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Abstract

Metal halide perovskites have recently emerged as highly versatile materials for next-generation
neuromorphic computing, owing to their unique combination of electronic and ionic
conductivity, low-cost processability, and tunable optoelectronic properties. Within this broad
field, single-crystal metal halide perovskites stand out due to their superior structural order,
minimal trap density, and enhanced stability, making them ideal candidates for high-performance

memristive devices.

This Thesis focuses on the development, fundamental study, and optimization of perovskite
single crystals and thin single crystal-based memristors. The work is structured around two
primary objectives: first, to enhance the optoelectronic properties of bulk single crystals through
novel surface passivation treatments, and second, the development, fundamental study, and

optimization of memristive devices based on thin single crystals.

Chapter 3 investigates how surface engineering through laser-induced modification of MAPbBr3
crystals enhances photoluminescence by passivating nonradiative recombination centers,

offering insights into optoelectronic processes and crystal lattice dynamics.

Chapter 4 introduces a novel thin single-crystal device based on simple architecture that
simultaneously overcomes endurance and switching ratio limitations typically observed in
polycrystalline and bulk single-crystal memristors. By optimizing the geometry and leveraging
the intrinsic ion-electron interplay in MAPbBTr3, devices exhibit a LRS/HRS ratio of up to 50 and

endurance exceeding 10° cycles, setting new benchmarks in the field.

Chapter 5 further explores the impact of compositional engineering by fabricating both mixed-
halide thin single crystals, demonstrating multistate non-volatile switching behavior with the use
mixed-halide perovskite single crystal-based memristor. These compositional and morphological

engineering unlock defect control, enabling precise modulation of key performance parameters.

Overall, this work aims to comprehensively develop the properties of perovskite single crystals,
encompassing both fundamental material enhancements and the advancement of memristive
devices based on single crystal architectures. By integrating compositional and morphological

engineering, this study provides essential insights and strategies for the realization of stable,



low-power, and high-density memory elements, paving the way for their integration into

scalable neuromorphic computing technologies.
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Chapter 1

Introduction to the Thesis

Abstract

This chapter introduces the urgent need for new computing paradigms in light of
current limitations in performance and environmental impact. Neuromorphic computing
is presented as a promising solution, with metal halide perovskites emerging as novel
materials capable of supporting this transition due to their outstanding optoelectronic
properties and low-cost synthesis. The chapter outlines the motivations, challenges, and

opportunities of leveraging perovskites in neuromorphic architectures.



1.1 Motivation and Context of Memristor Research

Data computing has evolved dramatically since the mid-20th century, transitioning from room-
sized mainframes to the portable and powerful devices we use today™. The advent of the von
Neumann architecture, proposed in 1945, marked a milestone in computing design. This
architecture, characterized by the separation of memory and processing units, became the
foundation of modern computing. Over the decades, innovations such as the transistor, integrated
circuits, and Moore's Law, which predicted the doubling of transistors in microchips

approximately every two years, drove exponential growth in computing power and efficiency!?.

However, as we enter the era of big data, artificial intelligence (Al), and the Internet of Things
(10T), the traditional von Neumann model is increasingly unable to meet modern demands. Data-
intensive applications require massive computational resources, and the physical and
architectural limitations of current systems have begun to hinder progresst®l. The separation
between memory and processors in the von Neumann model creates a significant bottleneck,
known as the memory wallll, where the speed of data transfer between these units becomes a
limiting factor. This problem is exacerbated as the volume and complexity of data grow,
particularly in Al-driven tasks such as neural network training, which require rapid and efficient

handling of enormous datasets.

Additionally, Moore's Law is slowing as transistor sizes approach atomic scales, where quantum
effects and heat dissipation pose insurmountable challenges®. The miniaturization that fuelled
decades of advancements is no longer sustainable, underlining the need to seek novel alternatives.
Coupled with these challenges are rising energy demands and environmental concerns. Data
centers, which power the global digital ecosystem, consume vast amounts of electricity,
contributing significantly to greenhouse gas emissions!®l. With increasing reliance on cloud
computing and data-intensive technologies, these issues are becoming critical. Furthermore, costs
have risen due to the need for advanced infrastructure, expensive hardware, and operational

expenses, including cooling systems and power suppliest.

In this context, emerging technologies and alternative computing paradigms are being explored
to overcome these limitations. Particularly, memristors-based technologies represent a

meaningful approach in this scenario. Memristors, short for "memory resistors," are a class of
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electronic devices that combine memory and computation in a single component!®l. This property
positions them as a transformative technology in the field of data computing, overcoming
limitations as the von Neumann bottleneck or the Moore’s law above mentioned®. With their
ability to achieve high-speed, low-power, and scalable operation, memristors are poised to
revolutionize applications ranging from high-density memory storage to neuromorphic
computingt® 13 Specifically, neuromorphic computing where memristor devices mimic the
adaptive behavior of biological synapses, enabling energy-efficient, real-time learning systems,

is illustrating a new approach in the field of data computing**! [*21,

1.1.1 Neuromorphic computing

Neuromorphic computing is a paradigm of computing that seeks to mimic the structure and
function of the human brain, specifically how biological neurons and synapses communicate and
process information!!*l. In the brain, computation and memory are not separate but integrated
within neurons and synapses, allowing data to be processed in parallel and with minimal delay.
This integration serves as a model for replicating the brain's efficiency in processing information.
For instance, the generative pre-trained transformer (GPT) models powering ChatGPT operate
on clusters of anywhere from eight to thousands of graphics processing units, each drawing up
to 700 watts of power!!'4. This large demand of energy consumption is particularly problematic
for Al applications, where small devices must operate independently without relying on large
external servers or substantial power supplies. By contrast, the most elaborate neural network
known, the human brain, operates by consuming about 20 watts of power for a one-hour essay-

writing session (1%,

At the core, neuromorphic computing makes use of memristors, which are a promising approach
to replicate some processes similar to neurons, serving as the fundamental units for emulate
brain’s computation and memory storage. The functioning of neuromorphic systems is based on
spiking neural networks (SNNs), which is a type of artificial neural network that mimics the way
biological neurons communicate using electrical impulses, or "spikes"!'®). Unlike traditional
neural networks that process information in continuous or discrete values!!”, SNNs encode and

transmit information through the precise timing and frequency of spikes. A defining feature of



neuromorphic computing is synaptic plasticity, the ability of synapses to adjust their strength
based on the frequency and intensity of spikes. This approach allows SNNs to replicate the
temporal dynamics of real neural systems, making them closer to the functionality of the human
brain, Figure 1. Each neuron and synapse operates independently yet collectively forms a massive

parallel processing network, allowing for scalability and the efficient handling of complex

tasks!!®l.
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Figure 1. Schematic of the biological neurons networks, spiking neural networks, and artificial

neural networks!.

1.1.2 Devices Architectures for Neuromorphic Computing

This biologically inspired SNN approach requires specialized architectures that not only emulate
the behavior of neurons and synapses but also support the efficient processing and learning

dynamics unique to SNNS.

One of the most common used architectures is the crossbar array structure!>”, In SNNs, neurons
communicate using discrete spikes, and the synaptic weights determine how these spikes
influence downstream neurons. The crossbar array structure directly maps these interactions by

assigning each crosspoint in the array to a memristive device, which stores the synaptic weight.
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In this configuration, the horizontal lines serve as inputs, representing pre-synaptic neurons,
while the vertical lines act as outputs, or post-synaptic neurons, Figure 2. This architecture
provides a foundation for highly efficient, parallel computation by leveraging the natural
alignment of its rows and columns for simultaneous processing. Moreover, the compact design
of the crossbar architecture and its scalability allow for the dense integration of numerous

processing elements within a small footprint.

Neuron
— Top Electrode (Presynaptic)

Dendrite

R ABRRAR

Bottom Electrode (Postsynaptic) li= Z XGj;

Figure 2. An illustration highlighting the parallels between biological synapses and artificial

synapses and networks built using memristors?!/,

When a spike (voltage signal) is applied to a row in the crossbar, the memristors multiply the
spike signal by the stored weight, and the resulting current flows to the corresponding column,
representing the weighted sum of inputs. Each row of the weight matrix W corresponds to the
incoming connections for a specific post-synaptic neuron, while each column represents the
outgoing connections from a pre-synaptic neuron. The method operates by multiplying the input
vector (v) by the weight matrix (G), generating an output vector (I) that reflects the aggregated
effect of all pre-synaptic signals on each post-synaptic neuron, Figure 3a. These parameters can
be extrapolating to SNN system, where the input vector is defined by (x), the weight is (W) and
the output vector is defined by (y), Figure 3b. These operations form the backbone of neural

computation and are based on the matrix-vector multiplication (MVM) method!??,
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Figure 3. Schematic representation of the analogy between (a) MVM method applied in the

crossbar array architecture, and (b) SNN model?!,

To sum up, neuromorphic computation combines memristors, which have the potential to emulate
neurons behaviour, in specific architectures such as cross bar array, where memristors facilitate
energy-efficient MVM, the core operation underlying signal propagation and learning. This
hardware possible to emulate the biological neural network of the brain via SNNs approaches,
achieving a compact and scalable design that mimics the parallelism and connectivity of

biological brains, Figure 4.




Figure 4. A detailed comparison between the human brain nervous system and artificial neural

systems in neuromorphic devices?*.

1.2 Fundamentals of Memristors

The theoretical foundation of the memristor lies in the work of Leon Chua, who mathematically
postulated its existence in 1971. Chua’s idea emerged from symmetry arguments within circuit
theory. Traditional elements describe relationships between pairs of the four fundamental
electrical quantities: voltage (V), current (I), charge (q), and magnetic flux (¢): Resistors
relate V and I, capacitors relate q and V, and inductors relate ¢ and I. Chua proposed that there
must be a fourth element to directly link q and ¢, which he called the memristor'®*!, equation 1.
However, it wasn’t until 2008 that researchers at HP Labs, led by Stan Williams, experimentally
realized memristors using thin films of titanium dioxide (TiO2), demonstrating their practical

implementation?®!,

M (q) = % Equation 1

Regardless of the classical definition, the modern conception of memristive systems has
expanded considerably to accommodate the complex physical mechanisms underlying
memristive behavior!®. Most remarkably is that the uniqueness of a memristor lies in its ability
of change the resistance states based on the amount of charge that has passed through it, adjusting
its resistance accordingly. This state-dependent resistance arises from physical mechanisms such
as ionic migration, where ions or vacancies move within the material under an applied electric

field, altering local conductivity!?”).

The performance of memristors is defined by several key parameters that determine their
suitability for various applications. One critical parameter is the resistance states, specifically the
high-resistance state (HRS) and low-resistance state (LRS), which correspond to binary "0" and
"1" in memory devices. The ratio between these states, known as the LRS/HRS ratio, is essential
for ensuring clear differentiation and reliable operation. The set voltage and reset voltage are the
thresholds required to switch the memristor into its low and high resistance states, respectively,

and they impact the energy efficiency and operational stability of the device. Another important



parameter is the retention time, which indicates how long the memristor can maintain its
resistance state without power, this is a vital measure for non-volatile memory stability.
The endurance of a memristor, or the number of switching cycles it can perform without
degradation, determines its longevity and robustness, particularly in applications requiring
frequent read/write operations. The switching speed, defined as the time taken to transition
between resistance states, is crucial for high-speed memory and logic applications, with faster

speeds enabling better performance!'?!.

Memristors can be broadly categorized into volatile and non-volatile types based on their ability
to retain resistance states after the removal of an external stimulus. These categories differ
significantly in their properties, operational parameters, and potential applications.
Understanding these distinctions is crucial for designing memristor-based systems tailored to

specific technological needs.

1.2.1 Volatile Memristors

Volatile memristors are characterized by their transient resistance states, which revert to an
equilibrium value once the external stimulus, such as power is removed!'%. This behavior is
primarily due to temporary physical changes like polarization or short-lived ionic displacement
within the material?®). These memristors exhibit rapid switching speeds, often in the nanosecond
range, making them ideal for applications requiring real-time responsiveness. Energy
consumption per switching event is minimal, but their operation requires continuous power to
maintain functionality in active systems, leading to higher long-term energy costs for sustained

usage!®,

Most remarkably is that volatile memristors, unlike traditional binary devices, can exhibit
multistate behavior where the resistance of the device can be tuned to multiple discrete or
continuous levels within a range. The multistate behavior in volatile memristors is closely tied to
the control of the applied voltage pulses. By varying the magnitude, duration, or frequency of the
external stimulus, different resistance levels can be achieved*”: *!l| Figure 5. These multistates
are particularly valuable in neuromorphic computing, where they emulate the short-term
plasticity of biological synapses. In such systems, synaptic weights, analogous to the resistance

levels, can be adjusted dynamically to facilitate learning and adaptation in artificial neural
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networks!?. Despite their advantages, the transient nature of multistates in volatile memristors

poses challenges for long-term data storage.
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Figure 5. Correlation between the conductance change with different magnitudes (0.9, 0.8, 0.7,
and 0.6 V), at different frequencies of pulse width (a) 120 ns, and (b) 30 ns*%. (¢) Conductance

response with different pulses duration at 6VP!,

1.2.2 Non-Volatile Memristors

Non-volatile memristors are defined by their ability to retain discrete resistance states indefinitely
after the removal of an external stimulus, such as voltage or current!*?, These devices primarily
operate in two well-defined resistance states, the HRS and the LRS, which correspond to binary
"0" and "1" in memory applications, Figure 6. Unlike volatile memristors, which can support
multistate operation due to their transient nature, non-volatile memristors focus exclusively on
these two states to ensure reliability, stability, and clarity in data storage and retrieval. This binary
operation is particularly advantageous in applications requiring robust and persistent memory,

such as resistive random-access memory (ReRAM)!331- 341,
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Figure 6. Memristor I-V curve representing the LRS (blue line) and the HRS (orange line) with

their respective set and reset voltages.

The performance of non-volatile memristors is defined by several critical parameters that
determine their reliability, efficiency, and suitability for specific applications. Retention time is a
vital metric, indicating how long the device can maintain its resistance state without external
power. Non-volatile memristors are engineered for retention times ranging from years to decades,
making them ideal for archival and long-term storage. Endurance, or the number of switching
cycles a memristor can withstand without degradation, is another crucial parameter, particularly
for applications requiring frequent data rewriting. Switching speed, typically measured in
nanoseconds to microseconds, reflects the time required to transition between resistance states.
While non-volatile memristors may have slightly slower switching speeds than volatile
counterparts, they remain fast enough for most memory and computational tasks. The LRS/HRS
ratio is a critical measure of data reliability, as a higher ratio ensures clear differentiation between
binary states. Other critical parameters include set and reset voltages, which determine the energy
required for state transitions, and overall energy consumption, which is minimized by the non-

volatility of the devices.

In terms of applications, non-volatile memristors are pivotal in the development of ReRAM,
offering faster speeds, lower power consumption, and higher density compared to conventional

flash memory!**). Beyond memory, their compatibility with crossbar arrays architectures enables
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parallel processing and in-memory computing, where data storage and computation occur within

the same device, which is critical for achieving brain-inspired computational efficiency!*>» 3],

As above mentioned, a critical distinction respect to volatile memristors is that non-volatile
memristors typically operate in binary states, meanwhile volatile memristor operate with
multiples resistance states, allowing neuromorphic applications as it is mentioned above.
Nevertheless, the inability of volatile memristors to retain data over time restricts their suitability

for applications needing long-term storage.

Neuromorphic devices based non-volatile technology present a compelling alternative offering
reliable and persistent data storel*®l. However, their applicability is limited when it comes to
emulating complex synaptic plasticity, such as gradual weight modulation or spike-timing-
dependent plasticity (STDP), which are essential for more advanced and biologically inspired
learning!®*”). To overcome such limitations, the use of non-volatile devices with multistate states
of conductance represents a step forward in the field, although, few devices based on multistate
ReRAM have been developed and the mechanism behind multistate behaviour is still

misunderstood8! 391,

1.2.3 Limitations of Traditional Memristors Materials

The materials used to fabricate memristors are diverse, reflecting the wide range of applications
and performance requirements for these devices. Each material class offers unique properties that

influence the switching mechanism, stability, endurance, and scalability of the memristor.

First generation of memristors was made of metal oxide materials. Metal oxides, such as titanium
dioxide (TiO2), hafnium oxide (HfO>), and tantalum oxide (TaOx), are among the most widely

[40]

studied materials for memristors'™. These materials exhibit resistive switching due to the

migration of oxygen vacancies, which form or disrupt conductive pathways!*!. The advantages

(491 They also offer

of metal oxides include their high switching speeds, and robust non-volatility
excellent endurance, often supporting millions to billions of switching cycles. Nevertheless,
metal oxides still suffering of critical parameters as low LRS/HRS ratio and high set and reset
voltages, that is translated in not clear distinction between different states and more energy

consumption, respectively*”. Moreover, a key disadvantage is their variability in performance
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due to the stochastic nature of filament formation and rupture, which can lead to inconsistencies

In resistance states.

Organic materials, such as conductive polymers and small molecules, are the second generation

(2] These materials switch resistively through

of materials used in memristor fabrication
mechanisms like charge trapping, ion migration, or redox reactions!*’!. The primary advantage of
organic memristors is their mechanical flexibility and potential for low-cost, large-area
fabrication through printing techniques!*?!. They are also lightweight and can be processed at low
temperatures. However, their major drawbacks include lower switching speeds and high set and
reset voltages, with limited endurance due to material degradation, and poorer retention times
compared to inorganic alternatives**!. Their stability under environmental conditions, such as

moisture and temperature, also needs significant improvement for broader adoption!**.

Currently, perovskite-based memristors are attracted significant attention due to their high ionic
mobility, tunable electronic properties, and ability to achieve both volatile and non-volatile
switching offering energy-efficient fabrication and cost-effective performance, including flexible
devices!*l. Memristors based on perovskite display high LRS/HRS ratios with extremely low set
and rest voltages and long retention times. Nevertheless, the endurance due to ambient

degradation of these materials is still a bottleneck to overcome!*¢].

1.3 Perovskite-based Memristors

In this section it is presented the state of the art of perovskite-based memristors, starting with an
overview of perovskite materials. Special emphasis is placed on single crystal (SC) perovskites,
as a promise candidate to overpass polycrystalline (PC) counterparts given their superior
structural and optoelectronic properties. We discuss their synthesis methods, key physical
characteristics, and the advantages they offer for develop different devices. This foundation sets

the stage for analyzing their performance and potential in memristive devices.
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1.3.1 Perovskite Materials

Metal halide perovskites (MHPs) refer to a class of materials within the crystallographic family
of perovskites, characterized by the general stoichiometry ABX3. In the case of MHPs, A is
defined as CH3NH;" (MA), HC(NH)," (FA), and Cs" cations; B refers to Pb*", Sn**; and X
concerns to CI', Br, I halides[47]. The metal is situated in an octahedral halide environment,
with the halides located at the vertices, while the cations occupy the gaps within the octahedral

structure Figure 7.

Figure 7. Scheme of ABX3 perovskite structure.

One of the most remarkable features of MHPs is their exceptional optoelectronic performance.
MHPs exhibit high absorption coefficients*®), long carrier diffusion lengths*”), and tunable
bandgaps®”, making them ideal for a wide range of devices applications as solar cells’®!), laser
and light emitting diodes (LEDs)!®?, or memristors’®*). Moreover, their defect tolerance is
particularly noteworthy, structural imperfections that would degrade the performance of
conventional semiconductors, as silicon, have minimal impact on MHPs!*¥. This property

simplifies fabrication, allowing for low-cost solution processing techniques'>!.

Solution-based methods are widely used for the synthesis of perovskites due to their simplicity
and scalability. The spin coating technique is the most employed to produce PC thin films!¢].
This production of PC perovskites typically involves depositing a perovskite precursor solution
onto a substrate, followed by a spin process in which an anti-solvent is added, finishing with a
thermal annealing to crystallize the film, Figure 8. This process is straightforward, inexpensive,

and adaptable to various substrates, making it suitable for large-scale manufacturing.
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Figure 8. Scheme of spin-coating deposition process®’.

However, grain boundaries inherent of PC structures represent important limitations. These grain
boundaries act as defect sites, leading to charge carrier trapping and recombination!®], which
reduces the efficiency of devices Figure 9a. They can also serve reactive points, accelerating
degradation under operational or environmental stress!®’l. Although polycrystals dominated
perovskite devices manufacturing, SC perovskites are emerging as a promising alternative due
to their superior intrinsic properties, such as the absence of grain boundaries, which eliminates
charge trapping and reduces recombination losses!®®!, (1], Figure 9b. Moreover, their long-range
crystalline order results in exceptional charge carrier mobilities, extended diffusion lengths, and
enhanced stability under environmental stress®?, (3. Nevertheless, SCs still suffer from large-
scale synthesis!®¥. Additionally, their growth processes can result in non-uniform crystal sizes
and surface defects, which require advanced passivation and surface treatments to mitigate[®>"
[66] These challenges underscore the need for continued research to overcome the limitations of
SC perovskites while their PC counterparts continue to provide a straightforward path to the

development of high-efficiency devices.
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Figure 9. Schematic representation of (a) polycrystalline perovskite film, and (b) single crystal

perovskite, with their corresponding keys parameters.

In the field of devices applications, MHPs have particularly revolutionized the field of
photovoltaics, emerging as one of the most promising materials for next-generation solar cells®”).
In just over a decade, MHP-based solar cells have achieved power conversion efficiencies (PCE)
exceeding 26%!°%), rivalling silicon counterparts. This significant progress represents a unified
effort in different fields that leaves behind a legacy of understanding of the fundamental physic
of perovskite materials, which can be leveraged for the development of new technologies. For
instance, the study of the ionic nature in solar cells devices and its effects on electronic behavior

has established a new field of applications for memristive devices and neuromorphic

computation.

The ionic nature of MHPs arises from their flexible lattice structure, where weak interactions
between ions allow for easy migration under external stimuli such as electric fields or temperature
gradients!®”). The mobility of these ions occurs through mechanisms such as vacancy hopping or
diffusion!’® "], One of the most prominent effects of ionic mobility is the hysteresis observed in
current-voltage (I-V) measurements. As ions migrate under an applied electric field, they alter
the internal electric field distribution within the perovskite layer. This redistribution of charge
results in transient polarization effects, causing the current response to depend on the direction

and speed of the voltage sweep!’?!["3]. For example, in perovskite solar cells, this leads to forward
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and reverse I-V curves that do not overlap. Depending on the discrepancies between the forward
and reverse scans (FS, and RS respectively), two physical phenomena can be defined: a
capacitive effect occurs if the RS exhibits higher current than the FS, and an inductive effect

occurs if the RS exhibits lower current than the FS, figure 10.

J(mA/cm?)

Figure 10. (a) Capacitive, and (b) inductive hysteresis of halide perovskite solar cells under

1llumination.

Capacitive effects arise from the intrinsic dielectric properties of the perovskite material itself.

(74 meaning they can store significant

Perovskites have relatively high dielectric constants
amounts of charge in response to an external electric field. During the FS, the capacitor is charges,

while in the RS it discharges, this results in a higher current in the RS compared to the FSI3],

Inductive effects, originate due to the accumulation of charges at interfaces and within the bulk
of the perovskite material when subjected to an electric field. This accumulation generates a layer
of ions at the interfaces which is linked to delayed current responses and recombination

[75]

processes'’”, originating inductive effects, resulting in higher current in the FS compared to the

FS.

Hysteresis is strongly dependent on factors such as voltage, waiting time, scan rate, and the nature
of the interfaces. Higher voltages, longer waiting times, or slower scan rates facilitate ion
migration, leading to accumulation at the interfaces and the emergence of inductive effects.
Conversely, lower voltages, shorter waiting times, or faster scan rates hinder ion migration

through the bulk, reducing the accumulation at the interfaces!’>.
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Interestingly, the inductive behavior in I-V measurements of solar cells, driven by ionic
migration, charge accumulation, and polarization, closely mirrors memristive dynamics where
resistance dynamically changes based on the history of voltage applied to the device. Such
phenomena observed in I-V characterization of solar cells have been one of the main driving

forces in the development of perovskite-based memristors.

1.3.2 Single crystal Perovskite Materials

As previously mentioned, SC perovskites represent a promising alternative to their PC
counterparts. Unlike PC films, which consist of multiple crystalline domains separated by grain
boundaries, SCs feature a continuous and defect-minimized lattice structure. This absence of
grain boundaries effectively mitigates charge trapping, non-radiative recombination, and
degradation pathways commonly observed in PC materials. The superior optoelectronic
properties of SC perovskites, such as enhanced carrier mobility, prolonged carrier lifetimes, and
lower trap-state densities, illustrate their potential for high-performance device applications.

These properties are described in detail in the following section.

1.3.2.1 Optoelectronic properties of perovskite single crystals.

i) Optical Properties

In optoelectronic devices, the bandgap energy of the semiconductor governs its optical absorption
spectrum by setting the threshold photon energy required for electronic excitation. In perovskite
materials, the bandgap can be precisely tuned through halide and cation substitution[50]. For
instance, MAPbX3 SCs exhibit bandgaps of 1.53 eV (X=I), 2.24 eV (X=Br), and 2.97 eV (X=Cl),
Figure 1la,b. Mixed-halide systems allow for continuous bandgap tuning across this range,
enabling spectral response engineering Figure 11c,d. The bandgap tuning directly reflect in

properties such as photoluminescence (PL) response, figure 11e.
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Figure 11. (a) UV—vis—NIR absorption spectrum of CH3NH3;PbX3 (X = Cl, Br, I) SCs, (b)
estimate the optical bandgap of each material composition’®. (c) Absorbance spectra of
CH3NH;Pbls.«Brx and CH3NH3PbBr3.,Cly SCs, and (d) Relationship between the extracted
optical bandgap and the halide content (x or y)”’l. (e) absorption spectra (squares) and

photoluminescence spectra (solid lines) of single-halide and mixed-halide perovskite SCs!”l.

A-site substitutions (e.g., replacing MA™ with FA" or Cs") have a comparatively smaller effect
on the bandgap but significantly influence the lattice stability and phase behavior!””). Substituting
the B-site cation with Sn** (as in MASnI3) reduces the bandgap to ~1.15 eV, extending light

absorption into the near-infrared®’l.

SCs also exhibit extended absorption onsets due to their thickness and reduced in-gap defect
states. For example, MAPbI3 SCs show a redshifted absorption edge (~900 nm) compared to
films (~800 nm), attributable to their weakly indirect bandgap (~60 meV below the direct
transition)[3!). The optical behavior can be further modulated by varying the number of inorganic

layers, which affects both the bandgap and the excitonic nature of the absorption and emission!].
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ii) Carrier transport

Carrier transport in SCs is governed by carrier mobility, lifetime, and diffusion length, all of
which are significantly enhanced relative to polycrystalline films!®l. Carrier mobility can be
evaluated using a variety of techniques, including space-charge-limited current (SCLC) method,
Hall effect measurements and, time-of-flight (TOF) analysis®*¥. Lifetime can be characterized by
time-resolved photoluminescence (TRPL), Transient Absorption Spectroscopy (TAS), and
transient photovoltage (TPV) techniques!®>* 8%} 871 Diffusion length can be determined by
Scanning Photocurrent Microscopy (SPCM), and Surface Photovoltage (SPV) techniques®®!.
Each of these approaches provides distinct insights into charge transport behavior under different
experimental conditions. Regardless of the specific characterization technique employed, single
crystal metal halide perovskites (SC-MHP) consistently exhibit significantly higher carrier

mobility compared to their PC counterparts!®: 841,

In PC perovskite films, the high density of grain boundaries introduces structural defects that
create deep trap states within the bandgap, leading to carrier trapping and limited transport
efficiency. Conversely, SC-MHP, characterized by the absence of grain boundaries, exhibit
substantially reduced point defect densities. This structural coherence facilitates enhanced carrier

mobility and enables more efficient charge transport behavior.

In perovskites, the carrier transport parameters, conductivity (o), mobility (p), and diffusion
length (Lp), can be accurately assessed using the SCLC method!™!. This technique involves
measuring the dark current—voltage response of a symmetric device. The resulting I-V curve
typically features three regimes: the Ohmic region (linear current increase), the trap-filled limit

(TFL) region, and the trap-free Child's region (quadratic current increase).

In the Ohmic region, the electrical conductivity is calculated using the relation:
o =— Equation 2

where [ is the current, V is the applied voltage, and L is the thickness of the crystal.

The trap density ng, representing the density of electrically active defect states, is extracted from

the transition voltage between the Ohmic and TFL regions using:
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L Equation 3

Here, e€is the relative permittivity of the crystal (obtained from capacitance—frequency
measurements), €o is the vacuum permittivity, q is the elementary charge, and VrrL is the trap-

filled limit voltage.

Once traps are filled, carrier transport becomes space-charge-limited and the carrier mobility can

be calculated in the Child regime using Mott—Gurney’s law:

_ 8L%]p

= Equation 4
H 9egoVf q

where Jp is the current density and Vy is the applied voltage.

Carrier mobilities in SCs typically range from 10 to over 500 cm?*V's " depending on the
composition and measurement method (ToF, Hall effect, SCLC)!®4. For example, MAPbI; SCs
show mobilities up to 164 cm?V~!s™! (SCLC), while CsPbBr; SCs exceed 500 cm? V! s7!. These
high mobilities are paired with long carrier lifetimes, often reaching hundreds of
microseconds®”, due to the suppressed trap-assisted recombination. The combination of high

mobility and long lifetime leads to diffusion lengths over 175 pm®!l,

Anisotropic transport has also been observed in SCs with different crystallographic orientations.
For instance, the (110) facet of MAPbBr3 exhibits longer carrier lifetimes and lower dark current
compared to the (100) facet, due to differences in trap densities and surface defect
distributions!®?. Such orientation-dependent behavior is critical for optimizing SC integration in

planar device architectures.

iii) Ion Migration

Although perovskite SCs lack grain boundaries, commonly considered primary ion migration
pathways in PC films!*!, they are not exempt from ionic movement. Point defects such as halide

(") and organic cation (MA") vacancies and interstitials remain mobile under external stimuli,
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including electric fields and photoexcitation. Activation energies for ion migration typically
range from 0.1-0.6 eV for I vacancies and interstitials, 0.5—1.2 ¢V for MA" vacancies and
interstitials, and >1 eV for Pb®" vacancies, suggesting that both the halide anion and the organic

cation can migrate®*» %3],

Light illumination accelerates ion migration by lowering activation energies, e.g., from 0.83 eV
(dark) to 0.33 eV (illumination) for MAPbI;°). This behavior contributes to hysteresis in device

[-V measurement and can lead to long-term instability in devices such as solar.

Strategies to suppress ion migration in SCs include compositional tuning (e.g., incorporating GA™
or Sr**), dimensional reduction (e.g., 2D/quasi-2D perovskites), and passivation techniques!®’
(98], 91 These strategies suppress ion migration by increasing lattice rigidity and introducing
interfacial charge repulsion, which together block pathways for mobile species like halide and
organic cation vacancies. Nevertheless, ion migration remains a key challenge for reliable SC-

based devices, particularly under continuous operation or electric bias.

iv) Defects

In perovskite SCs, the overall defect density is significantly lower than in their PC counterparts
due to the absence of grain boundaries, which are major sources of structural disorder in thin
films. However, the dominant origin of defects in SCs shifts to the crystal surface, where the
lattice is more susceptible to disruption. Surface termination leads to incomplete coordination of
ions, and interactions with ambient conditions (such as moisture and oxygen) contribute to the

formation of shallow point defects, such as halide vacancies and interstitials!l,

The space-charge limited current technique is one of the most widely employed methods to
quantify trap densities in perovskite materials. As mentioned above. This technique involves
fabricating a single-carrier device, typically with electron-only or hole-only transport layers, and
measuring the -V response under dark conditions. At low voltages, the current exhibits an
Ohmic behavior, while at higher voltages, it transitions into a TFL regime. The voltage at which
this transition occurs is known as the trap-filled limit voltage (VrrL), and it marks the point at
which the injected carrier density equals the trap density. The trap density n can be calculated

using the equation 5.
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V. = Equation 5
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Where ¢ is the relative dielectric constant of the perovskite, €o is the vacuum permittivity, VrrL
is the trap-filled limit voltage, q is the elementary charge, and L is the thickness of the perovskite

material.

The SCLC method has proven effective in quantifying trap densities in high-quality perovskite
SCs. Reported values in can be as low as 103-10'! cm™, significantly lower than the typical 10—

10'® ¢m? found in PC films!!'01-1102],

The crystallographic facet also influences defect distribution and recombination dynamics in
perovskite SCs. For instance, the (112) plane of MAPbI3 shows more defects than the (100) plane,
affecting local carrier dynamics and photophysical properties!!®}l. Demonstrating that orientation

control during crystal growth is therefore essential for minimizing defect-related losses.

v)  Stability

The stability of perovskite SCs under environmental and operational stress is one of their most
compelling advantages. Their lack of grain boundaries blocks facile diffusion pathways for
moisture and oxygen, dramatically improving air and thermal stability. MAg45FAo ssPbl; SCs
have demonstrated stability in ambient air for over 14 months without encapsulation, retaining
structural integrity and optical appearance!!® contrasting with the faster degradation of

polycrystalline counterpart at ambient conditions!!%],

Nevertheless, light-induced degradation remains a concern. As mentioned above, Illumination
reduces the activation energy required for halide and organic cation vacancies to move within the
lattice. Recent studies have shown that prolonged light exposure can lead to the generation of
new trap states in perovskite SCs. These traps, often located near the surface or interfaces, can
act as nonradiative recombination centers, reducing carrier lifetimes and overall device

efficiency, leading to performance degradation over time even in high-quality SCs!!%6}- 1071,
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1.3.2.2 Single crystal perovskites synthesis methods

To unlock the outstanding optoelectronic properties of perovskites, it is essential to synthesize
high-quality SCs. While PC perovskites are commonly fabricated via spin-coating, a rapid and
scalable technique that typically does not require stringent control over the crystallization
conditions, SCs growth demands much more precise regulation of parameters such as

temperature, solvent composition, and supersaturation.

Various synthesis methods have been developed to grow these crystals with precise control over
size, morphology, and thickness. Among the most widely used techniques are solution-based
methods and vapor-phase growth, each offering distinct advantages and limitations depending on

1081, 11991 ‘Here we focus on the solution-based methods, due to its simplicity,

the target application!
cost-effectiveness, and ability to produce high-quality crystals with controlled dimensions. To
achieve controlled nucleation and centimetre scale crystals, four primary strategies are employed:
(1) temperature-cooling crystallization (TCC), wherein solubility decreases upon cooling acidic
or aqueous halide-rich solutions; (ii) antisolvent vapor-assisted crystallization (AVC), where
controlled vapor diffusion of a miscible poor solvent triggers supersaturation and growth; and
(111) inverse temperature crystallization (ITC), which exploits the anomalous solubility behavior
of certain perovskites in polar aprotic solvents such as y-butyrolactone (GBL),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO); and, (iv) confined inverse
temperature crystallization (CITC), a modified version of ITC where crystal growth is physically
restricted between two surfaces or within defined geometries, allowing precise control over

crystal thickness. Each of these techniques offers distinct advantages in terms of speed and crystal

quality, and morphology control, and will be discussed below.

i) Temperature Cooling Crystallization (TCC)

Among the earliest reported methods, TCC relies on the decrease in solubility of perovskite
precursors at lower temperatures!!®l. In this process, a saturated solution, often based on
hydrohalic acids such as HI or HBr, is gradually cooled from elevated temperatures (e.g., 100 °C)
to ambient conditions. This facilitates slow and steady crystal growth as solubility decreases.
TCC is particularly effective for growing large crystals with high structural quality, including
various 3D and low-dimensional systems. However, the method is inherently slow (often
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requiring weeks), and the lack of precise control over temperature gradients and supersaturation

levels can lead to phase transitions or defect formation.

ii) Antisolvent Vapor-Assisted Crystallization (AVC)

The antisolvent vapor-assisted crystallization (AVC) method offers a strategy for growing high-
quality SCs under ambient or low-temperature conditions, particularly when thermal stability is
a concern!''”, This technique exploits the differential solubility of perovskite precursors in
miscible solvent—antisolvent pairs. Typically, the perovskite precursors (e.g., PbX: and AX,
where A = MA*, FA*, Cs*, and X = Br’, CI, I) are dissolved in a solvent with high precursor
solubility like DMF, GBL, or DMSO. The solution is then exposed to the vapor of a solvent with
low precursor solubility, such as toluene, diethyl ether, or dichloromethane, which slowly diffuses
into the solution. As the antisolvent vapor permeates the precursor solution, it gradually lowers

the solubility of the perovskite, inducing supersaturation and subsequent nucleation, Figure 12.

Normal temperature
—__ﬁ
U U a period of time

Precursor solution (mole ratio)  Anti-solvent MAPbBr3
PbBr2MABr=1:1) (DCM/DCM+DME )

Figure 12. Schematic diagram of perovskite SCs growth via AVC method!''!].

The vapor-phase diffusion ensures slower and more controlled supersaturation, which is crucial
for high crystal quality. The AVC approach has enabled the synthesis of FAPbX3, MAPbX3 (X =
I, Br), CsPbBr3, and various low-dimensional or lead-free perovskites with well-defined

1081 However, AVC requires precise control over the diffusion rate of the antisolvent. If the

facets!
process is too fast, uncontrolled nucleation and polycrystalline aggregation may occur, if too

slow, the yield becomes impractically low.
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iii) Inverse Temperature Crystallization (ITC)

Among the most widely adopted techniques for growing perovskite SCs, ITC takes advantage of
a unique and non-classical solubility behavior exhibited by many halide perovskites in specific
solvents!!!?], Contrary to the usual trend where solubility increases with temperature, in solvents
like GBL, DMF, and DMSO, compounds such as APbX3, (where A= MA", FA", Cs", and X =

Br, CI, I) display inverse solubility, meaning their solubility decreases as temperature rises.

In practice, a saturated solution is prepared at room temperature and then gradually heated,
typically within the range of 80—120 °C. As the solution enters a supersaturated state, nucleation
initiates, followed by rapid crystal growth, Figure 13. By carefully tuning solvent composition,
precursor concentration, and heating rate, it is possible to obtain large, high-quality crystals
within hours, orders of magnitude faster than temperature-cooling or antisolvent vapor-assisted

crystallization techniques.

Oil bath

Heating to a fixed temperature

Fast crystallization Solution +
MAPDX, crystals

Oil bath

Room temperature

Figure 13. (a) Schematic illustration of the (ITC setup, where the vial containing the precursor
solution is immersed in a temperature-controlled heating bath. The solution is gradually heated
from room temperature to elevated setpoints, approximately 80 °C for MAPbBr3 and 110 °C for
MAPDI3, to induce crystallization. (b, ¢) Time-resolved growth of MAPbI3 and MAPbBr3 SCs,

showing progressive enlargement and facet development at various intervals!'!?!,

ITC has proven particularly effective in generating centimetre scale crystals, especially when
combined with seed-assisted growth to ensure directional control and suppress spontaneous

nucleation. Moreover, the method has been extended to mixed-cation (e.g., FA/MA/Cs) and
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mixed-halide systems, although the presence of multiple precursors can introduce challenges

related to phase segregation and solubility mismatch!!''?],

iv) Confined Inverse Temperature Crystallization (CITC)

Confined inverse temperature crystallization, is an evolution of the conventional ITC method,
designed to overcome key limitations of bulk SC perovskites, such as the excessive thickness
relative to efficient charge extraction and device integration!'*. CITC addresses these issues by
physically restricting crystal growth within defined spatial boundaries, typically between two
substrates, reducing the thickness of the SCs from hundreds of microns to a few micrometers,

obtaining thin single crystals (TSC), Figure 14.

Perovskite solution

% Perovskite monocrystal

Glass/ITO/PTAA Temperature ramp

60°C |----------> —

Figure 14. Scheme of the CITC method to fabricate thin perovskite SCs.

In this method, a saturated precursor solution, such as MAPbI3 in GBL, is injected or drop-cast
into a narrow space created by parallel substrates. Upon heating, the inverse temperature
solubility behavior triggers crystallization, but the vertical expansion is limited by the
confinement geometry. As a result, crystals grow laterally, yielding thin, and flat SC perovskite

layers with tunable thicknesses ranging from several hundred nanometers to a few micrometers.

CITC method has been successfully applied in devices with planar structures, such as solar cells,
memristors, and photodetector, where efficient charge extraction and device integration are

critical for achieving high performance!''*!,
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In this thesis we focus on the ITC and CITC method to fabricate bulk SC and TSC, respectively.
We discard solution-based synthesis methods like vapor-assisted crystallization or slow
evaporation, because, although they do not require an increase in temperature, their synthesis
times extend over several days, even weeks, whereas the ITC and CITC methods require only a

few hours.

1.3.2.4 Devices based on single crystals perovskites

In terms of devices, their superior structural and optoelectronic characteristics, as above
described, make them highly promising for applications in solar cells, photodetectors, LEDs,

laser and memristors.
i) Solar cells

Single crystal perovskites have the potential to surpass the efficiency and stability limitations of
polycrystalline perovskite solar cells (PC-PSCs). In conventional PC-PSCs, grain boundaries act
as charge trap sites, increasing recombination and reducing charge extraction efficiency.
However, (single crystal perovskite solar cells) SC-PSCs eliminate these grain boundaries,
leading to significantly improved carrier transport properties and higher power conversion
efficiencies. Another major advantage of SC-PSCs is their enhanced operational stability. In PC
films, ion migration at grain boundaries contributes to instability and hysteresis effects. Since
SCs lack grain boundaries, they exhibit reduced ion migration, leading to improved long-term
stability. For instance, SC-PSCs have exceeded 24% PCE since their first report in 2016,
approaching the 26% efficiency achieved by their polycrystalline counterparts, which were first
reported in 20091681 [115],

ii) Photodetectors

Photodetectors are devices that convert light signals into electrical signals, making them essential
for applications such as imaging, optical communication, biomedical sensing, and environmental
monitoring. Perovskite SC photodetectors exhibit high photoresponsivity, fast response times,

and low dark currents due to their excellent charge transport properties and low trap densities!! !,
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For instance, MAPbI3 SCs photodetectors have exhibited detectivities exceeding 10! Jones and
response times below 1 ps, outperforming their PC thin-film counterparts by several orders of

117

magnitude!'!”). These metrics are further enhanced by the sharp absorption edges and high optical

quality intrinsic to SCs, enabling efficient photogeneration and collection of charge carriers.

ii) LEDs and lasers

SC-MHP have emerged as promising candidates for next-generation light-emitting technologies,
including LEDs and lasers, owing to their exceptional optical gain, narrow emission linewidths,

and high photoluminescence quantum yields (PLQYs)!'!®],

In LEDs, radiative recombination efficiency is the central performance metric, and perovskite
SCs provide a near-ideal platform to maximize this. Several studies have reported external
quantum efficiencies (EQEs) exceeding 10% in SC-based devices. For instance, Song et al.
demonstrated a MAPbBr; SC-LED with an EQE of 11.7% and stable operation over 30 hours at
100 cd/m?, enabled by a surface engineering approach that passivated shallow traps and improved

hole transport!!?],

Regarding to lasers applications, the high optical quality, low defect density, and long carrier
diffusion lengths of perovskite SCs facilitate population inversion and reduced threshold energy
for lasing. Notably, SCs can support both optically and electrically pumped lasing, although the
former is more widely studied. For example, MAPbBr3; and CsPbBr3 SCs have been extensively
explored for microcavity lasing. Zhang et al. reported room-temperature continuous-wave lasing
from CsPbBr3 SCs using a distributed feedback cavity design, achieving a threshold as low as

0.3 pJ/cm? and linewidth narrowing below 0.2 nm!!2),

iv) Memristors

Memory devices require high carrier mobility, defect tolerance and stable electrical performance.
Due to the absence of grain boundaries, SC-MHP, are intended to show all these key advantages
and translated them in excellent LRS/HRS ratios, high endurance and low power energy

consumption memristors. Specifically, the endurance of these devices, a critical parameter, can
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be improved by using SC-based memristors, as the absence of grain boundaries eliminates

reactive sites where perovskite materials tend to degrade.

Despite their potential, SC-based memristors are still in the early stages of development. Few

(121}, 1122}, 1123] where further rigorous research is necessary

devices based on SC has been fabricated
to fully evaluate key parameters as endurance, retention time, and the underlying switching
mechanisms take advantage of the higher robustness of SC materials. One of the goals in this
thesis, as it is explained to the final of this chapter, is address such questions to unlock the full

potential of SC-based memristors in high-performance memory and computing applications.

1.3.3 State of the Art of Perovskite-based Memristors

Since the first report of the memristive properties in perovskite materials, perovskite-based
memristors have experienced a significant development!!>*], One of the key properties that
position MHPs as straightforward in the memristor field is their intrinsic ion mobility!'?*!. Their
ionic nature is translated in properties as superior LRS/HRS ratio, lower set and reset voltage and
the ability to achieve non-volatile and volatile memristor!'?¢+ [127] Moreover, their high defects
tolerance allows low-cost solution fabrications methods and enhances their memristive

properties, as intrinsic defects like halide vacancies facilitate ionic mobility>®.

Nevertheless, the polycrystalline nature of these perovskite memristors is characterized by grains
separated by grain boundaries, which significantly influence the performance and reliability of
these devices. Grain boundaries act as defect density sites, which accelerate degradation
mechanisms under operational conditions, such as voltage stress or exposure to environmental
factors like moisture and oxygen!®8: 13?1, As a result, devices often experience reduced retention

times, diminished endurance, which are critical parameters in memristor devices!!?4],

Efforts to mitigate the disadvantages of the polycrystalline nature include strategies as grain
boundary passivation using chemical agents!'?®!, advanced fabrication techniques, such as slow

crystallization or solvent engineering to increase grain size and reduce boundary density!?%,

or
the fabrication of more complex architecture devices by adding different metal layer!!**), which
increases the fabrication cost. While these approaches improve stability, they cannot fully
replicate the superior performance of SC perovskite materials®!, which lack grain boundaries

altogether. Unfortunately, 3D perovskite SC memristor devices approach remain mostly
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unexplored, where no efficiency devices, with high set and reset voltage!'?!!, or without

endurance test!'*!! have been reported.

1.3.3.1 Mechanism behind Perovskite-based Memristors

The discussion surrounding the mechanisms of resistive switching in perovskite-based
memristors is a topic of significant interest and debate that remains inconclusive. Such discussion
primarily revolves around two dominant phenomena: filamentary switching, driven by the
migration of ions and vacancies!!*?], and interfacial effects, which involve charge accumulation

or redistribution at the electrodes' interfaces!'>3!.

In the filamentary switching mechanism, resistive switching is attributed to the migration of ionic
species, such as halide vacancies or metal ions, under the influence of an external electric
field!"3#. These mobile ions form localized conductive filaments that bridge the insulating gaps
within the perovskite layer, resulting in the LRS. The subsequent rupture of these filaments under
reverse bias restores the HRS, Figure 15a. Filamentary switching is often associated with abrupt
changes in resistance, which, offers an efficient pathway for achieving high switching speeds and
low power consumption'**, Notably, the filamentary switching process is inherently stochastic,
as the formation and rupture of these filaments depend on the local distribution of vacancies and
defects within the material. This stochastic nature of filament formation and rupture introduces
variability in switching behavior and device performance. For example, the localized migration
of ions can lead to non-uniform filaments, resulting in device-to-device variability. Additionally,
prolonged filamentary switching can accelerate material degradation, reducing the lifetime and
stability of the devices!!*3). Nevertheless, to mitigate this degradation by filamentary process, the
use of inert electrodes such as Pt or Au, rather than reactive electrodes, reduces the likelihood of

the chemical reactions that could alter filament behavior!'3¢,

Alternatively, interfacial mechanisms are attributed to the accumulation or redistribution of ionic
species, vacancies, or charge carriers at the interfaces between the perovskite active layer and the
device electrodes!!'*”). In this model, resistive switching occurs due to changes in the interfacial
potential barrier or charge carrier transport near the contacts. lons, such as halide vacancies,
accumulate at the electrode interfaces under an applied bias, which modulates the Schottky

barrier, thereby altering the device’s resistance!'*®!, Figure 15b. Unlike the localized nature of
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filamentary switching, interfacial effects are often more spatially distributed and provide
smoother transitions between resistance states!'*?]. This behavior is particularly advantageous for
applications requiring analog (multistate) switching, such as neuromorphic computing, where a

continuous range of resistance states is needed to emulate synaptic weights.

Compared to filamentary switching, interfacial mechanisms are typically more uniform and
spatially distributed, as they do not rely on the formation of localized conductive pathways. This
uniformity can lead to improved switching reproducibility and device stability over extended
operational cycles. Furthermore, interfacial mechanisms are less susceptible to stochastic

behavior, making them more suitable for applications requiring high reliability and endurance.

However, interfacial switching also presents challenges, particularly in terms of device stability
and the slow migration of ionic species over repeated cycles. Prolonged operation can lead to

electrode degradation, interfacial reactions, or drift of the ionic distribution, all of which can

[139]

affect the device's switching performance'’>”. Strategies to address these challenges include

interface engineering, such as the use of buffer layers, passivation techniques, which minimize

chemical reactions and maintain stable interfacest!' 3% [1401 [141], [142]
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Figure 15. (a) Filament!'*], and (b) interfacial'*® mechanism resistive switching scheme in

perovskite-based memristors.

The interplay between these two mechanisms, filamentary and interfacial, remains an area of
active research. In some cases, both processes may coexist, and their relative contributions can
depend on the specific device structure, material composition, and operational conditions. For
example, devices with higher defect densities and reactive electrodes may favor filament

formation, whereas devices with well-engineered interfaces may exhibit interfacial switching as
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the dominant mechanism. This duality underscores the complexity of perovskite memristors and
the need for a deeper understanding of the material’s defect chemistry, ion transport dynamics,

and interface physics.

An additional interesting process in perovskite memristors is known as electroforming. The
electroforming process is a crucial step in the activation of many perovskite-based memristors,
preparing them for reliable resistive switching behavior. During this process, an initial voltage,
typically higher than the operational switching voltage, is applied to the device to induce
structural and electronic changes in the perovskite layer. These changes could involve the
redistribution of ionic species, defect generation, or the formation of conductive filaments,
creating a pathway for subsequent low-voltage switching between the HRS and the LRSH#4 1145],
The magnitude of this forming voltage depends on the material composition, electrode

1461 " After forming, the device stabilizes, transitioning

configuration, and device thickness!!*’}!
from a pristine state to an active memristive state. The forming process establishes a baseline

configuration for repeatable resistive switching during subsequent voltage cycles.

Overall, elucidating the precise mechanisms behind resistive switching and electroforming
process in perovskite-based memristors is essential for optimizing their performance and
addressing current challenges such as stability, reproducibility, and scalability. By tailoring
material properties and device architectures, it is possible to harness the advantages of both
filamentary and interfacial switching, paving the way for reliable and efficient memristive

devices suitable for next-generation memory and neuromorphic computing applications.

1.4 Thesis Outline

This thesis is organized into six chapters, each contributing to a comprehensive understanding of
halide perovskite single crystals for next-generation resistive memory and optoelectronic

devices.
Chapter 1: Introduction

This chapter provides the context and motivation for the thesis. It begins by outlining the

limitations of conventional computing paradigm in terms of power consumption, performance,
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and environmental impact. The emerging field of neuromorphic computing is introduced as a
promising alternative, and resistive switching devices (memristors) are presented as key enablers
of this new paradigm. Within this framework, halide perovskites are proposed as versatile
materials owing to their unique combination of ionic—electronic transport, tunable optoelectronic
properties, and low-cost solution processability. Special attention is devoted to SC perovskites,
which offer superior structural and electrical properties compared to their PC counterparts. The

chapter concludes with a statement of objectives and the scope of the thesis.

Chapter 2: Methods; Synthesis, Device Fabrication, and Optoelectronic and

Structural Characterization

This chapter outlines the experimental methodologies developed and employed throughout the
thesis. It covers the synthesis of bulk and thin perovskite single crystals using (ITC and CITC,
respectively. The fabrication protocols for SC-based memristor devices are described in detail,
along with the integration of graphite electrodes for contact formation. Structural, morphological,
and optoelectronic characterization techniques, such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), PL, time-resolved PL, micro-PL mapping, and impedance
spectroscopy, are presented as a practical toolbox for assessing material quality and device

performance.

Chapter 3: Bosting Photoluminescence in MAPbBr; Single Crystals through

Laser-Based Surface Modification

This chapter investigates the laser passivation of MAPbBrs; bulk SCs through continuous-wave
laser treatment. A robust increase in photoluminescence (=<100%) and a measurable bandgap shift
(=75 meV) are observed, attributed to a surface restructuring process resulting in the formation
of a PbBrz-rich layer. Structural and chemical analyses (XRD, XPS) combined with optical
techniques (PL, TRPL, PLE) confirm a modified surface region that passivates nonradiative
defects. These findings reveal a light-induced mechanism for enhancing crystal stability and

emission properties through surface composition engineering.
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Chapter 4: Perovskite Thin Single Crystal for a High Performance and Long

Endurance Memristors

This chapter presents the design and performance of memristive devices based on thin single
crystal MAPDBr3, synthesized via the CITC method. The devices exhibit high LRS/HRS ratios
(up to 50), excellent retention (>10* s), and stable switching behavior over 102 cycles. The use
of impedance spectroscopy enables real-time tracking of the electroforming process and confirms
the role of ion migration in the switching mechanism. These results demonstrate the feasibility

of high-performance single crystal memristors for neuromorphic computing.

Chapter 5: Compositional Engineering of Monocrystalline Metal Halide

Perovskite Memristors for Multistate Non-Volatile Operation

As a continuation of the previous chapter, this section introduces halide mixing as a strategy to
achieve multistate memory behavior in TSC perovskite memristors. Devices based on
MAPDB(Broolo.1)3 show six distinct resistance levels, while those based on MAPb(BrosClo.2)3
achieve three. Comparative analysis with PC analogs highlights the critical role of defect density
in enabling stable and distinguishable resistive states. The chapter concludes that multistate
ReRAM functionality can be achieved through controlled morphological and compositional

engineering.
Chapter 6: Conclusions

The final chapter synthesizes the key findings from all previous chapters. It reflects on the role
of laser-assisted surface engineering, thin SC device integration, and halide composition tuning
in enhancing optoelectronic and memristive performance, respectively. The work collectively
demonstrates the versatility and potential of SC-MHPs as active layers in high-density, low-
power, and multistate memory devices. Future directions for long-term stability, and hybrid

neuromorphic architectures are briefly discussed.

34



1.5 Objectives of the Thesis

This doctoral thesis is structured around two primary research objectives, each addressing distinct
challenges in the field of halide perovskite-based devices, with a particular focus on their

application in resistive memory technologies and optoelectronic performance optimization.

1. Surface Engineering of Bulk Single Crystal Perovskites for Enhanced

Optoelectronic Performance.

The first objective is to investigate novel laser-induced passivation strategies for improving the
optoelectronic response of bulk MAPbBrz SCs. This involves understanding the structural,
chemical, and electronic modifications induced by continuous-wave laser irradiation and
correlating them with enhancements in PL efficiency and spectral properties. The goal is to
elucidate the mechanisms behind surface restructuring, particularly the formation of a dual-layer
system consisting of PbBr, and a bandgap-widened MAPbBTr; interface, and to validate its

potential for defect passivation and high PL emission.

2. Development and Functional Characterization of Thin Single Crystal

Memristors.

The second objective focuses on the fabrication, and fundamental understanding of TSC
perovskite memristive devices. Using CITC, this work aims to preserve the structural advantages
of single crystals while enabling high performance with simply architecture devices. Electrical
performance is assessed through cyclic voltammetry, endurance and retention testing, and
impedance spectroscopy. The study also examines the influence of crystal morphology on

switching properties by comparing the performance of TSC memristor devices versus PC ones.

3. Compositional Engineering for Multistate Operation in ReRAM Devices.
As an extension of the second objective, the thesis explores the effect of halide composition on
the memristive behavior of TSC perovskites. Mixed-halide systems, MAPb(Broslo.1)s and
MAPb(BrogClo.2)s, are synthesized and studied in its memristor properties, identifying the origin
of multilevel resistance states. This objective includes a comparative analysis of PC and TSC

devices to correlate defect landscape with electrical performance and memristive properties. The
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ultimate aim is to establish design principles for high-density, low-power memory applications

using halide perovskite materials.

Through these interconnected research goals, the thesis contributes to both the fundamental
understanding and practical realization of stable, tunable, and efficient perovskite-based devices

for neuromorphic computing and beyond.
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Chapter 2

Methods and Characterization Techniques

This chapter outlines the main fabrication strategies and characterization methods used in the
development and analysis of perovskite-based memristive devices throughout this Thesis. Rather
than presenting an exhaustive review, the goal is to provide a focused and practical guide to the
experimental procedures, highlighting the key techniques applied for crystal growth, device

integration, and the optoelectronic, electrical and structural evaluation of perovskite materials.
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2.1 Device Fabrication

2.1.1 Inverse Temperature Crystallization Method

This thesis focuses on the of the fabrication memristor devices based on single crystals
perovskites. As mentioned above, to synthetise single crystal perovskites, several methods have
been developed to optimize crystal quality and scalability, including solution-based techniques
as ITC!''2] CITC method!!'*, AVCI!'% or TCC[108]. Here, ITC method is chosen due to the
simplicity, relatively low-time consuming, and the ability to obtain reproducible high-quality
crystals. This method relies on the unusual property of certain perovskite precursors, in specific
solvents, whose solubility decreases with increasing temperature, enabling controlled crystal
nucleation and growth. When the solubility reaches a saturation point due to temperature
increasing, the solution collapses, forming a nucleus of perovskite SCs which keeps growing
while temperature increases, Figure 16a. Nevertheless, while this method offers high-quality SCs
for fundamental studies, their undesirable volume/thickness ratio impossibilities their use to

fabricate devices as solar cells or memristors!!47],

2.1.2 Confined Inverse Temperature Crystallization Method

However, it is possible obtain thicker single crystal by confining the solution during ITC method.
In this CITC method, the crystallization process is confined within a restricted space, such as
microchannels, small capillaries, or sandwiched with substrates, to achieve better control over
crystal size, morphology, and dimensionality, Figure 16b. This technique is particularly useful
for growing perovskite crystals with specific geometries and thickness suitable for device
fabrication, such as thin films or microplates, by addressing the volume-to-thickness limitations

of conventional ITC.
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an improvement of optoelectronic properties via surface laser passivation. In chapter 4, CITC
method is used to fabricate MAPbBr:; TSC memristors, and determine their memristive
properties. Finally, in chapter 5, CITC method is used to fabricate MAPbCl3, MAPbBr3, MAPbI3,
MAPDB(Bro8Clo2); and MAPb(Bro.9lo.1)3 TSC memristor devices.

2.2 Optoelectronic and Structural Characterization

2.2.1 I-V Response

[-V measurement is a fundamental technique for investigating the electronic transport behavior
of a wide variety of materials and device structures. This measurement allows the extraction of
critical parameters such as electrical conductivity, contact resistance, charge injection barriers,
and nonlinear transport characteristics. In this thesis, a Gamry inter-face 1010E potentiostate is

mainly used to characterize memristor devices.

Memristors operate based on the electrical response to different stimulus as voltage. To determine
the set and reset voltages of the memristor devices, an I-V curve is measured. The endurance
response is evaluated by applying a sequence of voltage pulses as follows: (i) set voltage, (ii)
read voltage, (iii) reset voltage, and (iv) read voltage. This sequence is repeated until the device
fails and no distinct states can be differentiated. To determine the retention time,
chronoamperometry is performed as follows: the device is first set to the HRS, and the current is

monitored at the read voltage until it collapses or becomes unstable. Subsequently, the device is
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set to the LRS, and the current is measured at the read voltage until it becomes unstable or

decreases dramatically.

2.2.2 Impedance Spectroscopy (IS)

Impedance spectroscopy is an analytical technique used to study the electrical and
electrochemical properties of perovskite materials and devices, such as solar cells, memristors,
and LEDs. This method involves applying an alternating current (AC) voltage to a device and
measuring the resulting current over a range of frequencies. The response provides insight into
charge transport, recombination dynamics, ionic migration, and interfacial effects in perovskite

systems.

The core principle of IS involves applying a small sinusoidal voltage (typically 5-10 mV) over
a broad range of frequencies, from 1 MHz down to 0.1 Hz, and measuring the corresponding
current response. The ratio of voltage to current yields the complex impedance Z(w)=2"+jZ",

where Z and Z" are the real and imaginary components, respectively.

As mentioned above, perovskites are known for their mixed ionic-electronic conductivity, a
property that significantly influences their electrical performance. IS is uniquely suited to
studying this dual behavior. At high frequencies, the response is typically dominated by electronic
transport within the bulk of the perovskite layer. This includes the movement of charge carriers
such as electrons and holes through the crystal lattice. The bulk resistance and dielectric
properties of the material can be extracted from this frequency range. In contrast, low-frequency
responses are more indicative of ionic processes. Mobile ions, such as halide vacancies (e.g.,
iodine or bromine) or organic cation migrations (e.g., methylammonium), contribute to
polarization effects within the device. IS can detect these slow processes as they manifest in

increased impedance or additional arcs in the Nyquist plot.

The interpretation of IS data requires equivalent circuit modeling to assign physical meaning to
the observed features. Commonly used models for perovskite devices include combinations of
resistors, capacitors, inductor, and constant phase elements to represent bulk transport, interfacial

charge transfer, and ionic migration!'#®/,
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In this thesis, for the first time, the electroforming process is monitored in situ by IS. The
robustness of the TSC memristors, allow a stable impedance spectroscopy measurement during
electroforming process, insight about which ions or species are involved in the electroforming

process.

2.2.3 Steady-State Photoluminescence (PL) Spectroscopy

Steady-state photoluminescence spectroscopy is a non-destructive optical technique widely used
to probe the electronic and optical properties of semiconductors. By analyzing the light emitted
from a material upon photoexcitation, PL measurements provide direct insight into bandgap

energy, and material homogeneity.

In a typical PL setup, the sample is illuminated with monochromatic light of energy higher than
the bandgap, promoting electrons from the valence to the conduction band. The radiative
recombination of photoexcited carriers results in the emission of photons, whose spectral
distribution is collected and analyzed to extract fundamental information about the electronic

transitions within the material.

The experimental setup for steady-state PL measurements typically includes the following

components:

1. Excitation Source: A continuous-wave (CW) laser or filtered xenon/LED lamp is used to
generate a stable excitation beam at a selected wavelength. The excitation energy is
chosen to ensure sufficient absorption while avoiding material degradation or nonlinear

effects.

2. Optical Path and Focusing System: Lenses or optical fibers guide and focus the excitation
light onto the sample surface. In some cases, neutral density filters are introduced to adjust

the excitation intensity.

3. Sample Holder and Environmental Control: The sample is mounted on a stage, which
may include temperature or atmosphere control depending on the requirements of the
experiment. This allows for the study of PL under ambient, vacuum, or controlled gas

environments.
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4. Detection System: Emitted light is collected perpendicularly (or at a specified angle) to
the excitation path and directed into a spectrometer equipped with a CCD or photodiode
array detector. The resulting PL spectrum is plotted as intensity versus wavelength or

energy.

PL spectra are typically used to estimate the optical bandgap from the peak emission energy and
to evaluate the presence of trap states via sub-bandgap emission features. In high-quality
crystalline materials, sharp and intense emission peaks with narrow full width at half maximum
(FWHM) indicate low defect density and efficient radiative recombination. Conversely, broad or

red-shifted emissions often reflect non-radiative losses, disorder, or interface effects.

Steady-state PL is particularly useful for comparative studies of material quality, defect

passivation strategies, and compositional tuning in thin films and bulk crystals.

2.2.4 Time Resolved Photoluminescence (TRPL)

Time-resolved photoluminescence measurements, focus on the temporal dynamics of excited-
state decay processes. Upon excitation with a short, high-intensity pulse, electrons are promoted
to higher energy states. As these carriers relax back to the ground state, they emit photons with

characteristic time-dependent intensity profiles.
A typical TRPL setup consists of:

1. Pulsed Excitation Source: Ultrafast lasers, capable of generating brief and intense light
pulses, are used to excite the sample. The excitation wavelength is selected to match the

material’s absorption edge, ensuring effective photoexcitation.

2. Sample Mounting and Alignment: Samples are positioned on adjustable holders that

allow precise spatial alignment to optimize the excitation and collection geometry.

3. Time-Correlated Single Photon Counting (TCSPC) System: The emitted photons are
detected using a high-speed TCSPC setup, which records the arrival time of individual
photons relative to the excitation pulse. By accumulating photon counts over many

excitation cycles, a decay histogram is built to characterize the luminescence lifetime.
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4. Spectral Filtering: A monochromator or spectrometer is placed between the sample and
the detector to isolate specific emission wavelengths. This allows for wavelength-
resolved lifetime measurements, providing insight into different emissive states and

recombination pathways.

The resulting decay curves, which typically follow mono- or multi-exponential kinetics, reveal
the contributions of radiative and non-radiative processes, including trap-mediated

recombination and energy transfer mechanisms.

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a powerful surface-sensitive technique used to determine
the elemental composition, chemical environment, and electronic structure of materials within
the top few nanometers of the surface. The method is based on the photoelectric effect: when a
material is irradiated with monochromatic X-rays, electrons from core atomic orbitals are ejected.
By measuring their kinetic energy and knowing the energy of the incident photons, the binding
energy of each electron can be calculated, this value is characteristic of specific elements and

their oxidation states.

An XPS spectrum displays the number of detected photoelectrons as a function of binding energy,
where sharp peaks correspond to different elements and chemical states present at the surface.
Given that only electrons emitted from the outermost ~1—-10 nm escape without significant energy
loss, the technique is particularly well suited for analyzing surface chemistry, passivation layers,

and thin films.
A typical XPS system includes the following components:

1. X-ray Source: Most commonly, aluminum Ka (1486.6 €V) or magnesium Ko (1253.6

eV) sources are used to generate the incident X-rays.

2. Ultra-High Vacuum (UHV) Chamber: All measurements are performed under ultra-high
vacuum conditions to prevent electron scattering by ambient gas molecules, thereby

ensuring accurate energy detection.
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3. Electron Energy Analyzer: A hemispherical analyzer measures the kinetic energy of the
emitted electrons with high precision. This step is essential for resolving closely spaced

energy levels and identifying subtle chemical shifts.

4. Detector and Processing Unit: The signal is captured by a detector and analyzed by
dedicated software, which allows for peak deconvolution, quantitative elemental analysis,

and assessment of chemical bonding environments.

2.2.6 X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive analytical method used to probe the crystallographic
structure, phase identity, and lattice orientation of crystalline materials. The technique exploits
the diffraction of X-rays by periodic atomic planes within the crystal, following Bragg’s law:
nA=2dsinbn

where A is the X-ray wavelength, d is the interplanar spacing, and 0 is the incident angle.
Constructive interference occurs when this condition is met, producing characteristic peaks in

the diffraction pattern.

The intensity of diffracted beams is plotted as a function of 20, allowing researchers to identify
crystal phases and estimate structural parameters such as lattice constants, grain size, and degree

of crystallinity.
A standard XRD setup includes:

1. X-ray Source: A Cu Ko, source emitting X-rays at 1.54 A is typically used to irradiate the

sample.
2. Goniometer System:

o Sample Rotation Mode: The sample is rotated to vary the incidence angle 0, while

the detector may remain stationary or track the corresponding 26 position.

o 0-20 Configuration: The sample remains fixed while both the X-ray source and
detector are moved in synchrony to satisfy the 6—20 condition. This arrangement
is widely used in thin-film and single-crystal characterization due to its simplified

alignment and reproducibility.
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3. Detector: The intensity of diffracted X-rays is recorded at various angles to generate a

pattern reflecting the atomic arrangement within the material.

X-ray diffraction is widely applied in materials science for phase identification, crystallinity
assessment, and structural refinement. It is indispensable for verifying the formation of target
crystal structures, detecting secondary phases, and quantifying preferential orientation in thin
films. In the context of halide perovskites and related semiconductors, XRD also enables
monitoring of degradation processes, phase transitions, and strain effects, providing crucial

insights into the stability and structural evolution of the material under operational conditions.

2.2.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a widely utilized technique for surface characterization, offering
high-resolution imaging of materials at the micro- to nanoscale. Unlike optical microscopy,
which is limited by the wavelength of light, SEM employs a focused beam of high-energy

electrons to probe the surface topography and composition of solid specimens.

In SEM operation, the electron beam is raster-scanned across the sample surface. As the electrons
interact with atoms in the specimen, various types of signals are generated, most notably
secondary electrons (SE) and backscattered electrons (BSE). These emissions are collected by
dedicated detectors to form detailed images that reveal the sample's morphology, texture, and

compositional contrast.
The primary components of a SEM system include:

1. Electron Source: The electron beam is generated using an electron gun, which may be
based on a thermionic emitter (e.g., tungsten filament or LaBs) or a field emission source,
the latter providing higher brightness and resolution. Typical accelerating voltages range

from 1 to 30 kV, selected according to the resolution required and the sample's sensitivity.

2. Electron Optics: A series of electromagnetic lenses and apertures focus and shape the

beam, enabling precise control of the spot size and beam current.

3. Sample Chamber and Stage: The specimen is placed on a motorized stage within a high-
vacuum chamber to minimize electron scattering by gas molecules. The stage allows for

adjustment in multiple axes (X, y, z, tilt, and rotation) to optimize imaging conditions.
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4. Detectors:

o Secondary Electron Detector: Captures low-energy electrons emitted from the
near-surface region, producing high-contrast images that highlight surface

features.

o Backscattered Electron Detector: Records electrons reflected from deeper within
the sample, providing contrast based on atomic number, useful for distinguishing

different elements.

5. Vacuum System: Essential to maintain the free path of electrons, the vacuum environment

reduces collisions with air molecules and protects the electron optics from contamination.

SEM is particularly valuable for assessing grain size, surface roughness, fracture morphology,
and particle dispersion in a wide range of materials. Its versatility, combined with rapid imaging

and high depth of field, makes it a foundational tool in materials characterization.
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Chapter 3

Boosting Photoluminescence in MAPbBr3;
Single Crystals through Laser-Based Surface
Modification

Chapter 3 details all the results from the study of a novel-contactless method to passivate
MAPDBBTr3; SCs, enhancing PL emission two order of magnitude, with an increasing of the band
gap of approximately 75 mV respect to untreated crystals. The findings presented throughout this
chapter are derived from and correspond to those reported in the peer-reviewed published article;

ACS Photonics 2023, 10, 12, 41514159

Everything detailed in this chapter aligns with the established data and conclusions within the

original publication
Abstract

SC-MHPs have garnered considerable attention for their potential to outperform PC films in
optoelectronic applications. However, surface recombination remains a major limitation due to
nonradiative losses. Here, we demonstrate that exposing MAPbBr3 SCs to CW blue laser light
induces surface modification, resulting in the formation of a PbBr; capping layer and a subsurface
perovskite region with an increased band gap of approximately 75 meV. This process enhances
the PL by nearly two orders of magnitude. We propose that tensile strain caused by partial
decomposition of CH3NH3" under laser irradiation and oxygen atmosphere distorts the lattice,
leading to band gap broadening. The concurrent formation of formic acid and methylamine

contributes to surface passivation and protects against environmental degradation.
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3.1 Introduction

As above mentioned, lin the last ten years, MHPs have emerged as key materials for next-

generation optoelectronic technologies due to their unique semiconducting characteristics. !4%}

(130} 1511 These compounds offer advantages such as cost-effective and low-temperature

processing, making them attractive for devices including photodetectors!!®?! lasers!!>3],

LEDs!"* and solar cells!'*3].

The outstanding optoelectronic properties of MHPs, such as high absorption coefficients, long

sl1361 [157], 11581, 11391 have positioned these

carrier diffusion lengths, and low fabrication cost
materials at the forefront of photovoltaic development. Recent advancements have pushed the
PCE of perovskite solar cells beyond 26%!/¥!, achieved through careful optimization of crystal
quality, composition, interfaces, and device architecture!!®":[161] Most developments to date have
relied on PC thin films, where increasing grain size and enhancing crystal quality have been

pivotall 160 [162],

Although defects in metal halide perovskites are frequently described as benign!'®’l, grain
boundaries can nonetheless serve as initiation points for material degradation!!64 [163). [166]
Consequently, the traps that form spontaneously in these regions often function as nonradiative
recombination centers. Since nonradiative recombination accounts for the majority of energy
losses in photovoltaic devices, the open-circuit voltage (Voc) typically falls below its theoretical

maximum“m’ [168].

By contrast, SC-MHP obtained through chemical synthesis!!%°} 7% exhibit exceptionally low trap
densities in the bulk, along with superior charge mobility and extended carrier lifetimes®*- P!,
While their physical dimensions may limit direct integration into devices, recent demonstrations

s!100L 1171 " Owing to the

have achieved power conversion efficiencies exceeding 22% in SC-PSC
absence of grain boundaries and the presence of continuous monocrystalline domains, SCs
provide an almost ideal platform for next-generation MHP-based optoelectronics. Nonetheless,
despite their promising performance, further insight into surface-related carrier dynamics

remains essentiall!”?} [173],

In recent years, considerable attention has been devoted to mitigating nonradiative recombination
at MHP interfaces using chemical passivation agents. However, this strategy remains inefficient,

as many of these additives are large organic molecules that tend to lower electrical conductivity
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1731 An alternative approach employing ultraviolet (UV) laser

and limit device integration!!74}!
treatment has proven effective in enhancing the efficiency of polycrystalline thin-film solar cells,
though the fundamental mechanism behind this improvement remains unclear[176]. Another
promising route involves the use of inorganic compounds inherently related to the MHP absorber,
such as PbX> (X = Cl, Br, I), which has been shown to passivate grain boundaries in lead halide

perovskites and improve the Voc of perovskite solar cells (PSCs)!!77)- [178]. [179] ' [180). [181]

Currently, PbX> formation within the MHP layer is typically achieved through thermal annealing,
though this process carries the risk of inducing thermal degradation!'®?]. A different method

consists of incorporating an excess amount of PbX, directly into the precursor formulation!!83}

[184] Nevertheless, both approaches lack the ability to precisely control the spatial distribution of
PbX>, which is essential to ensure its localization at the perovskite crystal boundaries rather than
within the bulk of the material. A more advanced technique has recently been introduced!!®],
which relies on low-temperature humidity modulation to direct the accumulation of Pbl
specifically at the grain boundaries on the surface of MHP films. This process results in the
formation of a self-organized type-I band alignment at the Pbl,/MHP interface, leading to a
significant enhancement in Voc from 1.07 V to 1.17 V and an increase in photovoltaic power
conversion efficiency from 20.2% to 22.4%. Despite these promising advances, the physical

phenomena occurring at MHP/PbX:, interfaces remain poorly understood! '8¢} 1187 [188]. [189]

In this chapter, we introduce a strategy to suppress surface-related nonradiative losses in
MAPDBBr3; SCs via CW blue laser irradiation. Using both macro- and micro-photoluminescence
(PL and pPL) techniques, complemented by structural characterization through X-ray diffraction
and X-ray photoelectron spectroscopy (XPS), we demonstrate that CW blue laser exposure leads
to an enhancement of approximately two orders of magnitude in PL intensity and a band gap
widening of around 75 meV in the treated MAPbBr; (where MA = CH3NH3) crystals. Following
laser treatment, a thin white layer appears on the crystal surface, which is identified as crystalline
PbBr,. Beneath this layer, a modified MAPbBr; phase with an enlarged band gap and improved
photophysical characteristics is formed. In the following discussion, we explore the underlying

mechanisms that may explain these observations.
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3.2 [Experimental

Synthesis of Single Crystals. Lead(Il) bromide (PbBrz, 98% purity, Fisher Chemical),
methylammonium bromide (MABr, 98% purity, Ossila), and dimethylformamide (DMF, 99.8%

purity, Sigma-Aldrich) were used as starting materials.

PbBr; and MABr were each dissolved in DMF to prepare a 1 M solution. The mixture was stirred
at room temperature under ambient conditions until the precursors were fully dissolved. The
resulting solution was then filtered using 0.2 um pore-size filter to eliminate any particulates.
After filtration, the solution was transferred into a sealed 20 cm® glass vial and placed in an oil
bath. The temperature of the bath was initially raised at a rate of 20 °C/h until reaching 60 °C.
Subsequently, the heating rate was reduced to 10 °C/h to bring the solution to 80 °C. Once this
temperature was achieved, it was maintained for 24 hours. This ITC protocol resulted in the

formation of MAPbBr3; SCs with consistent size and morphology.

Optoelectronic measurements were carried out using an Edinburgh Instruments FLS 1000
fluorimeter equipped with a double-grating Czerny—Turner monochromator. The spectrally
resolved photoluminescence signal was directed into a high-speed photomultiplier tube (PMT)
housed in a cooled enclosure. This setup was employed for both steady-state PL and time-
resolved photoluminescence experiments. For TRPL, excitation was provided by a 405 nm
pulsed laser with a pulse width of 1 ns. The resulting PMT output was processed through a
photon-counting system, yielding an instrument response function (IRF) of approximately

200 ps.

SEM images were acquired using a HITACHI S-4800 microscope (Tokyo, Japan) operated at
2kV.

XPS measurements were performed at the ALOISA multipurpose beamline of the Elettra
synchrotron facility in Trieste, employing a tunable and monochromatized photon source with a
beam spot size of 0.1 mm x 0.3 mm. The photon energy was adjustable in the range of 130 to
2800 eV. Spectra were recorded using a custom-built hemispherical analyzer with a mean radius
of 66 mm, coupled to a two-dimensional delay-line detector from Elettra. For the experiments
reported in this study, a photon energy of 515 eV was selected, providing an overall spectral
resolution of 150 meV (full width at half maximum, FWHM). Data acquisition was conducted in

normal emission geometry, with the samples positioned at a grazing angle of 4° relative to the
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incident beam, under near p-polarized conditions. The sample temperature was controlled and
could be varied from 150 °C down to room temperature. The binding energy (BE) scale was
calibrated using the C 1s peak of adventitious carbon, fixed at 284.8 eV. Spectral analysis was
carried out using a custom data processing library developed in Igor Pro, following subtraction
of the Shirley background. Multicomponent peak fitting was performed using Voigt functions to

account for instrumental and intrinsic broadening.

Atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM) measurements
were conducted using a scanning probe microscope (AISt-NT) equipped with silicon tips coated
with platinum. The cantilevers had an elastic constant of 3 N/m, and the scan rate was fixed at
0.5 Hz. The spatial resolution of the system was approximately 20 nm, while the electrical
resolution for potential measurements was around 5 mV. Illumination during measurements was

provided by a 405 nm laser diode.

The crystalline structure of the samples was examined by X-ray diffraction (XRD) using a Bruker
D8 Advance diffractometer equipped with a Cu Ko radiation source (A = 1.5418 A).
Measurements were performed in grazing incidence mode with an incident angle of 1°, and data

were collected at a scan rate of 5°/min over a 20 range spanning from 12° to 50°.

Confocal micro-photoluminescence (uPL) spectroscopy was performed with the samples
mounted on the cold finger of a vibration-free closed-cycle cryostat (AttoDRY 800, Attocube
AG). Excitation and collection of the PL signal were achieved using a 50x long working distance
microscope objective with a numerical aperture (NA) of 0.42, positioned outside the cryostat.
The emitted photoluminescence was filtered using a long-pass filter, then dispersed through a
double-grating spectrograph with a 0.3 m focal length (Acton SP-300i, Princeton Instruments),
and finally detected by a thermoelectrically cooled silicon CCD camera (Newton EMCCD,
ANDOR) to acquire the uPL spectra.
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3.3 Results and discussion

MAPDBBr3; SCs were prepared via ITC technique, which is extensively documented as one of the

most straightforward and effective methods for producing high-quality crystals with minimal

190

trap-state densities®* 191 For the present study, we selected crystals with lateral dimensions of

approximately 5 mm x 4 mm and a thickness close to 1 mm (Figure 17a).
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Figure 17. Optical images of (a) a pristine and (c) a laser over-treated MAPbBr3z SC. (b)
Schematic diagram of the experimental setup: S, sample; PL, photoluminescence; F1 and
F2, optical filters used to adjust the excitation power and block scattered excitation light,

respectively; OF, optical fiber; SP, spectrograph; PC, computer.

The PL spectra were recorded in situ using the same 445 nm CW laser beam employed for
excitation. A schematic representation of the experimental configuration for laser processing of
MAPbBBr3; SC is provided in Figure 17b. During the entire procedure, both the sample and the
laser beam remained fixed. The laser treatment protocol consisted of three distinct stages: Stage
I, “stabilization”, which involved illumination at a fluence of 0.15 W/cm? for 5 minutes; Stage
II, “treatment”, where the excitation power density was increased to 1.5 W/cm? and maintained
for 10—15 minutes; and Stage 111, “post-treatment”, in which the power density was reduced back
to 0.15 W/cm? for an additional 10 minutes. Following the treatment, a white film visibly formed
on the crystal surface, becoming increasingly prominent with extended exposure durations, as

illustrated in Figure 17c.
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Figure 18 compiles the evolution of PL intensity and spectral changes occurring during the laser
treatment. To describe the changes in PL intensity, the time-dependent PL emission at 540 nm is
shown in Figure 18a, a wavelength chosen because it remains close to the PL peak maximum
throughout the entire process (as seen in Figure 18b). For clarity in presentation, the PL data
corresponding to Stage II in Figure 18a have been scaled down by a factor of 10 to compensate
for the tenfold increase in excitation power. As such, the normalized PL intensity depicted in

Figure 18a can be approximately interpreted as a relative PLQY.
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Figure 18. (a) Temporal evolution of the normalized photoluminescence (PL) intensity of
MAPDBBr3; SC monitored in situ at 540 nm under continuous illumination with a 445 nm CW laser:
stage I (red line) corresponds to an excitation fluence of 0.15 W/cm?, stage II (green line) to 1.5
W/cm?, and stage III (blue line) to 0.15 W/cm?; (b) normalized PL spectra acquired in situ at
different time points during stage I of the laser treatment; (c) normalized PL spectra recorded with
varying delays from the start of stage II; (d) spectral deconvolution of the PL signal measured 110
s after the initiation of stage II, revealing two Gaussian components centered at 526 nm and 546

nm.
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The most significant alterations in the in situ PL spectra take place within the first 120 seconds
of Stage II, under an excitation power density of 1.5 W/cm? (Figure 18b). During this initial
period, the normalized PL intensity undergoes a rapid decrease, followed by a gradual recovery
approaching the original emission level (Figure 18a). Simultaneously, the PL peak shifts toward
higher photon energies, transitioning from 546 nm to 529 nm, accompanied by a broadening of
the emission band (Figure 18b). After the first two minutes, a redshift of the PL. maximum is
observed, reaching approximately 532 nm, along with a narrowing of the spectral width (Figure

18c). At the same time, the normalized PL increases by nearly a factor of five (Figure 18a).

In the final phase, Stage III (“post-treatment”), the PL spectrum continues to redshift and
becomes further narrowed, while the normalized PL intensity rises by roughly an order of
magnitude. Overall, the cumulative PL enhancement after the entire laser treatment reaches
approximately two orders of magnitude. It is noteworthy that when Stage II is conducted at a
reduced fluence of 0.75 W/cm?, no substantial improvement in PL intensity is detected (Figure
19). This observation suggests that a threshold power density near 1.5 W/cm? is required to

effectively initiate the passivation process in the SCs.
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Figure 19. (a) Time evolution of the normalized PL intensity of a MAPbBrz SC measured
in situ at 540 nm under 445 nm CW laser illumination: Stage I (red symbols) excitation
fluence of 0.15 W/cm?; Stage Il (green symbols) excitation fluence of 0.75 W/cm?; Stage
111 (blue symbols), excitation fluence of 0.15 W/cm?. (b) In situ PL spectra recorded at

different time intervals following the onset of Stage |1 laser treatment.

To gain deeper insight into the mechanisms at play during laser treatment, it is crucial to examine
the evolution of the in situ PL spectra. We propose that the initial broadening and blue shift

58



observed within the first two minutes of illumination arise from the emergence of an additional
PL band, shifted toward shorter wavelengths. Our analysis reveals that the recorded spectra can
be accurately represented as the superposition of two Gaussian components centered around 546
nm and 526 nm, respectively (Figure 18d). Importantly, the relative intensity of the 526 nm

component increases steadily as the treatment progresses, as clearly illustrated in figure 18d and

Figure 20.
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Figure 20. Deconvolution of the PL spectra acquired within the first 0-110 s of high-

intensity laser irradiation, fitted as the sum of two Gaussian components.

It is important to emphasize that the observed modifications in the PL spectra cannot be attributed
to thermal effects induced by laser irradiation. To assess the potential influence of temperature
on the PL enhancement, we performed a thermal annealing experiment at 120 °C for 20 minutes.
Contrary to the laser treatment results, this process led to a reduction rather than an increase in

PL intensity (see Figure 21).
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Figure 21. Photoluminescence (PL) spectra of a MAPbBr3 SC recorded before (red line)

and after (blue line) thermal annealing at 120 °C for 20 minutes.

Additionally, the potential contribution of CW laser-induced heating was previously
investigated'®”!, where it was shown that in MAPbI; SCs, materials with similar blue-light
absorption characteristics, a laser fluence as high as 10 W/cm? (six times greater than used in our

study) resulted in a negligible temperature increase of less than 0.5 °C.

Subsequently, we investigated the PL behavior of MAPbBr3; SCs before and after laser treatment
using a commercial fluorimeter under ex situ measurement conditions. The results, comprising
PL spectra, PLE spectra, and PL decay profiles, are shown in Figure 22. Notably, both the PL and
PLE spectra exhibit a clear blue shift following the laser exposure (Figure 22a).
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Figure 22. (a) PL and PLE spectra for MAPbBr3 SC before (red) and after (blue) laser treatment.
(b) PL decay kinetic for treated (blue) and untreated (red) MAPbBr3; SC, normalized to the long-
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lived component. The inset displays the same decay profiles on a linear scale, normalized to their

respective peak intensities.

These observations indicate that the observed blue shift in emission is not the result of
reabsorption effects but rather stems from a widening of the MAPbBr3; band gap. The PL decay
kinetic of the untreated MAPbBr3 SCs features a low-intensity short-lived component with a
decay time of approximately 1-2 ns, followed by a longer-lived component with a decay time
close to 800 ns (Figure 22b). In laser-treated samples, a two-component decay is also observed,
but with a significantly more intense short-lived component. Notably, the lifetime of the long-
lived component remains essentially unchanged at around 800 ns. The longer decay can be
attributed to bulk recombination processes in MAPbBr3, while the faster component is associated

191111921 ' A5 a result, nonradiative surface recombination

with surface-related recombination!!87}[
(PL quenching) is more pronounced in untreated SCs compared to laser-treated ones (Figure

22b).

These findings support the conclusion that the enhancement in PL intensity after laser treatment
originates from effective surface passivation. The potential passivation mechanisms are further
explored below. To quantify the PL efficiency improvement, we compared the integrated areas
under the short-lived region of the PL decay curves for both samples (Figure 23). The ratio of
these integrals is approximately 50, which aligns well with the two orders of magnitude increase

in relative PL intensity shown earlier in Figure 18a.
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Figure 23. Evaluation of the Su/Snt ratio, defined as the ratio of the integrated areas under the
surface-related components of the PL decay curves for laser-treated (rose) and untreated (blue)

MAPbBr3z SC.
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Another noteworthy feature of the laser-treated MAPDbBr3 SCs is the presence of a broad dip
below 350 nm in the PLE spectrum (Figure 22a). This phenomenon is attributed to the formation
of a PbBr2 layer, which exhibits an absorption edge near 350 nm. A similar “optical filtering”
effect in the PLE response was previously reported for MAPbIs PC films, where it was linked to
photoinduced Pbl, formation!*eel,

To further investigate this aspect, we analyzed the XRD patterns of the crystals before and after
laser exposure, as shown in Figure 24a. In the pristine state, the MAPbBr3 SC displays diffraction
peaks at 14.93°, 30.14°, and 45.90° (highlighted with green arrows), corresponding to the (111),
(200), and (300) planes of the cubic phase, respectively. After laser treatment, grazing incidence
XRD was employed to focus on surface features. New diffraction peaks emerge at 20 = 23.74°,
28.80°, 30.52°, and 40.79° (gray arrows), which correspond to the (021), (022), (121), and (123)
planes of orthorhombic PbBr;. These results confirm that both the short-wavelength absorption
dip in the PLE spectrum (Figure 22a) and the white surface layer seen after extended laser
exposure (Figure 17) originate from the formation of PbBr,. Meanwhile, residual peaks at 26 =
14.89°, 30.14°, and 33.89° (green arrows) are consistent with the (111), (200), and (210)
reflections of the cubic MAPDbBTr; phase, respectively.
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Figure 24. (a) XRD patterns of MAPbBr3; SCs before and after laser exposure, shown alongside

theorical patterns for PbBr, and MAPbBr3. (b, ¢) Cross-sectional analysis of a laser-treated
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MAPDBBr3 SC: (b) optical microscopy image and (¢) uPL intensity map at 551 nm. (d) uPL spectra
recorded at six specific locations labeled 1-6 in panel (b). The inset presents a magnified view of
the excitonic region between 550 and 552 nm. Both (c) and (d) were acquired at a temperature of 4

K.

To evaluate the modifications occurring in the near-surface region of MAPbBr3 SCs following laser
treatment, we conducted a cross-sectional analysis using optical microscopy and pPL techniques.
The optical image (Figure 24b) supports the hypothesis of a stratified structure induced by laser
exposure. A bright superficial layer approximately 10 pm thick is clearly visible (designated as Zone
1) and is attributed to PbBr», as evidenced by its light-scattering behavior. Beneath this, a darker
intermediate region roughly 7 pum in thickness (Zone 2) is observed, corresponding to a modified
MAPDbBBTr3 phase with an expanded band gap and enhanced photophysical properties. Below Zone 2
lies the unmodified bulk of the MAPbBr3 SC. Low-temperature (4 K) pPL mapping at 551 nm,
displayed in Figure 24c, further illustrates the spatial distribution of PL across the cross-section. This
emission wavelength aligns with the excitonic PL characteristic of the laser-treated SC at low

temperatures, see above.

Additionally, uPL spectra were collected at six distinct locations along the cross-section of the
crystal, as shown in Figure 24d and mapped in Figure 24c. In Zone 1, spectra 1 and 2 exhibit
broad photoluminescence emission with a FWHM of approximately 20 nm, centered around 570
nm. At the interface between Zone 1 and Zone 2 (spectrum 3), a narrower emission band emerges
near 552 nm. Deeper within Zone 2 (spectra 4 through 6), sharply defined emission peaks with
FWHM values of about 0.4 nm are observed, with maxima ranging from 550 to 552 nm. These
narrow bands are significantly more intense, by a factor of 5 to 10, compared to the broader

emission from Zone 1.

To confirm that the narrow emission bands in the 550-552 nm range observed at 4 K originate
from the laser-modified MAPbBr; in Zone 2, we performed ex situ photoluminescence
measurements on both untreated and laser-treated samples at room temperature and under
cryogenic conditions (Figure 25). As the temperature decreased from 300 K to 30 K, the PL peak
of the treated crystal exhibited a redshift from 529 nm to 549 nm. This trend is consistent with
the excitonic emission bands detected in the 550—552 nm range in our pPL experiments at 4 K,

thereby validating their assignment to the modified MAPbBTr; phase.
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Figure 25. PL spectra of pristine (solid lines) and laser-treated (dashed lines) MAPbBTr3
SCs measured at 300 K (red) and 30 K (blue).

Based on the combined analysis of uPL mapping and optical microscopy, we can conclude that
both the PbBr» surface layer (Zone 1 in Figure 24) and the underlying modified MAPbBr; layer
(Zone 2 in Figure 24) each exhibit a thickness of approximately 10 um. Moreover, these two
regions appear to interpenetrate. Dark features originating from the PbBr» layer extend into the
brighter domain of the modified MAPbBr3, and isolated bright inclusions of the modified
perovskite are also discernible within the darker PbBr> zone (Figure 24c¢). Additionally, variations
in the peak position of the excitonic PL within Zone 2 are observed across different spatial

locations, indicating a certain degree of structural and optical inhomogeneity in the modified

MAPDBBI3; layer (Figure 24d).

Understanding the crystalline structure of the modified MAPbBr; region is crucial to elucidate
the origin of the observed band gap widening after laser treatment. A comparison of the (100)
diffraction peak before and after treatment (Figure 24a) reveals a shift from 14.93° to 14.89°.
This displacement toward lower 20 angles is indicative of lattice expansion. When tensile strain
is introduced in a material, it modifies the atomic spacing within the lattice. Such strain-induced
distortions can significantly influence the electronic band structure, often resulting in a variation

of the band gap. Specifically, in the case of tensile strain, an increase in the band gap relative to
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the unstrained (pristine) crystal is typically observed. Numerous studies have reported a clear

correlation between lattice deformation and band gap modulation in MHPs!!%3}: 11941, [1951. [196], [197]

Moreover, Kelvin probe force microscopy (KPFM) measurements were carried out to further
understand the changes at the crystal surface. Figure 26 displays 2 mm x 2 mm maps of both the
topography (represented in xyz format) and the contact potential difference (CPD) using a color

scale, comparing the untreated and laser-treated crystals.

850 mV

400 mV

Figure 26. 3D maps illustrating the combined topography and CPD for (a) a pristine MAPbBr3
single crystal (topography scale: 0—14 nm) and (b) a laser-treated crystal (topography scale: 0—
380 nm). The CPD is defined as the difference between the work function of the tip and that of
the sample, given by: (eCPDsample=@tip—@sample). Since determining the tip’s work function
precisely is challenging, measurements are calibrated using a gold reference: (eCPDref = rip
—  ¢rer).  This  allows calculation of the sample's work function as:
Psample=Prerte(CPDre—CP Dsampie). Using this approach, the work function values obtained
were: Passivated: CPDpass =470 MV ; ®ref =5.27 €V ; CPDrer = 220 mV and Pristine: CPDpristine=
790 mV ; @rer = 5.27 €V ; CPDyer = 270 mV.

The pristine SC exhibits an exceptionally smooth surface, with a root-mean-square (RMS)
roughness of 1.3 nm, whereas the treated sample displays a markedly rougher texture, reaching
an RMS value 0f40.6 nm. These findings are consistent with the SEM images provided in Figure
27. Regarding the CPD, which reflects the relative surface work function, the data reveal an

average increase of approximately 300 mV following laser exposure. Using gold as a reference
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electrode, the estimated work functions of the untreated and laser-treated perovskite surfaces are
4.75 eV and 5.02 eV, respectively (Figure 26). The value obtained for the pristine SC aligns well
with previously published ultraviolet photoelectron spectroscopy results[198]. In contrast, the
elevated work function observed in the laser-treated sample supports the presence of a thin PbBr;

layer at the crystal surface.

(a) (b)

Figure 27. SEM top-view image of the MAPDbBrs SC surface after laser treatment.

The key question that follows is how the PbBr> and the modified MAPbBr3 layers originate
during laser exposure. It is hypothesized that the PbBr> layer forms as a result of complete
photoinduced decomposition of the methylammonium (CH3NH3;", MA") under laser
illumination. In contrast, the modified MAPbBr3 region is likely produced through partial
decomposition of MA*, causing lattice distortions within the perovskite structure. A similar
mechanism was previously proposed to explain the emergence of blue-shifted PL in MAPDbI;
nanocrystals subjected to blue laser irradiation at 10 W/cm?!!®), In that study, decomposition of
CH3NH;3" led to a reduction in the Pb-I-Pb bond angle from approximately 170.8° in the
tetragonal MAPbI3 phase to 120° in Pblz, accompanied by a band gap increase from ~1.6 eV to
~2.48 eV.

In general, it is well documented that decreasing the Pb—X-Pb bond angle (where X = I, Br)
results in a widening of the band gap in metal halide perovskites!!** 29 Moreover, light-induced
decomposition of CH;NH3;" in MAPbX3 (X = 1, Br) systems, particularly under oxygen-rich
conditions, is a well-known phenomenon!?!} 2921, However, this process can also proceed in

oxygen-free environments, as demonstrated in MAPbBr32%1. In our experiments, the formation
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of the PbBr> surface layer and the associated enhancement in PL intensity were observed

exclusively under laser exposure in the presence of atmospheric oxygen (see Figure 28).
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Figure 28. PL spectra of MAPDbBr3 SCs recorded before laser treatment (A, excitation fluence:
0.15 W/cm?), after laser treatment (B, 1.5 W/cm? for 10 min), and following post-treatment (C,
0.15 W/em? for 10 min), measured under different atmospheric conditions: (a) dry Nz, (b) N2

with H20 vapor, and (c) ambient air.

To evaluate the chemical composition of the MAPbBr3 crystal surface after laser treatment, high-
energy resolution XPS using synchrotron radiation was performed on both untreated and laser-
exposed SCs. This synchrotron-based elemental XPS technique enables the selective probing of
chemical changes in multicomponent systems at the atomic level, thereby allowing precise
identification of the chemical species present at the outermost surface of the samples. The XPS
measurements were conducted with an incident photon energy of 515 eV under grazing emission

geometry, a configuration that enhances surface sensitivity and limits the effective probing depth

to approximately 1-3 nm.

Figure 29 presents the core-level XPS spectra corresponding to Pb 4f, Br 3d, N 1s, and C 1s for
both untreated and laser-treated MAPbBr; SCs. In the pristine samples, the binding energies of
the Pb 417, (Figure 29a), Br 3d7, (Figure 29b), N 1s (Figure 29¢), and C 1s (Figure 29d) signals
are located at 138¢eV, 68¢eV, 401 eV, and 284.2 eV, respectively. These values are in full
agreement with those reported in the literature for high-purity MAPbBrs SCs!?°!} 2941 The
observed binding energies are consistent with a chemically clean perovskite surface. In addition,
the Pb 4f7, spectrum reveals the presence of metallic lead (Pb%), which is in line with previous

photoemission studies!?%°} (2061,
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Following laser treatment, additional spectral features emerge in the Pb 4f and Br 3d core-level
regions, indicating chemical modifications at the crystal surface. In the Pb 4f spectrum, a new Pb
417, component appears at a binding energy of 139 eV, which is characteristic of PbBr> formation.
A complementary signal also arises in the Br 3ds, region, further corroborating the presence of
this halide salt on the surface. Notably, the N 1s spectrum (Figure 29¢) no longer exhibits any
detectable signal, suggesting the complete decomposition of the methylammonium. In parallel,
Figure 29d reveals the emergence of peaks corresponding to C—O and C=0O chemical bonds.
These features are attributed to the formation of formic acid (HCOOH), which can be associated

to byproduct resulting from the breakdown of MA under photochemical conditions.
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Figure 29. High-resolution XPS spectra obtained in grazing emission geometry for MAPbBr3; SCs
before and after laser treatment, showing core-level signals of (a) Pb 4f, (b) Br 3d, (c) N 1s, and (d)
C 1s. Measurements were performed using synchrotron radiation with an incident photon energy of
515eV. The experimental configuration involved normal photon incidence and photoelectron

detection at a grazing emission angle of 6 = 5°, ensuring enhanced surface sensitivity.

An intriguing question that emerges is why the Pb 4f core level remains visible in the XPS
spectrum of the laser-treated MAPbBr; SC, while the N 1s signal is absent. A plausible
explanation lies in the kinetic energy (KE) of the photoelectrons emitted during the XPS
measurement. The KE of these electrons is determined by subtracting the binding energy (BE)
of the core level from the incident photon energy. For the current experimental conditions (hv =
515 eV), the kinetic energy of Pb 4f photoelectrons is approximately 375 eV (KE Pb4f=515¢eV
— 140 eV), whereas the N 1s photoelectrons have a much lower kinetic energy of about 113 eV

(KEN 1s=515¢V — 402 eV).

The marked different in kinetic energy between the Pb 4f and N 1s photoelectrons suggests that
Pb 4f electrons, having higher energy, are capable of escaping from deeper within the crystal
structure. In contrast, N 1s photoelectrons, with substantially lower kinetic energy, are less likely
to reach the surface if they originate from subsurface regions. As illustrated in Figure 24, the
PbBr, and modified MAPbBr3; layers are interpenetrated, forming a mixed interface.
Consequently, the absence of a detectable N Is signal, combined with the persistent Pb 4f
emission, supports the conclusion that partial decomposition of CH3NH3" has occurred within
the PbBr; region. This process results in a distorted perovskite lattice embedded in the PbBr>

layer, which is responsible for the observed band gap broadening.

Based on XPS analysis, we propose a plausible chemical mechanism underlying the CH3NH3"

decomposition within the MAPbBr3 lattice.

CH3NH;3PbBr3 = CH3NH3" + Br™ + PbBr Equation 6
CH3NH3" + Br- = HBr(g) + CH3;NHx(g) Equation 7
CH;3NHz(ads) + O2(g) = HCOOH + NH3(g) Equation 8
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Equation 5 illustrates the dynamic equilibrium between MAPbBr3 and its precursor compounds,
PbBr; and MABr. This equilibrium can be disrupted by various external stimuli. It is widely
recognized that both light and heat can promote the decomposition of MAPbBr3, primarily due
to the high mobility of halide ions?’”). As a result, a range of organic byproducts and metallic
lead species may form. Specifically, bromide ions (Br') can interact with CH3sNH;" to yield

hydrogen bromide (HBr) and methylamine (CH3NHb>) gas, as shown in equation 6.

Furthermore, CH3NH> molecules adsorbed on the MAPbBr3; surface can undergo reactions with
molecular oxygen (O2), leading to the formation of formic acid (HCOOH) and ammonia (NH3),
as described in equation 7. These chemical processes shift the equilibrium shown in equation 5
toward the formation of degradation products!?*® 291 yltimately resulting in the development of
a PbBr, surface layer approximately 10 pum thick. Concurrently, when the decomposition of
CH3NH;" is incomplete, a modified MAPbBr3; phase with a widened band gap is formed beneath
the PbBr>. Under such conditions, it is plausible that both methylamine and formic acid persist
near the lattice-distorted MAPbBr3, where they may contribute significantly to surface
passivation by mitigating nonradiative recombination pathways and enhancing thermal

stabilityt?! 0} (2113, [212],

The stabilization of MAPbBr3; by formic acid and methylamine is likely driven by competitive
adsorption phenomena involving various molecular species. As indicated in Ref. 213, water
(H20) and carbon dioxide (CO) are adsorbed onto samples fabricated under ambient
atmospheric conditions®'*). Among these, H>O is particularly detrimental, as it is known to
promote the chemical degradation of perovskite structures'?'4. Therefore, minimizing the surface
concentration of water, can enhance the long-term stability of the material by preventing the

emergence of nonradiative recombination centers.

3.3 Conclusions

In summary, a comprehensive set of analyses, PL, uPL, grazing incidence X-ray diffraction, and
XPS was conducted to elucidate the mechanisms underlying the laser-induced formation of a
passivated, highly luminescent MAPbBr; layer exhibiting a band gap expansion of
approximately 75 meV in MAPbBr3 SCs . The results support the hypothesis that partial light-

driven decomposition of the CH3NH3" cation leads to a structurally distorted crystalline phase
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with an enlarged band gap. Furthermore, the laser treatment promotes the generation of formic
acid and methylamine, which contribute to the chemical passivation of the modified MAPbBr3;

surface and enhance its environmental resilience, particularly against moisture-induced

degradation.
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Chapter 4

Perovskite Thin Single Crystal for a High
Performance and Long Endurance

Memristors

Chapter 4 contains key results from the development of a perovskite SC-based memristors. In
this chapter it is demonstrate that both endurance and LRS/HRS ratio can be significantly
improved by the use of MAPbBr3 TSCI based memristors compared to PC counterpart. The
findings discussed throughout this chapter are derived from, and consistent with, those reported

in a peer-reviewed published article; Adv. Electron. Mater. 10, 2300475 (2024).

Everything detailed in this chapter aligns with the established data and conclusions within the

original publication
Abstract

MHPs possess both electronic and ionic transport properties that make them well-suited for
memristive applications. Nevertheless, memristors based on PC thin-film perovskites frequently
face reliability limitations arising from grain boundary effects, while devices employing bulk SC
perovskites often exhibit limited LRS/HRS resistance ratios. In this chapter, we present a
memristive device fabricated from a wide-bandgap perovskite, MAPbBr3, configured as a TSC
with a high surface-to-thickness ratio. This architecture successfully addresses both challenges,
achieving an impressive LRS/HRS ratio of up to 50 and demonstrating endurance over 10°
switching cycles, among the highest values reported to date. The device's remarkable stability
allows for detailed investigation of the electroforming process behavior via impedance
spectroscopy, offering valuable insights into the underlying switching mechanism. To the best of
our knowledge, this represents the first report of a memristor based on a thin SC-MHP, as well
as the first time the electroforming dynamics have been characterized through impedance

spectroscopy.
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4.1 Introduction

Despite their exceptional performance as semiconductors, MHPs exhibit an intrinsic mixed

electronic—ionic transport nature, which can significantly reduce their response times!?!% [216}

(2171 A direct manifestation of this duality is the frequent observation of hysteresis in I-V
characteristics of perovskite solar cells, often leading to notable discrepancies between FS and
RS. This phenomenon reflects a time-dependent lag in the material’s response to external electric

r[2181 2191, [220] T addition to ionic effects on

fields, resulting in dynamic resistive behavio
resistance, perovskite materials have also been shown to exhibit substantial capacitive responses.
These have been extensively characterized using frequency-domain techniques such as

2217, [222]

impedance spectroscopy! , as well as through time-domain[®%3],

Although phenomena such as hysteresis can represent an issue evaluating the photovoltaic
performance, the ionic conductivity of MHPs, when combined with their outstanding
optoelectronic characteristics, opens up opportunities for alternative device architectures beyond

§[1381, [224], [225], 2261, [2271, [228] Memristors

solar cells, including switchable diodes and memristor
operate based on the resistive switching mechanism that underlies the hysteresis effect: a
reversible transition from a HRS to a LRS triggered by the application of a threshold voltage (ON
state), which can subsequently be reset to HRS by applying a voltage of opposite polarity (OFF
state). This reversible change in internal resistance enables the encoding and storage of
information. For advanced computing applications such as spiking neural networks or artificial
synapses, memory elements capable of operating over multiple temporal regimes are essential.
These involve both drift-driven (non-volatile) and diffusion-based (volatile) resistive

behaviors!?2°1 (2301 [231]

The rich interplay between electronic charge carriers and ionic migration in MHPs provides a
diverse landscape of charge transport mechanisms, aligning well with the stringent requirements
for high-performance memristive devices. Key performance metrics for such devices include
non-destructive readout capability, a large current ratio between HRS and LRS states, low
operating voltage, long retention times, high endurance over multiple switching cycles (set/reset

[232], [233], [234], [235

operations), and rapid switching speeds 1. These criteria have driven significant

progress in the development of perovskite-based memory technologies.
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Despite the promising outlook of MHP-based memristors as potential alternatives to

§[236]

conventional oxide-based technologie , several critical challenges remain, as achieving

sufficient endurance and reliability. To date, much of the research has focused on devices

1261 12371 bulk SCs!'21- 2381 or perovskite nanocrystals!?**). However,

employing PC thin films!
many of these systems suffer from unstable steady-state response, which hampers detailed
analysis of their resistive switching mechanisms. Consequently, the fundamental operating
principles of these devices remain a subject of ongoing investigation, and a comprehensive
understanding of their electroforming process, the activation of a pristine device into a functional

memristor, has yet to be clearly established.

For PC thin films, one of the main challenges lies in achieving high surface uniformity and
smoothness, as the solution-based fabrication methods often introduce variability that hinders
reproducibility across individual devices. The inherent presence of grain boundaries and frequent
pinholes in these films contributes to parasitic leakage currents, which facilitate degradation
mechanisms and undermine the stability and reliability of perovskite-based memristors for
commercial applications. Furthermore, the nanometer-scale thickness typical of PC films leads
to elevated intrinsic electronic currents, which in turn suppress the ionic migration processes

required for resistive memory functionality.

To address some of these limitations, memristors based on SC-MHPs have been explored. SC
perovskites offer superior ionic transport and reduced operating currents, owing to the absence
of grain boundaries and a significantly lower density of structural defects. These features enable
the development of memristive devices with fast switching dynamics, reduced power
consumption, and enhanced endurance. However, the bulk SCs typically exhibit millimeter-scale
thickness, which can adversely affect several of their optoelectronic properties. Parameters such
as light absorption and emission, charge carrier mobility, surface recombination, and mechanical

response are all strongly influenced by the increased thickness of the materiall240) [241).1242],

Table 1 provides a comparative summary of various MHP-based memristive devices. In the case
of devices with simple architectures, typically comprising basic electrodes and at most one buffer
layer, high LRS/HRS resistance ratios are often achieved. However, these devices tend to suffer
from elevated set/reset voltages and limited endurance. An exception to this trend is found in one
outstanding device reported in Ref. 253, which combines excellent memristive behavior with a

simple design. Overall, devices with simplified structures must still overcome the challenge of
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improving endurance without compromising the high LRS/HRS ratio. To address this limitation,
more complex architectures incorporating multiple material layers, such as Pt, Pd,
polymethylmethacrylate (PMMA), or SiO>, have been employed. This multilayer approach
enhances endurance while preserving adequate LRS/HRS ratio, though it also leads to increased
fabrication complexity and cost. These additional expenses are compounded by the need for
controlled environments (e.g., glove boxes) and device encapsulation. It is worth noting that the
table does not include devices exhibiting LRS/HRS ratios below 10, as they fall outside the
targeted performance criteria. This bottleneck is solved by adding several layers of different
materials, such as Pt, Pd, polymethylmethacrylate PMMA, SiO», etc. This method improves the
endurance time while maintaining a decent LRS/HRS ratio, but manufacturing costs increase
significantly, adding the implicit costs of making the devices in glove boxes plus the
encapsulation requirement. It is important to note that devices exhibiting an LRS/HRS ratio lower

than 10 have been excluded from this table.
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Table 1. Overview of different memristor devices based on polycrystal MHPs.

Structure LRS/H | Vset | Vreset Enduran | Retention | Reference
RS V) (V) ce (seconds)
ratio (cycles)
FTO/MAPDI; «Cl/Au 10° 1.47 |-1.41 | 400 4.68*10* | [243]
FTO/CsPhBrs/Au 103 15 |[-1.2 100 103 [244]
Ag/CsPbBrs/MoOs/Ag 100 0.7 |-0.8 50 10 [245]
ITO/MAPDI3/Au 10 0.7 |-0.61 500 10 [246]
ITO/PEDOT:PSS/MAPb | 3.6*10° | -0.2 |3 120 10* [247]
Brs/Al
PET/ITO/MAPbI3/Au 50 0.7 |-05 400 10 [248]
PET/ITO/CssBi2ls/Au 103 0.3 |-05 103 10 [249]
FTOlc- 1.9%10° | 1.10 |-1.65 160 2*10° [126]
TiO2/MAPDI;-Cl/Al
ITO/MAPbI3/ZnO/Au 500 09 |-15 100 10 [232]
ITO/PEDOT:PSS/MAPb | 10* -0.6 |2 3*10° 3*10* [250]
I3/Cu
Si/SiO2/Ti/Pt/MAPDIs/A | 10° 0.13 | -0.13 350 104 [251]
g
PET/ITO/PMMA/CsPbB | 6*10° | 2.6 |-2.7 5*10° 4*10° [252]
r:QDs/IPMMAJ/Ag
Ag/MAPbDI3/Au 108 1.16 | 0.46 103 10 [253]

In this study, we combine the favorable features of PC perovskite thin films with the inherent
stability of SC materials by the synthesizing a perovskite TSC. We report the development of a
highly stable TSC perovskite-based memristor that exhibits a simple device architecture along
with exceptional endurance, while maintaining a balanced LRS/HRS resistance ratio. Notably,
the fabrication process is carried out entirely under ambient conditions and does not require
encapsulation. To enhance ionic transport, a wide bandgap perovskite, MAPbBr3, is employed in
the form of a TSC, serving as the active layer in the memristive device. The device exhibits
exceptional long-term operational stability, maintaining consistent current levels over a duration
of 10* seconds and achieving endurance across approximately 103 set/reset switching cycles.
Notably, these values, obtained under ambient conditions, rank among the highest endurance
performances reported thus far. The robust stability of the memristor allows the application of
impedance spectroscopy as an effective technique to investigate the electroforming process that
governs the resistive switching behavior. By analyzing the impedance spectra corresponding to
both the electroforming stage and the LRS, we confirm the critical role played by ionic migration

in the device’s switching mechanism.
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4.2 Experimental

Materials:

Lead(II) bromide (PbBr2) was purchased from TCI, and methylammonium bromide (CH3NH3Br)
was supplied by GreatCell. PTAA was acquired from Ossila. DMF and DMSO were purchased
from Thermo Scientific, while toluene was sourced from VWR. Graphite spray was procured

from RS. All chemicals were used as received without further purification
Fabrication process:

TSC devices: The MAPbBr; precursor solution (1.8 M) was prepared by dissolving equimolar
amounts of PbBr; and CH3NH3Br in a 10:1 volume ratio of DMF:DMSO. The mixture was
vigorously shaken until fully dissolved. Separately, PTAA was dissolved in toluene at a
concentration of 2 mg/mL. All solutions were filtered through 0.2 pm PTFE syringe filters prior
to use. Glass substrates coated with indium tin oxide (ITO) were sequentially cleaned in acetone,
detergent solution, deionized water, and absolute ethanol using an ultrasonic bath for 10 minutes
per step. After drying with a high-pressure air stream, the substrates underwent UV—ozone
treatment for 20 minutes. Subsequently, 60 pL of the PTAA solution was deposited onto the ITO
substrate via spin coating at 4000 rpm for 30 seconds under ambient conditions. The coated
substrates were then annealed at 100 °C for 10 minutes. Next, 40 uL of the MAPbBr; precursor
solution was drop-cast onto the PTAA-coated surface and immediately enclosed with a second
substrate also coated with PTAA. The resulting sandwich structure was subjected to a space-
confined inverse temperature crystallization (ITC) process to grow thin single crystals. The
temperature was gradually increased from 25 °C to 60 °C at a rate of 15 °C/h and maintained at
60 °C for 48 hours. After cooling to room temperature, the substrates were separated using a
blade. Graphite electrodes were formed by depositing 10 uL of graphite suspension on both the
MAPDBBr; surface and the exposed ITO contact using a micropipette. The solvent evaporated
within approximately 60 seconds, leaving behind a solid graphite film that served as the
electrode. Notably, all fabrication steps were carried out under ambient conditions, without the

use of a glovebox.

Polycrystal devices: A 1.4 M solution of MAPbBr3; was prepared by dissolving the perovskite
precursor in a DMF:DMSO solvent mixture with a 1:4 volume ratio. This solution was deposited

onto ITO substrates previously coated with PTAA, following the same procedure described for
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TSC devices. Perovskite solution was deposited via spin-coating by two sequential steps: an
initial ramp at 1000 rpm for 10 seconds, followed by a second ramp at 4000 rpm for 40 seconds.
During the second step, 1 mL of toluene was dripped onto the spinning substrate at the 12-second
mark to induce antisolvent crystallization. The resulting films were subsequently annealed at
100 °C for 30 minutes to complete crystallization. Graphite electrodes were then deposited onto
the MAPDBr3 layer and the exposed ITO surface. All fabrication steps for the polycrystalline

devices were performed entirely inside a nitrogen-filled glovebox.
Characterization:

The crystalline structure of the samples was analyzed using X-ray diffraction performed on a
Bruker D8 Advance diffractometer equipped with a Cu Ka radiation source (A = 1.5418 A).
Measurements were conducted in grazing incidence geometry at an angle of 1°, with a scan rate
of 5°/min over a 20 range from 12° to 40°. Surface morphology was examined via scanning
electron microscopy using a HITACHI S-4800 instrument (Tokyo, Japan) operated at an
accelerating voltage of 2 kV. Photoluminescence measurements were carried out using a confocal
micro-photoluminescence spectroscopy system. Samples were placed in the cold finger of a
vibration-isolated closed-cycle cryostat (AttoDRY800, Attocube AG). Excitation and collection
were performed with a 50x long-working-distance microscope objective (NA = (0.42), positioned
outside the cryostat. Emitted light was filtered using a long-pass filter, dispersed by a double
0.3 m focal length spectrograph (Acton SP-300i, Princeton Instruments), and detected using a
cooled silicon CCD camera (Newton EMCCD, ANDOR) for spectral measurements. Electrical
measurements and impedance spectroscopy were conducted using a Gamry Interface 1010E

electrochemical workstation.
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4.3 Results and Discussion

4.3.1 Crystallization Method and Design of Thin Single Crystal Perovskite

Memristor

TSCs are monocrystalline structures grown within a confined space, allowing precise control
over their thickness, and consequently, their physical and optoelectronic properties>>*!. Thinner
crystals tend to be more mechanically flexible than their thicker counterparts, offering the ability
to bend or stretch without fracturing, a clear advantage for applications in flexible memristive

devices.

In this confined growth approach, the crystals are synthesized from a precursor solution
containing 1.8 M of PbBr, and MABTr dissolved in a DMF:DMSO solvent mixture (10:1 vol:vol).
The solution is enclosed between two ITO substrates coated with PTAA. The sandwiched
sttructure is heated on a hot plate under ambient conditions using the inverse temperature
crystallization technique, which exploits the retrograde solubility behavior of perovskite
materials. The temperature is increased to 60 °C at a controlled rate of 15°C/h to carefully

regulate nucleation and crystal growth (see Figure 30).
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Figure 30: Schematic representation of the confined ITC method used for growing TSCs.

Notably, this approach enables the formation of highly crystalline and reproducible MAPbBr3
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TSCs at relatively low temperatures. In contrast to conventional methods reported in the literature

that operate at temperatures up to 80 °C, the optimized growth here is achieved at 60 °C.

This method reproducibly yields single crystals with thicknesses in the 20-30 pm range and areas

of approximately 6 mm? (see Figure 31).

Figure 31: (a) Optical microscopy image of a MAPDbBr3 TSC grown via the confined ITC method,
exhibiting sharp edges and a well-defined square geometry, indicative of high crystallinity. (b)
Real photograph of a representative TSC synthesized by confined ITC method.

Compared to nanometer-thick PC films, these micrometer-scale TSCs offer lower defect
densities, which can significantly reduce surface recombination and enable longer charge carrier

lifetimes than bulk single crystals (Figure S32)[241].
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Figure 32: PL spectra comparison between a bulk MAPbBr3 single crystal of 2 mm thickness
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(black curve) and the PL emission of TSCs. The blue-shift in the emission peak for the TSCs is
attributed to the reduced crystal thickness.

The perovskite composition selected for this study is MAPbBTr3, chosen for its inherent properties
such as high ionic mobility and strong environmental and operational stability, which are
advantageous for memristive applications. Following the crystallization step, the sandwich
structure is carefully separated using a blade, leaving the crystal adhered to one of the PTAA
coated substrates. For electrical characterization, a graphite spray is applied onto the exposed
crystal surface and the 1TO contact to complete the device assembly (Figure 33a). This carbon-
based electrode offers multiple benefits over conventional metal contacts, including improved
sustainability, lower cost, enhanced efficiency, and greater stability. Additionally, its
compatibility with flexible substrates further supports its suitability for scalable device

fabrication[2°°]: [256]
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Figure 33. (a) Schematic representation of the complete memristor device structure employing
graphite electrodes for electrical characterization. The inset displays a real image of a MAPbBr3
TSC grown on a PTAA layer using the confined ITC method. (b) X-ray diffraction pattern
showing diffraction peaks at 15° and 30°, corresponding to the (100) and (200) planes of the

cubic MAPDbBTr3 phase, respectively. (c) Cross-sectional SEM image of a representative device.
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(d) Photoluminescence (PL) mapping of the TSC surface, demonstrating high spatial

homogeneity in optical response.

To investigate the structural characteristics of the TSC, XRD analysis was conducted to confirm
its monocrystalline nature. The presence of sharp and intense reflections corresponding to the
(100) and (200) crystallographic planes verify the formation of a highly crystalline cubic
perovskite phase (Figure 33). Representative SEM images of the fabricated device are shown in
Figure 33c. These images confirm a perovskite crystal thickness of approximately 30 pm, while
the top graphite electrode measures around 15 pm in thickness. The PTAA layer, with a
thickness of 20 nm, along with the ITO substrate, is visible in the magnified region of the SEM
image. To assess the surface uniformity of the TSC, PL mapping was performed to evaluate the
homogeneity of its optical response (Figure 33d). The scan covered an area of 60 pm?, serving

as a representative region of the full TSC surface, which typically spans between 6 and 7 mm?.

4.3.2 Memristor Performance of the Thin Single Crystal Perovskite Device.

A typical resistive switching memristor consists of a two-terminal configuration comprising a top
electrode, a semiconducting active layer, and a bottom electrode. In the present device, the anode
is connected to the carbon-based electrode deposited on the top surface of the perovskite crystal,

while the cathode is established through the carbon layer coated onto the ITO substrate.

Most memristive devices require an initial step known as electroforming, which facilitates the
formation of conductive filaments or pathways that enable the transition from the high-resistance
state to the low-resistance state. Upon application of an external bias, the electroforming process
induces the creation of a conductive channel, thereby switching the device into the LRS. When
a voltage of opposite polarity is applied, the conductive path is disrupted in a RESET operation,
returning the device to the HRS.

If the ions involved in the process do not fully return to their initial positions, the conductive
filaments are only partially disrupted during RESET. As a result, subsequent transitions from
HRS to LRS require lower activation energy, and the device progressively stabilizes its set/reset

voltage thresholds. Although the precise mechanism governing this process remains under
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investigation, largely due to the challenges of capturing its rapid and abrupt dynamics in situ, we

present a deeper understanding of it through the IS analysis described in the following sections.

Following activation of the device via the electroforming process (see Figure 34), we conducted
cyclic voltammetry by applying a voltage sweep sequence of 0V - +2V -0V —» 2.7V —
OV to assess the initial switching behavior of the memristor (Figure 35a). In addition to
facilitating charge carrier injection and transport, the applied voltage induces a redistribution of
ionic species or vacancies throughout the crystal thickness. This ionic migration plays a

fundamental role in enabling the transition between different resistive states in the device.
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Figure 34: 1-V curves illustrating the progressive reduction in the voltage required to switch the

memristor device ON (solid black lines) and OFF (dashed black line); from red to blue.

Although the precise origin of this mechanism remains a subject of active research and is beyond
the scope of this study, several hypotheses have been proposed in the literature, including the

formation of conductive filaments or interfacil adjustments!>*3! 5% among others!*’\.

In our measurements, as the applied voltage increases from 0 to +2 V, a sharp rise in current is
observed at approximately 0.6 V. This corresponds to the set voltage at which the device
undergoes the transition from the HRS to the LRS, with current levels reaching the milliampere

(mA) range. To verify the non-volatile behavior of the memristor, it is essential that the device
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retains its resistive state over a defined voltage window. For this purpose, a reverse voltage sweep
from 0 to —2.7 V was applied. At —2.3 V, the transition from LRS back to HRS occurs, which is
identified as the reset voltage, accompanied by a drop in current to the microampere (1LA) range

(Figure 35a).

To evaluate the stability of the device under repeated cycling, 100 consecutive [-V sweeps were
conducted (Figure 35a). Selected cycles (1, 30, 50, 90, and 100) are displayed in solid colors,
while the remaining traces are shown with translucent lines to provide a clearer visual
comparison. The similarity between the first (black line) and final (yellow line) cycles

demonstrates the operational robustness and repeatability of the device.
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Figure 35. (a) I-V curves, in log scale, showing the SET and RESET over 100 cycles, recorded
at a scan rate of 100 mV/s. (b) Endurance performance test under repeated voltage sweeps
(+0.1V—->+1V—->+0.1V—-25V —+0.1 V). (c) Current stability monitored at a read voltage
of 0.1V for the LRS (blue line) and HRS (orange line). (d) Resistance evolution during the

switching transitions between HRS and LRS.
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To benchmark the cyclic voltammetry performance of the TSC-based memristor, we fabricated
a reference device using a MAPbBr3; PC thin film with the same architectural design. As shown
in Figure 36, the TSC configuration clearly outperforms its PC counterpart, exhibiting a

significantly higher LRS/HRS current ratio and overall enhanced current levels.
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Figure 36: Comparison of cyclic voltammetry (CV) curves for the monocrystalline (orange

curve) and polycrystalline (blue curve) MAPbBr3 memristor devices.

One of the most critical challenges in the development of perovskite-based memristors is
achieving high endurance while preserving their excellent performance characteristics within a
simple device architecture. Endurance refers to the capability of a memristor to undergo repeated
resistive switching cycles without experiencing significant degradation or performance loss. This
parameter is crucial, as continual cycling can trigger a range of physical effects, including
electromigration, thermal stress, material fatigue, and overall structural degradation!®>”], that may
alter the device’s resistance or conductance, ultimately leading to instability in its switching

behavior or complete failure.

Figure 35b presents the endurance test, performed through a sequence of voltage steps: +0.1 V
—+1V—>+0.1V—-2.5V, where +0.1 V serves as the reading voltage, +1 V as the set voltage,
and —2.5 V as the reset voltage. The current is measured at +0.1 V while alternating between the
HRS and LRS. During the initial 250 seconds, the HRS current increases from 0.1 to 0.3 mA.

Subsequently, the HRS current decreases and exhibits greater variability, fluctuating between
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0.01 and 0.1 mA. The LRS/HRS current ratio varies from approximately 10 (in the first 250 s) to
80 for the remainder of the test. In contrast, the LRS remains highly stable throughout the 10°
cycles, maintaining its current magnitude. These results are on par with some perovskite-based

devices featuring more complex architectures!>>®!,

Figure 35c shows the retention time test, where continuous current is monitored at +0.1 V for
both resistance states: first the LRS (blue line), followed by the HRS (orange line), over a period
of 10* seconds. The HRS current initially increases from 50 to 80 pA within the first 500 s and
remains stable at 80 pA for the rest of the measurement. Meanwhile, the LRS current exhibits
exceptional stability along the entire test. The resulting LRS/HRS ratio of approximately 25

further supports the device’s reliable memory performance!***.

Finally, Figure 35d illustrates the resistance switching behavior, with a sharp transition from HRS
to LRS occurring at approximately +0.5 V and the reverse transition (RESET) at —2.0 V. The
slope closes to unit indicates a rapid transition between resistive states, as expected for high-
performance memory devices?®”). Additionally, Figure 37 shows the time response for the HRS-
to-LRS transition, measured at 15 ms. To the best of our knowledge, response time is rarely

reported for MHP memristors, limiting the possibility for direct comparison.
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Figure 37: (a) Endurance test over 10° switching cycles for a representative MAPbBr; TSC
memristor device. (b) Zoomed view of cycle 877. (c) Time-resolved measurement of cycle 877,
showing the transition from the LRS at the read voltage to the LRS state under a fixed voltage of
1 V. The red, blue, and red-shaded regions indicate the HRS, LRS, and read voltage intervals,

respectively.
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4.3.3 Impedance Spectroscopy Characterization of the Electroforming

Process

As previously discussed, memristive devices undergo resistive switching through an
electroforming process in which a conductive pathway is established within the perovskite layer,
resulting in the transition to the low-resistance state. Gaining insight into this process is essential
for understanding the parameters that govern switching kinetics, endurance, and retention times,
key factors for unlocking the full potential of perovskite memristors in memory and computing
technologies. However, deciphering this mechanism is particularly challenging due to the
complex interaction between ionic and electronic processes, which occur on different time

scales!!1331 [137], [250], [261]

Despite these complexities, two principal switching mechanisms have been proposed in the
literature: (i) the electrochemical metallization mechanism (ECM), which involves the migration
of metal cations, and (ii) the valence change mechanism (VCM), which relies on the formation
and movement of halide vacancies. In the context of halide perovskite-based memristors, the
change in conductivity may thus arise from either migrating metal ions ECM) or halide vacancy

dynamics (VCM)!26]- [132): [132],

IS involves the measurement of the I-V response of a device at a fixed steady-state potential
(Vdae), superimposed with a small AC perturbation (Vac) over a range of frequencies (®). The
resulting data are expressed as the complex impedance exhibited by the system in response to the
frequency-dependent perturbation. Interpretation of these results is typically carried out by fitting

the experimental spectra to an appropriate equivalent circuit model.

In MHP devices, the capacitance observed in IS measurements, particularly in the low-frequency

regime[%z]’ [263]

, 1s closely linked to the type of I-V hysteresis displayed. This hysteresis can
generally be classified as either normal (NH) or inverted (IH), with the latter characterized by
higher current in the forward scan than in the reverse scan. IH behavior has been associated with
the phenomenon of negative capacitance, a distinctive feature that also appears in certain

264], [265

neuronal system models! 1. As such, IS emerges as a powerful tool for identifying and

distinguishing the electrochemical processes occurring during the HRS and LRS states.

IS can also be employed to probe the electroforming stage by applying incremental V. values,

effectively reconstructing an I-V curve from low to high bias conditions. When applied to a
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pristine, untreated device, voltage is gradually increased from 0 to 4.5 V. The corresponding
Nyquist plots reveal a single arc in the high- and intermediate-frequency (HF, IF) regions,
typically attributed to bulk-related processes, and a distinctive loop directed toward the fourth
quadrant at low frequencies (LF). This reduction of Im(Z) to values below zero is can be observed

in various halide perovskite device configurations, both in experimental studies and in drift-
diffusion simulations!26¢} (2671,
This behavior is often referred to as an “inductive loop” or manifestation of ‘“negative

»[268 2691,

capacitance,”?®® and can be represented in circuit models using a chemical inductor element!

(2701 Unlike classical electromagnetic inductance, which primarily influences the high-frequency
region of the impedance spectrum, this chemical inductive effect arises from the interaction
between charge carriers and ionic species moving at different time scales. The resulting dynamic
mismatch can delay the system’s electrical response and modulate charge injection at the

electrode interfaces!’>) [26°],
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Figure 38. (a) Impedance spectra illustrating the evolution of the device response under
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increasing applied bias, leading to the electroforming process. For clarity, only the fitting at 0.3 V
is shown. (b) Corresponding DC current values recorded during the electroforming process
(orange dots) and after reaching the low-resistance state (LRS, blue dots). (c) Quantification of
the R and L components obtained from equivalent circuit fitting (circuit shown in the inset of
panel d) using the surface polarization model (SPM)I"S. (d) Kinetic relaxation times (tin)
extracted from the negative capacitance features observed during the electroforming process.

A clear evolution in the impedance response is observed with increasing applied V4, as shown
in figure 38a. As the bias voltage rises, both the high-frequency semicircles and the low-
frequency inductive features progressively decrease, ultimately leading to a more distorted
impedance spectrum at 4.5V. To ensure the stability of the sample throughout the IS

measurements, the corresponding I4. values were simultaneously recorded.

Figure 38b displays the evolution of Ig. Starting from approximately 10 A at low Vg, the
current increases linearly, reaching values on the order of 10~ A as the voltage approaches 4.5 V.
This pronounced increase, highlighted by the orange data points in figure 38b, confirms that the
electroforming process is actively occurring during the impedance measurement. The
combination of a current rise exceeding two orders of magnitude and the accompanying changes
in the impedance spectra provides strong evidence for the onset of the ON state or LRS in the

device.

Figure 38b illustrates an initial I¢. current of approximately 10° A under low V4. conditions,
followed by a linear increase as the applied voltage rises, reaching around 102 A as the bias
approaches 4.5 V. This behavior, particularly highlighted by the orange data points in the figure,
provides direct evidence that the electroforming process is taking place during the impedance
measurement. The increase in current by more than two orders of magnitude, coupled with the
concurrent evolution of the impedance spectra, strongly indicates the initiation of a conductive

mechanism associated with the transition to the ON state or low-resistance state.

Subsequently, the applied bias was decreased from 4.5 V to 0 V. During this voltage sweep, the
I remains in the milliampere range across all V4. values (blue points in figure 38b), indicating
that the device persists in the LRS. The presence of an inductive component in the impedance
spectra leads to a slow kinetic time constant, T (see below for further details), which offers

insight into ionic motion within the LF domain. Figure 38c, exhibits the Rr and L values obtained
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during the IS at different voltages. Both, Ry and L tend to decrease as the applied voltage

Increases.

To analyze this behavior, the impedance data were fitted using the equivalent circuit (EC) model
shown in the inset of figure 38d, which includes an Ri—L elements (displayed in figure 38c) used
to extract txin. Recent studies have highlighted the value of this approach for elucidating the
behavior of MHP-based memristors, proposing a generalized "neuron-inspired" model that

incorporates a slow time constant largely independent of the applied voltage?7%: [271): (2721,

In our analysis, the calculated t«in decreases as the applied bias increases, revealing that the
electroforming process is associated with a shift in the characteristic timescale, from
approximately 107 s to 107 s, as the LRS is established. These time constants are consistent with
mechanisms such as ionic accumulation and halide vacancy diffusion, respectively, as previously
documented in the literature!?’?!. This suggests that electroforming is initiated by the gradual
accumulation of ionic species, which subsequently transitions to faster ionic diffusion processes.
A comparable sequence of events has been reported in memristors based on metal oxides,
supporting the hypothesis that similar physical mechanisms may be at play here, as evidenced by

our IS datal?’,

This finding not only reinforces the critical role of ionic dynamics in the operation of perovskite
memristors but also represents, to the best of our knowledge, the first in situ observation of the

electroforming process via impedance spectroscopy.
Ri-L line effect on the functioning of the EC established by the SPM:

In conventional electronic circuits, an inductor typically consists of a coiled wire that generates
a magnetic field in response to changes in voltage, thereby opposing variations in the electric

current. This opposition, known as inductance, is denoted by the symbol L.

In the present model, a similar effect arises from surface ionic accumulation, which introduces
a temporal delay analogous to the inductive response observed in classical systems. This delay,
governed by the kinetic relaxation time (tkin), manifests as low-frequency arcs and negative
capacitance in the impedance spectrum, effectively represented by an equivalent inductive

element.

The AC impedance response associated with this model can be mathematically described by the

following expression:
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Here jrec represent the recombination current at steady state, f and y exponents are constants
with values < 1 and b parameter serves a correction factor for the fitting, and kgT denotes the

thermal energy.

4.4 Conclusions

In this work, we report the successful fabrication of the first TSC perovskite memristor,
effectively integrating the beneficial properties of both monocrystalline materials and
polycrystalline thin-film perovskites. Utilizing a CITC approach, with ITO and PTAA serving as
bottom electrodes and a graphite spray as the top contact, we developed a highly stable
memristive device exhibiting outstanding performance. The resulting device achieved an
LRS/HRS current ratio of approximately 10 and demonstrated endurance over 10° switching
cycles, positioning it among the most robust perovskite-based memristors reported to date. Its
operational stability under ambient conditions, without requiring encapsulation, enabled detailed
impedance spectroscopy studies. Importantly, we were able to monitor the electroforming
process in situ, providing valuable insights into the switching mechanism that governs the

behavior of perovskite memristive systems.
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By quantitatively analyzing the evolution of the kinetic time constant (txin) associated with the
low-frequency impedance response, we identified significant changes in ionic motion occurring
during the electroforming process. These modifications correlate with a three-order-of-
magnitude increase in current, highlighting the dynamic transformation of the device’s internal
conduction state. The observed decrease in txn indicates a transition from slower to faster
processes, which can be attributed to a shift from ionic accumulation to diffusion-driven
dynamics. These insights offer a meaningful contribution to the fundamental understanding of
resistive switching mechanisms in perovskite-based memristors. Furthermore, the fabrication
strategy presented here provides a straightforward and scalable route for producing efficient and

highly reliable perovskite memristive devices.

Overall, this study represents a substantial advancement in the field of perovskite memristor
technology, paving the way for the development of high-performance and stable devices suited

for next-generation memory and neuromorphic computing applications.
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Chapter 5

Compositional Engineering of
Monocrystalline Metal Halide Perovskite
Memristors for Multistate Non-Volatile
Operation

Chapter 5 is an extension of the previous Chapter 3 by offering a broader study in perovskite
TSC-based memristors. In particular, various compositionally engineered devices are fabricated,
focusing on the influence of different halides and mixed-halide compositions on memristor
performance. The findings presented in this chapter are derived from and aligned with those

reported in an article currently in under revision.
Abstract

MHP memristors hold great promise for next-generation memory and neuromorphic computing.
However, challenges such as stability and endurance hinder both their performance and a deeper
understanding of their working mechanisms. Advances in thin TSC-MHP memristors have
demonstrated improved endurance due to absence of grain boundaries, which make them an ideal
platform for systematically identifying key factors influencing device performance. Thus,
evaluating the compositional effect on TSC-MHP memristors using a consistent device
architecture demonstrates significant potential for enabling the development of application-
oriented devices. In particular, this approach is used to fabricate the first memristor based on a
mixed-halide thin perovskite TSC, which enable multistate non-volatile memristive operation.
Furthermore, precise compositional engineering allows control over defect density, that affects
the materials’ ionic properties and determines key device performance parameters. This study
unlocks multistate properties in non-volatile memristors and provides critical insights into defect

density effects, paving the way for long-term storage in neuromorphic computing.
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5.1 Introduction

As explained in chapter 1, the increasing demand for data computing and the associated power
consumption highlight the necessity to explore new technologies utilizing innovative materials
that can overcome additional challenges such as the von Neumann bottleneck or the Moore's law

2751, [276

limitations! 1. In this scenario, MHPs emerge as promising candidates to tackle these

questions, due to the significant potential of these materials in advancing the next generation of

data computing?”71.

Resistive switching memory devices, also known as memristors, are inspired by neural synapses
and are being explored as a foundation for next-generation computing technologies!?*.In these
systems, information is typically encoded through transitions between a high resistance state and
a low resistance state induced by an external voltage stimulus Among their most promising
applications is the development of ReRAMs, which offer non-volatile data storage capabilities,

retaining information even when powered offl283): [284],

Beyond binary switching, ReRAMs are also capable of operating in multistate mode, where
devices can exhibit multiple stable resistance levels rather than just two. These multistate
memristors are particularly attractive because they allow for higher data storage density and the
implementation of analog (multistate) signal processing, essential for emerging paradigms such

[283],

as neuromorphic computing (2851 Tn such systems, the gradual modulation of resistance states

can emulate synaptic weight changes, supporting more sophisticated and energy-efficient

285, 12861 However, few multistate ReRAM devices based on perovskite

learning algorithms!
materials have been reported, and the mechanisms underlying multistate behavior in such devices

are still not fully understood!?87) [288],

The excellent synergy between the requirements for ideal resistive switching memory devices
and the MHPs properties, strongly defined by their ionic mobility, positions this material family
as a highly promising platform for next-generation resistive switching technologies. Since the
first reports of resistive switching behavior in MHP-based memristors, ReRAM devices using
MHPs have shown remarkable progress in both performance and versatility, confirming their
potential in advanced memory applications!?®?!. Several formulations of MHPs, including
polycrystalline films, nanocrystals, and thin monocrystals, have been explored to optimize the

device performance. Each of these systems presents unique complexities, and the limited
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understanding of the fundamental processes that drive resistive switching behavior in MHPs
remains a significant hurdle in their development. Due to the intricate ionic-electronic dynamics
involved, the exact mechanisms of RS are still under debate?®) 121 As is explained in the
pervious chapter, current literature primarily discusses two mechanisms: the ECM, driven by

2911 and the VCM, which relies on halide vacancies!?*?l. While conclusive evidence

metal cations!
for either mechanism is still pending, advancing our understanding of these processes is likely
essential for the progress of multistate device technology. Additional challenges arise from the
inherent characteristics of MHPs and the unique properties of each system. Notably, material
instability presents critical issues that directly impact essential parameters like the endurance of
resistive switching devices. For instance, PC-MHPs offer scalability but are susceptible to
degradation at grain boundaries>**!, while nanocrystals provide enhanced tunability but suffer
from increased surface reactivity®¥, adding further sources of instability. Alternatively, TSC
perovskites have demonstrated to enhance memristor endurance and stability by reducing grain

boundaries and defects!?®*], making TSC materials an ideal approach to developing memristors

despite the most precise synthesis conditions.

In chapter 4 we demonstrated that, due to suppression of grain boundaries, the use of MAPbBr3
TSC to fabricate memristors can also increase key performance parameters such as LRS/HRS
ratio or endurance!?®! respect to PC counterpart. Moreover, the robustness of the TSC enabled
us to successfully monitoring of the electroforming process using IS, allowing in-situ observation
of species movement within the material, marking the first time direct tracking of this
phenomenon during the electroforming process. In this way, the ionic and electronic dynamics
were thoroughly investigated, enhancing the understanding of memristive behaviors in these

systems[283].

In this work, we perform a comprehensive comparison of three TSC single-halide MHP using a
consistent device architecture. This systematic analysis is carried out due to the lack of such
direct comparisons in the literature, with the goal of identifying which halide composition
provides the most favorable properties for memristive applications. Additionally, we extend our
analysis by developing TSC memristors with mixed halide perovskites to better understand how
halide composition influences memristor properties. We confirm that different halide

compositions in TSC forms can serve as a tool to modulate defect density within the material>*>

(2961 directly impacting the mobility of vacancies and ions, as previously reported®’[2%8], Here,

we demonstrate that defect density directly affects the key properties of memristor devices. Key
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performance parameters, such as LRS/HRS ratio and endurance, can be significantly improved
by reducing defect density in the active material. Notably, our results suggest that the emergence
of multistate behavior in ReRAM memristors is directly influenced by the defect density in
MHPs, in conjunction with the effects introduced by mixed-halide compositions, paving the way
for a new generation of memristors with high-density data storage and neuromorphic processing

capabilities.

5.2 Experimental section

Materials: Lead chloride (PbCl,), lead bromide (PbBr2) and lead iodine (Pbly) were purchased
from TCI. Methylammonium chloride (CH3:NH3Cl, MACI), methylammonium bromide
(CH3;NH3Br, MABr) and methylammonium iodine (CH3NHsI, MAI) was purchased from
GreatCell. PTAA was purchased from Ossila. DMF and DMSO were purchased from Thermo
Scientific. GBL was purchased from TCI. Toluene was purchased from VWR. Graphite spray

was purchased from RS. All the reagents were directly used without any further purification.
Device fabrication process:

TSC memristor devices: The precursor solutions for 1 M MAPbX3 (X=Cl, Br, I) perovskites were
prepared by dissolving a 1:1 molar ratio of PbX, and MAX in an appropriate solvent. For the
MAPDBCI; precursor solution, the precursors PbCl, and MACI were solved by DMF:DMSO (1:1,
vol:vol), followed by vigorous shaking to ensure complete dissolution. The MAPbBr3 precursor
solution was prepared by dissolving PbBr, and MABTr in vigorous shaking. Similarly, the MAPbI3
precursor solution was prepared by dissolving Pbl, and MAI in GBL under the same shaking
conditions. The MAPb(BrsClo.2)3 precursor solution was prepared by mixing the pure solutions
MAPbBCIl3:MAPbBBr3 in a 1:4 volume ratio. The MAPb(Bro.9lo.1)3 precursor solution was prepared
by mixing the pure solutions of MAPbI3;:MAPbBr3 in a 1:4 volume ratio. All the solutions were
filtrated using 0.2 um PTFE syringe filter before deposition.

Glass/ITO substrates were cleaned sequentially using acetone, detergent, deionized water, and
absolute ethanol, with each step performed in an ultrasonic bath for 10 min. After drying with air
flow, the substrates were treated in a UV-O; cleaner for 20 min. Subsequently, 40 pL of the
prepared PTAA solution (2mg mL ™' solved in toluene) was deposited onto the ITO substrate by
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spin-coater at 4000 rpm for 30 s under room conditions. Immediately, the substrates were

annealed at 100 °C for 10 min.

The space-confined inverse temperature crystallization method was used for growing thin
monocrystals. The temperature was gradually increased from 25 to 80 °C at a rate of 12 °C h'!
for the all the compositions except MAPbI3. For MAPbI3, the temperature ramp started from 50
°C and increased to 120 °C at a rate of 8 °C h!. The substrates were held at 80 °C and 120 °C,
respectively for 24 h. After cooling at room temperature, the substrates were separated with a
blade. Finally, the graphite electrodes were added on the top of the perovskite monocrystals by
depositing 10 puL of the graphite solution with a micropipette. The solution evaporates in 60 s
after deposition, approximately, forming a solid graphite that acts as an electrode. It is important

to underline that the device is fabricated outside of the glovebox.

Polycrystal memristor devices: All solutions used for the preparation of polycrystalline
perovskites are the same as those used for the synthesis of monocrystal perovskites. The solutions
were added to the ITO substrates treated with PTAA, as previously described. Subsequently, the
solutions were spinning with a ramp of 1000 rpm for 10 s and 4000 rpm for 40 s, adding 300 uL
of toluene at 12 s of the second ramp for all the compositions except MAPbI3, whose toluene
addition time is 22 s. Then, the device is annealed for 30 min. Finally, the graphite electrodes
were deposited on the MAPbBr3. All the device experimental processes were fabricated inside of

a glovebox.

Characterization: Profilometer measurements was performed with Dektak 150 Surface Profiler
from Veeco equipment. The crystalline structure was assessed by a XRD collected on a Bruker
D8 Advanced X-ray diffractometer with copper K, radiation (1= 1.5418 A°) and a scan rate of 5
° min"! for 20 angles ranging from 12° to 40°. EDX analysis were performed by an S-4800
instrument from HITACHI (Tokyo, Japan) operating at 10 kV. Electrical characterizations were
measured using a Gamry inter-face 1010E. Photoluminescence measurements on the single
crystals were carried out using an inverted microscope, Nikon (Tokyo, Japan) Ti2-U, equipped
with a XY motorized stage. The emission signal was transmitted through optical fibers to an
Edinburgh Instruments (Livingston, UK) FLS1100 spectrofluorometer, which was coupled to a
cooled photomultiplier (PMT-980). The measurements were performed at room temperature,
utilizing a 405 nm excitation wavelength provided by a picosecond (ps) laser diode incorporated

into the microscope.

99



5.3 Results and Discussion

5.3.1 Structural and optical characterization

As in chapter 2 is mentioned, the confined inverse temperature crystallization method®*! is an
effective approach to grow thin monocrystals. These TSC, with surface areas exceeding tens of
square millimeters and thicknesses in the micrometer range, are ideal for fabricating devices
where efficient charge extraction or injection is critical, such as solar cells or memristors°- 3011,
The control of the initial precursor solution, as detailed in the experimental section, enables the
growth of MAPbX3 monocrystals, where X refers to chloride, bromide and iodine, and two mixed
halide perovskite compounds, MAPb(BrosClo2); and MAPb(Broslo.1)3. The lack of reports of
TSC with such mixed halide compositions makes it essential to confirm their properties and

structure. Special attention should be paid to ensuring that the halide ratio in the final materials

accurately reflects the nominal composition.

XRD patterns of the prepared crystals, Figure 39a, show sharp and intense XRD reflections along
(100) and (200) planes confirming the presence of a highly crystalline perovskite cubic phase in
the case of MAPbCls and MAPbBr3. Regarding MAPDI3, the abrupt reflections corresponding to
the (200) and (400) planes confirm the high crystallinity of the samples*?2} 391 The (100) peak
of MAPb(BrosClo.2)s shifts by 0.2° to higher compared to MAPbBr3;, while the same peak in
MAPDB(Broolo.1)3 shifts by 0.09° to smaller angles (inset Figure 39a). Such displacements are
consistent with Vegard’s law[3%4- 3%1: substituting the smaller Br~ anion with the larger I~ anion
expands the lattice constant, whereas replacing Br~ with the smaller C1™ anion results in further

contraction [3%6],
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Figure 39: (a) XRD patterns, (b) PL emission of MAPbCI3 (blue line), MAPbBr3 (orange line),
MAPbI; (black line), MAPb(Broolo.1)3 (red line), and MAPb(BrosClo2)3 (green line) TSC, and

(c) Device architecture of perovskite memristor devices

Energy dispersive X-ray (EDX) analysis (Figure 40) confirms that the actual compositions are

MAPb(BrosClo2)s and MAPb(Broolo.1); which closely match their respective nominal

compositions.
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Figure 40: EDX analysis of (a) MAPb(Bro8Cly2)3 and (b) MAPb(Broolo.1)3 TSC perovskites.

The thickness of the different TSC is measured by profilometry, Figure 41, confirming a thickness
0f20-25 um in all the cases.
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Figure 41: Profilometer measurements of (a) MAPbCl;, (b) MAPbBr3, (c) MAPDI;, (d)
MAPb(Broslo.1)3, and (¢) MAPb(BrosClo2)3 TSCs.

PL (Figure 39b) can be used as a tool for evaluating qualitatively the optoelectrical quality and
composition of the TSC. The pure halide compositions, MAPbCls, MAPbBr3, and MAPDbI;,
exhibit sharp and narrow emission peaks, with maximum emission wavelengths at 395 nm, 533
nm, and 760 nm, respectively, in accordance with previous literature reports**’> 3% In contrast,
the mixed halide TSC, MAPb(Broolo.1); and MAPb(BrosClo2)3, display maximum emission

peaks at 510 nm and 728 nm, respectively. Notably, no phase segregation is observed during the
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measurements, which is a common issue in mixed halide compositions, particularly in their

polycrystalline forms!*% 310) 3111,

5.3.2 Characterization of monocrystalline pure halide memristor devices.

The TSC perovskites were implemented in memristor devices in a simple architecture, as
represented in Figure 39¢, where, PTAA, is selected as buffer layer, and graphite is used as low-
reactive electrode. Due to their improved stability resulting from the suppression of grain
boundaries, TSC perovskites are an ideal platform to accomplish high endurance memristor
devices. This enables a more exhaustive analysis of the device's working mechanisms. Thus, here
we extend the study to the different halides compositions to better understand the dynamics of

the RS mechanisms.

Cyclic-voltammetry measurements of the pure halide memristors (see Figure 42a) were
performed to compare the behavior of TSC based on different halides. The MAPbCl; memristor
exhibited the highest set voltage (at which the device transitions from LRS to HRS) at 0.75 V,
and the lower reset voltage (transition from HRS to LRS) at -1.1 V. In contrast, the MAPbBr3
memristor showed a set voltage of 0.52 V and a reset voltage of -1.29 V. Similarly, the MAPbI3
memristor demonstrated a set voltage of 0.43 V and a reset voltage of -1.34 V. It is worth
remarking that the transitions from LRS to HRS (Figures 42a) occur abruptly for the three pure
halide compositions, and no clear correlation is observed between the set/reset potentials and the

materials’ bandgap.
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Figure 42: (a) Cyclic-voltammetry of MAPbCI3 (blue line), MAPbBr3; (orange line), MAPDI3
(black line) TSC memristor devices. Endurance performance test conducted by applying cyclic
sweep voltages in the sequence of +1.5 V, +0.07 V, =2 V, and +0.07 V on (b) MAPDHCI3, (c)
MAPDBBr3, and (d) MAPbI3 TSC memristor devices.

Additionally, an endurance test was conducted to examine the stability of the memristors. A
sequence of voltage steps was applied in the following order: +1.5 V, +0.07 V, -2V, and finally
+0.07 V. Specifically, +0.07 V was used as the read voltage, +1.5 V as the set voltage, and -2 V
as the reset voltage. Figure 42b presents the endurance test results for the MAPbCI3 device. A
significant dispersion in the LRS is clearly observed during the measurement, and the device
eventually fails after 500 cycles. The LRS/HRS ratio remains close to 100 for the first 125 cycles,
but gradually stabilizes at around 10 for the rest of the measurement. In contrast, the endurance
analysis of MAPDbBr3; (see Figure 42c) shows no significant dispersion over 1000 cycles,
maintaining an LRS/HRS ratio exceeding 10. The MAPDI3 endurance test, displayed in Figure
42d, demonstrates one of the highest endurance values reported in the literature, with more than
2800 cycles without significant dispersion, and a stable LRS/HRS ratio above 10. Notably, the
endurance performance varies significantly depending on the halide composition, with ~500

cycles for MAPbCls, ~1000 cycles for MAPbBr3; and ~2800 cycles for MAPbDI3.
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Long-term retention time of the LRS and the HRS is another key parameter for ReRAM devices,
as this determines how long the device can reliably store information. To characterize retention
times, a chronoamperometry is measured in which the current is continuously measured at +0.07
V, the read voltage, for both states, first the LRS and subsequently, the HRS along 10* s. The
retention time analysis for MAPbCl; (Figure 43a) shows that the LRS/HRS ratio reaches 100
during the first 250 s. However, after this period, the current in the HRS increases from 10 pA to
100 pA, exhibiting high instability in the HRS. Nevertheless, the LRS remains stable throughout
the measurement, achieving a retention time of 3000 s for Cl-based composition. In contrast, the
MAPbBHBr; device (Figure 43b) demonstrates high stability in both LRS and HRS states
throughout the entire measurement period of 10* s, maintaining an LRS/HRS ratio of 30.
Similarly, the MAPbI; device (Figure 43c) exhibits a retention time of 10* s, with the HRS
showing no significant fluctuations, while the LRS decreases slightly over time. Despite this
minor variation, the LRS/HRS ratio remains consistently around 30 for the entire measurement
duration.
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Figure 43: Chronoamperometry of (a) MAPbCls, (b) MAPbBr3, and (¢) MAPDI3, where blue line

corresponds to LRS, and orange line refer to HRS state.

5.3.3 Characterization of monocrystalline mixed halide memristor devices.

Memristors based on mixed halide perovskite TSC facilitate a deeper analysis of ionic-electronic
dynamics and device mechanisms. The study focuses on MAPb(Bro.9lo.1)3 and MAPb(Bro.sClo 2)3
memristor devices. Figure 44a illustrates the performance of the MAPb(Broolo.1)3 device during
cyclic-voltammetry measurements, showing a set voltage of +0.55 V. Notably, the reset voltage
transition is gradual, beginning at -1 V and progressing up to -2 V, at which the device fully

transitions to the HRS. This gradual transition, unlike the abrupt switching observed in pure
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halide memristors (Figure 42a), enables the operation of multistate devices using mixed halide
TSC perovskites. By selecting a reset voltage within the transition range, one can determine the

HRS resistance, allowing for multiple resistance states.

Figure 44b displays a retention time test of the MAPb(Bro.olo.1)3 device, where the read voltage
is fixed to +0.07 V. The HRS obtained at -2 V, with a response of 0.2 mA. The LRS set by a +1.5
V and defined by a 2 mA response. Intermediate states are achieved when the reset voltage is set
within the range of -2 V (corresponding to the HRS) and -1.1 V. Up to seven clearly differentiable
states can be achieved by changing the reset voltages. The retention time reaches 500 s for each
state, for a total retention time 0f 3500 s. Nevertheless, to assess the device's practical application,
it is crucial to maintain the multistate configuration during endurance testing without any
dispersion among the states. The dispersion in endurance measurements of a memristor causes
variations in resistance states, leading to read errors and unreliable data processing. In
neuromorphic computing, this variability can cause weight drift, affecting neural network
performance, while in memory applications, it shortens device lifespan and requires error

correction mechanisms to maintain reliability[3!2 3131,

The endurance test for the MAPb(Broolo.1)s device (see Figure 44c) was performed using a
specific sequence of voltage steps, starting at set voltage of +1.5 V, followed by +0.07 V, then a
reset voltage that varied between -2 'V, -1.8 V, -1.5V, -1.3 V and -1.1 V, and finally returning to
the reading voltage of +0.07 V. For clarity, this sequence is visually represented in Figure 45: the
sequence begins with a reset voltage of -2 V, followed by -1.8 V, and gradually decreases to -1.1
V. At this point, the entire sequence is repeated 30 times for each reset voltage. As shown in
Figure 3b, up to six distinct states are achieved during 30 cycles for each voltage, resulting in a
total of 150 cycles of stability. As is mentioned above, although seven states are achieved during
retention test, the functional application is defined by six states without dispersion which is

performed in the endurance test.
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Figure 44: (a) Cyclic-voltammetry, (b) chronoamperometry, and (c) endurance test performance
of the MAPb(Bro.9lo.1)3 TSC memristor device. (d) Cyclic-voltammetry, () chronoamperometry,

and (f) endurance test performance of the MAPb(Bro.sClo2); TSC memristor device.

The cyclic-voltammetry of the MAPb(BrosClo2); device (Figure 44d) is similar to
MAPDB(Broolo.1)3. The set voltage occurs at +0.55 V and the reset voltage ranges between -1 V
and -2 V, when the device fully reaches the HRS. Figure 44e displays the retention time for three
different states obtained within that range where the read voltage is +0.07 V. The three states
remain stable for 900 s each one with an LRS/HRS ratio of 30 between the extremes. The
endurance test (see Figure 44f) was performed using a specific sequence of voltage steps, starting
at a set voltage of +1.5 'V, followed by a read voltage of +0.07 V, then a reset voltage that varied
between -2 V and -1.5 V, and finally returning to +0.07 V. In the case of MAPb(Bro.sClo2)3

devices, three different states can be achieved reaching 200 cycles for each one.
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Figure 45. Endurance sequence of the multistate setup for MAPb(Bro.9lo.1)3 memristor.

While the three states are completely differentiable, the high dispersion observed during the
endurance cycles prevents the achievement of additional states, as observed in MAPb(Bro.9 Io.1)3
device. Up to 9 states can be distinguishable in the retention test for MAPb(BrosClo.2)3, Figure
46, but these must be differentiated along an endurance test to enable a functional multistate

device, as mentioned above.
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Figure 46. Multistate chronoamperometry of MAPb(Bro.sClo2); memristor device, transitioning
from HRS (red line) to LRS (purple line), with intermediate states representing transitional

colors.
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5.4 Switching Mechanism.

With these results, the use of mixed halide perovskite TSC devices instead of pure halide ones,
unlocks new potential for the fabrication of multistate memristor devices. Considering this
comprehensive range of compositions, the relation between the defect density of each perovskite
and the dynamics of the memristive mechanism can be used to gain insights on their working
mechanisms. Here, it is worth highlighting that a low-reactivity electrode such as graphite is used
to mitigate the role of the electrode in the operation of the device. Moreover, the devices can be
operated without such electrode, with a direct contact from the measuring tip on the surface, see
the cyclic voltammetry shown in Figure 47. There are no qualitative changes in the behavior of
the device when graphite is not used. This fact discards the relevant role of graphite in memristive

behavior.
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Figure 47. Cyclic-voltammetry of MAPb(BrosClo.2);s memristor device without graphite as top

electrode.

The SCLC regime of hole-only devices was measured for all analyzed monocrystalline
perovskite compositions (Figure 48) and compared to their polycrystalline counterparts (Figure

49).
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Figure 49. Space-charge limited current measurement of (a) MAPbCI;, (b) MAPDbBr3, (c)
MAPDI3, (d) MAPb(BrosClo2)3 , and () MAPb(Bro.olo.1); polycrystal memristor devices.

SCLC measurement was conducted using a symmetric sandwiched structure, using PTAA as
selective layer, while avoiding graphite as the contact electrode. The most common approach to

determine the trap density based on the so-called trap-limit voltage, see equation 513141 3151;

The obtained values for the monocrystal and polycrystal devices are summarized in table 2 and

table 3, respectively, and represented in Figure 50a.
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Table 2. Calculation of defect density for monocrystal memristor devices. The VrrL is extracted

from the SCLC measurement.

Monocrystal | MAPbCls | MAPb(BrogClo2)s | MAPbBrs | MAPDB(Bro.glo1)s | MAPDI3
L (um) 27 26.6 24.7 21.9 2.50

€ 23.9 25 25.5 25 18

VerL (V) 0.24 1.65 0.137 1.52 0.184

Nt 8.72:10" | 6.44-10" 6.33-10" | 8.76:10" 5.86-10"

Table 3. Calculation of defect density for polycrystal memristor devices. The Very is extracted

from the SCLC measurement.

Polycrystal MAPDCI3 MAPD(BrosClo.2)s | MAPbBr3 MAPD(Broglo.1)s | MAPbDI3
L (um) 450 505 500 512 458

€ 23.9 25 25.5 25 18

Vet (V) 1.3 2.18 0.82 1.92 0.96

Nt 1.70-10'® 2.36-10'° 9.25-10% 2.12-10'° 9.34-10%

In the case of TSC devices, the use of mixed halide compositions (10'* cm™) increases one order
of magnitude the defect density compared to pure halide memristors (10'? cm™). Regarding PC
devices, their defects density are around 10'® cm™ for the single halide compositions, and the
mixed halide compositions exhibit values slightly higher, yet within the same order of magnitude,
figure 50a. All the defect density values of PC perovskite and pure halide TSC perovskite are in
agreement with those reported in the literature®!®). Mixed halide perovskite TSC have been
studied far less extensively, and our results suggest that incorporating mixed halides may increase

the defect density in these materials!>*®!.

Defect density plays a crucial role in determining the ionic properties of SCs. Therefore, it is
important to assess its impact on key parameters of memristive devices. Figure 50b displays the
reset voltage of the TSC memristive devices as a function of the materials’ defect density.
MAPDbI; exhibits the lower defect density and the most negative reset voltage of the pure halide
devices. MAPbBr3 displays marginally more defect density and lower reset voltage than MAPbDI:.
Following that trend, MAPDbCI; presents slightly higher defect density, and also the lowest reset
voltage compared to pure halide devices. As mentioned above, memristive devices based on
mixed halide TSC compositions show a gradual reset. In both cases, the reset voltage start

approximately at -1 V and finishes at -2 V, although MAPb(BrosClo.2)3 exhibits slightly lower
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defect density than MAPb(Bro.olo.1)3 composition. We tentatively relate the gradual reset to the

higher defect density, almost one order of magnitude compared to single halide TSC devices.
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Figure 50: (a) Defect density of TSC (circle points) and PC (square points) memristor devices.

(b) Reset voltage dependence of TSC devices respect to defect density.

Figure 51 compares the TSC devices’ cyclic voltammetry with their PC counterpart. Remarkably,

the HRS in PC devices is close to the LRS in all cases of TSC devices, exhibiting an LRS/HRS

ratio of 2 for the PC memristors, contrasting with a ratio of 30 of TSC devices. A clear correlation

between high LRS/HRS ratio and low defect density is evident when comparing the performance

of TSC and PC devices. Lower defect densities of TSC translates to an LRS/HRS of ~10. In

contrast, polycrystalline devices, with four orders of magnitude higher defect densities, present

an LRS/HRS ratio of 2.
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Figure 51: Cyclic voltammetry comparison of the TSC (blue line) and PC (red line) to the a)
MAPbClz., (b) MAPbBI‘}, (C) MAPbI3, (d) MAPb(BI‘o,gClo,z)3, and (e) MAPb(BI‘o,9Io,1)3 perovskite

compositions.

Finally, the electroforming voltage (visible in the electroformation cyclic voltammetry processes,
represented in Figure 52), also displays a strong dependence on the materials’ defect density. In
the case of pure halide TSC, the electroforming voltage occurs at around 4.5 V, while mixed
halide TSC is around 2.5 V. Regarding the PC devices, their electroforming voltage is around 1.2
V.

50+ —— MAPbI, SC
—— MAPB(Br Cly »)s SC
40 MAPB(BI, 4Cly.)y PC
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1
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Figure 52: Electroforming process of MAPbI3 TSC device (black line), MAPb(BrosClo2)3 TSC
device (orange line), and MAPb(BrosClo2); PC device (yellow line).

The effects of defect density on various memristive device parameters can be understood in terms
of its correlation with lower migration energy!®!7!: 3181 The regulation of ionic mobility by defect
density directly impacts device performance. Our results suggest that memristors with optimal
properties exhibit low defect densities (<107'2 cm™), while multistate memristors can be achieved
at 1013 cm™. In contrast, higher defect densities obtained with PC films, >10'3 cm?, degrade
device performance, reducing the LRS/HRS ratio by more than an order of magnitude compared

to lower-defect-density counterparts.
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XRD measurement that confirm the different polycrystal structures are display in figure 53.
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Figure 53: X-ray diffraction analysis of MAPbCI; (blue line), MAPbBr3 (orange line), MAPDI;
(black line), MAPb(BrosClo2)s (green line), and MAPb(Broslo.1)3 (red line) of PC perovskites.

5.4 Conclusions

In summary, the performance of TSC-MHP devices varies significantly with changes in halide
composition. MAPbCIls exhibited the poorest performance, with an endurance of 500 cycles, an
LRS/HRS ratio of 10, and a retention time of 3000 s. In contrast, MAPbBr3; demonstrated stable
performance over 1000 cycles, with an LRS/HRS ratio of up to 30 and a retention time of 10* s.
MAPbI;, with its iodine-based composition, proved to be the most suitable for memristor
fabrication, showing an endurance of 2500 cycles while maintaining a consistent LRS/HRS ratio
over 10* s of retention. Furthermore, we prove that the control over defect density has been shown
to influence key properties, such as the LRS/HRS ratio when compared TSC versus PC by cyclic-
voltammetry. Finally, we have successfully synthesized mixed halide TSC, revealing that mixed
halide perovskites enable a gradual resistive switching that can be used to operate multi-state
devices. MAPb(Broolo.1)3 composition exhibits superior multistate performance, achieving six
distinct conductance states during the endurance test, whereas MAPb(BrsClo2); shows lower

performance, with only three conductance states observed. We conclude that multistate ReRAM
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memristors can be closely linked to the defect density of the MHPs, particularly when combined
with the use of mixed-halide compositions, without implying that defect density is the only
determining factor. These findings open the door to the development of next-generation

memristors with high-density data storage capabilities and enhanced operational efficiency.
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Chapter 6

Conclusions and Future Outlook

This thesis has explored the development, functional characterization, and application potential
of SC-MHP and TSC for use in memristive devices, with particular emphasis on their suitability
for neuromorphic computing. Through a comprehensive experimental approach, the work
demonstrates that the integration of morphological and compositional engineering strategies
allows for the rational tuning of the resistive switching behavior in metal halide perovskite-based

memristors.

Chapter 2 of the thesis focused on the passivation of bulk MAPbBr3 SCs via CW blue laser
irradiation. The study revealed that this treatment induces a localized and controllable
decomposition of methylammonium bromide, resulting in the formation of a PbBr,-rich surface
layer. This modification leads to a dramatic increase in photoluminescence intensity, up to two
orders of magnitude, along with a bandgap widening of approximately 75 meV. A wide array of
complementary techniques, including X-ray diffraction, X-ray photoelectron spectroscopy,
micro-photoluminescence, photoluminescence excitation , and time-resolved photoluminescence
, were employed to verify the structural, optical, and chemical modifications induced by the laser.
In particular, is reported the formation of a bilayer structure: an upper layer composed of PbBr>
and a lower layer consisting of modified MAPbBr3 lattice, with both interfaces interpenetrating.
This bilayer architecture results from the laser-induced partial decomposition of CHsNHs",
generating a passivated surface that reduces non-radiative defects. The PbBr; layer functions as
a protective barrier, while the extended-bandgap MAPbBr; region exhibits enhanced
photoluminescence. These findings indicate that photonic-induced morphological and
compositional modification contributes to the increased photoluminescence efficiency and
stability of the SC, demonstrating the relevance of surface chemistry in tailoring the

optoelectronic behavior of bulk SCs.
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Chapter 4 introduced TSC perovskite memristors fabricated using a CITC approach. This strategy
enabled the growth of micrometer-thick SCs, combining the superior crystallinity structure and
defect suppression of SCs with device-compatible thicknesses. The resulting memristors
exhibited excellent performance metrics: a high LRS/HRS current ratio (up to 50), stable resistive
switching with endurance surpassing 10° cycles, and robust long-term retention under ambient
conditions without encapsulation. These properties were validated through cyclic voltammetry,
endurance and retention tests, and current—voltage characterizations. Furthermore, the use of
impedance spectroscopy allowed, for the first time, the in situ observation of the electroforming
process in a perovskite-based memristor. The IS results revealed a shift in the kinetic relaxation
time (tkin) during the electroforming process, correlating with ionic redistribution phenomena

and providing mechanistic insight into the resistive switching behavior of the TSC device.

In chapter 5 the effect of compositional engineering is studied on TSC-MHP memristors. It is
demonstrated that the memristive performance of TSC-MHPs is strongly influenced by the halide
composition. Devices based on MAPbCI3 showed the least favorable characteristics, with
endurance limited to 500 cycles, an LRS/HRS ratio of approximately 10, and a retention time of
3000 seconds. In contrast, MAPbBr3 devices displayed improved stability, maintaining an
LRS/HRS ratio of up to 30 across 1000 switching cycles and sustaining performance for up to
10* seconds. Among the compositions tested, MAPbI3; emerged as the most promising candidate
for memristor applications, withstanding 2500 switching cycles and exhibiting stable resistance
states throughout 10* seconds of operation. Additionally, we demonstrated that the density of
defects plays a crucial role in defining device performance, as revealed by cyclic voltammetry

comparisons between TSC and PC architectures.

Moreover, we successfully fabricated TSC with mixed-halide compositions, showing their
potential for enabling gradual resistive switching, essential for multi-state memory functionality.
Specifically, the MAPb(Broolo.1)3 formulation achieved six discrete resistive states in endurance
measurements, outperforming the MAPb(BrosClo2); variant, which only reached three
distinguishable states. These results indicate that the combination of defect management and
halide mixing is a viable strategy for engineering multistate resistive behavior. This study paves
the way toward the development of advanced ReRAM devices with enhanced storage density

and improved operational robustness.
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Overall, the thesis underscores the unique potential of SC-MHPs as a versatile platform for next-

generation memristive electronics. The combination of:

1.

2.

Surface passivation strategies for defect minimization and bandgap engineering,
Morphological control and device integration via CITC for TSC,
Mechanistic insight through impedance spectroscopy, and

Compositional engineering for multistate tuning and enhanced performance.

represents a significant advancement in the rational design of perovskite memristors. These

results establish critical design principles for integrating SC-MHP into low-cost, and high-

performance memory systems. Furthermore, the demonstrated tunability and reliability of these

devices open promising avenues for their application in neuromorphic computing, where

multilevel memory elements, stability, and low-energy operation are essential.

This work thus offers experimental validation of TSC perovskite memristors and establishes a

solid foundation for future research into the design and optimization of hybrid memory devices,

highlighting the potential of halide perovskites for stable, tunable, and energy-efficient

neuromorphic systems.
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Resumen en castellano

Capitulo 1: Introduccion

Este capitulo sienta las bases conceptuales y tecnoldgicas de la tesis doctoral, introduciendo el
marco de la computacion neuromorfica como una alternativa necesaria ante los crecientes
desafios de la computacion tradicional basada en la arquitectura de von Neumann. Esta
arquitectura, que ha sido la base de la informatica moderna durante décadas, se enfrenta
actualmente a limitaciones fundamentales en cuanto a eficiencia energética, velocidad de
procesamiento, escalabilidad y sostenibilidad. Estas limitaciones se han vuelto especialmente
relevantes ante el crecimiento exponencial del uso de inteligencia artificial, procesamiento de

grandes volumenes de datos y dispositivos conectados a Internet.

En este contexto, la computacion neuromorfica surge como una via prometedora para lograr
arquitecturas mas eficientes y adaptativas, capaces de operar con bajo consumo energético y
realizar tareas de procesamiento paralelo, aprendizaje y reconocimiento de patrones. Los
memristores, dispositivos capaces de modificar su resistencia segun el historial de voltaje
aplicado, constituyen el pilar basico para implementar sinapsis electronicas. Su capacidad de
retener estados de memoria de manera no volatil los convierte en candidatos ideales para sustituir

los dispositivos tradicionales en hardware neuromorfico.

En paralelo, el capitulo introduce las perovskitas de haluro metélico como materiales emergentes
de gran interés para este tipo de aplicaciones. Las perovskitas destacan por su facilidad de sintesis
en disoluciones a bajas temperaturas, sus propiedades optoelectronicas ajustables, su dualidad
electronica-idnica y su bajo coste. Especial atencion se dedica a los monocristales, cuya ausencia
de limites de grano y baja densidad de defectos permite obtener propiedades electronicas
superiores, mayor estabilidad estructural y mejor rendimiento general frente a los policristales.
Dichas propiedades se describen detalladamente y comparandolas con sus andlogos policristales.
Ademas, se incluye un apartado de métodos de sintesis de monocristales, asi como de casos

practicos de aplicaciones en distintos dispositivos.
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Propiedades optoelectronicas de los monocristales:

1. Propiedades opticas

La energia de banda prohibida (bandgap) de las perovskitas controla su absorcion optica, y puede
ser sintonizada mediante sustitucion de haluros y cationes. Por ejemplo, los cristales de MAPbX3
presentan bandas prohibidas que varian desde 1.53 eV (X =1) hasta 2.97 eV (X = Cl), permitiendo
asi una cobertura espectral ajustable. La mezcla de haluros facilita una sintonizacién continua
del bandgap, lo que es crucial para aplicaciones especificas. Ademas, los monocristales tienden
a mostrar bordes de absorcion mas extendidos y desplazamientos al rojo respecto a las peliculas,

debido a su menor densidad de defectos y mayor espesor.

2. Transporte de carga

Los monocristales poseen movilidades de portadores de carga mucho mayores que las peliculas
policristalinas, alcanzando valores superiores a 500 cm?V~'s™! en CsPbBr3. Esto, combinado con
tiempos de vida largos (cientos de microsegundos), da lugar a longitudes de difusidon superiores
a 175 um. Estas propiedades se evaltian mediante técnicas como TRPL, SCLC, Hall, ToF o SPV.
En monocristales también se observa transporte anisotropico, dependiendo de la orientacion

cristalina (por ejemplo, las caras (110) pueden tener menos defectos que las (100)).
3. Migracion idnica

Aunque los monocristales no tienen limites de grano, no estdn exentos de migracion idnica.
Vacantes e intersticiales de haluros y cationes organicos son mdviles bajo estimulos eléctricos o
luminicos. Esta migracion, facilitada por la iluminacion, puede inducir histéresis e inestabilidad.
Para su supresion se han propuesto estrategias como la modificacidn composicional, reduccion

dimensional y pasivacion.

4. Defectos de red cristalina

La densidad de defectos en monocristales es mucho menor (108-10'' cm™) que en peliculas
(10'-10" cm™). Sin embargo, las superficies de los monocristales son mas vulnerables, siendo

foco de vacantes de haluro o defectos por humedad. La densidad de trampas puede cuantificarse
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mediante la técnica SCLC, que revela el voltaje de transicion desde régimen 6hmico a limite de

llenado de trampas (VrrL).

5. Estabilidad

Los monocristales son mas estables frente al aire, humedad y temperatura que sus contrapartes
policristalinas. Algunos han mostrado estabilidad durante mas de 14 meses sin encapsulacion.
No obstante, la exposicion prolongada a la luz puede generar trampas superficiales, que degradan

el rendimiento con el tiempo.
Métodos de sintesis de monocristales

Para aprovechar plenamente sus propiedades, es fundamental sintetizar monocristales de alta
calidad. A diferencia del spin-coating utilizado en peliculas, el crecimiento de monocristales
requiere un control riguroso de temperatura, composicién y sobresaturaciéon. Los métodos de

sintesis mas comunes son:

1. Cristalizacion por enfriamiento (TCC)

Requiere enfriar lentamente una solucion saturada, lo que permite crecimiento controlado pero

lento (varios dias o semanas). Se emplea principalmente con soluciones acidas.

2. Cristalizacion asistida por vapor de anti-disolvente (AVC)

Usa difusion de un anti-disolvente en fase vapor (como tolueno) en una solucion con alta
solubilidad. Es efectiva a baja temperatura, pero necesita control preciso de la velocidad de

difusion.
3. Cristalizacion por temperatura inversa (ITC)

Aprovecha la solubilidad inversa de ciertos haluros en disolventes como GBL o DMF. Al
aumentar la temperatura, disminuye la solubilidad, generando sobresaturacion y crecimiento

rapido (horas). Ideal para monocristales del orden de los centimetros.

4. Cristalizacién confinada por temperatura inversa (CITC)

Modificacion del ITC que restringe el crecimiento en el eje vertical, permitiendo obtener
monocristales delgados (de pocos um). Es util para integrar monocristales en estructuras planas

como celdas solares o0 memristores.
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En esta tesis, se han elegido los métodos ITC y CITC por su rapidez y alta cristalinidad de
dispositivos obtenidos y integracion de dispositivos, descartando otros como AVC por sus largos

tiempos de sintesis o ausencia de control de espesor.
Dispositivos basados en perovskitas monocristalinas

1. Celdas solares

Los monocristales permiten eliminar limites de grano, lo que mejora el transporte de cargas y
reduce la recombinacion. Ademas, muestran menor migracion idnica, aumentando la estabilidad
operativa. Ya se han alcanzado eficiencias del 24% en dispositivos monocristalinos de células

solares.

2. Fotodetectores

Los monocristales permiten detenciones superiores a 10'? Jones y tiempos de respuesta inferiores
a 1 pus. Su bajo nivel de corriente oscura y alta calidad optica los hacen ideales para sensores de

imagen, comunicaciones opticas, etc.

3. LEDs y laseres

Gracias a su ganancia optica, bajos defectos y alto rendimiento cuantico de luminiscencia, los
SCs son excelentes para tecnologias de emision. En LEDs se han conseguido EQEs >10% y
estabilidad operativa de mas de 30 h. En laseres, monocristales como MAPbBr3 permiten emision

continua con umbrales bajos y lineas de emision estrechas (<0.2 nm).

4. Memristores

Los monocristales ofrecen alta movilidad, baja densidad de defectos y mayor robustez
estructural. Estas propiedades se traducen en ratios de baja y alta resistencia (LRS/HRS) altos,
mayor resistencia y bajo consumo energético. Aunque aun estan en fases tempranas, los
memristores basados en monocristales muestran un gran potencial para memorias de alta
densidad y computacion neuromorfica. Esta tesis busca profundizar en estos dispositivos,

abordando parametros clave como retencion, mecanismos de conmutacion y estabilidad.

El capitulo finaliza estableciendo los objetivos principales de la tesis. El primero es mejorar las

propiedades Opticas y electronicas de monocristales bul/k mediante tratamientos superficiales
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basados en laser. El segundo es desarrollar y optimizar dispositivos memristivos fabricados a
partir de monocristales delgados que permita obtener un mayor rendimiento memrsitivo con

respecto a los memristores fabricados usando perovskitas policristalinas.

Capitulo 2: Métodos

Este capitulo detalla los métodos experimentales utilizados a lo largo de la tesis para la sintesis
de materiales, la fabricacion de dispositivos y su posterior caracterizacion estructural, optica y
eléctrica. El enfoque metodologico esta centrado en lograr reproducibilidad, control sobre las
propiedades estructurales de los monocristales y obtener datos comparables entre diferentes

composiciones y morfologias de perovskitas.

En cuanto a la sintesis de monocristales, se emplea el método de cristalizacion por temperatura
inversa, basado en la solubilidad inversa de las perovskitas en disolventes organicos. Este método
permite obtener cristales con baja densidad de defectos y buena calidad optica. Para la fabricacion
de monocristales delgados, se aplica una variante confinada del ITC, en la que la solucién
precursora se encapsula entre dos sustratos recubiertos de PTAA. El control preciso de la
temperatura y del volumen de solucion permite obtener cristales con grosores entre 20 y 30 pm
y areas del orden de mm?. Este procedimiento se realiza completamente fuera de la glovebox,

subrayando la viabilidad de la técnica en condiciones estandar de laboratorio.

La fabricacion de dispositivos se completa mediante la aplicacion de electrodos de grafito en la
superficie superior del monocristal y sobre el 6xido de estafio e indio (ITO) inferior, utilizando
un spray comercial. Este tipo de contacto, ademds de ser econdmico y facil de aplicar,
proporciona buena estabilidad y es compatible con sustratos flexibles, lo que lo hace ideal para

futuros dispositivos portatiles o implantables.

Para el estudio estructural, se utilizan técnicas como la difraccion de rayos X (XRD) en geometria
de incidencia rasante para analizar tanto la fase cristalina como la orientacion preferente de los
cristales. La microscopia electronica de barrido (SEM) permite obtener imagenes en vista
superior y seccion transversal de los dispositivos, proporcionando informacién sobre la

uniformidad de la pelicula, la integridad del contacto y el grosor efectivo de las capas.
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En la caracterizacion Optica se utilizan espectroscopia de fotoluminiscencia (PL),
fotoluminiscencia resuelta en el tiempo (TRPL) y mapeo por micro-PL a bajas temperaturas.
Estas técnicas permiten identificar la homogeneidad de emision, la presencia de defectos
superficiales y el tiempo de vida de los portadores excitados, parametros clave para evaluar la

calidad del material y su idoneidad para aplicaciones optoelectronicas o memristivas.

Finalmente, se describe la caracterizacion eléctrica mediante curvas corriente-voltaje (I-V) y
espectroscopia de impedancia. Esta lltima se emplea para evaluar fendémenos relacionados con
migracion idnica, capacitancia negativa e inductancia quimica, que son criticos para entender los

mecanismos de conmutacion resistiva y electroformacion en dispositivos memristivos.

El capitulo concluye posicionando este conjunto de técnicas como una "caja de herramientas"
que permite correlacionar estructura, composicion, morfologia y rendimiento eléctrico en

dispositivos basados en perovskitas.

Capitulo 3: Mejora de las propiedades optoelectronicas de monocristales bulk

mediante tratamientos superficiales

Este capitulo aborda el primer objetivo experimental de la tesis: la mejora de las propiedades
optoelectronicas de monocristales bulk de MAPbBr3 mediante tratamientos de pasivacion laser.
La motivacion principal parte del hecho de que, aunque los monocristales presentan propiedades
intrinsecamente superiores a las peliculas policristalinas, su superficie sigue estando afectada por

defectos y recombinaciones no radiativas que limitan su rendimiento optoelectronico.

Para afrontar esta limitacion, se propone un tratamiento con laser continuo azul que induce una
modificacion superficial del monocristal, generando una capa delgada de PbBr; cristalino en su
superficie. El proceso consiste en una irradiacion laser en tres etapas: estabilizacion, tratamiento
y postratamiento. Se observa una notable mejora de la intensidad de la PL, que aumenta en dos

ordenes de magnitud tras el tratamiento, junto con un ensanchamiento del gap optico de =75 meV.

El estudio espectroscopico revela que el incremento de PL no es atribuible a un simple efecto
térmico, como se demuestra mediante experimentos de recocido térmico que no reproducen el
mismo resultado. Mediante PL y PLE (espectroscopia de excitacion de fotoluminiscencia), se

verifica una emision desplazada hacia el azul, lo que confirma la modificacion estructural
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superficial del monocristal. La microscopia Optica y la micro-PL a 4 K permiten observar una
doble capa: una superior compuesta por PbBr, y una inferior constituida por MAPbBr3
modificado, donde ambas interfases se interpenetran. Esta estructura bicapa resulta de la
descomposicion parcial del CH3NH3" inducida por laser, generando una superficie pasivada que
reduce defectos no radiativos. La capa de PbBr; actia como barrera protectora, mientras que la
region de MAPbBr3 con banda prohibida extendida muestra una fotoluminiscencia intensificada
y estable. Estos resultados indican que la modificacion morfolégica y composicional inducida
fotonicamente contribuye al aumento de eficiencia fotoluminiscente y estabilidad del

monocristal.

Ademas, e lleva a cabo una caracterizacidon quimica de la superficie mediante espectroscopia de
fotoelectrones (XPS) con radiacion sincrotron. Se identifican nuevos picos correspondientes a
PbBr; y a la ausencia de sefiales del grupo metilamonio, lo cual sugiere una descomposicion
parcial de la perovskita original. El andlisis de la energia de union permite explicar por qué se
observa Pb pero no N en la superficie: la baja energia cinética de los electrones del nitrégeno
impide que escapen desde capas mas profundas, mientras que los electrones del plomo, con
mayor energia cinética, logran ser detectados incluso si se encuentran a mayor profundidad. Esto
refuerza el modelo de una estructura bicapa donde una capa rica en PbBr> recubre una zona de
MAPDBT; estructuralmente distorsionada pero atin activa 6pticamente, con el grupo metilamonio
parcialmente descompuesto. La combinacion de estos hallazgos apoya la hipdtesis de que la
interaccion con el laser en presencia de oxigeno induce una transformacion quimica superficial

que mejora la estabilidad y las propiedades optoelectronicas del monocristal.

Ademads, se propone un mecanismo quimico para esta transformacion, en el que CH3NH3" se
descompone bajo la accidn combinada de luz y oxigeno, formando compuestos como CH3;NHz y
HCOOH. Estos compuestos, lejos de ser inicamente productos residuales, pueden contribuir a la
estabilizacion de la superficie del monocristal, disminuyendo la concentracion de agua y evitando

la formacion de defectos no radiativos.

Este capitulo demuestra que es posible modificar de forma localizada y controlada la superficie
de monocristales de perovskita mediante irradiacion ldser, mejorando su emision
opticaelecrtronic y su estabilidad. Estos hallazgos abren la puerta a nuevas estrategias de

ingenieria superficial para dispositivos optoelectronicos de alto rendimiento.
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Capitulo 4: Desarrollo y caracterizacion de memristores basados en

monocristales delgados

Este capitulo aborda el segundo gran objetivo de la tesis: la implementacion y estudio funcional
de memristores fabricados a partir de monocristales delgados de MAPDbBr3. A diferencia de los
monocristales bulk tratados en el capitulo anterior, que abarcan un espesor del orden de los
milimetros, aqui se sintetizan cristales de entre 20 y 30 um de espesor mediante una variante
confinada del método ITC. Esta configuracion permite preservar las ventajas estructurales del
monocristal, al tiempo que se mejora la aplicabilidad en dispositivos funcionales por su delgado
espesor, que facilita la integracion en arquitecturas planas y reduce las barreras de transporte de
carga. Esta aproximacion permite combinar la baja densidad de defectos y la alta movilidad de
portadores tipica de los monocristales, con una mejor compatibilidad para la fabricacion de

dispositivos electronicos compactos y reproducibles.

Ademas, el uso de monocristales delgados permite una caracterizacion madas precisa del
mecanismo de electroformacion, ya que, debido a la robustez, el sistema permite registrar con
mayor fidelidad las respuestas eléctricas asociadas al proceso de electroformacidon mediante
espectroscopia de impedancia. El capitulo presenta tanto la sintesis controlada como la
implementacion de dispositivos memristivos con electrodos de grafito y contactos ITO, sin
encapsulado y bajo condiciones ambientales, lo que subraya su viabilidad para aplicaciones
reales. Se incluyen estudios de voltametria ciclica, test de resistencia LRS/HRS, retencion
temporal, analisis de respuesta rapida y, de manera inédita, espectroscopia de impedancia para
registrar in situ el proceso de electroformacion del dispositivo, proporcionando una vision

profunda del rol de la migracion idnica en monocristales de perovskita.

Se describe en detalle la arquitectura del dispositivo: una estructura de tipo sandwich con
ITO/PTAA como electrodo inferior y grafito como electrodo superior. Esta configuracién no solo
reduce los costes de fabricacion, sino que también mejora la compatibilidad con futuras
aplicaciones flexibles. La fabricacion se realiza integramente fuera de glovebox, demostrando la

viabilidad en condiciones ambientales.

El rendimiento eléctrico de los dispositivos se evallia mediante curvas de voltamperometria
ciclica. Se observa un comportamiento de conmutacion resistiva claro, con transicion entre

estados de alta y baja resistencia al aplicar voltajes especificos. El voltaje de SET se estabiliza
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en torno a 0.6 V, mientras que el RESET ocurre aproximadamente a —2.3 V. Se reporta una
relacion LRS/HRS de hasta 50, acompafiada de una estabilidad por encima de 10° ciclos de
escritura/borrado bajo condiciones ambientales, sin encapsulado. Esta resistencia al estrés ciclico
evidencia la robustez del monocristal delgado como medio activo en memristores, superando

significativamente a dispositivos basados en peliculas policristalinas equivalentes.

Asimismo, se realiza una prueba de retencion temporal, en el que se demuestra que el dispositivo
mantiene su estado resistivo durante mas de 10* segundos sin decrecimiento significativo de

corriente, lo que confirma su naturaleza no volatil.

Una de las contribuciones clave de este capitulo es el uso de espectroscopia de impedancia para
estudiar en detalle el proceso de electroformacion. A través de medidas a distintos Vg, se
identifican cambios en el espectro de impedancia compatibles con la formacion de rutas
conductivas inducidas por migracion y acumulacion idnica. Aparece una componente inductiva
negativa atribuida a la acumulacion superficial de iones, modelada mediante un circuito

equivalente que incluye una inductancia quimica.

El analisis detallado de los tiempos de relajacion cinética (tkin) derivados del ajuste del modelo
revela una evolucion desde procesos lentos (acumulacion idnica) hacia procesos mas rapidos
(difusion de vacancantes), a medida que el dispositivo pasa de un estado pristino a un estado
activado. Este seguimiento del electroformado in situ mediante IS representa una novedad

significativa en el estudio de memristores de perovskita.

Ademas, se comparan dispositivos monocristalinos y policristalinos con la misma arquitectura,
evidenciando un rendimiento claramente superior en los primeros: mayor estabilidad, mejor ratio
LRS/HRS. Esta comparacion refuerza la hipdtesis de que la morfologia monocristalina es clave

para optimizar el funcionamiento de memristores basados en perovskitas.

En conjunto, este capitulo no solo demuestra la viabilidad técnica de fabricar dispositivos
memristivos con monocristales delgados, sino que también establece un marco experimental
completo para su caracterizacion eléctrica, con énfasis en la identificacion del mecanismo de
conmutacion resistiva y su relacion con la migracion ionica. Los resultados obtenidos sientan las
bases para futuras aplicaciones en computacion neuromorfica, donde la estabilidad y un alto ratio

LRS/HRS son parametros criticos. La posibilidad de registrar el proceso de electroformacion
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mediante IS en condiciones reales de funcionamiento, permiten una comprension mas profunda
del comportamiento dinamico de estos dispositivos. Ademas, se abre la puerta al disefio racional
de nuevas arquitecturas basadas en perovskitas monocristalinas con propiedades ajustadas
mediante ingenieria morfolégica, elemento clave para el desarrollo de hardware neuromorfico

eficiente y de bajo costo.

Capitulo 5: Ingenieria composicional de memristores de perovskita

monocristalina: hacia dispositivos multistate estables

Este capitulo se plantea como una continuacion directa del capitulo anterior, donde se exploraba
la viabilidad funcional de los memristores fabricados a partir de monocristales delgados de
MAPDBBT3. En esta nueva seccion se amplia el estudio hacia el empleo de estrategias de ingenieria
composicional, introduciendo mezclas de haluros (Br/Cl y Br/I) como herramienta para
modificar de forma sistematica las propiedades electronicas e i6nicas del material activo y, con

ello, obtener dispositivos multistate estables.

El objetivo central es doble: por un lado, comparar de manera controlada dispositivos basados en
monocristales de haluros puros, MAPbX3 (X = Cl, Br, I) bajo una arquitectura homogénea; y por
otro, introducir perovskitas de haluro mixto, MAPb(BrosClo2)s y MAPb(Bro.910.1)3, para estudiar
el efecto de la composicion sobre la densidad de defectos y su impacto en las propiedades

memristivas.
5.1 Caracterizacion estructural y éptica

Se emplea el método de cristalizacion por CITC para crecer monocristales delgados (2025 pum)
de MAPDLX3 y sus versiones mixtas. Mediante difraccion de rayos X, se confirma la alta
cristalinidad de todas las composiciones y, especialmente, la coherencia estructural de las
mezclas halogenadas, que presentan desplazamientos en los picos del plano (100) segin lo

predicho por la ley de Vegard.

Los espectros de PL muestran emisiones caracteristicas para cada haluro, sin evidencia de
segregacion de fases en los compuestos mixtos, lo que valida la estabilidad composicional de los

cristales sintetizados.
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5.2 Dispositivos memristivos basados en monocristales puros

Los monocristales de MAPbCls, MAPbBr3 y MAPbI3 se integran en una arquitectura sencilla
con capa de PTAA como interfase y electrodo superior de grafito. La conmutacion resistiva se
evaliia mediante curvas de voltamperometria ciclica, mostrando transiciones abruptas entre los

estados HRS y LRS, sin correlacion directa con el bandgap.

Los ensayos de resistencia de ciclado (escritura y borrado) revelan un comportamiento altamente
dependiente del haluro: el dispositivo MAPbCI; falla tras 500 ciclos mostrando una elevada
dispersion en el LRS, MAPbBr; se mantiene estable durante mas de 1000 ciclos, y MAPbI;

supera los 2800 ciclos, siendo uno de los valores mas altos reportados.
3. Dispositivos memristivos con perovskitas mixtas: multistate y defectos

La introduccién de haluros mixtos produce un cambio fundamental en el mecanismo de
conmutacion. Los dispositivos basados en MAPb(BrosClo2)s y MAPb(Br.910.1); presentan
transiciones graduales desde el estado LRS al HRS, en lugar de abruptas, permitiendo asi operar
en modo multistate. Al variar cuidadosamente el voltaje de reset, se pueden obtener multiples

niveles de resistencia estables.

En el caso de MAPb(Bro.910.1)3, se logran seis estados bien diferenciados con retencion de 500
segundos por estado y una estabilidad total de 150 ciclos. Por otro lado, MAPb(Bro3Clo2)3
alcanza hasta nueve estados en retencion, pero solo tres logran estabilidad suficiente en ensayos

de estabilidad, con hasta 200 ciclos por estado.

Estos resultados indican que la mezcla de haluros no solo altera la transicion resistiva, sino que
también introduce una mayor densidad de defectos que afecta el mecanismo i6nico subyacente,

permitiendo la aparicion del comportamiento multistate.
5.4 Estudio del mecanismo de conmutacion y densidad de defectos

Se emplea el método de corriente limitada por carga espacial (SCLC) para cuantificar la densidad
de defectos en todos los dispositivos. Los monocristales puros presentan densidades en torno a
10" cm, mientras que los mixtos alcanzan valores del orden de 10'* cm™. En comparacion, los

dispositivos policristalinos muestran densidades de 10'® cm™ o més.
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La densidad de defectos se correlaciona fuertemente con el comportamiento de la conmutacion:
defectos elevados facilitan la migracion idnica y generan transiciones graduales (multistate),

mientras que defectos reducidos favorecen transiciones abruptas y alta relacion LRS/HRS.

Ademas, se observa que la tension de electroformacion disminuye a medida que aumenta la
densidad de defectos: 4.5 V para monocristales puros, 2.5 V para los mixtos, y tan solo 1.2 V
para los policristales. Esto refuerza la idea de que los defectos actuan como facilitadores de la

migracion idnica y, por tanto, del mecanismo de conmutacion resistiva.
5. Conclusion del capitulo

Este capitulo confirma que la ingenieria composicional en perovskitas monocristalinas permite
ajustar la densidad de defectos y, con ello, controlar las propiedades fundamentales de los
memristores. En particular, se demuestra que que los dispositivos de MAPbI3 ofrecen el mejor
rendimiento entre las composiciones puras, con excelente estabilidad, alta relacion HRS/LRS y
larga retencion. Ademads se observa que la introduccioén de haluros mixtos posibilita conmutacion
multistate, una propiedad clave para el desarrollo de memristores neuromorficos y
almacenamiento de datos en alta densidad. Finalmente, se establece que existe una relacion
directa entre la composicion, la densidad de defectos y el tipo de conmutacion resistiva, lo que

permite utilizar esta propiedad como parametro de disefio funcional.

En conjunto, esta seccion refuerza la hipdtesis de que mediante una combinacion estratégica de
control morfolégico (monocristal frente a policristal) y composicional (haluros simples o
mixtos), es posible disefiar dispositivos memristivos con propiedades a medida. La demostracion
de operacion multistate en monocristales delgados marca un avance importante hacia la
implementacion practica de perovskitas como plataforma central en tecnologias de computacion

neuromorfica de alta densidad de procesado.

Capitulo 6: Conclusiones y perspectivas

El capitulo final de la tesis presenta un analisis integrador de los resultados obtenidos y destaca
las contribuciones mas relevantes del trabajo, estructurado en torno a dos ejes fundamentales: la
mejora de las propiedades Opticas de monocristales bulk de perovskita y el desarrollo de

memristores basados en monocristales delgados.

132



En primer lugar, se ha demostrado que es posible modificar la superficie de monocristales bulk
de MAPbBr; mediante irradiacion con laser azul continuo, lo que da lugar a la formacion
controlada de una capa superficial de PbBr». Esta modificacion genera un aumento notable en la
intensidad de fotoluminiscencia (=100 veces) y una ampliacion del bandgap de =75 meV. A
través de una bateria de técnicas estructurales (XRD), quimicas (XPS) y opticas (PL, TRPL,
PLE), se ha verificado el mecanismo de formacion inducido por el laser, asociado a la
descomposicion parcial del cation metilamonio en presencia de oxigeno. Esta descomposicion
genera una nueva capa de estructura cristalina distorsionada y subproductos como acido formico
y metilamina, los cuales juegan un papel clave en la pasivacion de defectos superficiales,

estabilizando la nueva capa extendida de perovskita.

En segundo lugar, se ha desarrollado por primera vez un memristor funcional basado en
monocristales delgados de perovskita. Mediante un método de cristalizacion confinada a baja
temperatura (60 °C), se han producido dispositivos con espesores entre 20 y 30 um que presentan
relaciones LRS/HRS de hasta 50, tiempos de retencion superiores a 10* s, y mas de 1000 ciclos
de escritura/borrado sin pérdida de rendimiento. Todo ello, sin encapsulacion y fabricado

completamente fuera de glovebox.

Una de las aportaciones mas relevantes ha sido el uso pionero de la espectroscopia de impedancia
como técnica para registrar in situ el proceso de electroformacion, revelando la evolucion
dindmica de los mecanismos resistivos y la participacion de procesos ionicos. La identificacion
de tiempos de relajacion cinética decrecientes ha permitido correlacionar directamente los
estados de conmutacion con dindmicas de acumulacion y difusion de iones, lo cual representa un

acercamiento nobel al estudio del electroformado para esclarecer el mecanismo de dicho proceso.

Finalmente, se ha demostrado que la incorporacion de ingenieria composicional en monocristales
de perovskita permite controlar de manera precisa el comportamiento resistivo de dispositivos
memristivos. Mediante la fabricacidon de monocristales mixtos con diferentes proporciones de
haluros, se ha conseguido modular no solo el set/reset voltage y la relacion LRS/HRS, sino
también inducir comportamientos multistate estables y reproducibles. Este resultado es
especialmente relevante en el contexto de computacion neuromorfica, donde la existencia de
multiples estados de resistencia con memoria no volatil permite emular con mayor fidelidad

sinapsis bioldgicas.
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Estos trabajos no solo refuerzan el papel de las perovskitas como materiales funcionales
emergentes mas alla de la optoelectronica tradicional, sino que proporciona un conjunto de
herramientas experimentales y conceptos fundamentales para su integracion en dispositivos de
memoria neuromorfica. Se ha demostrado que es posible combinar estrategias de ingenieria
composicional y control morfolégico para habilitar el comportamiento multistate y la estabilidad

operativa, aspectos claves en el camino hacia dispositivos neuromorficos de alto rendimiento.

Como lineas futuras de investigacion, se sugiere la optimizacion de los dispositivos mediante el
estudio del impacto que tienen el uso de distintas interfases de naturaleza variada (6xido,
polimeros, capas selectoras de huecos y electrones) que acompanan al material activo en el
dispositivo, asi como la integracion de estos dispositivos en arquitecturas de red neuromorfica.
Ademas, podria ser de gran interés explorar estrategias de sinapsis plastica y modulacion
conductiva a multiples niveles que imiten de forma mas realista las funciones cognitivas del

cerebro humano.

En suma, esta tesis ha sentado una base solida para el desarrollo integral de monocristales de
perovskita como plataformas versatiles para nuevas generaciones de dispositivos memristivos,
destacando su potencial para dar forma al futuro de la computacion eficiente, adaptable y

sostenible.
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Index of figures

Figure 1. Schematic of the biological neurons networks, spiking neural networks, and artificial

neural networks!,

Figure 2. An illustration highlighting the parallels between biological synapses and artificial

synapses and networks built using memristors!?!l.

Figure 3. Schematic representation of the analogy between (a) MVM method applied in the

crossbar array architecture, and (b) SNN model?!,

Figure 4. A detailed comparison between the human brain nervous system and artificial neural

systems in neuromorphic devices?*!.

Figure 5. Correlation between the conductance change with different magnitudes (0.9, 0.8, 0.7,
and 0.6 V), at different frequencies of pulse width (a) 120 ns, and (b) 30 ns*%. (¢) Conductance

response with different pulses duration at 6VP!1,

Figure 6. Memristor [-V curve representing the LRS (blue line) and the HRS (orange line) with

their respective set and reset voltages.
Figure 7. Scheme of ABX3 perovskite structure.
Figure 8. Scheme of spin-coating deposition process>”.

Figure 9. Schematic representation of (a) polycrystalline perovskite film, and (b) single crystal

perovskite, with their corresponding keys parameters.

Figure 10. (a) Capacitive, and (b) inductive hysteresis of halide perovskite solar cells under

illumination.

Figure 11. (a) UV—vis—NIR absorption spectrum of CH3NH3PbX3 (X = Cl, Br, I) thin films, (b)

estimate the optical bandgap of each material composition!’¢!

CH3;NH3Pbls.«Brx and CH3NH3PbBr;Cly single crystals, and (d) Relationship between the

. (c) Absorbance spectra of

extracted optical bandgap and the halide content (x or y)[””!. (e) absorption spectra (squares) and
photoluminescence spectra (solid lines) of single-halide and mixed-halide perovskite single

crystals!’®,
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Figure 12. Schematic diagram of perovskite SCs growth via AVC method!''].

Figure 13. (a) Schematic illustration of the (ITC setup, where the vial containing the precursor
solution is immersed in a temperature-controlled heating bath. The solution is gradually heated
from room temperature to elevated setpoints, approximately 80 °C for MAPbBr; and 110 °C for
MAPDI;, to induce crystallization. (b, ¢) Time-resolved growth of MAPbI; and MAPbBr; single

crystals, showing progressive enlargement and facet development at various intervals!!!?],

Figure 14. Scheme of the CITC method to fabricate thin perovskite single crystals.

Figure 15. (a) Filament!!*! and (b) interfacial'*®! mechanism resistive switching scheme in

perovskite-based memristors.

Figure 16. (a) Inverse temperature crystallization process[112], and (b) confined inverse

crystallization scheme.

Figure 17. Optical images of (a) a pristine and (c) a laser over-treated MAPbBr3 single crystal.
(b) Schematic diagram of the experimental setup: S, sample; PL, photoluminescence; F1 and F2,
optical filters used to adjust the excitation power and block scattered excitation light,

respectively; OF, optical fiber; SP, spectrograph; PC, computer.

Figure 18. (a) Temporal evolution of the normalized photoluminescence (PL) intensity of MAPbBr3
single crystals monitored in situ at 540 nm under continuous illumination with a 445 nm CW laser:
stage I (red line) corresponds to an excitation fluence of 0.15 W/cm?, stage II (green line) to 1.5
W/cm?, and stage III (blue line) to 0.15 W/cm?; (b) normalized PL spectra acquired in situ at
different time points during stage II of the laser treatment; (c) normalized PL spectra recorded with
varying delays from the start of stage II; (d) spectral deconvolution of the PL signal measured 110
s after the initiation of stage II, revealing two Gaussian components centered at 526 nm and 546

nm.

Figure 19. (a) Time evolution of the normalized photoluminescence (PL) intensity of a MAPbBr3
single crystal measured in situ at 540 nm under 445 nm CW laser illumination: Stage I (red
symbols) excitation fluence of 0.15 W/cm?; Stage II (green symbols) excitation fluence of
0.75 W/cm?; Stage III (blue symbols), excitation fluence of 0.15 W/cm?. (b) In situ PL spectra

recorded at different time intervals following the onset of Stage II laser treatment.
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Figure 20. Deconvolution of the PL spectra acquired within the first 0—110 s of high-intensity

laser irradiation, fitted as the sum of two Gaussian components.

Figure 21. Photoluminescence (PL) spectra of a MAPbBr; single crystal recorded before (red

line) and after (blue line) thermal annealing at 120 °C for 20 minutes.

Figure 22. (a) PL and PLE spectra for MAPbBTr3 single crystals before (red) and after (blue) laser
treatment. (b) PL decay kinetic for treated (blue) and untreated (red) MAPbBr; single crystals,
normalized to the long-lived component. The inset displays the same decay profiles on a linear

scale, normalized to their respective peak intensities.

Figure 23. Evaluation of the Su/Sn ratio, defined as the ratio of the integrated areas under the
surface-related components of the PL decay curves for laser-treated (rose) and untreated (blue)
MAPbDBTr3 single crystal.

Figure 24. (a) XRD patterns of MAPbBr3 single crystals before and after laser exposure, shown
alongside theorical patterns for PbBr, and MAPDBT3. (b, ¢) Cross-sectional analysis of a laser-treated
MAPDBI3 single crystal: (b) optical microscopy image and (c¢) uPL intensity map at 551 nm. (d) uPL
spectra recorded at six specific locations labeled 1-6 in panel (b). The inset presents a magnified
view of the excitonic region between 550 and 552 nm. Both (c) and (d) were acquired at a

temperature of 4 K.

Figure 25. PL spectra of pristine (solid lines) and laser-treated (dashed lines) MAPbBTr; single
crystals measured at 300 K (red) and 30 K (blue).

Figure 26. 3D maps illustrating the combined topography and contact potential difference (CPD)
for (a) a pristine MAPbBTr3 single crystal (topography scale: 0—14 nm) and (b) a laser-treated
crystal (topography scale: 0-380 nm). The CPD is defined as the difference between the work
function of the tip and that of the sample, given by: (eCPDsample=@tip—Psample). Since
determining the tip’s work function precisely is challenging, measurements are calibrated using
a gold reference: (eCPDref = Prip — Prer). This allows calculation of the sample's work function
as: Qsample=@Pref+€(CPDref—CPDsampie). Using this approach, the work function values
obtained were: Passivated: CPDpass =470 mV ; Orer = 5.27 €V ; CPDyer = 220 mV and Pristine:
CPDpristine= 790 mV ; @rer = 5.27 €V ; CPDrer = 270 mV.

Figure 27. SEM top-view image of the MAPbBr3 single crystal surface after laser treatment.
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Figure 28. PL spectra of MAPbBr; single crystals recorded before laser treatment (A, excitation
fluence: 0.15 W/cm?), after laser treatment (B, 1.5 W/cm? for 10 min), and following post-treatment
(C, 0.15 W/cm? for 10 min), measured under different atmospheric conditions: (a) dry Na, (b) Nz

with H>O vapor, and (c) ambient air.

Figure 29. High-resolution XPS spectra obtained in grazing emission geometry for MAPbBr3 single
crystals before and after laser treatment, showing core-level signals of (a) Pb 4f, (b) Br 3d, (c) N 1s,
and (d) C 1s. Measurements were performed using synchrotron radiation with an incident photon
energy of 515eV. The experimental configuration involved normal photon incidence and

photoelectron detection at a grazing emission angle of 0 = 5°, ensuring enhanced surface sensitivity.

Figure 30: Schematic representation of the confined ITC method used for growing TSCs.
Notably, this approach enables the formation of highly crystalline and reproducible MAPbBTr3
single crystals at relatively low temperatures. In contrast to conventional methods reported in the

literature that operate at temperatures up to 80 °C, the optimized growth here is achieved at 60 °C.

Figure 31: (a) Optical microscopy image of a MAPDbBr3 TSC grown via the confined ITC method,
exhibiting sharp edges and a well-defined square geometry, indicative of high crystallinity. (b)

Real photograph of a representative TSC synthesized by confined ITC method.

Figure 32: Photoluminescence spectra comparison between a bulk MAPDbBr3 single crystal of
2 mm thickness (black curve) and the PL emission of thin single crystals (TSCs). The blue-shift

in the emission peak for the TSCs is attributed to the reduced crystal thickness.

Figure 33. (a) Schematic representation of the complete memristor device structure employing
graphite electrodes for electrical characterization. The inset displays a real image of a MAPbBr3
TSC grown on a PTAA layer using the confined ITC method. (b) X-ray diffraction pattern
showing diffraction peaks at 15° and 30°, corresponding to the (100) and (200) planes of the
cubic MAPDBr3 phase, respectively. (c) Cross-sectional SEM image of a representative device.
(d) Photoluminescence (PL) mapping of the TSC surface, demonstrating high spatial
homogeneity in optical response.

Figure 34: Cyclic voltammetry (CV) curves illustrating the progressive reduction in the voltage
required to switch the memristor device ON (solid black lines) and OFF (dashed black line); from

red to blue.
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Figure 35. (a) Cyclic voltammetry curves, in log scale, showing the SET and RESET over 100
cycles, recorded at a scan rate of 100 mV/s. (b) Endurance performance test under repeated
voltage sweeps (+0.1V—+1V - +0.1V - 2.5V — +0.1 V). (¢) Current stability monitored
at a read voltage of 0.1 V for the LRS (blue line) and HRS (orange line). (d) Resistance evolution
during the switching transitions between HRS and LRS.

Figure 36: Comparison of cyclic voltammetry (CV) curves for the monocrystalline (orange

curve) and polycrystalline (blue curve) MAPbBr3 memristor devices.

Figure 37: (a) Endurance test over 10° switching cycles for a representative MAPbBr; TSC
memristor device. (b) Zoomed view of cycle 877. (¢) Time-resolved measurement of cycle 877,
showing the transition from the low-resistance state (LRS) at the read voltage to the ON state
under a fixed voltage of 1 V. The red, blue, and red-shaded regions indicate the OFF, ON, and

read voltage intervals, respectively.

Figure 38. (a) Impedance spectra illustrating the evolution of the device response under
increasing applied bias, leading to the electroforming process. For clarity, only the fitting at 0.3 V
is shown. (b) Corresponding DC current values recorded during the electroforming process
(orange dots) and after reaching the low-resistance state (LRS, blue dots). (c) Quantification of
the R. and L components obtained from equivalent circuit fitting (circuit shown in the inset of
panel d) using the surface polarization model (SPM)I"®1. (d) Kinetic relaxation times (tkin)

extracted from the negative capacitance features observed during the electroforming process.

Figure 39: (a) XRD patterns, (b) PL emission of MAPbCI3 (blue line), MAPbBr3 (orange line),
MAPDI; (black line), MAPb(Broolo.1); (red line), and MAPb(BrosClo2)s (green line) thin

monocrystalline perovskites, and (c) Device architecture of perovskite memristor devices

Figure 40: EDX analysis of (a) MAPb(BrosClo2); and (b) MAPb(Broslo1); perovskite

monocrystals.

Figure 41: Profilometer measurements of (a) MAPbCl;, (b) MAPbBr3, (c) MAPDI;, (d)
MAPDB(Broolo.1)3, and (¢) MAPb(BrosClo.2)3s MHPs monocrystal.

Figure 42: (a) Cyclic-voltammetry of MAPbCI3 (blue line), MAPbBr; (orange line), MAPDI;
(black line) monocrystal memristor devices. Endurance performance test conducted by applying
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cyclic sweep voltages in the sequence of +1.5 V, +0.07 V, =2 V, and +0.07 V on (b) MAPbCl;,
(c) MAPDbBr3, and (d) MAPDbI; monocrystal memristor devices.

Figure 43: Chronoamperometry of (a) MAPbCI3, (b) MAPbBr3, and (c) MAPDI3, where blue line

corresponds to LRS, and orange line refer to HRS state.

Figure 44: (a) Cyclic-voltammetry, (b) chronoamperometry, and (c) endurance test performance
of the MAPbL(Broslo.1)3 monocrystal memristor device. (d) Cyclic-voltammetry, (e)
chronoamperometry, and (f) endurance test performance of the MAPb(BrosClo)3 monocrystal

memristor device.
Figure 45. Endurance sequence of the multistate setup for MAPb(Bro.9lo.1)3 memristor.

Figure 46. Multistate chronoamperometry of MAPb(Bro3Cly2); memristor device, transitioning
from HRS (red line) to LRS (purple line), with intermediate states representing transitional

colors.

Figure 47. Cyclic-voltammetry of MAPb(BrosClo.2)s memristor device without graphite as top

electrode.

Figure 48. Space-charge limited current measurement of (a) MAPbCIs, (b) MAPbBr3, (¢)
MAPbI3, (d) MAPb(Bro3Clo.2)3, and (€) MAPb(Bro.9lo.1)3smonocrystal memristor devices.

Figure 49. Space-charge limited current measurement of (a) MAPbCIs, (b) MAPDbBr3, (¢)
MAPbI;, (d) MAPb(Bro3Clo.2)s3, and (¢) MAPb(Bro.9lo.1)3 polycrystal memristor devices.

Figure 50: (a) Defect density of monocrystal (circle points) and polycrystal (square points)
memristor devices. (b) Reset voltage dependence of monocrystal devices respect to defect

density.

Figure 51: Cyclic-voltammetry comparison of the monocrystals (blue line) and polycrystals (red
line) to the a) MAPbCl;, (b) MAPbBBr3, (c) MAPbI;, (d) MAPb(BrosClo2)s, and (e)
MAPD(Bro.olo.1)sperovskite compositions.

Figure 52: Electroforming process of MAPbI; monocrystal device (black line),
MAPbB(Bro3Clo2)3s monocrystal device (orange line), and MAPb(BrosClo2)3 polycrystal device
(yellow line).
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Figure 53: X-ray diffraction analysis of MAPbCI3 (blue line), MAPbBr3 (orange line), MAPbI;
(black line), MAPb(BrosClo2)s (green line), and MAPb(Broolo.1); (red line) of polycrystal

perovskites.
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Tables

Table 1. Overview of different memristor devices based on polycrystal MHPs.

Structure LRS/H | Vset | Vreset Enduran | Retention | Reference
RS V) (V) ce (seconds)
ratio (cycles)
FTO/MAPDI; «Cl/Au 10° 1.47 |-1.41 |400 4.68*10* | [243]
FTO/CsPhBrs/Au 103 15 |[-1.2 100 103 [244]
Ag/CsPbBrs/MoOs/Ag 100 0.7 |-0.8 50 10 [245]
ITO/MAPbDI3/Au 10 0.7 |-0.61 500 10 [246]
ITO/PEDOT:PSS/MAPb | 3.6*10° | -0.2 |3 120 10% [247]
Brs/Al
PET/ITO/MAPbDI3/Au 50 0.7 |-05 400 10 [248]
PET/ITO/CssBi2ls/Au 103 0.3 |-05 103 10 [249]
FTOlc- 1.9%10° | 1.10 |-1.65 160 2*10° [126]
TiO2/MAPDI;-Cl/Al
ITO/MAPbI3/ZnO/Au 500 09 |-15 100 10 [232]
ITO/PEDOT:PSS/MAPb | 10* -0.6 |2 3*10° 3*10* [250]
Is/Cu
Si/SiO2/Ti/Pt/MAPDIs/A | 10° 0.13 |-0.13 350 10 [251]
g
PET/ITO/PMMA/CsPbB | 6*10° |2.6 |-2.7 5*10° 4*10° [252]
r:QDs/IPMMA/Ag
Ag/MAPDIs/Au 108 1.16 | 0.46 10° 10 [253]

Table 2. Calculation of defect density for monocrystal memristor devices. The Very is extracted

from the SCLC measurement.

Monocrystal | MAPbCl3 | MAPDB(Bro.sClo.2)s | MAPbBrs | MAPbB(Broslo.a)s | MAPDIs
L (um) 27 26.6 24.7 21.9 250

e 23.9 25 25.5 25 18

VerL (V) 0.24 1.65 0.137 152 0.184

Nt 8.72-101 6.44-10% 6.33-10% 8.76-10% 5.86-10%

Table 3. Calculation of defect density for polycrystal memristor devices. The VrrL is extracted

from the SCLC measurement.

Polycrystal | MAPbCIl3 | MAPD(Bro.sClo.2)s | MAPbBrs | MAPb(Broslo.a)s | MAPDI3
L (um) 450 505 500 512 458

€ 23.9 25 25.5 25 18

Ver (V) 13 218 0.82 1.92 0.96

Nt 1.70-10%° 2.36-10%° 9.25-10%° 2.12-10%° 9.34.10%°
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Abbreviations

Alternating Current AC

Ammonia NH3

Antisolvent Vapor-assisted Crystallization AVC
Artificial Intelligence Al

Atomic Force Microscopy AFM
Binding Energy BE

Carbon Dioxide CO>

Charge q

Conductivity o

Contact Potential Difference CPD
Continuous-Wave CW

Current [

Current-Voltage -V

Diffusion Length Lp

Dimethyl Sulfoxide DMSO
Dimethylformamide DMF
Electrochemical Metallization Mechanism ECM
Energy Dispersive X-ray EDX
Equivalent Circuit EC

External Quantum Efficiencies EQEs
Formic Acid HCOOH

Forward Scan FS
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Full Width at Half Maximum FWHM
Grazing Incidence X-ray Diffraction GIXRD
Hafnium Oxide HfO,

High Frequency HF

High-Resistance State HRS

Hydrogen Bromide HBr

Impedance Spectroscopy IS

Indium Tin Oxide ITO

Instrument Response Function IRF
Intermediate Frequency IF

Internet of Things [oT

Confined Inverse Temperature Crystallization CITC

Inverse Temperature Crystallization ITC
Inverted Hysteresis [H

Kelvin Probe Force Microscopy KPFM
Kinetic Energy KE

Kinetic Relaxation Times tkin

Lead(IT) Bromide PbBr»

Light Emitting Diodes LEDs

Low Frequencies LF

Low-Resistance State LRS

Magnetic Flux ¢

Matrix-Vector Multiplication MVM

149



Metal Halide Perovskites MHPs
Methylamine CH3NHb>)

Methylammonium Bromide MABr
Microampere pA

Micro-Photoluminescence puPL

Milliampere mA

Mobility p

Molecular Oxygen O>

Normal Hysteresis NH

Open-Circuit Voltage Voc

Perovskite Solar Cells PSCs
Photoluminescence PL

Photomultiplier Tube PMT
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine PTAA
Polycrystalline PC

Polycrystalline Perovskite Solar Cells PC-PSCs
Polymethylmethacrylate PMMA

Power Conversion Efficiency PCE
Pre-trained Transformer GPT

Resistive Random-Access Memory ReRAM
Reverse Scan RS

Root-Mean-Square RMS

Scanning Electron Microscopy SEM
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Scanning Photocurrent Microscopy SPCM
Single Crystal Perovskite Solar Cells SC-PSCs

Single-Crystal SC

Single-Crystal Metal Halide Perovskites SC-MHPs

Space-Charge-Limited Current SCLC
Spike-Timing-Dependent Plasticity STDP
Spiking Neural Networks SNNs

Surface Photovoltage SPV

Surface Polarization Model SPM
Tantalum Oxide TaOx
Temperature-Cooling Crystallization TCC
Trap-Filled Limit TFL

Thin Single Crystal TSC

Time Resolved Photoluminescence TRPL
Time-Correlated Single Photon Counting TCSPC
Time-of-Flight TOF)

Time-Resolved Photoluminescence TRPL
Titanium Dioxide TiO2

Transient Absorption Spectroscopy TAS
Transient Photovoltage TPV

Ultraviolet UV

Valence Change Mechanism VCM

Voltage V
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Water H,O
X-Ray Diffraction XRD
X-Ray Photoelectron Spectroscopy XPS

y-butyrolactone GBL

Constants

Boltzmann constant ks = 1.380649 x 1073 J/K
vacuum permittivity g0 = 8.854 x 102 F/m
elementary charge q=1.602x10" C
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