory devices face 

several challenges due to short endurance and stability. Thus, 2D/3D perovskite 

heterojunction films are introduced, and their resistive switching behavior was 
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investigated. The 2D/3D perovskite resistive switching devices exhibited excellent 

performance with an endurance of 2700 cycles, a high ON/OFF ratio of 106, and an 

operating speed of 640 μs. The calculated thermally-assisted ion-hopping activation 

energy and the results of the time-of-flight secondary ion mass spectroscopy 

demonstrated that the 2D perovskite layer could efficiently prevent the Ag ion 

migration into the 3D perovskite film. 

Moreover, due to its high thermal conductivity, 2D perovskite can control the Ag 

conductive filament rupture. Thus, the 2D perovskite layer enhances endurance by 

controlling both Ag migration and filament rupture. Hence, this study provides an 

alternate strategy for improving the endurance of halide perovskite-based resistive 

switching memory devices. 

In the fifth chapter, TPBI on the MAPbBr3 switching layer is introduced.  

To improve the device's reliability, TPBI was inserted on the MAPbBr3 switching 

layer as an electron transfer material for the first time. In the MAPbBr3 perovskite 

switching layer, the formation and rupture of Ag filaments occur via reduction-

oxidation reaction. The TPBI plays a role in filaments control during the SET and 

RESET process. Therefore, the MAPbBr3 device with TPBI applied was functional 

for 300 endurance cycles under continuous voltage pulses, maintained ON/OFF 

ratios above 107, whereas only 90 endurance cycles were seen in the original 

MAPbBr3 device without TPBI. These results strongly suggest that electron transfer 
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materials have potential in halide perovskite memory devices based on their 

desirable reliability and stability.  

Although formal research on halide-perovskite-based ReRAM devices has only just 

started, it will be a highly influential device with tremendous advances in the future 

market and serve as a stepping stone for developing a resistive switching memory 

field. The thesis will encourage researchers to investigate halide-perovskite-based 

ReRAM devices with useful insights, overcome its challenges, and give a direction 

to offer promising opportunities.  

 

Keywords: Halide perovskites, Resistive switching memory devices, Solution 

process, 3D halide perovskites, quasi-2D halide perovskites, 3D/2D heterojunction, 

Resistive switching mechanism, TPBI  
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Chapter 1  

Halide Perovskite Materials: Crystal structures, 

Electrical properties and Synthesis 
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1. 1. Introduction  

For the past few decades, there has been much interest in alternative energy sources 

due to increasing awareness on environmental and economic issues. As a result, 

renewable energy devices, particularly photovoltaic devices, have been studied as 

prospective energy sources. The archetypical semiconductor is made of crystalline 

film and possesses efficient charge collection and long-range charge transport, which 

allows Si-based solar cells to obtain a verified record efficiency of 22.1%.1 Also, 

promising photovoltaic devices are being investigated, such as dye-sensitized solar 

cells and organic photovoltaics; in this context, halide perovskites have attracted 

huge interest in the photovoltaic field as advanced materials.2–4 

“Perovskite”, named after the Russian mineralogist L.A. Perovski, was discovered 

in the Ural Mountains of Russia in 1839. Since then, halide perovskite materials have 

attracted technological and scientific interest due to their great optical and electronic 

properties with the advantages of low cost fabrication and solution processability.5  

The term “perovskite” is used when the crystal structure referred to has the general 

formula ABX3. In this structure, A and B are cations, where A is larger than B, and 

X represents the anion. There are fixed positions for each of A, B, and X, and the 

ABX3 perovskite shows a 3D structure corresponding to a corner-sharing octahedral 

network. Specifically, B cations are surrounded by X anions to form BX6. 

Alternatively, from the viewpoint of the center position B in the tridimensional cubic 

lattice, A cations are located at the eight corners.1,5 With this unit formula of ABX3, 
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halide perovskites composed of trihalides have been used extensively for 

photovoltaics as rapid active materials, owing to their useful electrical properties, 

such as the extraordinarily long diffusion length of electrons, superior charge carrier 

mobility, wide range of absorption, and high absorption coefficient.6 Looking 

beyond photovoltaics, their exceptional electrical properties render halide perovskite 

materials competitive for next-generation devices, including light-emitting diodes 

(LEDs), resistive switching memories, X-ray detectors, lithium-ion batteries, and 

more, as shown in Figure 1. 1. It is predicted that halide perovskites would be the 

focus of research for many applications in the near future.  

Here, the latest progress in halide perovskites is discussed through intensive 

theoretical and experimental studies.7 The optical and electrical characteristics of 

halide perovskite materials are analyzed. Also, the concerns and recently discovered 

issues with halide perovskites are addressed.  
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Figure 1. 1. Perovskite devices beyond photovoltaics: LEDs, lasers, memories, 

transistors, X-ray detectors, Li-ion batteries, piezoelectric energy generators, and gas 

sensors. Reproduced with permission. Copyright 2015, American Association for 

the Advancement of Science,8 2017, John Wiley and Sons,60 2015, Nature Publishing 

Group,9,10  2011, Elsevier,48 2016, John Wiley and Sons,11 2012, Nature Publishing 

Group,33 2015, Royal Society of Chemistry.34  
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1. 2. Crystal structures and properties  

1. 2. 1. Nanostructure controls  

3D perovskites, 2D layered perovskites, and quasi-2D perovskites 

As shown in Figure 1. 2, ABX3 perovskites exhibit 3D structures and that the radii 

of the A and B cations and X anions dictate their positioning in the unit cell.12 

 

 

 

Figure 1. 2. General perovskite structure. (a) Crystal structure of ABX3 halide 

perovskite, where A cations are denoted by pink spheres, B cations are denoted by 

green spheres, and X (halide) anions are denoted by purple spheres. (b) An 

alternative view of the ABX3 halide perovskite structure. The crystal structure is 

equivalent with the Figure on the left. (c) An extended network of ABX3 halide 

perovskite linked by corner-shared octahedrons. 
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Figure 1. 3. (a) 2352 tolerance factors can be calculated, of which 742 lie in the 0.8 

< tolerance factor < 1 range. (b) Tolerance factors of Pb iodides and Mn formates 

plotted against cation size. The light blue area indicates the range of the perovskite 

structure expected. (c) Tolerance factors of lead and tin halide perovskites. 

Reproduced under the Creative Commons Attribution 4.0 International License and 

reproduced with permission copyright 2014, 2015 and 2016 Royal Society of 

Chemistry.5,12,13    
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In Figure 1. 3 (a), the cations and anions that can be located at A, B, and X sites are 

listed, but the 742 types can only exist in the tolerance range factor of 0.8 to 1.13 For 

perfectly fitted 3D perovskites, the Goldschmidt tolerance factor and the octahedral 

factor can be used to estimate their geometric structures.12 Here, the tolerance factor 

(t) is defined as (rA+rX)/√2(rB+rX) and the octahedral factor is defined as rB/rX, 

where r is the ionic radius of A, B, or X in the perovskite.13 Figure 1. 3 (b) depicts 

the tolerance factors of Pb iodides and Mn formates; they are plotted according to 

the effective radius of A cations and the open symbols indicate a non-perovskite 

structure.13 In Figure 1. 3 (c), the tolerance factors of lead and tin halide perovskites 

are displayed.5,12 Based on the tolerance factor, the t value must be in the range of 

0.8 to 1.0 to yield cubic perovskites. Smaller (<0.8) and larger (>1) tolerance factor 

values yield orthorhombic and hexagonal non-cubic perovskite structures, 

respectively.12,14,15 In addition, the cubic perovskite structure mandates that 0.44 < 

octahedral factor < 0.90.16 

In organic-inorganic halide perovskites (OHPs), to form layered structures with the 

general formula of ABX3, (RNH3)2An–1BnX3n+1 is employed to determine the 

dimensionalities of the perovskite structure.17 When n = 1, the thinnest and purest 

2D layered-perovskite is formed, whereas a 3D bonded perovskite crystal, which are 

the typically available perovskites, can be expected if n value is ∞. In the case of 

intermediate dimensionalities, called quasi-2D layered structures, which lie between 

2D and 3D, the n values are defined integers. A schematic of 2D, 3D, and quasi-2D 

perovskites is presented in Figure 1. 4, according to n values.18 
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Figure 1. 4. Layered structure of crystalline perovskites with increasing 

dimensionality (n) from the left to right (n = 1 for 2D and n = ∞ for 3D, where n = 

1, 2, 3, ..., ∞). 
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The n values point out the number of inorganic cation layers between the two layers 

of the large A-organic chains.19,20 When compared with 3D perovskites of the general 

formula ABX3 (A = Cs+, CH3NH3
+, and CH(NH2)2

+; B = Pb2+ and Sn2+; X = Cl−, Br−, and 

I−), 2D perovskites usually have a general formula of A2BX4 (A = CH3(CH2)nNH3
+ and 

C6H5(CH2)nNH3
+; B = Pb2+ and Sn2+; X = Cl−, Br−, and I−).  

2D layered perovskite originates from 3D structures when unfit cations are 

incorporated in the original structures. It leads to a broken cubic symmetry in the 

structure and the original structures of 3D perovskites are divided into novel <110> 

or <011>-oriented perovskite structures, which can hold larger cations. This means 

that 3D perovskites are able to accommodate only small cations owing to space 

limitations, while 2D layered perovskite structures can hold larger A ions, as they 

have an ionic radius greater than 2.6 Å .1 In 2D perovskites with layered structures, the 

layers interact with each other by weak van der Waals forces and are stacked alternately.19 

In particular, an electronic multi quantum-well is formed in these 2D layered 

perovskite structures with a strong quantum confinement effect, because a large energy 

difference exists between the band gap in the inorganic layer and the HOMO-LUMO 

(Highest Occupied Molecular Orbital-Lowest Unoccupied Molecular Orbital) level 

in the organic layer. The inorganic layers play a role in the “wells” while the organic 

molecules act as the “barriers.” As a result, the strong quantum confinement and high 

compositional flexibility make the 2D layered perovskite a promising material for 

light-emitting and photovoltaic applications.19,21 In these layered structures, 

analogous compounds called quasi-2D perovskites can be obtained. Generally, quasi-2D 
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perovskites are formed according to the (RNH3)2An–1BnX3n+1 formula (A = CH3NH3
+; B 

= Pb2+ and Sn2+; X = Cl−, Br−, and I−). In these materials, by tuning the number “n” 

corresponding to inorganic monolayer sheets, multilayered inorganic sheets are stacked 

well between organic ammonium layers.  

To compare with 3D, 2D, and quasi-2D perovskite structures, 3D halide perovskites, 

such as CH3NH3PbI3 (MAPbI3) and CH3NH3SnI3, are well known for their 

remarkable properties such as long diffusion lengths, small exciton binding energies, and 

high extinction coefficients. Despite their outstanding properties, 3D perovskites are 

unstable due to their highly ionic characteristics. This is because their 3D structure is 

sensitive to moisture and oxygen, which causes the perovskite crystal structure to 

decompose. Thus, overcoming the instability of 3D halide perovskites is of 

significant research interest. 

In contrast to 3D halide perovskites, 2D halide perovskites are well known to be 

more resistant to humidity. 2D perovskites possess unique characteristics in terms of 

their electrical and optical properties, owing to quantum confinement effects. Particularly, 

2D perovskites exhibit superior moisture stability because of the presence of 

hydrophobic alkylamines in their layered structures.22,23 Although 2D materials are 

stable under high humidity conditions, they are unsuitable light absorbers due to their 

higher band gaps, poor carrier mobilities, and low absorption coefficients.  

Recently, to overcome the drawbacks faced by 2D and 3D halide perovskites, mixed 

dimensional perovskites called quasi-2D perovskites have been developed; they 
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combine the excellent air stability of 2D perovskites with the enhanced electronic 

properties of 3D perovskites. These materials are developed by tuning the average 

number of layers “n” dimensionally between 2D and 3D perovskites. Therefore, 

quasi-2D perovskites can be promising materials for photonic applications in the 

future.24,25  

 

Nanostructured perovskites 

Generally, 3D single crystals of halide perovskite bulk thin films have been used in 

various applications. In some cases, 0D, 1D, and 2D nanostructures of halide 

perovskites are used owing to their morphologically distinct features.1,26,27 Here, each 

type of halide perovskite nanostructure examples is briefly introduced to understand 

the effects on morphological properties of the halide perovskites.   

For examples of 0D halide perovskites, there are nanoparticles and quantum dots. 

From Schmidt et al., highly crystalline 6 nm-sized CH3NH3PbBr3 (MAPbBr3) 

nanoparticles were prepared.28 The nanoparticles were dispersed in various organic 

solvents due to the medium-sized chain of ammonium bromide. These nanoparticles 

were stable as solids in concentrated solutions for three months. Also, Rogach’s 

group demonstrated the size-tunability of MAPbBr3 perovskite quantum dots.27 The 

emission peak range was 475-520 nm and it showed outstandingly high quantum 

yields from 74% up to 93%.  
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For examples of 1D halide perovskites, there are nanowires, nanorods, etc.29–33 By 

Zhang et al., single-crystalline CsPbBr3 and CsPbI3 nanowires were obtained with 

uniform growth direction.31 Also, MAPbI3 nanowires with the mean diameter of 100 

nm were successfully grown by Park’s group.32 The MAPbI3 nanowires were used 

for perovskite solar cell to enhance hole migration from perovskite to hole transfer 

layer. 

As for 2D halide perovskites, there are nanosheets, nano platelets or nanoflakes.29,30 

Yang’s group investigated atomically thin nanosheets with large size and well-

defined square shape.19 The halide perovskite nanosheet was synthesized with 

(C4H9NH3)2PbBr4 2D perovskites which possesses a molecular level of 2D structure. 

The edge length of the square sheets ranged from 1 to 10 mm and the average was 

4.2 mm.19  

Lastly, single crystals of halide perovskite can be expressed as 3D halide perovskite 

in terms of the morphological 3D in nanoscale. The 3D single crystals of bulk thin 

film have been applied the most in various devices.  
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1. 2. 2. Electronic properties 

Absorption and band gap 

Tunable blends and colors are unique properties of halide perovskites, which allow 

them to work in a wide visible spectral range, which can be extended to near infrared.  

 

 

 

Figure 1. 5. (a) Absorption spectra of MAPb1–xSnxI3 perovskites. (b) Energy band 

diagram of widely tunable halide perovskite materials. Reproduced with permission. 

Copyright 2016, ACS publications.6 
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Figure 1. 5 shows the absorption spectra of MAPb1-xSnxI3 perovskites and the energy 

band diagram of widely tunable halide perovskite materials. Theoretically, using the 

Tauc equation, [F(R)ℎ𝑣]n = A(ℎ𝑣 − Eg), the optical band gap energy (Eg) of halide 

perovskites can be determined. Here ℎ𝑣  is the incident photon energy, A is an 

empirical constant depending on transition probability, and n is related to the optical 

absorption process. Specifically, n equals to 1/2 for an indirect band gap, while its 

value is 2 for direct band gap.  

The electronic levels of halide perovskites are composed of a valence band 

maximum (VBM) and a conduction band minimum (CBM). Specifically, VBM is 

related to the antibonding hybrid state influenced by the B-s and X-p orbitals and 

CBM is determined by the B-p and X-p orbitals, which result in a non-bonding 

hybrid state.4 Previously, in 2004, Park and Chang demonstrated the electronic 

properties of CH3NH3PbX3 and CsPbX3 with respect to the valence and conduction 

bands; they showed that the electronic states were primarily affected by the BX6 

octahedral structure, while A-site cations slightly affected the electronic properties.39 

The band structures are only slightly influenced when CH3NH3 organic cations are 

replaced by Cs inorganic cations. However, the substitution of halide can dominantly 

change the electronic states, leading to valence band transition.4,39  

Generally, the band gap of halide perovskites can be adjusted in the range of 1.1 eV 

to 3.0 eV depending on the constituents of the halide sites.4,34 Band gaps of 3.11 eV, 

2.3 eV, and 1.55 eV could be obtained by using Cl–, Br–, and I–, respectively, in 
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CH3NH3PbX3.1 Moreover, the band gap can be tuned by partial incorporation of 

halide constituents. For example, the Eg value of MAPbI3 is 1.57 eV whereas that of 

MAPbI2Br is 1.78 eV.35,36  

The changes in the band gap occurred mainly due to the hybridization of orbitals, 

which takes place when the 4p orbitals of Br overlapped with the 5p orbitals of I and 

6s orbitals of Pb. Additionally, the incorporation of Br affects the rise of the valence-

band edge, which in turn affects the energy band gap. At vacuum level, the valence-

band edges of MAPbI3 and MAPbI2Br are estimated to be –5.43 eV and –5.40 eV, 

respectively. Moreover, the conduction-band edge of MAPbI2Br (–3.62 eV) is 

considerably higher than that of MAPbI3 (–3.86 eV).36  

Cation substitution exchange is generally employed to tune the color of emission. 

By substituting Pb with Sn or by using Sn and Pb blends, the band gap can be 

radically decreased.4 For example, when x in CH3NH3SnxPb1–xI3 is increased, the 

band gap gradually reduces. The Eg of CH3NH3SnI3 is 1.1eV, whereas its value is 

1.31 eV for CH3NH3Sn0.3Pb0.7I3. At vacuum level, the valence-band edges of 

CH3NH3Sn0.3Pb0.7I3 and CH3NH3SnI3 are estimated to be –5.12 eV and –4.73 eV, 

respectively. Meanwhile, the conduction-band edges CH3NH3Sn0.3Pb0.7I3 and 

CH3NH3SnI3 are –3.81 eV and −3.63 eV, respectively. This indicates that the band 

gap of Sn/Pb-based halide perovskites can be effectively reduced using a large 

valence band shift. Based on the band gap tuning, the absorption spectrum edges 

shift. In the case of CH3NH3SnxPb1–xI3, the absorption edge shifts from 1000 nm to 
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1300 nm as x increases from 0.3 to 1.0. This implies that the optical absorbance of 

halide perovskites can be extended to the near infrared region by tuning their band 

gaps. Such exotic optical properties render halide perovskites very promising 

materials for optical devices.1,4  

 

Carrier diffusion lengths 

The electron-hole diffusion length (LD) is determined by LD = (kBTμτr/e)1/2, where, 

kB is the Boltzmann constant, T is the temperature, e is the elementary charge, μ is 

the carrier mobility, and τ is the carrier lifetime.1,37 The carrier diffusion length of 

MAPbI3 is generally 100 nm, and it can be extended up to 1 µm using a mixed halide, 

CH3NH3PbI3–xClx, according to transient photo-luminescence measurements.4,38 The 

carrier diffusion length is generally affected by defects or a large density of charge 

traps, which are substantial in number at the grain boundaries or surfaces of MAPbI3 

polycrystalline films.  

The diffusion lengths in MAPbI3 single crystals are much longer than those in 

polycrystalline thin films. Previously, carrier diffusion lengths of about 1 μm could 

be achieved in MAPbI3 polycrystalline films by solvent annealing. However, using 

a solution-growth method at low temperatures, long diffusion lengths of about 175 

μm could be obtained for MAPbI3 single crystals. A small charge trap density of 

single crystals with high carrier mobilities induces longer carrier diffusion lengths. 

4,38 
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Ion migration 

In terms of hysteresis, which is related to ion migration, in the current-voltage (I-V) 

characteristics, halide perovskites have attracted much attention recently. Ion 

migration is an important factor contributing to the switchable photovoltaic effect, 

current-voltage hysteresis, and reversible conversion between PbI2 and MAPbI3, 

which is driven by the electric field in halide perovskite materials and the devices. 

Ions such as I−, Pb2+, and MA+ migrate through the MAPbI3 films under the action 

of an electric field. Further, H+ generation by material decomposition or 

contamination can take place along with ion migration. Ion migration is generally 

faster in crystals in which the available interstitial sites are bigger and jumping 

distance is smaller. In MAPbI3, I− ions, which are located at the edges of the PbI6
4− 

octahedron, migrate along the I−−I− edge and the I− ions are nearer to the I− vacancy, 

compared with MA+ and Pb2+ ions. The ion migration behavior is characterized by 

the activation energy, which is sensitive to crystal structure, ion jumping distance, 

and ionic radius. The activation energies for the migration of different ions in 

MAPbI3 were calculated to be 0.58 eV (I−), 2.31 eV (Pb2+), and 0.84 eV (MA+). 

These values indicate that I− ions are highly mobile in MAPbI3.39,40  

 

Charge carrier mobility and recombination rates 

As mentioned earlier, a long carrier lifetime, high carrier mobility, and low 

recombination rate are needed to obtain long carrier diffusion lengths for good 
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device performance. The long charge carrier diffusion lengths of CH3NH3PbI3 were 

demonstrated in terms of the charge mobility using transient terahertz (THz) 

spectroscopy. The charge carrier mobility was calculated to be 8.0 cm2 V−1 s−1.56 

Savenije et al. measured the carrier mobility and recombination of MAPbI3 by 

combining photo-luminescence experiments and microwave photo-conductance; 

they also explored the temperature dependence of these parameters.41 As the 

temperature decreased, the carrier mobility increased and it was found to be 6.2 cm2 

V−1 s−1 in the tetragonal crystal phase at 300 K, inducing an exciton binding energy 

of 32 meV. The carrier mobility decreased substantially depending on phase 

transition from the tetragonal phase to the orthorhombic phase. The orthorhombic 

phase of CH3NH3PbI3 perovskite changed to the tetragonal phase at 161.4 K and the 

tetragonal phase converted into the cubic phase at 330 K.41,42  

To analyze the relationship between carrier mobility and rotation rate with 

temperature, some formulae have been developed, as described in this section. 

Electron mobility (μ) is described as D/kBT according to the Einstein relation, where 

kB is the Boltzmann constant, D is the diffusion coefficient, and T is the temperature. 

In addition, the rotation rate (γ) is proportional to exp(−Ea/kBT), where Ea is the 

activation energy of rotation and the diffusion coefficient is proportional to the 

rotation rate (D ∝ γ). Therefore, electron mobility can be described as μ ∝ 

exp(−Ea/kBT)/kBT. In this equation, the activation energy (Ea) is limited to a range of 

10 meV to 100 meV empirically because activation energy values are 

unestablished.42 
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Effective mass 

Generally, carrier mobility partially depends on the effective masses of holes and 

electrons. In comparison with the carrier effective mass in GaAs (0.066 m0 for 

electrons in the conduction band and 0.5 m0 for holes in the valence band), the 

effective masses of MAPbBr3 are 0.15 m0 and 0.25 m0 corresponding to electrons in 

the conduction band and holes in the valence band, respectively. It is well known 

that the hole effective mass in the valence band is relatively smaller than that of 

electrons in the conduction band. The hole and electron effective masses in inorganic 

halide perovskites are comparatively smaller than those of organic halide perovskites 

because the lattice constant of organic cations is larger than that of inorganic cations. 

For example, the hole and electron effective masses of MAPbI3 are 0.17 m0 and 0.33 

m0, while they are 0.14 m0 and 0.22 m0 in CsPbI3.1,43  
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1. 3. Synthesis  

There has been a plethora of work on the synthesis of halide perovskites, which can 

be justly considered as some of the most advanced materials; research on the 

synthesis of halide perovskites has been focused on controlling the synthesis 

parameters to obtain high-quality halide perovskite films. Because the 

morphological features and quality of the halide perovskite films decide the device 

performance, the synthesis process plays a very important role. In this section, two 

types of synthesis processes are described, solution-chemistry methods and vapor-

phase deposition methods.5,44  

 

1. 3. 1. Solution-chemistry techniques  

The good solubility of halide perovskites plays a key role in solution-chemistry 

methods, which include low-cost and facile processes, such as spin coating, screen 

printing, spray coating, and dip coating. Various one-step and two-step solution 

techniques for the formation of halide perovskite films have been presented.44 In 

Figure 1. 6 (a), the one-step and two-step methods are compared.4,45 

 

 

 



 

 

21 

 

 

  

 

 

 

Figure 1. 6. (a) One-step and two-step spin-coating procedures for solution process. 

(b) Thermal evaporation system for sensitively controlling the pressure in a vacuum 

chamber. Reproduced with permission. Copyright 2015, Elsevier4 and 2016, Royal 

Society of Chemistry.5 
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One-step method  

In the one-step method, the crystallization of films is a key factor for achieving high-

quality halide perovskite films; usually, crystallization occurs during the spin-

coating or annealing processes. Sometimes, a phenomenon called film shrinkage, 

which stems from solvent evaporation and crystallization, hinders the halide 

perovskite films from being formed uniformly. To overcome this issue, retarded 

crystallization and rapid crystallization strategies are suggested. Retarded 

crystallization ensures that a smooth precursor film of halide perovskite is achieved; 

it is then crystallized slowly by controlling the solvent composition.46–49 In contrast 

to the retarded crystallization strategy (slow film-formation process), rapid 

crystallization employs short annealing periods. As a result, uniform and dense 

halide perovskite layers are formed on the substrate surface with low surface 

roughness.50–53 

 

Two-step method 

To obtain MAPbI3 films using a typical two-step process, a solid PbI2 precursor film 

is reacted with a MAI solution as a heterogeneous phase. The precursor of PbI2 can 

be fabricated in the form of compact films via solution or vapor deposition and the 

PbI2 layer structure can be easily intercalated with ammonium, methylamine, or 

pyridine. The PbI2 film substantially affects the morphology of the halide perovskite 

film and MAI diffusion into the PbI2 lattice dictates the reaction rate; these are the 
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two key factors dictating perovskite film deposition in two-step processes. 

Consequently, the diffusion of MAI into the PbI2 lattice and volume expansion have 

become major issues.54–56 During the formation of halide perovskite films, some 

detrimental phenomena, such as film shrinkage, volume expansion, or peeling-off 

occur. To prevent these, several strategies and techniques to fabricate films of better 

quality have been suggested.57,58 

 

1. 3. 2. Vapor-phase deposition 

Vapor-phase deposition is considered an important process to fabricate halide 

perovskite films even though multicomponent materials are difficult to be deposited, 

the synthesis process is very slow, and the process needs complex equipment. Vapor 

deposition, also called as vacuum deposition, is considerably useful in controlling 

the thickness of the deposited layer and the deposition rate can be easily monitored. 

Moreover, patterning techniques can be easily handled by vacuum deposition.34,44  

The starting source has to be heated at a high temperature to evaporate and the 

temperature of the substrate has to be lower than the freezing point of the evaporated 

materials. Atoms or molecules from the starting source material are thermally 

released from the bottom of the vacuum chamber and are coated on the substrates. 

Furthermore, the source vapors have to interact with the substrate alone without any 

interaction with other residual gas atoms.5,40 In the evaporation system shown in 

Figure 1. 6 (b), the key point is that organic-inorganic halide perovskite compounds 
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should be evaporated with fast heating for single source deposition. When the metal 

sheet is heated by high current, the temperature sharply increases. Consequently, the 

source on the metal holder is ablated and is subsequently deposited on the substrate. 

In dual-source deposition, both organic and inorganic materials are used and these 

two separate sources are simultaneously evaporated upwards. The main point is that 

at high temperature, the inorganic source is rapidly evaporated, whereas the organic 

source should be protected from thermal decomposition.44,59 
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1. 4. Challenges  

Halide perovskite materials are rapidly emerging as next-generation materials for 

applications in various fields such as medical diagnostics, energy storage, LEDs, etc. 

The unique features of these materials confer them several advantages in energy 

applications and can also extend their application in new areas. Most often, the 

solution process is used to fabricate flexible halide perovskite films. As flexible 

electronics are currently a hot topic, flexible halide perovskites films are being 

considered for fabricating such devices. In addition, the ABX3 unit cell structure of 

halide perovskites constituting of various substituents at each site allows the 

development of different kinds of halide perovskites. Due to these reasons, halide 

perovskites have achieved great popularity; however, several issues still need to be 

addressed. 

The first challenge is the toxicity of lead. Reports on replacing lead with 

environmentally friendly elements are few in number because it is difficult to find 

non-toxic materials which can efficiently replace Pb. It seems that the properties of 

non-toxic Sn are comparatively similar to those of Pb, and it is expected to enhance 

the performance of perovskite-based devices more efficiently.4 

Secondly, the stability of halide perovskites needs to be resolved. Halide perovskites 

are vulnerable to humidity; however, some techniques are available to ensure the 

stability of the material in the presence of moisture, such as the inclusion of 

passivating polymer films on the active layers or the encapsulation of halide 
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perovskite devices. The instability of halide perovskites is attributed to several 

factors. The degradation of halide perovskite devices is affected by polarization 

under an electric field, photo degradation upon exposure to radiation, poor 

environmental stability, and decomposition under thermal treatment.34 

The third issue is the density of defects, which is associated with trap-assisted 

recombination. The reason for trap-related defects is still an open research question. 

Nevertheless, it is clear that the density of defects induces charge carrier 

recombination, leading to a poor device performance. Moreover, vapor-phase 

deposition methods (vacuum deposition) such as ALD (atomic layer deposition) or 

CVD (chemical vapor deposition) need to be further developed. Generally, solution 

techniques, such as spin-coating, are used to synthesize halide perovskites because 

they are more feasible than vapor-phase deposition methods. However, to accurately 

control the thickness, the synthesis of halide perovskites needs to be accomplished 

in the vapor phase. Lastly, the formation of halide perovskite films of large surface 

areas is to be made feasible.  

These challenges are to be addressed in the future in order to facilitate large-scale 

commercial production of halide perovskite devices.  
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1. 5. Conclusions  

Halide perovskites have experienced rapid advancements for application in different 

areas over the past few years and their unique properties have attracted both 

industrial interest and academic curiosity. Here, we described halide perovskite 

structure formation with respect to 3D perovskites, 2D layered perovskites, and 

quasi-2D perovskites, including the fabrication processes and described several key 

optical and electrical properties, such as tunable optical bandgap, carrier diffusion 

length, and ion migration. Available literature on halide perovskite devices was 

reviewed and we presented an overall view on the methods employed to enhance the 

performance of halide perovskite-based devices. And several key challenges faced 

by halide perovskites are highlighted; these challenges need to be addressed to fully 

realize the commercial potential of these unique materials. We strongly believe that 

progress in halide perovskite materials would pave the way for advancements in 

information, energy, medical, and environmental technologies.  
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Chapter 2   

The Operational Mechanisms of Resistive Switching 

Memories based Halide perovskites  
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2. 1. Introduction 

Because photovoltaic devices have been targeted as prospective energy sources over 

the past several decades,1–4 the emergence of halide perovskite solar cells are 

creating a significant impact throughout the fields of semiconductor research and 

technology. In general, the term of “halide perovskites” can be described as the 

crystal structure of the chemical formula ABX3.
5 In terms of light absorbers, the 

noteworthy advantages of halide perovskites lead to great successes in photovoltaic 

technologies, thereby achieving power conversion efficiencies of 22.7%.6–8 

Following the extensive impacts of halide perovskites as light absorbers, the 

scientific potential of the material is broadened to other electronic devices beyond 

photovoltaics, such as resistive-switching memories, artificial synapses, and field-

effect transistors. These additional applications are achievable owing to other 

characteristics of halide perovskites, such as I-V hysteresis caused by ion migration. 

In particular, resistance random access memory (ReRAM) devices have great 

potential in next-generation memory devices because of their wide selection of 

switching materials. Switching memories based on oxide materials such as TiO2,
9 

Ta2O5−x,
10 Pr0.7Ca0.3MnO3 (PCMO),11 and BiFeO3

12
 have already been thoroughly 

investigated.  

Also, halide perovskites can be potential candidates as switching materials. 

Compared to conventional ReRAM devices which spent many years being 

investigated, halide perovskite-based ReRAMs show incredibly fast investigation 
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and development. Moreover, a comparable difference exists in the constituent tuning 

of A, B, and X components in ABX3 framework. Their constituent tuning can be an 

influential factor to decide the band gap which leads to different Schottky barrier 

heights. The effect is important to decide the ON/OFF resistive ratio in memory 

device.13 

Additionally, compared to conventional ReRAMs, halide perovskite based ReRAMs 

show high ON/OFF ratio and the transition to low resistance state (ON state) without 

electroforming process at low voltages. However, studies on halide-perovskite-based 

ReRAM devices have not been conducted much; one example of such a device is a 

resistive switching mechanism. Therefore, a significant amount of research is 

necessary because the technology may prove to be an important research field in the 

future. 

In this study, we briefly discuss the operating mechanism of ReRAM devices. In 

addition, ReRAM devices are introduced as classified halide perovskite materials, 

and finally, we offer current challenges as well as our potential future directions in 

these areas. 
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2. 2. Principles of ReRAM devices  

As the demand for high-density, high-performance memory devices increases, 

ReRAM devices have received increased attention as a potential next-generation 

non-volatile memory device because of their simple structure, fast operating speed, 

high memory density, low power consumption, and low fabrication cost.14 Moreover, 

an advantage of ReRAM is that the device can be investigated with various materials, 

and halide perovskites are also one of the switching materials. This investigation 

may serve as a future research topic. 

In this section, basic principles of ReRAM devices are explained to provide insight 

into the studies on previously developed halide perovskite ReRAM. 

 

2. 2. 1. ReRAM device structure and the resistive switching mechanisms 

Generally, ReRAM is a metal-insulator-metal (MIM) stack, which is a two-terminal 

device. The memory elements consist of an upper and lower electrode, and an 

insulating switching layer between the two electrodes.  

When voltage or current is applied across the MIM stack, the electrode, where 

external bias is applied, is called the top electrode and another electrode, which acts 

as electrically grounded electrode, is referred to the bottom electrode.15  
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Figure 2. 1. (a) The operating mechanism of the resistive switching behaviour; 

electroforming process, filament formation, and rupture in switching layer. (b) The 

filamentary-type switching mechanism and (c) interface-type switching mechanism. 
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Basically, the device is operated by the reversible soft breakdown of an insulator. 

This leads to a change in its resistance by simply applying external bias, and Figure 

2. 1(a) schematically illustrates electrochemical metallization mechanism (ECM) 

and valence change mechanism (VCM) of the ReRAM. In this Figure, the ECM is 

defined as the formation of cation based conducting filaments by an active metal 

electrode. Meanwhile, VCM is the change in electronic conductivity due to enriched 

oxygen with the utilization of inert metal electrode.16–20 

When a high voltage stress is applied, the high initial resistance state is changed to a 

low resistance state (LRS), which is called “electroforming.” Forming-free devices, 

which do not show this process, are required due to the high voltage stress that occurs 

when the device is initially operated. Following the electroforming process, when 

the opposite threshold voltage is applied, the LRS is switched to a high-resistance 

state (HRS) at the particular voltage (reset voltage), which is called “RESET process.” 

Then, the “SET process,” which refers to the switching from a HRS to a LRS, occurs 

at the set voltage in a manner opposite to the reset process. In the resistive switching 

operation, the changes from the SET to RESET process indicates an “ON” state, and 

the opposite behaviour indicates an “OFF” state. Generally, in order to avoid device 

damage during the set process, the current is limited through current compliance (CC) 

by adding a series resistor. These resistive switching behaviours are observed in 

many insulating oxides as well as halide perovskites. 
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There are several models for ECM or VCM devices in halide perovskite memory 

device. Menzel et al. suggested simulation models to explain ECM devices.22,23 The 

device which employed Ag as a top electrode is mostly 1-dimensional model, which 

means ions from the anode surface are pulled by the electric field and reduced at the 

cathode to form a filament.16 Also, Larentis et al. suggested electrical conduction 

model and thermal model to explain VCM devices.24,25 The device which employed 

Au as a top electrode shows VCM switching mechanism, which is occurred by ion 

migration including diffusion and drift components. To prove ion-migration flux for 

halide perovskite ReRAM, electrical conduction model, which is electrical 

conductivity in the conductive filament, is needed. 

 

2. 2. 2. The filamentary-type and interface-type halide perovskite 

memory devices 

Generally, the switching mechanism can be classified as a filamentary-type and 

interface-type depending on the type of conducting path.  

Figure 1. 2(b) shows filament-type memory devices. From the applied suitable 

external bias, it shows resistive switching behaviour by the formation and rupture of 

conducting filaments in the insulating layer, which takes place during the SET and 

RESET processes, respectively.15,21  
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The other type is the interface-type memory device, for which resistive switching 

occurs at the interface between the switching material and metal electrode, as shown 

in Figure 1. 2(c).19  

Generally, the difference between filamentary and interface resistive switching 

depends on the area. In the filamentary switching, the current conduction is narrowly 

confined to a narrow part of the device area.27 The most common metallic bridges, 

which bring about resistive switching by formation and rupture, are generated by the 

migration of metal atoms (e.g., Ag and Cu) originating from electrodes crossing the 

insulating layer.28 

In general, halide-perovskite-based ReRAM devices conduct filamentary conducting 

paths by employing electrochemically active metal electrodes. For example, Yoo et 

al. reported a resistive switching memory device using a structure of 

Ag/CH3NH3PbClxI3_x/fluorine-doped tin oxide (FTO) in 2016.29 The authors 

explained that Ag conducting filaments played a key role in the formation and 

rupture of the resistive switching phenomenon.  

In contrast, in interface switching, the resistance change occurs by field-induced 

modification over the entire electrode area.28,30 In 2015, Yoo et al. developed 

memory devices that were fabricated with Au and a CH3NH3PbClxI3-x on FTO 

substrates.86 The device performed at a low operating voltage of < 1 V, showed 

reliable endurance of 4100 times, and demonstrated a long retention time of 4104 s 

while showing typical resistive switching behaviour. In this paper, the authors 
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suggested trap-controlled space-charge-limited conduction (SCLC), which is related 

to charge carrier trapping. It means that this device is an interface type because traps 

are sited at the interface between a perovskite layer and an electrode.  

 

2. 2. 3. Challenging issues of ReRAMs   

As mentioned above, ReRAM is a metal-insulator-metal (MIM) stack, which is a 

two-terminal device. However, the voltage-time dilemma remains a fundamental 

problem of two-terminal ReRAM devices. This means switching occurs at 

reasonable voltages in the nanosecond regime, but a small read voltage should not 

disturb the device state when reading for a long time or frequently in series. To 

overcome long-lasting read-disturb, switching kinetics should show a non-linearity, 

spanning over 15 orders of magnitude.32  

To achieve a high non-linearity, the electrochemical and physical processes such as 

electro-crystallization, ion migration, and threshold switching, that determine 

switching kinetics of ECM and VCM, have to be confirmed.  

In ECM processes, electro-crystallization dominates switching behaviour at low 

voltages, whereas electron-transfer at middle voltage and ion migration at high 

voltages limit the switching kinetics. Meanwhile, in VCM processes, ion migration 

is field-accelerated at low voltage and the process is determined by local temperature 

increase at high voltages.32 With these understating of electrochemical or physical 
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processes, ECM and VCM devices can exhibit sufficiently strong non-linearity of 

switching kinetics to overcome the voltage-time dilemma. 

The second issue is referred to as the sneak path problem. Compared to other 

memory devices, ReRAM device can be fabricated with only 2 access lines, which 

makes cross-point array structure possible. It is feasible to maximize the integration 

of memory device by employing cross-point array. Moreover, 3D multi-layered 

stack is possible for extremely dense data storage.33  

Thus, cross-point array structure of resistive switching memory has been actively 

investigated. However, one access line is connected with other neighbouring cells in 

a cross-point array and sneak current occurs from other neighbouring cells. Due to 

the sneak current, ReRAM has the problem with read failure, which should be solved.  

To solve this issue, a selector is inserted with a resistive switching material into a 

cell, preventing the unselected cell from interfering with the sensing current of the 

selected cell, thus mitigating sneak current.34 After the demands of selector in a 

cross-point array was suggested, development of various selector materials is needed.  

Lastly, the third issue is the ReRAM reliability of the programmed states. This refers 

to the reduction of resistance stability of the device after programming due to the 

plasticity behaviour, which finally leads to read errors.35,36 The phenomena of 

program instability under continuous programming conditions also need to be 

studied. 
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2. 3. Switching memory device based on halide perovskites  

As the research about halide perovskite photovoltaic devices has reached its peak, 

the hysteresis behaviour in the I−V characterization produced by light or voltage 

biasing conditions has been studied.  

The hysteresis, an undesirable shift in the I−V curve, may come from ferroelectricity, 

charge trapping, or ion migration.37–39 Several types of point defects, for example 

vacancies (VPb, VMA, VI), interstitials (Pbi, MAi, Ii), and antisites (PbI, IPb) in 

CH3NH3PbI3 (MAPbI3) may bring about a range of energy levels, which leads to 

charge trapping at these energy levels.40–42 In addition, ferroelectric polarization can 

be stimulated and released by positive and negative poling.40,42,43 Thus, halide 

perovskites can be strongly suggested for a switching material for ReRAM device. 

Here, we introduce the advanced studies on ReRAM devices based on classified 

halide perovskite materials. 

 

2. 3. 1. Organic-inorganic hybrid halide perovskite based ReRAMs  

Since Yoo et al. first investigated organic-inorganic hybrid halide perovskite 

ReRAMs based on CH3NH3PbClxI3-x that show hysteretic I–V characteristics in 2015, 

the performance of ReRAM devices has been gradually improving.28,31 In organic-

inorganic hybrid halide perovskite, common organic cations include CH3NH3 (MA) 

and HC(NH2)2 (FA), while the metal cations are typically Pb (lead) or Sn (tin) and 
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serve as the inorganic cations. In general, MAPbI3-based memory devices among 

halide perovskite ReRAMs have been widely investigated. 

In 2016, Lee and co-workers demonstrated a resistive switching mechanism using 

MAPbI3 sandwiched between Au and indium tin oxide (ITO) using a simple solution 

process.40 The device achieved a constant ON/OFF ratio as high as 104, a switching 

endurance of 400 cycles, and low operating voltage of approximately 0.7 V. Based 

on this performance, the resistive switching behaviour was thought to be I (iodide) 

vacancy defect because its activation energy (0.58 eV) of formation is the lowest 

among the MA, Pb, and I defects.44 The I defect hopping along neighbouring atoms 

easily migrates along the corner-sharing BX6 octahedral edge in the perovskite 

structure. When the applied voltage increases, the I defect builds filaments from the 

bottom to the top, then electrons can move by trap-to-trap hopping along the 

occupied traps during the SET process.  

As previously understood, the hysteresis of the I-V curve originates from the ionic 

motion/migration and charge trapping/detrapping at the bulk or interface traps of 

halide perovskites.45 Thus, in 2017, Im and Jo demonstrated that the hysteresis was 

related to the domain size of halide perovskite film by fabricating an 

Au/MAPbI3/ITO structure.46 To prove that a small crystal grain size enhances 

hysteresis, which improves ReRAM switching performance, MAPbI3 films with 

different grain sizes were synthesized by an inter-diffusion controlled dripping 

method using a toluene and iso-propyl alcohol mixture. The grain sizes of the 
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MAPbI3 films were controlled in the range from 60–600 nm, and the ON/OFF ratio 

was slightly increased and saturated as the grain size decreased. When the average 

grain size was 60 nm, the device exhibited 600 endurance cycles, a data retention 

time of 104 s, and 0.7 V and -0.61 V set and reset voltages, respectively. To confirm 

the grain size effect, their trap densities were calculated. This indicated that the 

surface traps in the grain boundaries might be slightly related to the grain size of the 

MAPbI3 films, and they may also affect the switching behaviour in the memory 

device. However, the author mentioned that it was not clear how the surface traps 

affect the resistive switching behaviour owing to the slightly changed trap densities, 

as well as leaky dielectric behaviour caused by changes in grain sizes. It seems likely 

that further studies on the relations between the status of the film and the switching 

behaviour of memory device are needed. 

As those two studies mentioned above, the organic-inorganic hybrid halide 

perovskite-based ReRAM devices were assembled using Au as a top electrode and 

ITO as a bottom electrode; however, Choi. et al. conducted the fabrication of a 

MAPbI3 based memory device using an Ag top electrode, which is a highly active 

metal, and Pt on the SiO2/Si substrate as the bottom electrode.  

Figure 2. 2(a) shows the unit cell of MAPbI3.47 Compared to the device fabricated 

with an Ni and Au top electrode (which showed a high operating voltage of ±0.4 V), 

this Ag/MAPbI3/Pt structured memory device exhibited a much lower operating 

voltage of ±0.14 V.  
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Figure 2. 2. (a) The organic-inorganic halide perovskite structure (a unit cell of 

MAPbI3). (b) The five initial I–V sweeps of a Ag/MAPbI3/Pt cell. Reproduced with 

permission.47 Copyright 2016, John Wiley and Sons. 
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This indicates that the electrochemically active top electrode boosts the resistive 

switching behaviour. As shown in Figure 2. 2(b),47 reliable resistive switching can 

be seen with no remarkable variation for the five initial voltage sweeps, exhibiting 

the high ON/OFF of 106. The most important point in this research is that the device 

presented four level resistance states by setting current CC, which means multilevel 

data storage. The CC, which regulates the upper limit of the currents in LRS with no 

change to the operating voltage, can modulate the resistive switching mechanism, 

and under four different CC (10−3, 10−4, 10−5, and 10−6 A) in the SET process, four 

different ON states were operated. Thus, according to this multilevel resistive 

switching behaviour, it will be feasible to improve the data storage density of the 

device.48 

 

2. 3. 2.  All inorganic halide perovskite based ReRAMs  

Unfortunately, the organic-inorganic hybrid halide perovskite materials are 

vulnerable to ambient conditions owing to their organic groups, and especially poor 

photo and thermal stability are the main obstacles for storage, fabrication, and 

operation, which is a bottleneck for potential future applications.49–52  

To solve this issue, the organic cation can be replaced with an inorganic cation. For 

example, all-inorganic perovskites based on cesium (Cs) cations are known to be 

thermally stable above 100 °C, maintaining their structural and electrical 

properties.53,54  
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Figure 2. 3. (a) The five initial series voltage sweeps of a Ag/PMMA/CsPbI3/Pt 

device. The phase transition from cubic phase (perovskite) (b) to the orthorhombic 

phase (non-perovskite) (c). Reproduced with permission.55 Copyright 2017, John 

Wiley and Sons. (d) Schematic drawings of the CsPbBr3 QD-based ReRAM device 

fabrication process via all-solution process. (e) Endurance results under light 

illumination and dark condition. Reproduced with permission.56 Copyright 2018, 

John Wiley and Sons. 
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Han et al. reported an air-stable CsPbI3-perovskite-film-based device with an 

Ag/polymethylmethacrylate(PMMA)/CsPbI3/Pt structure that showed a high 

ON/OFF ratio of 106 (Figure 2. 3(a)), a low operating voltage under 0.2 V, and 

reproducible resistive switching with ON/OFF ratios over 300 cycles.55 In this 

research, the CsPbI3 was employed to confirm that the resistive switching behaviour 

corresponded to the transited perovskite phase. This is because CsPbI3 is the most 

unstable among the cesium lead halide perovskites.  

In Figure 2. 3(b, c), the phase transition from the cubic phase (perovskite) to the 

orthorhombic phase (non-perovskite) reduces the structural flexibility, which 

degrades the switching property.55 In the cubic phase, a defect easily moves along 

the 1D-like migration path44 in a linearly ordered corner-shared PbI6 octahedra; 

whereas, in the orthorhombic phase, the double chain structure of edge-shared PbI6 

octahedra makes defect migration inconvenient. Thus, it can be seen that the stability 

of halide perovskites, which determines the resistive switching property, are related 

to perovskite phase transitions.  

Very recently, Wang et al. fabricated a photonic ReRAM using Ag (top electrode), 

ITO (bottom electrode), and CsPbBr3 quantum dots (QDs) (as shown in Figure 4 (d)), 

which led to the formation and rupture of the both Br− ion vacancy filaments and 

silver filaments.56 This occurred as a result of light irradiation and an external bias 

voltage. When a positive bias was applied on the anode, Br− ions migrated and 

accumulated around the anode, and a Br− ion vacancy filament was formed. This led 
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to the transition from HRS to LRS. However, Ag was easily ionized into Ag+ by 

external bias and Ag+ migrated toward cathode through the active layer by applied 

voltage on the anode. Subsequently, Ag+ eventually transformed to neutral Ag atoms, 

forming Ag filaments after capturing charge carriers. As a result, by the synergistic 

switching effect of valance change and electrochemical metallization, a higher 

ON/OFF ratio was obtained with extremely stable endurance over 5000 times, as 

depicted in Figure 2. 3 (e).56  

 

2. 3. 3. Layered structure halide perovskite based ReRAMs 

As previously mentioned, the quasi-2D halide perovskite formed by inserting large 

organic cations into a 3D perovskite structure can also be a candidate resistive 

switching material. In 2017, Seo et al. reported ReRAM devices based on 

BA2MAn−1PbnI3n+1 (BA=butylammonium) by controlling of its dimensionality.57 

Figure 2. 4(a) depicts the crystal structure of BA2PbI4 (2D) and 3D MAPbI3 (3D). 

As shown in Figure 2. 4(b-e), as the dimensionality decreased from 3D (n = ∞) to 

2D (n = 1) and the HRS current significantly decreased, which contributed to the 

improvement of the ON/OFF ratio from 102 to 107. 

It is considered that the low HRS current is related to a higher Schottky barrier. The 

high Schottky barrier at the interface between an active layer and an electrode is 

contributed by enlarged bandgap in the conduction band minimum and the valence 

band maximum caused by the change in dimensionality from 3D to 2D.  
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Figure 2. 4. (a) The comparison of the crystal structure of 2D (BA2PbI4) and 3D 

MAPbI3. I–V characteristics of BA2PbI4 (b), BA2MAPb2I7 (c), BA2MA2Pb3I10, (d) 

and MAPbI3 (e). Reproduced with permission.57 Copyright 2017, Royal society of 

Chemistry. 
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The increased barrier height diminishes the injected carrier density from the 

electrode to perovskite, which hindered the current traveling in the HRS.   

In addition, its activation energy (Ea) can be another reason for the OFF current 

reduction. When the metallic filament is broken, a small current flow is created by 

thermally excited electrons hopping though shallow trap states.59 Namely, Ea is 

associated with the trap state at the conduction band and the deep trap state. This is 

related to a high conduction band minimum and large band gap, which indicates 

increased Ea. Thus, a small OFF current is caused by high Schottky barrier heights 

and Ea, which results in a high ON/OFF ratio in the resistive switching property. The 

2D layered halide perovskites have several unique properties, such as large band 

gaps for high ON/OFF ratio as previously mentioned, as well as a hydrophobic 

nature of large spacer cations to prevent water molecules from penetrating into the 

perovskite lattice. Even so, only a few studies on layered-halide-perovskite-based 

ReRAMs have been conducted.  

 

2. 3. 4. Lead-free and new composition halide-perovskite-based ReRAMs 

Halide-perovskite-based ReRAM devices have been recently emerging as a potential 

research topic; however, several issues still need to be resolved. In particular, the 

utilization of Pb must be addressed due to its toxicity. Although Pb is the most 

suitable for halide perovskites, non-toxic elements have to be applied in B site to 

achieve an environmentally friendly ReRAM device.  
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Figure 2. 5. (a) Schematic drawings of the (CH3NH3)3Bi2I9 based ReRAM device. 

The inset shows the (CH3NH3)3Bi2I9 halide perovskite structure in a unit cell. (b) The 

I–V sweeps of Au/MABI/ITO device. Reproduced with permission.60 Copyright 

2018, Royal society of Chemistry. 
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As shown in Figure 2. 5(a), Lee’s group successfully fabricated lead-free ReRAM 

using (CH3NH3)3Bi2I9, which presented approximately two orders of magnitude of 

ON/OFF ratio as shown in Figure 2. 5(b), an endurance of 300 cycles, a long data 

retention of 104 s, a switching speed of 100 ns, and multilevel data storage with four 

data levels.60 Here, we suggest two alternatives to replace Pb.  

First, a homovalent substitution of group-14 elements can be a possible component. 

Among them, tin (Sn2+) in group-14 elements can be used for lead-free halide 

perovskites due to its similar ionic radius, which optically closes to Pb61–63. Also, 

germanium (Ge2+) in group-14 elements can be used because its optical and transport 

properties are similar to those of Pb.61,64 Secondly, the double perovskite is another 

proposed candidate to be an alternative of Pb. Its structure is A2B+B3+X6, considered 

heterovalent substitution, where B+ site can have Ag, Cu or Au, and B3+ can be In, 

Sb, or Bi.65,66  

Finally, the new composition of halide perovskites needs to be investigated for 

further switching behaviour studies regarding resistive switching materials. There 

are several candidates for new compositions, such as (PEA)2GeI4, which is a layered 

perovskite with using PEA and germanium,67 Cs2[C(NH2)3]Pb2Br7, which a is 

mixture of Cs and guanidinium,68 (CyBMA)PbBr4, which contains 1,3-

bis(methylaminohydrobromide) cyclohexane(CyBMABr) ligand,69 and RbPbI3, 

which contains a rubidium cation (Ru+), compared to slightly smaller than cesium 

cation.70 These types of new compositions of halide perovskites has been rarely 
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studied; however, their research works are sufficient to allow halide-perovskite-

based ReRAM to show the most potential for future memory devices. 
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2. 4. Conclusion 

The ReRAM device is being spotlighted as a next-generation alternative to 

conventional memory devices. Although vast studies on switching materials have 

been reported, ReRAM devices based on halide perovskites have not been reported 

much because they have only recently emerged as viable materials. Currently, many 

groups have started to research halide-perovskite-based ReRAM devices owing to 

their potential. In this part, recent advancements in ReRAM devices are not only 

categorized as classified halide perovskite materials but also introduced with 

suggestions about new materials that can be applied as a switching layer. With regard 

to commercialization, there are several challenges and issues that must be resolved, 

such as the enhancement of resistive switching properties and the stability of the 

switching materials. In addition, because of the rapidly growing interest in wearable 

and portable devices, increased flexibility of the device is required to fulfill customer 

demands.  

Although formal research on halide-perovskite-based ReRAM devices has only just 

started, we undoubtedly believe that it will be a highly influential device with 

amazing advances in the future market and will serve as a stepping stone for the 

development of a resistive switching memory field. 

In addition, this topical review will encourage researchers to investigate halide-

perovskite-based ReRAM devices with useful insights, overcome its challenges, and 

give a direction to offer promising opportunities.  
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Chapter 3  

Resistive Switching Devices based on Quasi-2D 

Halide Perovskites for High ON/OFF Ratios 
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3. 1. Introduction 

Photovoltaic devices are recognized as prospective energy sources1–8. As light 

absorbers, halide perovskites have had significant impact on solar cell research 

owing to their remarkable photovoltaic properties, such as long charge diffusion 

length and low exciton binding energies9–16. In particular, the current-voltage (I–V) 

hysteresis of halide perovskites broadens their applications to electronic devices 

beyond photovoltaics, such as field-effect transistors, resistive-switching memory, 

and artificial synapses17–19. The defects that cause sweep-dependent hysteresis 

migrate in the halide perovskite layer, causing a switch in the current direction upon 

application of a weak electric field20.   

Generally, halide perovskites, which are 3D structured compounds with the chemical 

formula ABX3, consist of monovalent cations in the A-site and divalent cations in 

the B-site, and halide anions in the X-site21. 3D halide perovskites such as MAPbI3 

(MA = CH3NH3) or CsPbI3 have been mostly studied for ReRAM devices, having 

ON/OFF ratios of the order of 106 orders with multi-level resistive switching 

behavior and low operating voltage22,23.   

ReRAM devices based on halide perovskites have recently received attention as a 

potential research topic; however, some issues need to be resolved. Compared with 

conventional ReRAM devices based on metal oxides24–26, 3D halide perovskite 

memory devices display low stability in humid and ambient atmosphere, leading to 

degradation of the switching characteristics of the memory devices. More 

importantly, the ON/OFF ratio should be higher than 1010 to be commercialized, 
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because the resistances of bit and selector lines are considered in terms of high 

density layer of the memory array. 

To address these issues, quasi-2D halide perovskites have been considered as a 

means of improving the ON/OFF ratio and preventing device degradation in air27,28. 

Quasi-2D halide perovskites have the general formula: (RNH3)2An-1BnX3n+1 (n = 1, 

2, 3, …), where RNH3 is a large organic cation such as a large aliphatic or aromatic 

alkylammonium cation29–32. Thus, as the n values decreases, the dimensionality of 

halide perovskites changes from 3D to quasi-2D and 2D structures. Quasi-2D halide 

perovskites, which are formed by introducing large organic cations into 3D 

perovskites, have a wider bandgap33–35, which makes the Schottky barrier at the 

interface top electrode much higher. This in turn lowers the high resistance state 

(HRS) current, which results in an increase in the ON/OFF ratio. Further, the large 

organic cation between the quasi-2D perovskite layers prevents the device from 

breaking down because of the hydrophobicity of the alkyl amines36–39. Recently, 

ReRAM devices were reported with ON/OFF ratios ranging from 105−107, still too 

low to show commercial promise40,41. 

In this study, (PEA)2Cs3Pb4I13 (PEA = Phenethylammonium) and CsPbI3 are 

employed as the resistive switching elements in a ReRAM device to compare the 

dependence of the switching behavior on the 3D and quasi-2D halide perovskites. 

We successfully fabricate a (PEA)2Cs3Pb4I13 ReRAM device with the 

Ag/(PEA)2Cs3Pb4I13/Pt(platinum)/Ti/SiO2/Si structure, where the perovskite 

resistive switching layer is synthesized on a Pt-coated silicon substrate by solution 
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processing at low temperature. The devices exhibit bipolar resistive switching 

behavior and ultralow operating voltages. Furthermore, the ON/OFF ratios (> 109) 

of the (PEA)2Cs3Pb4I13 ReRAM devices are noticeably higher than those of the 

CsPbI3 device, with long-term stability under ambient conditions. This study 

provides an opportunity to investigate the effect of the dimensionality of halide 

perovskites on resistive switching of devices for use in next-generation high-

performance nonvolatile memory. 
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3. 2. Experimental Section 

Materials 

Lead(II) iodide (99.9985%) and hydroiodic acid (57% in aqueous solution, stabilized 

with 1.5% hydrophosphorous acid) were provided by Alfa Aesar. Phenylethyl amine 

(>99%), cesium iodide (99.99%), poly(methyl methacrylate), chlorobenzene 

(anhydrous, 99.8%), and N,N-dimethylformamide (anhydrous, 99.8%) were 

purchased from Sigma Aldrich. All the materials were used without any further 

purification.  

 

Synthesis of PEAI 

Phenylethylamine (80 mmol) was dissolved in 10 mL of ethanol and placed in an ice 

bath. HI (20 mL) was then slowly added to the flask and kept for 20 min under 

vigorous stirring. The white powder (PEAI) was collected using a rotary evaporator 

and washed thrice with diethyl ether. Finally, the product was dried under vacuum 

at 50 °C for 1 day before use. 

 

Fabrication of memory 

Different dimensional perovskite (PEA2Csn-1PbnI3n+1) precursors were prepared by 

mixing a stoichiometric quantity of PEAI, CsI, and PbI2 in DMF with a concentration 
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of 40 wt%, followed by heating for 12 h. A small amount of HI was added to the 

solution to increase the solubility of PEAI. A uniform film was obtained by spin-

coating the precursor on Pt/Ti/SiO2/Si substrates at a speed of 4000 rpm, and heating 

at 150 °C for 5 min. The PMMA solution (5 mg mL−1) was spin-coated to protect 

the perovskite film from moisture. After deposition of PMMA, the films were further 

heated at 100 °C for 5 min. To complete the devices, Ag electrodes (50 µm × 50 µm) 

were deposited by e-beam evaporation under 1 × 10−6
 Torr at room temperature 

through a shadow mask. 

 

Characterization 

 The surface and cross-section of the perovskite films were imaged using a field-

emission scanning electron microscope (ZEISS MERLIN COMPACT). The 

morphology of the perovskite films was analyzed using atomic force microscopy 

(Park System XE100). The X-ray diffraction patterns were recorded using an X-ray 

diffractometer (BRUKER MILLER Co., D8-Advance) with Cu-kα radiation. The 

electrical properties of the memory units were characterized by using an Agilent 

4156C semiconductor analyzer in the direct current voltage sweeping mode and 

alternating voltage pulse mode in a vacuum chamber (6 × 10−2 Torr). 
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3. 3. Results and Discussion 

Figure 3. 1 presents a schematic illustration of the device structure and the resistive 

switching materials, CsPbI3 and (PEA)2Cs3Pb4I13. Vertical-stacks of the Ag top 

electrode/CsPbI3 or (PEA)2Cs3Pb4I13/Pt bottom electrode/Ti/SiO2/Si structures were 

fabricated, respectively. For the low-temperature all-solution process, CsPbI3 and 

(PEA)2Cs3Pb4I13 films were successfully synthesized by the spin-coating method and 

by the thermal evaporation method using a dot-patterned shadow mask; the Ag top 

electrodes were formed on the switching layers.  

Compared to CsPbI3, a 3D halide perovskite, the two organic PEA cation layers that 

are stacked between the inorganic layers can increase the bandgap. Although the 

organic PEA cations do not influence the electronic states around the band edge, the 

steric hindrance and other structural effects caused by the organic PEA cations bring 

about structural changes in the halide perovskite frameworks, which indirectly 

influences the increase in the bandgap. Notably, the bandgap increase has a 

significant influence on the switching performance42.   
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Figure 3. 1. Schematic illustration of resistive memory device structure and resistive 

switching materials, CsPbI3 and (PEA)2Cs3Pb4I13.  
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Figures 3. 2(a) and 3. 2(b) present the scanning electron microscopy (SEM) images 

of CsPbI3 and (PEA)2Cs3Pb4I13 perovskite layers synthesized on the Pt-coated silicon 

substrates. For both samples, the thickness was about 300−350 nm, with good film 

quality and high film coverage. To achieve a smooth surface, the Pt-coated silicon 

substrates were subjected to UV ozone cleaning before coating with the perovskite 

films.  

As shown in Figure 3. 2(c, d), the surface of both perovskite layers was evaluated by 

atomic force microscopy (AFM) with a scan size of 5 μm × 5 μm. Ultra-low 

roughness was obtained for the (PEA)2Cs3Pb4I13 film, with a root mean square (RMS) 

roughness of 3.0 nm, which is much lower than that of the CsPbI3 film (15.0 nm). It 

is suspected that the addition of PEAI to the precursor solution impedes the growth 

of the perovskite crystal due to the strong hydrogen bond between the hydrogen atom 

of PEAI and the halide atom in PbI. Thus, PEAI addition to form (PEA)2Cs3Pb4I13, 

a quasi-2D halide perovskite, dramatically improved the film uniformity.43,44 
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Figure 3. 2. Properties of halide perovskite films. (a, b) Top-view SEM images of 

the CsPbI3 (a) and (PEA)2Cs3Pb4I13 (b) perovskite film. (c, d) AFM images of the 

CsPbI3 (c) (RMS = 15.0 nm) and the (PEA)2Cs3Pb4I13 (d) perovskite film (RMS = 

15.0 nm). The tips move 5 μm through the red and blue line to measure the roughness. 

(e) X-ray diffraction pattern of CsPbI3 and (PEA)2Cs3Pb4I13 thin films on glass 

substrate. 
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X-ray diffraction (XRD) measurement was conducted to verify the accurate phase 

of the 3D perovskite (CsPbI3 black phase) and quasi-2D perovskite 

((PEA)2Cs3Pb4I13). As shown in Figure 3. 2(e), the XRD pattern of the CsPbI3 sample 

shows sharp peaks at (100) and (200), indicating that the obtained perovskite film is 

highly oriented. A shoulder appeared next to the (110) peak, providing evidence of 

strain in the crystal, which allows crystallization of CsPbI3 in the cubic phase.45 

Nevertheless, peaks of the yellow phase were also observed due to the metastable 

nature of cubic CsPbI3. Upon incorporating PEAI into CsPbI3 to obtain the quasi-2D 

perovskite, a low-angle diffraction peak appeared, which can be attributed to the 

typical reflections from the layer structure.46 No XRD peaks related to yellow-phase 

CsPbI3 were observed for the quasi-2D perovskite sample. This indicates that the 

addition of PEAI to CsPbI3 not only improves the morphology, but also considerably 

boosts the stability of the perovskite film by inhibiting the transformation from the 

black to yellow phase of CsPbI3. 

To compare the switching characteristics of the CsPbI3- and (PEA)2Cs3Pb4I13-based 

memory devices, the I–V characteristics of both devices were measured under direct 

current voltage sweep. Figure 3. 3 displays the typical current–voltage curves of the 

Ag/CsPbI3/Pt (a) and Ag/(PEA)2Cs3Pb4I13/Pt (b) devices, where the voltage was 

applied to the top Ag electrode and the Pt bottom electrode was grounded. Both 

devices displayed bipolar resistive switching, which indicates that ON/OFF 

switching occurred at opposite polarities.  
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Figure 3. 3. Typical current–voltage curves of Ag/CsPbI3/Pt (a) and 

Ag/(PEA)2Cs3Pb4I13/Pt (b) devices. Temperature-dependent OFF currents of 

Ag/CsPbI3/Pt (c) and Ag/(PEA)2Cs3Pb4I13/Pt (d) devices; Arrhenius equation was 

used to deduce Ea. (e) Comparison of the ON/OFF ratio with various halide 

perovskites-based ReRAM devices including the CsPbI3 and ((PEA)2Cs3Pb4I13 based 

cells.  
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Given that the ON/OFF resistive switching operation is explained by the SET and 

RESET processes for these halide perovskite memory devices, the SET process, 

which refers to the switching from a high resistance state (HRS; OFF state) to a low 

resistance state (LRS; ON state) at a certain positive voltage, showed an abrupt 

increase. In these memory devices, the abrupt increase in the current during the SET 

process and the sustained LRS support the formation of conducting filaments with a 

compliance current (CC) of 10−3 A. Then, the LRS changed to a HRS when a 

negative voltage was applied to these devices, which indicates rupture of the 

conducting filaments with a CC of 10−2 A. Notably, the ON/OFF ratio for the 

(PEA)2Cs3Pb4I13-based devices was as high as a ~109, whereas that of the CsPbI3-

based devices was much lower (by approximately 106). The high ON/OFF ratio of 

the (PEA)2Cs3Pb4I13-based devices can be explained by the Schottky barrier height.  

By changing the dimensionality from 3D for CsPbI3 to quasi-2D for (PEA)2Cs3Pb4I13, 

the bandgap is widened.33–35 As the bandgap increases, the Schottky barrier height, 

which corresponds to the electron flow from the top electrode to the bottom electrode, 

increases at the interface between the halide perovskite switching layer and Ag top 

electrode. This means that the increased barrier height caused a reduction of the 

injected carrier density from the electrode to the perovskite switching layer. As a 

result, the HRS current decreased, leading to a high ON/OFF ratio. 

The electrical thermal activation energy (Ea) may be another factor influencing the 

HRS current reduction. Figures 3. 3(c) and (d) present plots of the HRS current 
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versus the inverse temperature at 0.02 V; Ea for carrier migration in the switching 

layer in the HRS was deduced from the Arrhenius equation. From the linear fitting 

slope of each curve, the activation energy was estimated using the Arrhenius 

equation (presented as Equation (1)): 

 

ln 𝐼off(𝑇) = ln𝐼0 −
𝐸𝑎

𝑘𝑇
          (1), 

 

where Ioff is the current in the HRS, I0 is a constant, Ea is the activation energy, k is 

the Boltzmann constant, and T is absolute temperature.47 The distribution of Ea for 

the CsPbI3 and (PEA)2Cs3Pb4I13 memory devices extracted from this Arrhenius plot 

was 0.18 and 0.44 eV, respectively.  

When the conducting filament is broken in the HRS, a small current flows through 

trap states by hopping of thermally excited electrons.48,49 The trap state, which is a 

donor level in the conduction band, is associated with Ea. Compared with the 3D 

halide perovskite (CsPbI3), the quasi-2D halide perovskite ((PEA)2Cs3Pb4I13) has a 

larger bandgap and higher conduction band minimum, leading to deeper trap states. 

The deep trap states cause the Ea to increase. Thus, the HRS current decreased.  
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Table 3. 1. Comparison of various halide perovskites -based ReRAM devices. 

Device structure SET voltage [Vset] ON/OFF 

ratio 

Ref. 

Au/MAPbI3−xClx/FTO 0.8 10 65 

Au/MAPbClXI3−X/TIO2/Ti 1 20 66 

W/Oleic acid-MAPbI3/FTO 3.1 102 67 

Au/MAPbI3/ITO 0.7 102 20 

Al/CsPbBr3/PEDOT:PSS/ITO |-0.6| 102 68 

Au/ZnO/MAPbI3/ITO 0.9 102 69 

Au/MA3Bi2I9/ITO 1.6 102 70 

Ag/PMMA/MAPbI3/PMMA/ITO 1.2 103 71 

Ag/PMMA/MAPbBr3:PMMA/PMMA/ITO 1 103 72 

Au/Cs3Bi2I9/ITO 0.3 103 73 

Au/MAPbI3/Pt 1 104 74 

Ag/PMMA/CsSnI3/Pt 0.13 105 59 

Ni/ZnO/CsPbBr3/FTO |-0.95| 105 75 

Ag/MAPbI3/Pt 0.2 106 18 

Ag/PMMA/CsPbI3/Pt 0.18 106 23 

Ag/PMMA/Rb0.52MA0.48PbI3/Pt 0.25 106 76 

Ag/MAPbI3/Pt 0.13 106 22 
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Ag/CsPbI3/Pt 0.1 106 This 

work 
Au/Rb3Bi2I9(Cs3Bi2I9)/Pt 0.09(0.1) 107 77 

Au/MAPbI3/Au 0.32 107 78 

Ag/PEA2Cs3Pb4I13/Pt 0.18 109 This 

work 
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Therefore, the fact that the Schottky barrier height and the activation energy of quasi-

2D (PEA)2Cs3Pb4I13 are higher than those of 3D perovskites may account for the 

high ON/OFF ratio of the (PEA)2Cs3Pb4I13- based memory device, originating from 

the low HRS current.  

To compare the superior resistive switching properties of the (PEA)2Cs3Pb4I13 based 

memory device with representative research works on halide perovskites based 

ReRAMs, the values of the ON/OFF ratios with SET voltages are exhibited, as 

shown in Table 3. 1. Also, the ON/OFF ratios versus SET voltages are plotted in 

Figure 3. 3(e).  

Figure 3. 4 shows the detailed resistive switching performance of the 

(PEA)2Cs3Pb4I13-based memory device. As shown in Figure 3. 4(a), a series of five 

sweeps was performed in DC sweep mode at 0 V → +0.8 V → 0 V → −0.8 V → 0 

V with a semiconductor parameter analyzer to confirm hysteresis in the I–V profile 

of the device. In the initial DC sweep, an electroforming process referred as a kind 

of “soft breakdown” was needed to achieve stable resistive switching properties,50 

which is analogous to that of general resistive switching memory devices based on 

electrochemical metallization (ECM). In ECM, the active top electrode is dissolved 

by oxidation, after which the metal cations form a conducting filament passing 

through the switching layer.51 
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Figure 3. 4. Resistive switching performance of (PEA)2Cs3Pb4I13-based memory 

device. (a) Series I–V characteristics of the Ag/(PEA)2Cs3Pb4I13/Pt cells. (b, c) 

Statistically analyzed forming (b), SET, and RESET (c) voltage distributions of 50 

different Ag/(PEA)2Cs3Pb4I13/Pt cells. (d) High- and low-resistance states of 50 

different Ag/(PEA)2Cs3Pb4I13/Pt cells. (e) Endurance characteristics for 

(PEA)2Cs3Pb4I13 memory device. (f) Retention property of the ON and OFF states.  
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In the (PEA)2Cs3Pb4I13-based memory device, electroforming occurred abruptly at a 

voltage of +0.40 V; the operating voltage required for the SET process was +0.18 V 

and that for the RESET process was −0.10 V. The SET process could proceed at a 

lower voltage than that of the electroforming process because of the already-formed 

filament, which makes it easier to pass the SET filament. Initially, the sustained low 

current state of the device (10−12 A) abruptly changed to the high current state of the 

device (10−3 A) when the applied voltage exceeded the SET voltage. Subsequently, 

the sustained high current state abruptly changed to the low current state when the 

applied bias at negative polarity exceeded the RESET voltage. From the series of 

five I–V sweeps, reliable and reproducible resistive switching of the 

(PEA)2Cs3Pb4I13-based ReRAM devices was confirmed.   

Figures 3. 4(b) and (c) show the statistically analyzed forming, SET, and RESET 

voltage distributions of 50 different Ag/(PEA)2Cs3Pb4I13/Pt cells for evaluating the 

uniformity of the operational function of the (PEA)2Cs3Pb4I13 memory devices. From 

these distributions, there was no significant deviation in the forming voltages of the 

different 50 cells, nor did the SET and RESET voltages show any meaningful 

deviation.  

Figure 3. 4(d) shows the HRS and LRS values of 50 different Ag/(PEA)2Cs3Pb4I13/Pt 

cells under applied write/erase voltage pulses. The result confirms that the average 

ON/OFF ratio did not differ significantly for the devices, which means that the 

reproducibility of the cells in resistive switching memory devices is superior.     
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The switching endurance, which confirms the stability and the number of switching 

cycles, is also one of the key factors influencing the reliability of resistive switching 

memory devices. Figure 3. 4(e) shows the endurance characteristics of the 

(PEA)2Cs3Pb4I13 memory device, measured by applying alternating current (AC) 

voltage pulses. Continuous write/erase voltage pulses of +0.8 V for the SET process 

and −0.8 V for the RESET process were applied to the memory devices, with a 640 

μs pulse duration and a read voltage of +0.05 V. The Ag/(PEA)2Cs3Pb4I13/Pt device 

was functional for 230 endurance cycles, with ON/OFF ratios above 108.  

The typical data retention for the ON and OFF states was also evaluated for the 

Ag/(PEA)2Cs3Pb4I13/Pt cell to test the electrical reliability of the memory device, as 

shown in Figure 3. 4(f). A constant ON/OFF ratio of ~109 was maintained for over 

2 × 103 s at the reading voltage of +0.02 V. In the HRS region, a very small current 

fluctuation was observed, but the HRS and LRS remained constant overall.   

To elucidate the current transport mechanisms of the resistive switching behavior, 

the typical I−V curves of the devices were plotted using a double-logarithmic scale 

for each resistance state, as shown in Figure 3. 5(a). The electrical conduction of the 

Ag/(PEA)2Cs3Pb4I13/Pt memory device differed in the HRS and LRS during the SET 

operation under a voltage sweep of 0 V → +0.8 V → 0 V. First, it was found that the 

Ohmic conduction plot had a slope of 0.99, with a linear relation of ln I vs. ln V in 

the LRS region after the abrupt current increase.23,52–54 
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Figure 3. 5. Current transport mechanisms underlying resistive switching behavior. 

(a) Double-logarithmic scale of I−V curve of the Ag/(PEA)2Cs3Pb4I13/Pt device. (b) 

Proportional relation of current density to voltage (I ∝ V) for LRS. (c) Relation of 

current to square root of voltage (ln I ∝ V1/2) for HRS. 
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In the HRS region, the relation of ln I vs. ln V was non-linear with a slope of 0.26, 

which verifies that Schottky emission is dominant.23,53,55 

In order to better understand the two types of electrical conduction mechanisms, i.e., 

Ohmic conduction in the LRS and Schottky emission in the HRS, the I–V curves of 

each resistance state were replotted with linear fitting lines. From Figure 3. 5(b), it 

is clear that the linear fitting conforms to Ohmic conduction in the LRS, as proven 

by the proportional relation of the current density to the voltage (I ∝ V).53 This 

indicates that Ohmic conduction governed the LRS after abrupt formation of the 

conducting filament by passing through the halide perovskite switching layer. 

To further clarify whether Schottky emission is dominant in the HRS region during 

the SET operation, the nonlinear I–V curve of the HRS was replotted as ln I versus 

the square root of the applied voltage (ln I ∝ V1/2), as illustrated in Figure 3. 5(c). 

52,55,56   

The fitting result shows a linear relationship of ln I ∝ V1/2, which can be taken as 

evidence that Schottky emission is dominant in the HRS region, according to the 

following equation:23 

 

ln 𝐼 ∝ √
𝑞3

4𝜋𝜀𝑑 
𝑘𝑇 × √𝑉          (2) 
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where I is the current, q is the electric charge, ε is the dielectric constant, d is the 

dielectric film thickness, and V is the applied voltage. The linearity of the replotted 

graph indicates that the metal cations are dissolved from the Ag top electrode by 

thermionic Schottky emission. In other words, in the HRS, Schottky contact is 

formed between the Ag top electrode and the halide perovskite layer, and ejected 

carriers from the top electrode can easily pass through the potential barrier. 

Furthermore, the results suggest that the limited current flow from the top electrode 

to the switching layer controls the HRS current level.  

It is known that the current in the HRS is related to the Schottky barrier height; thus, 

we compared the linear replotted I–V curves for the HRS of the 3D CsPbI3 and quasi-

2D (PEA)2Cs3Pb4I13 memory devices. As shown in Figure 3. 6(a), the quasi-2D 

(PEA)2Cs3Pb4I13 memory device displayed lower current in the HRS, where the 

current density could be estimated according to the Richardson-Schottky law: 

 

𝐽 = 𝐴 × 𝑇2 × 𝑒𝑥𝑝 (
𝑞√

𝑞𝐸

4𝜋𝜀

𝑘𝑇
−

𝑞𝛷𝐵

𝑘𝑇
)          (3), 

 

where A is the Richardson constant, E is the electric field, and ΦB is the Schottky 

barrier height.57,58 
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As expressed in Equation (3), the Schottky barrier height, ΦB, corresponds to the 

current density in the HRS. The increased barrier height of quasi-2D 

(PEA)2Cs3Pb4I13 limits the carrier flow from the Ag top electrode to the perovskite 

switching layer.  

 

 

 

 

Figure 3. 6. (a) Comparison of linear replotted I–V curves for HRS of CsPbI3 and 

(PEA)2Cs3Pb4I13 devices. (b) Schematic diagram of Schottky barrier heights for 

CsPbI3 and (PEA)2Cs3Pb4I13. 
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Figure 3. 6(b) shows a schematic representation of the Schottky barrier heights of 

these two perovskite materials, suggesting that band-bending induced by modifying 

the bandgap of the switching material controls the barrier height. Therefore, we can 

increase the HRS current to improve the ON/OFF ratio of the memory devices.  

In the ECM mechanism, formation and rupture of the metal cation filament are 

caused by electrochemical reactions as well as thermal effects; therefore, the 

temperature-dependence of the memory devices should be investigated. To confirm 

the impact of temperature on the electrical characteristics of the device, I−V 

measurements were conducted over the temperature range of 293−393 K. Figure 3. 

7(a) shows that the HRS current increased with increasing temperature. The 

increasing tendency of the current can be attributed to easy migration of the ejected 

metal cations into the switching layer after dissolution of the metal electrode.23,59  

Figures 3. 7(b), (c), and (d) display the decreasing and increasing trends for the 

forming, SET, and RESET voltages under DC voltage sweep when the temperature 

was elevated. In the forming and SET processes, the operating voltage is related to 

the rate of migration of the metal cations and the super-saturation of the metal. As 

the temperature increases, Ag metal cations easily move through a switching layer, 

then quickly reach super-saturation at the counter-electrode, even at a low voltage, 

thereby reducing the forming and SET voltages.59,60  
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Figure 3. 7. (a) Temperature-dependence of HRS before SET process. (b, c, d) 

Tendency of forming (b), SET (c), and RESET (d) voltages under DC voltage sweep 

with increasing temperature.    
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In the RESET processes, rupture of the conducting filament at the counter-electrode 

occurs due to Joule heating-assisted dissolution.59–61 The narrow conducting 

filaments, which are thermally unstable, are easily broken at high temperature. For 

this reason, rupture of the Ag filament can easily take place at the counter-electrode 

as the temperature increases, even under a low-intensity electric field.  

One of the issues for halide perovskite-based ReRAM devices is the stability. It is 

reported that the CsPbI3 3D halide perovskite is susceptible to humidity, resulting in 

rapid degradation when related devices are exposed to ambient conditions. Recently, 

to enhance the moisture resistance, some techniques have been introduced to 

maintain the stability, such as encapsulation or applying passivating polymer films 

to the devices. In our work, we found that the (PEA)2Cs3Pb4I13 quasi-2D halide 

perovskite was robust at room temperature under ambient conditions, compared to 

the CsPbI3 3D halide perovskites.  

To confirm the superior stability of (PEA)2Cs3Pb4I13, the memory devices were kept 

under ambient atmosphere and the I–V characteristics were monitored. As illustrated 

in Figure 3. 8(a), the 3D perovskite memory device degraded after five days. 

However, from the I–V measurements for the quasi-2D perovskite memory devices 

in Figure 3. 8(b), it is clear that the stability was enhanced without appreciable decay 

after storage in air for two weeks.  
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Figure 3. 8. Stability tests from I–V measurements of Ag/CsPbI3/Pt (a) and 

Ag/(PEA)2Cs3Pb4I13/Pt (b) devices. 
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The stable resistive switching behavior of this (PEA)2Cs3Pb4I13 memory device is 

influenced by the multiple interaction forces in the quasi-2D structure, such as strong 

ionic bonds in the perovskite (inorganic) layer, weak van der Waals force between 

the PEA layers (mono ammonium cation layers), connections between organic and 

inorganic layers (the coordination bonds between ammonium group and Pb and the 

hydrogen bond between ammonium group and halogen).62,63  

Further, the hydrophobic PEA cation brings about steric hindrance, which affects the 

surface Pb–I to prevent the adsorption of water.64 Additionally, the stacks of 

hydrophobic cation layers protect the inner perovskites from water molecules, thus 

minimizing water intake by the memory devices.  

Thus, we confirmed that the PEA cations prevent destruction of the quasi-2D 

structure and provide moisture resistance, which counters degradation of the 

switching performance of the (PEA)2Cs3Pb4I13 memory device.  
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3. 4. Conclusion 

In summary, a large ionic radius cation (PEA) was introduced into CsPbI3 in order 

to form a quasi-2D halide perovskite, (PEA)2Cs3Pb4I13, to achieve a high ON/OFF 

ratio in ReRAM devices. Uniform surface morphology was achieved by 

incorporating the PEA cation, and (PEA)2Cs3Pb4I13 effectively improved the 

resistive switching of the device.  

The ReRAM device with the Ag/(PEA)2Cs3Pb4I13/Pt structure showed a high 

ON/OFF ratio of 109, which is three orders higher than that of the CsPbI3-based 

memory device. Owing to the wide bandgap of (PEA)2Cs3Pb4I13, a high Schottky 

barrier was formed and the activation energy increased, thereby leading to a 

reduction in the HRS current. A stability test verified the superior resistance of the 

device under ambient atmosphere at room temperature, which is another favorable 

property of quasi-2D perovskites. While the CsPbI3 memory device was degraded 

after five days, the (PEA)2Cs3Pb4I13 devices were stable for two weeks, which is 

meaningful in terms of practical application of halide perovskite memory devices.  
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Chapter 4  

Tailored 2D/3D Halide Perovskite Heterointerface 

for Substantially Enhanced Endurance 
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4. 1. Introduction 

Resistive random-access memory (ReRAM) is the most promising candidate for 

next-generation memory technology because of its low operation energy, high 

integration density, and high switching speed1–7. Generally, the structure of ReRAM 

comprises a traditional metal/insulator/metal (MIM) in which the insulator provides 

a resistance state that is different from the low-resistance state (LRS) and high 

resistance state (HRS), which can be achieved by applying a voltage amplitude or 

bias polarity. Most research on insulators has focused on binary oxide materials such 

as TaOx, HfOx, TiOx, and new functional materials such as perovskite oxides 

(PrxCa1-xMnO3, SrTiO3, BaTiO3, and BiFeO3)8–14. However, oxide-based 

materials are not suitable for applications in flexible and low-power devices because 

these require a high temperature process and high-operation voltage. 

Halide perovskites with an ABX3 structure, where A is an organic (CH3NH3) or 

inorganic (Cs, Rb) cation, B is a metal cation (Pb, Sn), and X is a halide anion (I, Br, 

or Cl), have been reported to exhibit excellent material properties such as superior 

flexibility, tunable band structure, and excellent optoelectronic properties15–22. The 

development of halide perovskites-based resistive switching resistive switching 

memory devices has particularly seen rapid progress because of their low operation 

voltages, high ON/OFF ratios, and superior flexibility. Moreover, halide 

perovskites-based resistive switching memory devices are suitable to take artificial 
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synaptic devices by synergistic coupling of remarkable photonic, electronic, and 

ionic properties of halide perovskites23–26. 

However, the critical weaknesses of these devices such as short endurance and 

instability are a major obstruction for their entrance into the future resistive 

switching memory market. In particular, a conventional oxide-based resistive 

switching memory device exhibited long 

endurance of more than 106 cycles, whereas halide perovskites-based resistive 

switching memory devices have a very short endurance of about 103 cycles22,27. 

Several solutions have been investigated to address these issues such as externally 

encapsulating the halide perovskite film28–31, uniform morphology/high crystallinity 

of halide perovskites films by solvent engineering and additives, and synthesizing a 

chemically more stable composition of halide perovskites films22,32–39. However, 

despite many efforts, the deterioration of the halide perovskite films could not be 

resolved. 

In our recent earlier study, we reported the resistive switching property of switchable 

methylammonium lead iodide (MAPbI3) and non-switchable rubidium lead iodide 

(RbPbI3) mixtures. The non-switchable RbPbI3 was observed to enhance the 

endurance of the halide perovskite film by restraining the growth of the Ag filament. 

Thus, we observed that long endurance of halide perovskite-based devices can be 

achieved by mainly controlling the growth of the Ag filament33. 
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In this study, we fabricated halide perovskite-based resistive switching memory 

devices in two-dimensional (2D) perovskite (phenethylammonium lead iodide, 

PEA2PbI4)/three-dimensional (3D) perovskite (MAPbI3) heterojunction structures 

via a low-temperature all-solution process and investigated their properties. The 

2D/3D perovskite, which was used as an active layer, significantly enhanced the 

endurance from 300 cycles to more than 2700 cycles with a high ON/OFF ratio of 

>106, an operation speed of 640 μs, and long-term stability for 28 days. Furthermore, 

to understand the growth behavior of the Ag filament, we measured the I−V 

characteristics of the halide perovskite-based resistive switching devices at various 

temperatures and calculated their hopping activation energy. In addition, the 

distribution of the Ag ions in the halide perovskite films was observed by secondary 

ion mass spectroscopy (SIMS) and 3D rendering. Furthermore, we simulated the 

filament rupture point that is caused by the difference in the thermal conductivities 

between 2D and 3D perovskite. Hence, we believe that this study could provide a 

new strategy to enhance the endurance of halide perovskite-based resistive switching 

memories for next generation nonvolatile computer storage.  
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4 .2. Experimental Section 

Materials 

All materials were used without purification. PbI2 (99.9985%) was purchased from 

Alfa Aesar (U.S.A.), PEAI was purchased from GreatCell Solar (Australia), and 

MAI from Xi’AnP-OLEDCo. (China). Expect of three materials were purchased 

from Sigma-Aldrich (USA). 

 

Device Fabrication 

 Pt/Ti-coated Si wafer substrates were cleaned by an ultrasonic bath in acetone, 

ethanol, and deionized water for 15 min each. The 3D perovskite solution (55 wt.% 

MAI, PbI2 and DMSO (Sigma-Aldrich, >99.9 %), was prepared at 1:1 molar ratio, 

in dimethylformamide (DMF) (Sigma-Aldrich, 99.8 %). The 3D perovskite 

precursor solution was coated on the Pt/Ti-coated Si wafer substrate by an adduct 

method reported by Park et al. Then, 8.5 μL of the dissolved solution was spin coated 

on the substrates at 4000 rpm for 20 s and 0.3 mL of diethyl ether (Sigma-Aldrich) 

was dropped for 10 s after starting the spin coating. The spin-coated 3D perovskite 

films were annealed at 70 °C for 1 min and then at 100 °C for 3 min. After cooling 

to room temperature, the 2D organic perovskite precursor was coated on the 3D 

perovskite/Pt/Ti-coated Si wafer substrate. The 2D organic perovskite precursor 

solution consisted of 10 mg, 20 mg and 30 mg PEAI in 1 mL of IPA (Sigma-Aldrich, 

99.5%). The spin-coated 2D/3D perovskite films were annealed at 100 °C for 1 min 

and washed with 0.5 mL IPA. The washed 2D perovskite/3D perovskite films were 
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annealed at 100 °C for 1 min, cooled to room temperature, and subsequently, 20 μL 

of poly(methyl methacrylate) (PMMA) solution was deposited by spin coating at 

4000 rpm for 30 s; the PMMA solution consisted of 2 mg PMMA (Sigma-Aldrich) 

in 1 mL of chlorobenzene (Sigma-Aldrich, 99.8 %). Finally, 50 nm metallic Ag was 

thermally evaporated on top of the devices. 

 

Device characterization 

 The surface and cross-sectional images were obtained by FESEM (JSM-7600F, 

JEOL). The crystal structures were detected by GI-XRD (D8 advance, Bruker) and 

XRD (SmartLab, RIGAJU) with Cu Kα radiation (λ = 1.54056 Å). The XRD data 

were recorded in the 2 range of 5° to 60° at scan speed of 6° min-1. All electrical 

properties were detected using an Agilent 4156C semiconductor in a vacuum probe 

station under approximately 10-2 torr. The I-V characteristics were measured in the 

direct current (DC) voltage sweeping mode at various temperatures (243, 273, 303, 

and 333 K) and various compliance currents (positive bias region 10-3, 10-4, 10-5, and 

10-6 A; negative bias region 10-2 A); resistive switching was measured by voltage 

pulses. To observe the conduction mechanism in the 2D/3D perovskite films, halide 

perovskite-based resistive switching devices were investigated using TOF.SIMS-5 

(IONTOF, Germany). Their thermal conductivity and heat capacity were measured 

by the light flash technique (LFA467, Netzsch). To confirm the rupture mechanism, 

the 2D/3D perovskite film was simulated by COMSOL simulation (COMSOL 

Multiphysics, USA). 
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4. 3. Results and Discussion 

 

Figure 4. 1. (a) GIXRD patterns of the 2D/3D perovskite film at X-ray incident 

angles of 0.3, 2, 5, and 8 (the filled triangles and squares denote the diffraction 

peaks corresponding to the 2D and 3D perovskite, respectively). The morphologies 

of the 3D perovskite and 2D/3D perovskite film; plane view scanning electron 

microscopy (SEM) images of: (b) 3D perovskite and (c) 2D/3D perovskite film. 

Cross-sectional SEM images of: (d) 3D perovskite and (e) 2D/3D perovskite film. 

Comparison of the crystalline structure of: (f) 3D perovskite and (g) 2D/3D 

perovskite film. 
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Figure 4. 2. XRD patterns of the 2D/3D perovskite films fabricated using different 

concentrations of PEAI solution. 
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Figure 4. 1a shows the grazing-incidence X-ray diffraction (GIXRD) patterns of the 

2D/3D perovskite films at different incident angles. The main peaks obtained using 

MAPbI3 as the 3D perovskite film are observed at 14.12, 28.46, and 31.88°, which 

are well matched with the tetragonal structure of the (110), (220), and (310) 

planes17,19,20, respectively. The 2D perovskite layer was spin-coated on the 3D 

perovskite film.  

Figure 4. 2 shows the XRD patterns of the 2D/3D perovskite films with increasing 

phenylethylammonium iodide (PEAI) concentrations. The peaks obtained for 

PEA2PbI4 as a 2D perovskite film are observed at 5.4 and 10.82° for the monoclinic 

structure assigned to the (002) and (004) planes, respectively40–42. In the GI-XRD 

patterns, the PEA2PbI4 peak disappeared at high incident angles of more than 8°, 

indicating the formation of a thin 2D perovskite layer on the 3D perovskite film.  

 

 

 

Figure 4. 3. Plane view scanning electron microscopy (SEM) images of: (a) pristine 

3D perovskite, (b) 10 mg PEAI, (c) 20 mg PEAI, and (d) 30 mg PEAI. 
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To confirm the uniformity of this layer, we observed the 2D perovskite surfaces with 

increased PEAI concentrations, as shown in Figures 4. 1b-e and Figure 4. 3.  

The thickness of the 3D perovskite film is approximately 500 nm, and its grain size 

is 100 nm. At low PEAI concentrations, the grain of 3D perovskite was exposed on 

the surface of the 2D/3D perovskite film. On the other hand, a high PEAI 

concentration can create the unknown phase and non-uniform layer on the 3D 

perovskite film, as shown in Figures 4. 2 and 4. 3. 

Specifically, we observed that a 2D perovskite layer with an approximately 80 nm 

thickness is well covered on the 3D perovskite film when a 20 mg mL−1 PEAI 

solution is used. Figure 4. 1f and g shows the schematic of the crystal structure of 

the 3D perovskite and 2D/3D perovskite films, respectively. We observed that the 

structure of the 3D perovskite layer with MAPbI3 contains the methylammonium 

cation (MA+) surrounded by PbI6 octahedra. The structure of the 2D perovskite is 

represented as PEAn+1PbnI3n+1, known as the Ruddlesden−Popper phase, where n is 

the number of the layers of octahedra in the perovskite-like stack. Hence, the 2D 

perovskite PEA2PbI4 layer is stacked on top of 3D perovskite MAPbI3. This 2D/3D 

perovskite structure was designed to improve the endurance and stability of halide 

perovskite-based resistive switching devices. 
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Figure 4. 4. (a) Typical current−voltage (I-V) characteristics of halide perovskite-

based resistive switching devices. (2D/3D- PEAI 20 mg) (b) Resistive switching 

behavior measured with the DC pulses. Pulse duration is fixed at 640 μs. 
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Figure 4. 5. Typical current-voltage (I−V) characteristics of halide perovskite-based 

resistive switching devices. (a) PEAI 10 mg (b) PEAI 30 mg. 

 

 

 



 

 

115 

 

 

 

 

 

 

 

 

Figure 4. 6. Typical I−V characteristics of 2D halide perovskite-based resistive 

switching devices. 
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Figures 4a, 5, and 6 show the typical I−V characteristics of the halide perovskite-

based devices, measured under the DC sweeping mode with a voltage step of 0.01 V 

(0 V → +1 V → 0 V → −1 V→ 0 V). The characteristics of the 2D/3D perovskite 

films are similar to those of the pristine 3D perovskite films in which both halide 

perovskite-based devices exhibit bipolar resistive switching at about ±0.18 V without 

the electroforming process. The devices maintained an HRS at ~10−10 A. Then, the 

current levels were sharply increased to the LRS at ∼10−3 A under the applied bias 

voltage, +0.18 ± 0.1 V. However, after applying a negative bias voltage sweep of 

−0.11 ± 0.05 V, the current level dramatically changed to an HRS (Figure 4. 7). 

In addition, multilevel resistive switching properties of both devices could exploit 

the high data storage density of the memory due to its high ON/OFF ratio, as shown 

in Figure 4. 8. When the compliance current was changed from 10−3 to 10 −6 A for 

the positive bias sweep, reversible resistive switching was feasible without 

negligible fluctuations in the set voltage. On the other hand, reversible resistive 

switching at negative bias sweep exhibited slight fluctuations in the reset voltage. 

Figure 4. 4b shows the endurance of a 2D/3D perovskite device with a pulse duration 

of 640 μs, compared with that of a 3D perovskite device. The switching voltage for 

the set/reset process was the same for all devices. The endurance of the pristine 3D 

perovskite device was only about 350 cycles. However, the endurance of the 2D/3D 

perovskite device was considerably extended to ∼2700 cycles at the PEAI 

concentration of 20 mg mL−1.  
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Figure 4. 7. Average of set and reset voltage. (a) 3D perovskite and (b) 2D/3D 

perovskite. 
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Figure 4. 8. I–V characteristics exhibiting the potential for multilevel switching (a) 

I–V characteristics of 3D perovskite and (b) I–V characteristics of 2D/3D perovskite 

(compliance current = 10−3, 10−4, 10−5, and 10−6 A). 
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Figure 4. 9 shows the endurance of the fabricated 2D/3D perovskite device with 

different PEAI concentrations. A low PEAI concentration (10 mg mL−1) has similar 

endurance cycles to those obtained using a pristine 3D perovskite device because of 

its many pinholes on top of the 3D perovskite film (see Figure 4. 3b).  

In high PEAI concentrations (30 mg mL−1), the endurance of 2D/3D perovskite is 

significantly decreased to ∼150 cycles, compared to ∼2700 cycles at the PEAI 

concentration of 20 mg mL-1. It may be interrupted by a thick 2D layer. In addition, 

the pure 2D perovskite devices exhibited an endurance of only ∼80 cycles, as shown 

in Figure 4. 10. This indicates that the coverage and thickness of the 2D layer on top 

of the 3D perovskite film are crucial for improving the endurance of the halide 

perovskite-based resistive switching memory devices.  

Furthermore, we investigated the retention characteristics of the halide perovskite-

based devices in the on state (write voltage, +0.5 V; read voltage, +0.02 V for 10 

000 s with a pulse duration of 640 μs).  

In Figure 4. 11, the retention of the 3D perovskite device was up to 4100 s, while the 

2D/3D perovskite device maintained an LRS for more than 10 000 s. This suggests 

that the 2D perovskite layer can enhance the durability and reproducibility of the 

halide perovskite-based resistive switching devices.  
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Figure 4. 9. Resistive switching behavior measured with the DC pulses. Pulse 

duration is fixed at 640 μs. (a) PEAI 10 mg (b) PEAI 30 mg. 
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Figure 4. 10. 2D perovskite based resistive switching behavior measured with the 

DC pulses. Pulse duration is fixed at 640 μs. 
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Figure 4. 11. Retention characteristics of the halide perovskite-based resistive 

switching devices: (a) 3D perovskite and (b) 2D/3D perovskite. 
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Figure 4. 12. Long-term stability of the halide perovskite-based resistive switching 

devices: (a,b) PbI2/MAPbI3 peak ratio of halide perovskite -based resistive switching  

devices. (c,d) Reset voltage deviation of halide perovskite-based resistive switching 

devices. (e,f) Set voltage deviation of halide perovskite-based resistive switching 

devices. (a,c,e) 3D perovskite and (b,d,f) 2D/3D perovskite. 
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Figure 4. 13. XRD patterns of the halide perovskite-based resistive switching 

devices as a function of time: (a) 3D perovskite and (b) 2D/3D perovskite. 
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Figure 4. 14. I−V characteristics of halide perovskite-based resistive switching 

devices for long-term stability: (a) 0 days 3D perovskite, (b) 0 days 2D/3D 

perovskite, (c) 7 days 3D perovskite, (d) 7 days 2D/3D perovskite, (e) 14 days 3D 

perovskite, (f) 14 days 2D/3D perovskite, (g) 21 days 3D perovskite, (h) 21 days 

2D/3D perovskite, (i) 28 days 3D perovskite, and (j) 28 days 2D/3D perovskite. 
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To confirm the long-term stability, we measured the I−V characteristics and X-ray 

diffraction (XRD) patterns of the halide perovskite based resistive switching devices 

under ambient conditions (relative humidity 40-60% at 25 °C) for a month. As a 2D 

perovskite layer that uses hydrophobic PEA+ cations for passivation can efficiently 

protect the 3D perovskite films from H2O and O2 under ambient conditions, the 

devices could maintain general bipolar resistive switching behavior without 

deviations for 28 days (Figures 4. 12 - 4. 14).  On the other hand, the reset voltage 

deviation of the pristine 3D perovskite device is observed to increase because 

MAPbI3 decomposes to MAI (g) and PbI2 (s) after only 7 days43,44. 

To understand the conduction mechanism of the 2D/3D perovskite device, we 

studied the I-V characteristics at various temperatures in the range of 243-333 K45,46. 

The exponential plots of the I−V curves in Figure 4. 15a,b show that the pristine 3D 

and 2D/3D perovskite devices exhibited Ohmic contact behaviors with a linear slope 

of 1 in the LRS range at various temperatures. However, in the HRS range, the linear 

slopes gradually changed with an increase in temperature, indicating the hopping 

mechanism. We plotted the ion hopping activation energy34,47, as shown in Figure 4. 

15c. The thermally assisted ion hopping (TAH) is determined by the following 

Expression; 

 

𝐽 = 𝜎𝑇𝐴𝐻𝐸 = 𝑛𝑐2𝜈𝑇𝐴𝐻𝑎𝑞𝑒exp (
Δ𝛨

𝑘𝑇
) sinh (

𝑞𝑒𝐸𝑎

2𝑘𝑇
)  (1) 
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where nc is the concentration of the majority carrier, qe is the elementary charge, ν is 

the frequency factor, and a is the ion hopping distance. We focused on the 

relationship between the ion hopping activation energy (ΔH) and temperature (T). In 

addition, this could follow an Ohm’s law-type linear dependence of J for a low 

electric field,  E<< kT/a𝑞𝑒, as below, as below; 

 

𝐽 =
𝑛𝑐𝜈𝑇𝐴𝐻𝐸

𝑘𝑇
𝑎2𝑞𝑒

2𝑒𝑥𝑝 (
𝛥𝛨

𝑘𝑇
)       (2) 

 

The ion-hopping activation energies were 0.135, and 0.150 eV for the pristine 3D 

perovskite and 2D/3D perovskite devices, respectively, as shown in Figure 4. 15c. 

This indicates that the 2D perovskite layer prevents the migration of the Ag ions as 

a conductive filament to the 3D perovskite film.  

To further observe the Ag ion migration into the 3D perovskite film, we conducted 

time-of-flight secondary ion mass spectroscopy (TOF-SIMS) of the 3D and 2D/3D 

perovskite devices as the actual memory devices. Figure 4. 16 shows the ToF-SIMS 

3D image of the Ag− and PbI− ion distributions on the halide perovskite-based 

devices for different endurance cycles. Small Ag ion distribution of the perovskite 

device is observed even at the fresh sample due to the instantaneous electric field by 

charged ions during the ion etching process48. 
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Figure 4. 15. Conduction mechanism of halide perovskite -based resistive switching 

devices: (a,b) Logarithmic I−V characteristics of: (a) 3D perovskite and (b) 2D/3D 

perovskite films. (c) Thermally-assisted ion-hopping (TAH) activation energy is 

calculated at various temperatures. 
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Figure 4. 16. (a,c) Schematic of halide perovskite -based resistive switching devices 

with: (a) 3D perovskite (c) 2D/3D perovskite. (b,d) ToF-SIMS 3D image results for 

halide perovskite-based resistive switching devices under different endurance cycles. 

Each 3D image is 50 × 50 × 0.5 μm. (b) 3D perovskite (d) 2D/3D perovskite. 
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The Ag ion distribution of the 2D/3D perovskite device is observed to be much 

smaller/narrower than that of the pristine 3D perovskite device during the 300 cycles 

of endurance. The large Ag conductive filament lowers the endurance and causes 

instability because of its reaction with the halide perovskite films, such that the Ag 

filament would be stuck in an LRS49. This is the reason why the 2D/3D perovskite 

device exhibits a long endurance of ~2700 cycles and long-term stability. Thus, the 

2D perovskite layer can efficiently retard the Ag ion migration, which is consistent 

with the high ion hopping activation energy observed in Figure 4. 16. Furthermore, 

the migration of the Ag ions demonstrates that the resistive switching mechanism of 

the halide perovskite-based device is electrochemical metallization. However, the 

enhanced endurance of the 2D/3D perovskite devices cannot clearly be explained by 

only the filament size in the perovskite film. Recently, a few studies reported the 

improved endurance of oxide resistive switching devices by employing different 

thermally conductive materials32,50–52. Therefore, we measured the thermal 

conductivity of the 3D perovskite and 2D perovskite films by the light flash 

technique, as shown in Figure 4. 17a. The 2D perovskite film exhibited a thermal 

conductivity of 1.18 W m−1K−1, which is 4 times higher than that of the 3D films 

(0.28 W m−1K−1). To confirm this effect of the 2D perovskite film on the thermal 

conductivity, the rupture point was simulated using the COMSOL simulation on the 

2D/3D perovskite films with 80 and 420 nm thicknesses, respectively53–55.  
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Figure 4. 17. (a) Thermal conductivity of 3D perovskite and 2D perovskite films. (b) 

COMSOL simulation result for the 2D/3D perovskite film. 
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The physical input parameters are summarized in Table 4. 1; the bias voltage is 

applied to the top electrode, while the bottom electrode is grounded. Thus, the 

current can only flow through the conductive filaments of the Ag ions on the 

perovskite film, resulting in inducing the local Joule heating at the filaments, as 

shown in Figure 4. 17b. The local Joule’s heating occurs around the 2D perovskite 

film due to its higher thermal conductivity than that of the 3D perovskite. 

Consequently, the high thermal energy accelerates the thermal diffusion of the Ag 

ions during the reset process at the 2D film. This indicates that the high thermal 

conductivity of the 2D perovskite film can help stabilize the rupture of the filament 

in the 2D/3D perovskite devices, which improves the endurance of the halide 

perovskite-based devices. 

 

 

Table 4. 1. Physical input parameters used for the COMSOL simulation. 
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4. 4. Conclusion 

In summary, this report is the first on 2D/3D perovskite heterojunction films for 

resistive switching devices. The 2D/3D perovskite device exhibits an endurance of 

~2700 cycles, which is about 9 times longer than that of the pristine 3D perovskite 

device. The comparatively high hopping activation energy of the 2D/3D perovskite 

device (0.150 vs 0.135 eV of 3D perovskite) checks the Ag ion migration into the 

3D perovskite film, resulting in the formation of a narrow Ag conductive filament. 

In addition, the 2D films exhibited a thermal conductivity of 1.18 W m−1K−1, which 

is about 4 times higher than that of the 3D films (0.28 W m−1K−1); this could control 

the rupture of the Ag conductive filament during the reset process. Consequently, 

the 2D/3D perovskite was designed to significantly enhance the endurance and 

stability by controlling the Ag ion migration and filament rupture. Our results 

suggested that the 2D/3D perovskite film can improve the endurance of the halide 

perovskite-based resistive switching memory devices.  
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Chapter 5  

MAPbBr3 Halide Perovskite based Resistive 

Switching Devices using Electron Transport Layer 

for Long Endurance Cycles and Retention Times 
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5. 1. Introduction 

Resistive random-access memories (ReRAMs) have been recognized as the most 

prospective non-volatile memory device for the next-generation because of their 

various advantages - low power consumption, high switching speed, high integration 

density, simple architecture, and low cost 1–7. Generally, ReRAM comprises a metal-

insulator-metal (MIM) vertical structure, which is a two-terminal device. The 

insulator, resistive switching layer, provides a resistance state. Resistive switching 

phenomenon has been observed in several materials, for example, chalcogenides8, 

metal oxides 9–14, organics 15, and others 16–19. However, there have been limitations 

for low-power and flexible devices because these require high-operation voltage and 

a high-temperature process.   

Recently, halide perovskites have attracted significant attention since solar cells have 

been targeted as a prospective energy source 20–23 due to their large light absorption 

coefficient, long carrier diffusion length, high carrier mobility, and so on 24–27. 

Among these excellent properties, I-V hysteresis caused by ion migration is 

particularly thought to be the characteristic of memristive materials in ReRAM 

devices28. Halide perovskites, which are ABX3 structured compounds, consist of 

monovalent cations (CH3NH3 (MA), Cs,) in the A-site and divalent metal cations 

(Pb, Sn) in the B-site, and halide anions (I, Br, or Cl) in the X-site29,30. Previously, 

MAPbI3, MAPbBr3, or CsPbI3 based ReRAM devices have been studied31–33. 

However, some critical issues need to be resolved even though the halide perovskites 

based ReRAM devices have been recognized as a potential research topic.  
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The general resistive switching of ReRAM occurred through the formation and 

rupture of conducting filaments, which accompanied a complex redox reaction. 

When the high initial resistance state (HRS) switches to a low resistance state (LRS) 

at the particular voltage (reset voltage), the formation of conducting filaments occurs, 

which means that the device is ON states 34,35. Following this process, LRS is 

changed to HRS at the opposite voltage (set voltage), indicating an OFF state35,36. 

However, by repeatedly applying a bias polarity or voltage amplitude, conducting 

filaments are randomly formed and ruptured37–39. Eventually, resistive switching 

parameters, such as set and reset voltages or ON/OFF ratio distribution, display large 

fluctuation, which results in the degradation of switching uniformity and device 

performances.  

To address these issues, 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole), TPBI on the halide perovskite layer has been considered as a means 

of enhancing the endurance by controlling the conducting filament growth. 

Generally, TPBI is used as an electron transport layer (ETL) in halide perovskites 

based light-emitting diodes (LEDs)40,41. By stacking a TPBI layer between the 

resistive switching layer and top electrode, it is thought that electrons are effectively 

injected into the halide perovskites switching layer. 

In this work, we fabricated MAPbBr3 based resistive switching memory devices by 

solution processing at low temperatures. The pure chloroform (CF) was applied as 

an anti-solvent, which increases the film's uniformity by reducing solvent 

evaporation time42,43. To compare the TPBI layer 's dependence, TPBI was dissolved 
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in pure chloroform when the crystallization process of MAPbBr3 was conducted. 

Both MAPbBr3 based memory devices exhibited a high ON/OFF ratio of >107 under 

an operation speed of 640 μs and low voltage operation. Furthermore, The MAPbBr3 

perovskite synthesized with TPBI in pure chloroform significantly enhanced the 

endurance from 90 cycles to more than 300 cycles. 
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5.2. Experimental section 

Materials 

1,3,5-tris(2-N-phenylbenzimidazolyl) benzene (TPBi) was purchased from OSM, 

and methylammonium bromide (MABr) was purchased from Greatcell Solar. Lead 

(II) bromide (PbBr2) (99.999%), dimethyl sulfoxide (DMSO) (99.8%, anhydrous), 

chloroform (CF) (99%, anhydrous) were purchased from Sigma-Aldrich. All 

chemicals were used as received. 

Fabrication of the memory devices 

The 35 wt% of MAPbBr3 precursor solution was prepared by mixing stoichiometric 

quantities of MABr and PbBr2 in a molar ratio of 1.06:1 (MABr: PbBr2) in DMSO, 

followed by stirring overnight. A uniform film was obtained by spin-coating the 

MAPbBr3 precursor on various substrates(Pt, Si, SiO2, Si) with a speed of 3000 rpm, 

followed by the nanocrystal pinning method to induce the rapid crystallization and 

uniform morphology by dropping chloroform (CF) during the spin-coating process. 

For the additive-induced nanocrystal pinning method, 0.1 wt% of TPBi dissolved in 

CF solution was used instead.  

After the spin-coating process, MAPbBr3 film was annealed at 90 °C for 10 min. To 

complete the devices, Ag electrodes (50 μm × 50 μm) were deposited by e-beam 

evaporation under 1 × 10−6 Torr at room temperature through a shadow mask.  
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Characterization 

The surfaces and cross-sections of the MAPbBr3 perovskite films were imaged using 

a field-emission scanning electron microscope (FE-SEM) (SUPRA 55VP, Carl 

Zeiss). The morphology of the perovskite films was analyzed using atomic force 

microscopy (AFM) (Park System XE100). Crystal structure of the perovskite film 

was analyzed by using x-ray photoelectron spectroscopy (XPS) (Korea Basic 

Science Institute, photon source: monochromatic Al-Ka at 1486.6 eV) and x-ray 

diffraction (XRD) (Rigaku, D/MAX-2500) measurement. Time-of-flight secondary 

ion mass spectroscopy (ToF-SIMS) experiments were performed with a ToF-SIMS 

5 (ION-TOF GmbH, Münster, Germany) by using a pulsed 30 keV Bi+ primary beam 

with a current 0.64 pA. The. The electrical properties of the memory units were 

characterized by using an Agilent 4156C semiconductor analyzer in the direct 

current–voltage sweeping mode and alternating voltage pulse mode in a vacuum 

chamber (6 × 10−2 Torr). 
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5. 3. Results and Discussion 

 

 

Figure 5. 1. Schematic illustration of the resistive memory device structure and 

resistive switching materials MAPbBr3 (a). Synthesis processes of MAPbBr3 by 

chloroform (b) and MAPbBr3 by TPBI dissolved in chloroform (c).  
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Figure 5. 1(a) illustrates the vertical stack structure of the Ag top 

electrode/TPBI/MAPbBr3/Pt bottom electrode/Ti/SiO2/Si device and the schematic 

of the crystal structure of resistive switching material, MAPbBr3. MA metal cations 

strongly interact with Br anions, making fast and easy crystallization of MAPbBr3 

during spin-coating. Thus, as shown in Figure 5. 1(b) and (c), MAPbBr3 films were 

successfully synthesized under the low-temperature and all solution process by the 

spin-coating method. First, the precursor solution of MAPbBr3 is dropped and spread 

over the Pt bottom electrode. Second, CF, a highly volatile nonpolar solvent, was 

fully covered and spin-coated to induce fast evaporation and crystallization of the 

MAPbBr3 perovskite film. (Figure 5. 1(b)).43 Also, to confirm the effect of electron-

transporting material, TPBI dissolved in CF was dripped, as depicted in Figure 5. 

1(c). Subsequently, Ag top electrodes were deposited by an electron beam evaporator 

on the switching layer through a dot-patterned shadow mask to define the device 

area.   

To confirm the uniformity of these layers, we observed the perovskite surfaces. 

Figure 5. 2(a) and (b) shows scanning electron microscopy (SEM) images of the 

MAPbBr3 by CF (MAPbBr3:CF) and MAPbBr3 by TPBI dissolved in CF 

(MAPbBr3:TPBI) synthesized on Pt-coated silicon substrates. The extremely thin 

TPBI layer slightly covers the MAPbBr3 surface and its grain boundary areas.  
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For both samples, the thicknesses were about 280 nm, as shown in Figure 5. 2(c) and 

(d). The average grain size of MAPbBr3:TPBI film is approximately 102.38nm with 

perfect surface coverage, whereas that of MAPbBr3:CF film is about 184.09 nm.  

 

 

 

 

Figure 5. 2. Planar-view SEM images of the MAPbBr3:CF (a) and 

MAPbBr3:TPBI(b). Cross-sectional SEM images of the MAPbBr3:CF (c) and 

MAPbBr3:TPBI(d). 
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As shown in Figure 5. 3(a) and (b), the grain size distribution of MAPbBr3: TPBI is 

concentrated at around 50-300 nm, whereas that of MAPbBr3:CF showed a broader 

range from 50 nm to 450 nm. It is suspected that TPBI impeded crystal growth during 

the nanocrystal pinning process. The TPBI molecules positioned at grain boundaries 

effectively hinder the bonding interaction between MAPbBr3 grains during 

continuous crystallization, which results in the reduction of grain size.43,44  

 

 

 

 

 

Figure 5. 3. Grain size distribution of MAPbBr3:CF (a) and MAPbBr3:TPBI (b) 

films.  
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X-ray diffraction (XRD) patterns were measured to analyze crystal structures of 

MAPbBr3 for MAPbBr3:CF and MAPbBr3:TPBI samples. As shown in Figure 5. 

4(a), the XRD pattern of the MAPbBr3:CF sample monitored in the 2θ range of 10-

60°, showing sharp peaks of (100), (110), (200), (210), (211), (220), and (300) planes 

at 15.02°, 21.3°, 30.28°, 33.92°, 37.24°, 43.28°, and 46.00°, respectively. It indicates 

that these patterns are consistent with cubic perovskite phases.45,46 Also, peak 

positions of MAPbBr3:TPBI film are the same as those of MAPbBr3:CF with no 

additional and changed peaks, in Figure 5. 4(b). This stability in peak positions 

indicates the addition of TPBI does not influence the crystal structures of MAPbBr3 

during continuous crystallization.  

 

 

 

Figure 5. 4. XRD pattern in the 2θ range of 10-60° of MAPbBr3:CF (a) and 

MAPbBr3:TPBI (b) films.  
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Figure 5. 5. XPS spectra to exhibit core level peaks of the elemental compositions 

(a) and their normalized data (b).   
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In Figure 5. 5(a) and (b), X‐ ray photoelectron spectroscopy (XPS) spectra exhibit 

core level peaks of the elemental compositions of the MAPbBr3:CF and 

MAPbBr3:TPBI films. Compared with peak intensities including Br, Pb, and N 

(except the C core level) of MAPbBr3:CF sample, those of MAPbBr3:TPBI were 

relatively lower, which demonstrates that the TPBI part located between grains was 

detected. Furthermore, both films similarly show strong peaks of Br (~68 eV), Pb 

(~138 and 143 eV), and C (~285 eV) without additional peaks. However, the binding 

energy peaks of N (~401 eV) composition has the shoulder peak detected by TPBI, 

as observed in XPS of N. Because both MAPbBr3 and TPBI are consisted N 

composition in common, binding energy peaks of N were co-detected by MAPbBr3 

and TPBI parts, resulting in broader and additional peaks.  

Therefore, the crystal structures of MAPbBr3 are not affected by TPBI treatment 

even though relative intensities decrease and the additional binding energy peak is 

observed in XPS spectra.   

To further understand the distribution of TPBI into the MAPbBr3 perovskite layer, 

we observed time-of-flight secondary ion mass spectroscopy (TOF-SIMS) 

measurement of the MAPbBr3:CF and MAPbBr3:TPBI film. TOF-SIMS depth 

profiles of each TPBI, Pb, and Br are shown in Figure 5. 6(a) and (b) to examine 

relative TPBI concentration within the MAPbBr3 layer. 
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Figure 5. 6. TOF-SIMS measurement of the MAPbBr3:CF (a) and MAPbBr3:TPBI 

(b) film. (c) Comparison of the TPBI distribution profiles in MAPbBr3:CF and 

MAPbBr3:TPBI film.  
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In the MAPbBr3:CF and MAPbBr3:TPBI film, the distribution of TPBI is 

significantly different at the surface of MAPbBr3 perovskite layers. Compared with 

the MAPbBr3:CF sample, TPBI was predominately distributed on the 

MAPbBr3:TPBI surface. Then, it was diffused toward the grain boundaries and 

gradually decreased in the depth direction. Figure 5. 6(c) shows the comparison of 

the TPBI distribution profiles in MAPbBr3:CF and MAPbBr3:TPBI film. This result 

suggests that the TPBI layer was spread at the surface of the area, directly influencing 

the resistive switching behavior of the MAPbBr3 based memory devices.   

To confirm the programmable switching behaviors of the MAPbBr3:CF- and 

MAPbBr3:TPBI -based memory devices, the I–V measurement of both devices were 

conducted under direct current (DC) voltage bias sweep.  

Figure 5. 7 shows the typical current-voltage sweeps of the Ag/MAPbBr3/Pt 

(MAPbBr3:CF) (a) and Ag/TPBI/MAPbBr3/Pt (MAPbBr3:TPBI)(b) devices. The 

voltage was applied to the top electrode (Ag), and the bottom electrode (Pt) was 

grounded. In these devices, the electrochemical metallization (ECM) mechanism 

was observed. The ECM mechanism means that the dissolved metal cation by 

oxidation of the active top electrode forms a conducting filament passing through 

the resistive switching layers.46 Both devices also show bipolar resistive switching 

with a set and a reset, which means that ON/OFF behavior happened at opposite 

polarities.3,17 The ON/OFF resistive switching operation for these halide perovskite 

memory devices is defined by the SET and RESET processes. The SET process 
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occurs when a high resistance state (HRS) abruptly changes to a low resistance state 

(LRS) at a certain voltage, which refers to the "ON state". Following the SET process, 

LRS abruptly decreases to HRS when the opposite voltage is applied to the device 

for the RESET process, which is called the "OFF state".47 

In these MAPbBr3 based memory devices, as seen in Figure 5. 7(a) and (b), ON state 

was dramatically occurred by changing the 10−10 A of low current state to the 10−3 A 

of the high current state at a SET operating voltage of +0.50 V. As a result, 

conducting filaments are formed. The abruptly increased current, which means LRS, 

can be sustained during ON state by a compliance current (CC) of 10−3 A. The 

current is generally limited through (CC) during the set process to avoid device 

damages.   

Subsequently, the 10−3 A of the high current state was decreased to the 10−10 A of 

the low current state, changing the resistance of the perovskite layer. This RESET 

process happened at -0.20 V. The current changes to HRS can be sustained during 

the OFF state by rupture of the conducting filaments. 

Thus, the ON/OFF ratio for these MAPbBr3 based memory devices was as high as 

a~107. However, we confirmed that MAPbBr3:CF devices show unstable switching 

behaviors (Figure 5. 7(a)) during the RESET process, compared that MAPbBr3:TPBI 

devices smoothly operated(Figure 5. 7(b)).  

The resistive switching phenomena can be attributed to the application of TPBI used 

as an electron transport material. When a negative voltage is applied to the device, 
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the rupture of Ag conducting filaments is induced by Joule-heating-assisted 

oxidation.33,48–50 Figure 5. 7(a) shows that the I–V curves in the RESET show 

irregular shapes, which indicates the residual filaments remain in the switching layer 

after the current decrease. By stacking a TPBI to MAPbBr3, electrons are effectively 

injected into the switching layer, which results in the oxidation of Ag conducting 

filaments can be easily occurred. Therefore, as shown in Figure 5. 7(b), it reveals 

that the RESET process of MAPbBr3:TPBI device is stably operated.    

We also confirmed the reliability of these resistive switching memory devices by 

assessing the switching endurance defined by the stability of the number of switching 

cycles.  

Figure 5. 7(c) and (d) show the endurance characteristics to test cycle-to-cycle 

reproducibility and stability of MAPbBr3:CF and MAPbBr3:TPBI memory device 

through the alternating current (AC) voltage pulses. The resistance values were 

measured by continuous write/erase pulses of +1.0 V for the ON state and −3.0 V 

for the OFF state under with and a read voltage of +0.05 V with a 640 μs pulse 

duration. For the MAPbBr3:CF device in Figure 5. 7(c), only 90 cycles of HRS and 

LRS were sustained, and after that, obvious fail of HRS was observed. This 

degradation can be thought to be due to the random and incomplete reset at the 

MAPbBr3 interface. However, as shown in Figure 5. 7(d), the endurance of the 

MAPbBr3:TPBI memory device was extended to ~300 cycles, maintaining ON/OFF 

ratios above 107. During the RESET process, TPBI between the MAPbBr3 switching 
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layer and top electrode could play a key role in inciting conductive filament rupture 

due to effective injection of electrons for the oxidation of Ag filaments edges.  

 

 

 

 

Figure 5. 7. Typical current-voltage sweeps of the Ag/MAPbBr3/Pt (MAPbBr3:CF) 

(a) and Ag/TPBI/MAPbBr3/Pt (MAPbBr3:TPBI) (b) devices. Endurance 

characteristics of the Ag/MAPbBr3/Pt (MAPbBr3:CF) (c) and Ag/TPBI/MAPbBr3/Pt 

(MAPbBr3:TPBI) (d) devices. 
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To better understand the TPBI roles to MAPbBr3 layers, proposed ON and OFF 

mechanisms for the Ag conducting filaments behavior of the devices are shown in 

Figure 5. 8 (a) and (b). The enhanced resistive switching behavior of the 

MAPbBr3:TPBI device compared with the MAPbBr3:CF device can be well 

explained by the existence of TPBI, which is modulated by the effective injection of 

electrons from the Ag/MAPbBr3 interface. 

According to the electrochemical metallization theory, conducting filaments are 

formed by the three steps: 1) oxidation of the electrochemically Ag top electrode, 2) 

the injection of the Ag cation to switching layer, and 3) reduction of the Ag cation 

and growth of Ag conducting filaments. In this process, TPBI increases electron 

transport capacity, which induces nucleation of Ag atoms and the growth of 

conducting filaments at the interface of MAPbBr3.
51–54 Also, Ag conducting 

filaments are ruptured by negative bias, and Ag cations migrate away from the 

remaining filaments. In this process, TPBI accelerates the filament rupture at the 

interface of MAPbBr3 by withdrawing the electrons by negative bias from the top 

electrode.  

Figure 5. 9 shows the resistive switching performance of the MAPbBr3:TPBI device 

in detail. As shown in Figure 5. 9(a), an electroforming behavior referred to as a soft 

breakdown in the MAPbBr3 layer was observed at the initial sweep, which can 

accomplish stable switching properties.55–57  
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Figure 5. 8. ON and OFF mechanisms for the Ag conducting filaments behavior of 

the Ag/MAPbBr3/Pt (MAPbBr3:CF) (a) and Ag/TPBI/MAPbBr3/Pt (MAPbBr3:TPBI) 

(b) devices. 
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Figure 5. 9. (a) Electroforming behavior of Ag/TPBI/MAPbBr3/Pt devices. (b) 

Forming voltage distribution of Ag/TPBI/MAPbBr3/Pt devices. (c) SET and RESET 

voltage distributions of Ag/TPBI/MAPbBr3/Pt devices. (d) HRS and LRS values for 

50 Ag/TPBI/MAPbBr3/Pt devices. (e) Multilevel resistive switching behavior 

Ag/TPBI/MAPbBr3/Pt device.  
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In the memory device, electroforming gradually occurred after +1.50 V, then 

conducting filament bridge was completely formed at +3.0 V. Followed by this one 

cycle, the SET process could operate at a lower voltage than that of the 

electroforming. The phenomenon can be explained by the already-formed filament 

path during electroforming behavior, making Ag metal cations efficiently easier to 

pass through the switching layer during SET operation, even at a low voltage.46,58,59 

To evaluate the operational uniformity of the MAPbBr3:TPBI device, forming, SET, 

and RESET voltage distributions are statistically analyzed for Ag/TPBI/MAPbBr3/Pt 

cells. In Figures 5. 9(b) and (c), it is certainly seen that the no significant and 

meaningful deviation in the forming the SET and RESET voltage distributions for 

the different 50 cells. As displayed in Figure 5. 9(d), the HRS and LRS values for 50 

different cells were measured. From the distributions, we could confirm that 

ON/OFF values are similar without absolute changes, which indicates that 

Ag/TPBI/MAPbBr3/Pt device is superior to reproducibility.   

In addition, multilevel resistive switching behavior was tested to explore the ability 

of the high data storage density for MAPbBr3:TPBI based memory device. In Figure 

5. 9(e), when the CC was applied from 1 mA to 10 μA, three distinct LRS levels are 

observed. As the CC decreased, the resistance value of the LRS increased, while 

there was no change of HRS level by different CC. Thus, MAPbBr3:TPBI device can 

store multi-data levels in one cell, which can fulfill the memory capacity increases.  
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Figure 5. 10. (a) Typical I−V curves were plotted by double-logarithmic scales (ln I 

vs. ln V). Ohmic conduction in the LRS verified by the linear fitting of the 

proportional relation of current to the voltage. (c) HRS region replotted with ln I ∝ 

V1/2 to verify whether Schottky emission.  
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In order to elucidate the switching mechanism of the MAPbBr3:TPBI device, the 

current transport mechanisms were analyzed. In Figure 5. 10 (a), the typical I−V 

curves were plotted by double-logarithmic scales (ln I vs. ln V). In the LRS range, 

the MAPbBr3:TPBI device exhibited Ohmic conduction with a linear slope of 0.96 

after the abrupt current increase.60–64 However, it was found that the non-linear slope 

of 0.12 means that the Schottky emission is dominant In the HRS range.33,65 

To further understand the Ohmic conduction and Schottky emission, I−V curves of 

the LRS and HRS were respectively replotted with linear fitting lines. As shown in 

Figure 5. 10 (b), Ohmic conduction in the LRS was verified by the linear fitting of 

the proportional relation of current to the voltage (I ∝ V).63 It explains that the 

conduction mechanisms in the LRS region are governed by Ohmic conduction 

governed the LRS, indicating that Ag conducting filament passes through the 

MAPbBr3 switching layer after abrupt formation of the filaments. Also, the I–V curve 

in the HRS region was replotted with ln I ∝ V1/2 to verify whether Schottky emission 

is dominant. In Figure 5. 10 (c), a linear relationship of ln I ∝ V1/2 plot demonstrates 

that Schottky emission is dominant, determined by the following expression.65  

 

ln 𝐼 ∝ √
𝑞3

4𝜋𝜀𝑑 
𝑘𝑇 × √𝑉          (1), 
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Here, I is the current density, q is the electric charge, ε is the dielectric constant, d is 

the film thickness, K is the Boltzmann constant, T is the absolute temperature, and V 

is the applied voltage. The linearity of the replotted graph explains that the Ag metal 

cations can overcome the energy barrier, which results in the dissolution of them 

from the Ag top electrode.66,67 
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5. 4. Conclusion 

In summary, TPBI, an electron transfer material in LEDs, was introduced into 

MAPbBr3 to achieve long-endurance cycles and retention time in ReRAM devices. 

Resistive switching properties in the ReRAM device with the Ag/TPBI/MAPbBr3/Pt 

are induced by Ag filaments' formation and rupture in the MAPbBr3 layer. The 

MAPbBr3:TPBI device showed longer endurance cycles of 300, which is four orders 

of magnitude higher than that of the MAPbBr3:CF memory device. Because TPBI 

makes electrons effectively inject into the switching layer, the oxidation of Ag 

conducting filaments can occur more efficiently, which is beneficial to the rupture 

of Ag filaments. In addition, the retention time for the ON and OFF states was 

evaluated to test the electrical reliability of the MAPbBr3 memory device. Hence, this 

work has its value in terms of an alternate strategy for upgrading the switching 

property of halide perovskite memory devices. 
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Chapter 6   

Summary 
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The thesis covers the characterization of halide perovskite materials and the 

operating mechanism of halide perovskite-based resistive switching memories in 

detail. Moreover, 3D, quasi-2D, and 2D halide perovskites based resistive switching 

memories with various device structures are studied to enhance resistive switching 

performance, such as high ON/OFF ratios, long-endurance, and long retention time.  

Through the first chapter, a background of the halide perovskites is introduced. 

The halide perovskite materials have attracted technological and scientific interest 

due to their excellent optical and electronic properties with the advantages of low-

cost fabrication and solution processability. The halide perovskite has the general 

formula ABX3. A and B are cations in this structure, where A is larger than B, and X 

represents the halide anion. The ABX3 perovskite shows a 3D structure 

corresponding to a corner-sharing octahedral network.  

With this unit formula of ABX3, halide perovskites composed of trihalides have been 

used extensively for photovoltaics as rapid active materials, owing to their useful 

electrical properties, such as the superior charge carrier mobility, extraordinarily 

long diffusion length of electrons, wide range of absorption, excellent charge carrier 

mobility, and high absorption coefficient. The exceptional electrical properties 

render halide perovskite materials competitive for next-generation devices, 

including solar cells, light-emitting diodes (LEDs), resistive switching memories, X-

ray detectors, lithium-ion batteries, and more.  
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Through the second chapter, the operating mechanism within ReRAM devices are 

explained. And halide perovskites based ReRAM devices are introduced.  

The memory elements consist of upper and lower electrodes and an insulating 

switching layer between the two electrodes. Following the electroforming process, 

when the opposite threshold voltage is applied, the low resistance state is switched 

to the high-resistance state at the particular voltage (RESET process). Then, the 

"SET process," which refers to the switching from an HRS to an LRS, occurs at 

opposite bias. 

The switching mechanism can be classified as a filamentary-type and interface-type 

depending on the conducting path. The difference between filamentary and interface 

resistive switching depends on the area. In filamentary switching, the current 

conduction is narrowly confined to a narrow part of the device area. In contrast, in 

interface switching, the resistance change occurs by field-induced modification over 

the entire electrode area.  

In this chapter, we introduce the advanced studies on ReRAM devices based on 

classified halide perovskite materials such as organic-inorganic hybrid, all inorganic, 

layered structure, and lead-free and new composition.   

Through the third chapter, resistive switching memory devices based on 

(PEA)2Cs3Pb4I13 halide perovskites are introduced for a high ON/OFF ratio 

and long-term stability.   
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Three-dimensional (3D) halide perovskites have been the most investigated 

materials for resistive switching memory devices. However, 3D-based memory 

devices display ON/OFF ratios comparable to those of oxide or chalcogenide 

ReRAM devices. In addition, perovskite materials are susceptible to exposure to air.  

In this chapter, a large ionic radius cation (PEA) was introduced into CsPbI3 to form 

a quasi-2D halide perovskite, (PEA)2Cs3Pb4I13, to achieve a high ON/OFF ratio in 

ReRAM devices. Uniform surface morphology was achieved by incorporating the 

PEA cation and (PEA)2Cs3Pb4I13 effectively improved the resistive switching of the 

device. Astonishingly, the ON/OFF ratio of the (PEA)2Cs3Pb4I13-based memory 

devices (109) is three orders of magnitude higher than that of the CsPbI3 device. 

Owing to the wide bandgap of (PEA)2Cs3Pb4I13, a high Schottky barrier was formed, 

and the activation energy increased, thereby leading to a reduction in the HRS 

current.  

A stability test verified the superior resistance of the device under ambient 

atmosphere at room temperature, which is another favorable property of quasi-2D 

perovskites. This device retained a high ON/OFF current ratio for two weeks under 

ambient conditions, whereas the CsPbI3 device degraded rapidly and showed 

unreliable memory properties after five days. These results strongly suggest that 

quasi-2D halide perovskites have potential in resistive switching memory based on 

their desirable ON/OFF ratio and long-term stability.  
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Through the fourth chapter, the 2D (PEA2PbI4)/3D (MAPbI3) perovskite 

heterojunction films for resistive switching devices is introduced.  

The 2D/3D perovskite device exhibits an endurance of ~2700 cycles, which is about 

nine times longer than that of the pristine 3D perovskite device. The calculated 

thermally-assisted ion-hopping activation energy and the results of the time-of-flight 

secondary ion mass spectroscopy demonstrated that the 2D perovskite layer could 

efficiently prevent the Ag ion migration into the 3D perovskite film. The 

comparatively high hopping activation energy of the 2D/3D perovskite device (0.150 

vs 0.135 eV of 3D perovskite) checks the Ag ion migration into the 3D perovskite 

film, resulting in the formation of a narrow Ag conductive filament. 

In addition, the 2D films exhibited a thermal conductivity of 1.18 W m−1K−1, which 

is about four times higher than that of the 3D films (0.28 W m−1K−1); this could 

control the rupture of the Ag conductive filament during the reset process. 

Consequently, the 2D/3D perovskite was designed to significantly enhance the 

endurance and stability by controlling the Ag ion migration and filament rupture. 

These results suggested that the 2D/3D perovskite film can improve the endurance 

of the halide perovskite-based resistive switching memory devices.   

Through the fifth chapter, MAPbBr3 with an electron transfer material (TPBI), is 

introduced to achieve long-endurance cycles and retention time in ReRAM devices. 
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Resistive switching properties in the ReRAM device with the Ag/TPBI/MAPbBr3/Pt 

are induced by Ag filaments' formation and rupture in the MAPbBr3 layer. The 

MAPbBr3:TPBI device showed longer endurance cycles of 300, which is four orders 

of magnitude higher than that of the MAPbBr3:CF memory device. Because TPBI 

makes electrons effectively inject into the switching layer, the oxidation of Ag 

conducting filaments can occur more efficiently, which is beneficial to the rupture 

of Ag filaments.  

In addition, the retention time for the ON and OFF states was evaluated to test the 

electrical reliability of the MAPbBr3 memory device. Hence, this work has its value 

in terms of an alternate strategy for upgrading the switching property of halide 

perovskite memory devices. 

The thesis suggested halide perovskites based non-volatile memory devices for 

practical applications as a promising material strategy. Although formal research on 

halide-perovskite-based ReRAM devices has only just started, it will be a highly 

influential device with tremendous advances in the future market and serve as a 

stepping stone for developing a resistive switching memory field. It is believed the 

thesis will encourage researchers to investigate halide-perovskite-based ReRAM 

devices with useful insights, overcome its challenges, and give a direction to offer 

promising opportunities.  
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Abstract (in Korean) 

 

2D 그리고 quasi-2D 할라이드 페로브스카이트를 기반으로 한 저항 

변화 메모리 소자 

정보화 시대의 발전에 따라, 많은 양의 데이터를 처리하기 위한 고성능 저장 

매체의 필요성이 제기되어 왔으며, ReRAM 은 기존 메모리 장치의 차세대 

대안으로 각광 받고 있다. 기존 ReRAM 소자에는 금속 산화물이 주로 

이용되어 왔으며, 이에 대한 연구가 활발히 진행되어 왔지만, 이 물질을 

절연층으로 한 저항변화 메모리 소자는 기계적 유연성이 낮고, 고온 공정과 

진공 장비 사용으로 인해 제작비용이 높으며, 전기적 특성 제어가 어렵다는 

한계를 보여왔다. 따라서, 이러한 단점을 극복하기 위한 새로운 절연층 

탐색이 필요하며, 최근 할라이드 페로브스카이트 소재를 적용한 저항변화 

메모리 소자에 관한 연구가 활발히 진행되고 있다. 할라이드 페로브스카이트 

기반의 ReRAM 소자는 높은 온오프 저항비, 낮은 구동 전압, 그리고 우수한 

기계적 특성을 보이며 차세대 메모리 소자로서 주목 받고 있다.  
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본 학위논문에서는 할라이드 페로브스카이트 소재의 전기적 특성과 

ReRAM 소자의 구동 메커니즘에 대해 서술되어 있다. 또한, 온오프 저항비, 

엔듀런스 그리고 리텐션 등과 같은 저항변화 스위칭 성능 향상 시키기 위한 

세 가지 연구 주제를 소개한다. 

첫 번째 연구 주제에서는 할라이드 페로브스카이트 소재에 대한 전반적인 

내용을 소개한다.  

일반적으로 할라이드 페로브스카이트 ABX3 구조를 가지고 있으며, A 

위치에는 메틸암모늄이나 세슘과 같은 양이온, B 위치에는 납과 같은 금속 

양이온, 그리고 X 할로겐화 음이온이 위치한다.   

이 소재는 밴드갭 조절이 가능하고, 다수 운반자 제어가 용이하며, 높은 이온 

이동성과 같은 고유한 특성을 가지고 있다. 따라서, 이 소재는 태양전지, LED, 

그리고 X-선 검출기 등과 같은 다양한 영역에서 광범위하게 적용되고 있다. 
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이 할라이드 페로브스카이트 박막은 스핀코팅과 같은 용액공정 또는 진공 

공정으로 제작이 가능하며, 본 학위논문에 실린 연구에서는 소자의 구현에 

있어서 모두 스핀코팅 방법을 도입하였다.   

두 번째 챕터에서는 저항변화 메모리 소자의 구동 메커니즘과 할라이드 

페로브스카이트를 이용한 메모리 소자의 선행 연구에 대해 소개하고 있다. 

스위칭 메커니즘은 필라멘트의 전도성 경로에 따라 filamentary 타입과 

interface 타입으로 구분하며 각각의 저항 변화 특징에 대해 설명하였다. 또한, 

할라이드 페로브 스카이트 의 조성에 따라 1) 유기-무기 하이브리드, 2) 무기-

무기, 3) 층상 구조, 4) 무연 및 새로운 구성의 할라이드 페로브스카이트로 

분류하며, 이를 기반으로 한 선행 연구들에 대해서 소개하였다.  

세 번째 챕터에서는 quasi-2D 할라이드 페로브 스카이트인 (PEA)2Cs3Pb4I13를 

박막의 저항변화 특성 연구를 소개한다. 기존의 3 차원 구조를 갖는 CsPbI3 

소자는 낮은 온오프 저항비를 가지며 수분안정성이 낮다는 단점을 가지고 

있다. 이를 극복하기 위해, 페닐에틸암모늄 양이온을 이용하여 quasi-2D 

물질인 (PEA)2Cs3Pb4I13 을 합성하였으며, 이를 메모리 소자에 적용하였다.  
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CsPbI3 기반 소자는 103의 온오프 저항비를 보인 것에 비해,   (PEA)2Cs3Pb4I13 

기반 소자는 109 으로 온오프 저항비가 증가하였다. 이것은 밴드갭의 

증가함에 따라 쇼트키베리어 하이트가 증가하고, 이로 인해 고저항상태의 

커런트가 감소하여 온오프 저항비가 증가한 것으로 보인다. 또한, 소수성을 

띄는 페닐에틸암모늄으로 인해, 수분으로부터 저항변화층이 보호되어 수분 

안정성이 증가함을 확인하였다.  

네번째 챕터에서는 2D 페로브스카이트인 PEA2PbI4와 3D 페로브스카이트인 

MAPbI3 를 서로 적층하여 스위칭 물질로 사용하고 이를 저항변화 메모리 

소자에 적용한 연구내용을 담고 있다. MAPbI3(3D)를 기반으로 한 소자는 

300 회 정도의 엔듀런스 사이클을 보인 것에 비해, PEA2PbI4 와 MAPbI3 

(2D/3D)를 적층한 소자 2700 회의 엔듀런스 사이클이 기록되며 

연속반복구동 수명이 증가함을 확인하였다. 이것은 Ion hopping activation 

energy 가 큰 PEA2PbI4 로 인해 Ag 이온이 MAPbI3 층으로 이동하는 것을 
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효율적으로 방지하고, 또한 thermal conductivity 가 다른 PEA2PbI4 와 

MAPbI3에 의해 필라멘트의 럽쳐가 국소적으로 일어남에 기인한다.  

다섯번째 챕터에서는 전자전달물질로 사용된 TPBI 를 MAPbBr3 층 위에 

도입하여 메모리 소자를 구현한 연구내용에 대해 소개한다. TPBI 는 전자의 

이동을 용이하게 하여 RESET 과정에서 필라멘트의 럽쳐를 효과적으로 

발생하게 한다. 따라서 TPBI 가 적용된 MAPbBr3 기반 소자는 TPBI 가 

적용되지 않은 소자에 비해, 3 배 이상의 엔듀런스 사이클이 증가함을 

확인하였다.  

본 박사학위 논문에서는 할라이드 페로브스카이트 소재와 저항변화 메모리 

소자에 대해 소개하고, 이 소자의 스위칭 성능을 향상 시키기 위한 세가지 

연구주제에 대해 설명하며 소자의 전기적 특성 및 메커니즘을 분석하였다. 

이 연구 결과들은 향후 할라이드 페로브스카이트 기반의 ReRAM이 차세대 

메모리 소자로 크게 발전하여, 상용화에 기여할 것으로 기대되는 바이다. 
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주요어:  

저항변화 메모리 소자, 저항변화 스위칭 메커니즘, 용액공정, 3D 구조의 

할라이드 페로브스카이트, quasi-2D 구조의 할라이드 페로브스카이트, 

3D/2D 이종 접합 할라이드페로브스카이트, TPBI 
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