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Abstract

This study explores the fabrication and characterization of environmentally friendly 2D tin
lead perovskite memristors using the scalable technique of blade coating. Memristors, a new
type of electrical component, only theoretical until recently, offer non-volatility and resistive
switching properties, making them suitable for memory applications. Perovskite materials, such
as tin lead perovskites, exhibit desirable characteristics like high ON/OFF current ratios and
low power consumption, making them ideal for memristor fabrication. The prepared memristors
have a smooth surface with a root-mean-square roughness of 0.4 nm, ensuring reproducibility
and scalability. Spectral analysis reveals high absorbance in the mid-visible to UV wavelengths,
indicating a bandgap energy of approximately 2.068 eV. The memristors demonstrate reliable
performance, with good hysteresis within voltage-current graphs stable for up to 38 days, and
maximum current On/Off ratios reaching up to 348. These findings highlight the potential of 2D
tin lead perovskite memristors in neuromorphic computing, memory applications, and advanced
electronics. Further research options include comparative analyses of different materials, fine-
tuning fabrication techniques, and exploring lead-free alternatives.
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1 Introduction

The field of applied physics has witnessed remarkable advancements in recent years, paving the way
for innovative technologies that are transforming various aspects of our lives. However, with the
rapid development of society and the acceleration in data growth, traditional computing architecture
encounters the von Neumann bottleneck, which has become an ever-larger obstacle in the process of
improving the performance of computing systems. Therefore, emerging non-volatile memory devices
have attracted great attention in recent years.

Memristor, the concept was first proposed by Leon Chua in 1971 but was only theoretical [1]. It
means that there should be a relationship between the charge and the magnetic flux, the resistance
value can be changed by controlling the change of the current, and the memory will not disappear
even if the current is interrupted. However, there was no material that could describe this relationship
at that time. It was not until the discovery of practical memristors in 2008 [2] that the field gained
more attention. Memristors possess the unique ability to remember and store information in a non-
volatile way, revolutionizing conventional memory technologies and opening up new possibilities for
neuromorphic computation.

Neuromorphic computation, inspired by the structure and functionality of the human brain, is a
captivating area of research within applied physics. By emulating the brain’s neural networks, neu-
romorphic systems aim to perform cognitive tasks with much higher efficiency. Memristors play
a pivotal role in these systems [3], as their ability to store and process information resembles the
behaviour seen in biological systems. As a result, memristor-based architectures hold the potential
to unleash powerful and energy-efficient computing paradigms, paving the way for applications such
as real-time pattern recognition, machine learning and energy cost reduction [4].

In recent years, different active materials have been used in the memory devices (top-electrode/active
layer/bottom-electrode). Inspired by the defect-induced hysteresis observed in current–voltage char-
acteristics of perovskites solar cells, perovskite-based memory devices have aroused great interest
owing to the easy deposition process and intrinsic multi-trap state characteristics. Therefore, per-
ovskite memristors have shown desirable characteristics such as high ON/OFF current ratios [5], low
power consumption, and multi-level storage capacity, making them a promising choice for efficient
and versatile memory elements in neuromorphic computing systems.

The motivation behind exploring 2D tin lead perovskite memristors lies in their unique properties
and potential to overcome the limitations associated with lead perovskites, which pose environmental
and health hazards due to their toxic nature [6]. Tin lead perovskite, a more sustainable alternative,
offers an option for developing high-efficiency and stable computing devices without the downside
of environmental toxicity. However, the stability of tin composition presents a challenge due to its
susceptibility to degradation in the presence of oxygen and humidity. Therefore, novel 2D perovskites
have been proposed for improving environmental instability and repeatability. The insertion of large
organic spacer cations leads to both quantum and dielectric confinement of carriers in the octahedral
planes.

In addition, most perovskites are deposited using lab-scale spin-coating, which is a wasteful technique
that is not possible to prepare in batches on a large scale. Blade coating is a facile method that
has a very high precursor utilization rate and allows tuning the deposition temperature. Therefore,
in this bachelor’s thesis, the main objective of this research project is to investigate the electrical
performance of 2D tin-lead perovskite memristors fabricated by blade coating.

In this study, we measured the IV curves in a nitrogen-filled chamber without oxygen and humidity.
The aim is to gain insights into the behaviour and performance of 2D tin lead perovskite memristors.
In addition, their electrical performance degradation over time through IV curve measurements was
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performed. Moreover, the potentiation and depression properties of the memristors are studied for
their neuromorphic applications. Taking sustainability and environmental safety as a focus point,
this study aims to overcome the challenges associated with lead perovskites and explore the potential
applications of tin lead perovskite memristors in next-generation computing architecture.



2 Theoretical Background

Memristors have emerged as promising electronic devices revolutionizing computing architecture. In
this context, the field of perovskite memristors has gained attention due to its potential for efficient
and versatile memory elements. However, stability issues related to oxygen and humidity sensitivity
pose significant challenges. This study focuses on 2D tin lead perovskite memristors, which offer
unique properties and potential solutions for overcoming these limitations. Theoretical foundations
encompass memristor fundamentals, perovskite materials, IV curve analysis, and their relevance to
neuromorphic and Von Neumann computer architectures.

2.1 Memristors: Fundamentals and Characteristics

Most people are aware of the three common circuit elements: the resistor, the capacitor, and the
inductor. These elements are defined by their relationship between four key variables: electric
current, voltage, charge, and magnetic flux. They can be thought of as interconnected quantities.
Resistance (R) represents how voltage changes with current, capacitance (C) represents how charge
changes with voltage, and inductance (L) represents how magnetic flux changes with the current.
But there was a missing piece in our understanding. The relationship between charge and magnetic
flux was undefined. To address this gap, Chua in 1971 [1], proposed the memristor, a hypothetical
component with a unique property: its magnitude (M) captures the change in magnetic flux with
respect to charge. If the memristor were real, it would have the same unit of measurement as
resistance (ohm, Ω). This is illustrated in Figure 1.

Figure 1: The four fundamental two-terminal circuit elements: resistor, capacitor, inductor, and
memristor. Adapted from [7].

This memristor completes the quartet of fundamental circuit elements, accounting for the relationship
between charge and magnetic flux. It was a groundbreaking idea that expanded our understanding
of circuits and opened up new possibilities for electronic devices.
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Memristors possess fundamental properties and characteristics that distinguish them from other
circuit elements. One key property is their non-volatility [8], meaning they can retain information
even when power is turned off. This characteristic makes memristors suitable for data storage
applications, as they can retain their state without the need for a continuous power supply. Another
important feature is resistive switching [2], which refers to the ability of memristors to change their
resistance in response to an applied voltage. This allows memristors to transition between high and
low resistance states, corresponding to the storage of binary information (“0” and “1”). This resistive
switching behaviour is at the core of memristor-based memory devices, enabling efficient data storage.
In addition, they can remember the resistance state that was previously set and maintain it until a
different voltage is applied to switch it to a different state. This memory property is essential for the
operation of memristor-based circuits, and it can allow for the storage and retrieval of information.
[9].

By combining non-volatility, resistive switching, and memory behaviour, memristors can offer advan-
tages for various applications. They hold promise for the development of high-density, low-power,
and high-speed memory technologies [10]. Additionally, their ability to store and process information
at the same time resembles the behaviour of biological synapses, making them promising candidates
for neuromorphic computing and artificial intelligence applications [11]. Understanding these funda-
mental properties and characteristics is crucial for unlocking the potential of memristors in advancing
future computing and memory systems.

2.2 Perovskites

Perovskite materials have received substantial attention in the field of memristor research. These
materials offer some advantages for memristor functionality, such as high ON/OFF current ratios,
low power consumption, and multi-level storage capacity [5]. The emergence of perovskite memristors
has sparked interest in exploring their advantages over other materials used in memristor technol-
ogy. Compared to traditional materials, perovskite memristors show higher performance in terms of
switching speed, endurance, and scalability [12]. Their favourable electrical properties make them
highly promising for efficient and versatile memory elements in neuromorphic computing systems.

Perovskites are a crystal lattice defined with a general ABX3 chemical structure [13]. Here A and B
are cations of different sizes and X is an anion. The A and B cations can be a variety of elements,
including metals, while the X anion is typically oxygen or a halogen. This is shown in Figure 2. This
flexibility in composition allows for a wide range of perovskite materials with diverse properties.

Figure 2: Basic Perovskite ABX3 molecular structure. Adapted from [14].

Perovskite structures can differ from Figure 2 in key ways such as reduced dimensionality. 2D
perovskites are a fascinating class of materials that exhibit unique properties due to their layered
structure. Unlike traditional 3D perovskites, which have a three-dimensional crystal lattice, 2D
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perovskites consist of stacked layers held together. One advantage of 2D perovskites is their enhanced
stability compared to their 3D counterparts [15]. Furthermore, the quantum confinement effect in
2D perovskites leads to interesting optical and electronic properties. These materials exhibit strong
photoluminescence and have shown potential for applications in light-emitting diodes (LEDs) and
other optoelectronic devices. Figure 3 shows the structure of a 2D perovskite.

Figure 3: Structural and chemical difference between a 3D and 2D perovskite. Adapted from [16].

There is also a class of perovskites known as organic-inorganic hybrid perovskites where the A cation
is an organic cation, the B is an inorganic one and the X is a bridging ligand connecting them
A and B together [17]. Hybrid organic-inorganic perovskites are special compared to all inorganic
perovskites because they have a rich reservoir of exotic switching physics. This makes them an
attractive, inexpensive alternative to designing efficient memristive hardware. They possess very
large degrees of freedom or state variables [18].

2.3 Tin Lead Perovskite Memristors

Perovskite materials have garnered significant attention in the field of memristor research, offering
a wide range of possibilities for high-performance and sustainable computing systems. While Lead
Perovskites have demonstrated desirable properties, such as high carrier mobilities and long charge
carrier lifetimes [19], they pose challenges due to their environmental and health hazards caused
by the presence of toxic lead [20]. As a result, researchers have turned their focus towards Tin
Perovskites as a more environmentally friendly alternative. Tin Perovskites exhibit lower toxicity,
and enhanced optoelectronic properties compared to lead perovskites. However, tin perovskites face
their limitations, primarily in achieving stability in oxygen and humid environments [21].

To overcome the stability-performance trade-off, a promising solution lies in the exploration of tin-
Lead perovskites. By combining tin and lead within the perovskite structure, researchers aim to
achieve a favourable middle ground that preserves both stability and performance. Tin-lead per-
ovskites have promising optoelectronic properties like increases in attainable charge-carrier mobili-
ties, decreases in exciton binding energies, and potentially a slowing of charge-carrier cooling, which
is relevant for photovoltaic devices [22]. By delving into the structural aspects, fabrication methods,
and electrical performance of these materials, researchers seek to uncover their suitability as memris-
tive devices. Additionally, understanding the charge transfer dynamics and the interplay between tin
and lead within the perovskite lattice can provide insights into optimizing the stability-performance
trade-off.

2.4 IV Curves and Hysteresis

IV (Current-Voltage) curves play a crucial role in characterizing the behaviour of memristors and
provide valuable insights into their electrical performance. By plotting the current flowing through a
memristor against the applied voltage, IV curves offer a comprehensive understanding of the device’s
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resistive switching characteristics and its response to external stimuli [23]. Understanding the signif-
icance of IV curves and hysteresis phenomena is fundamental to unravel the underlying mechanisms
of memristive behaviour.

Hysteresis, a key feature observed in memristors, refers to the dependence of the current-voltage
response on the previous electrical history of the device. It manifests as a loop-like pattern in the
IV curve, indicating different resistance states depending on the direction of the voltage sweep. The
equation for a theoretical pinched loop hysteresis is given by [24],

v(t) = A

[
1 +

A2

ω2
(1 − cosωt)2

]
sinωt (1)

where A and ω are the peak voltage and frequency of a sinusoidal current respectively, and v(t) is
the voltage value as it evolves over time. A graphical representation for this is shown in Figure 4.

The presence of hysteresis is directly linked to the resistive switching phenomenon, where the memris-
tor exhibits a reversible change in resistance under the influence of an applied voltage. The hysteresis
loop captures the transition between high and low resistance states (HRS and LRS), providing in-
formation about the stability, endurance, and reliability of the device.

Figure 4: A pinched hysteresis loop is a Lissajous figure with two values for (v(t), i(t)). The values
of A and ω are both set to 1 here within equation 1. Retrieved from [24].

In the context of perovskite memristors, several research studies have focused on investigating IV
curves to understand the electrical behaviour and performance of these materials. Experimental
techniques, such as voltage sweep measurements, have been employed to capture the IV character-
istics and study the resistive switching mechanisms [18]. By analyzing the IV curves, researchers
have gained insights into the factors influencing the switching behaviour, such as the composition of
perovskite materials, interfacial effects, and defect states as it does with perovskite solar cells [25].

2.5 Neuromorphic application

In the realm of computer architecture, a significant shift is taking place, with the emergence of
neuromorphic computing challenging the traditional Von Neumann architecture. While the Von
Neumann architecture has been the foundation of modern computing for decades [26], neuromorphic
computing takes inspiration from the human brain’s structure and functionality, offering a paradigm
shift in computational efficiency and cognitive capabilities [27].

The Von Neumann architecture, named after the renowned mathematician and computer scientist
John von Neumann, is based on the separation of memory and processing units. In this architecture,
data is stored in a separate memory module and sequentially processed by a central processing unit
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(CPU) [28]. While this architecture has been highly successful and versatile, it faces limitations in
terms of speed, energy efficiency, and scalability, particularly for tasks that require massive parallelism
and cognitive abilities [29].

Neuromorphic computing, on the other hand, is inspired by the intricate neural networks of the
human brain. It aims to replicate the brain’s efficient and parallel information processing, enabling
cognitive tasks with remarkable efficiency [30]. By employing networks of artificial neurons and
synapses, neuromorphic systems can perform complex computations in parallel, mimicking the brain’s
ability to process and recognize patterns, learn, and adapt quickly.

Memristors, with their unique ability to store and process information, play a pivotal role in enabling
neuromorphic computation by closely resembling the behaviour of synapses in biological neural net-
works [31]. These devices exhibit resistance changes based on applied electrical stimuli, retaining
information even when power is turned off, akin to synaptic plasticity in the brain. This memristive
behaviour facilitates the creation of artificial neural networks with high flexibility, learning capabili-
ties, and adaptability. Integrating memristors into neuromorphic systems offers tremendous potential
for future computing architectures, as they provide unprecedented energy efficiency compared to tra-
ditional approaches. Memristor-based neuromorphic systems not only significantly reduce power
consumption but also enable parallel processing, allowing for real-time data analysis, autonomous
decision-making, and intelligent edge computing. This integration holds promise for revolutionizing
various domains, including artificial intelligence, robotics, and big data analysis, ushering in a new
era of cognitive computing.



3 Method

This section describes the experimental methods for fabricating and characterizing 2D tin lead
perovskite-based devices. It is divided into three subsections: ‘Device Fabrication’, ‘Material Physical
Properties’, and ‘Probe Station Measurements’. The ‘Device Fabrication’ subsection covers substrate
preparation, production of the perovskite, coating techniques and electrode deposition. The ‘Ma-
terial Physical Properties’ subsection discusses the characterization techniques, including Atomic
Force Microscopy (AFM) and Absorbance Measurements. The ‘Probe Station Measurements’ sub-
section explains the setup and procedures for conducting current-voltage (IV) and neuromorphic
measurements.

3.1 Device Fabrication

The memristor device is composed of several layers stacked on top of each other to maximise the
effectiveness of the active layer. The layers are shown in Figure 5 below.

Figure 5: The memristor device structure. [From top to down] The top electrode, is composed of
deposited gold, the Tin-Lead Perovskite layer, a PEDOT:PSS conductive polymer layer and the
Bottom electrode (Indium Tin Oxide) which is fixed on a glass substrate.

3.1.1 Preparing the Substrate

The samples were prepared in two batches, 8 on the first and 9 on the second batch. The substrate
which would serve as the bottom electrode of the memristor device is composed of glass with a layer
of Indium Tin Oxide (ITO) predeposited on it in rectangular shapes. This substrate is cleaned in
the clean room initially with soap and then set in an ultrasonic bath to get rid of the aforementioned
soap. The samples are then soaked in acetone for 15 minutes and isopropyl alcohol for 15 minutes
and placed in the ultrasonic bath after each round of soaking.
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The samples are put through a UV chamber and an oven at 140◦C for 20 minutes each. The samples
are blasted with UV light to increase the wettability for the PEDOT:PSS layer. They are put through
the oven to anneal the ITO layer to increase its conductivity [32].

3.1.2 Preparing the Perovskite Solution

Due to the high reactivity with oxygen and H2O, the following procedure is conducted within a glove
box. The chemicals needed to formulate, the Tin Lead perovskite are:

1,5-DAN + PbI2 + SnI2 + SnF2 + Solvent (DMF) =⇒ DAN2Pb0.5Sn0.5I4,

where 1,5-DAN is 1,5 Diaminonapthalene which is illustrated in figure 6. The solvent Dimethyl-
formamide (DMF) is used for dissolving the perovskite. The amounts of each of the reagents are
1,5-DAN (0.1 mmol), PbI2 (0.05 mmol), SnI2 (0.05 mmol), SnF2 (0.005 mmol) and DMF (0.5 ml).
Due to the low mass of the chemicals, they need to be discharged with an anti-static gun to ensure
they do not exit their containers due to repulsion. The solutions were stirred overnight before use,
and then filtered with a 0.2µm filter.

Figure 6: The 2D chemical structure of 1,5 Diaminonapthalene which is a naphthalene-diamine
compound having amino substituents in the 1- and 5-positions. Adapted from [33].

3.1.3 Spin and Blade Coating

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), which is a high-conductive
polymer used in many areas of solid-state physics research. This organic semiconductor is suitable
for electromagnetic shielding and noise suppression due to its high electrical conductivity and good
oxidation resistance [34]. It is also transparent to light in a wide part of the EM spectrum. This
spin-coated onto the substrate after putting it through a water filter. The spin-coater is spun at 3000
RPM for 30 seconds to evenly coat the substrate with a thickness of 40 µm.

The PEDOT:PSS coated substrates now need to be coated with the prepared perovskite solution.
This was achieved using a blade coater which is set at 100 ◦C. The perovskite solution is deposited
onto the edge of the sample using a pipette holding 20 µl. The speed of the blade is set to 80 mm/s
to ensure a thickness of 100 µm. The samples are then annealed at 100 ◦C for 10 minutes. Blade
coating is relevant for the scalability and sustainability of the production of 2D perovskites as it can
easily be scaled for industrial applications and reduce wastage when compared to traditional coating
methods like spin coating [35]. This method is illustrated in Figure 7.

3.2 Vapour Deposition of the Top Electrode

Vacuum Deposition is a thin film deposition technique performed under vacuum conditions. In this
process, gold metal is vaporized using an electron beam or resistance heating source within a vacuum
chamber. The vaporized gold atoms then condense onto the surface of the perovskite layer, forming
a uniform and adherent gold film. This process allows for precise control over the thickness of the



3 METHOD 11

Figure 7: The schematic diagram shows the process of depositing perovskite on a substrate using
a blade. The blade coating process is a scalable method that can be used to produce large-area
perovskite-based devices. Adapted from [35].

deposited layer, and in this case, it results in a 50 µm thick gold layer on the perovskite material.
Au is used as it is more stable on perovskites than other electrodes such as Ag [36].

3.3 Material Physical Properties

3.3.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a powerful imaging technique used to visualize the topography
and surface characteristics of materials at the nanoscale. It involves scanning a sharp probe tip across
the sample surface while measuring the interaction forces between the tip and the surface. AFM
provides high-resolution three-dimensional images, allowing for detailed analysis of surface features
[37].

Interpreting an AFM image involves analyzing the surface topography, assessing roughness, examin-
ing grain size and morphology and identifying defects and contaminants. The image reveals variations
in height, such as steps, peaks, and valleys, providing insights into the sample’s surface structure.
The density and distribution of surface features indicate surface roughness, while grain size and mor-
phology offer information about the material’s crystalline structure. Defects and contaminants can
be identified as anomalies on the surface [38]. Correlating AFM data with other characterization
techniques further enhances the understanding of the sample. The scanning parameter for the AFM
measurement is a square patch with a size 0.2 µm by 0.2 µm. The surface roughness measured is
measured within this area.

3.3.2 Spectral Analysis

Spectral analysis, particularly absorbance vs. wavelength measurement, is a fundamental technique
used to study the interaction of materials with light across different wavelengths. It provides valuable
information about the optical properties and electronic transitions within the material [39]. In the
context of Tin Lead perovskite memristors, absorbance spectroscopy can shed light on their light-
absorbing capabilities and electronic band structures. Absorbance spectroscopy involves measuring
the amount of light absorbed by a material at various wavelengths. A spectrophotometer is commonly
used for this purpose. The sample is exposed to a range of wavelengths, and the absorbance of light
is recorded [40].

Absorbance (A) is defined as

A = − log10(
I

I0
)

where I is the intensity of light after passing through the sample and I0 is the intensity before passing
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through the sample. Absorbance has no units and ranges from 0 to infinity. An absorbance of 0
means no light is absorbed, an absorbance of 1 means 90% of light is absorbed, 2 means 99% of light
is absorbed and so on [41]. Interpreting absorbance spectra involves analyzing the shape, intensity,
and position of the absorption peaks. The bandgap energy can be determined from the absorption
onset, which corresponds to the minimum energy required to promote an electron from the valence
band to the conduction band [42]. By comparing absorbance spectra under different conditions (e.g.,
temperature, applied voltage), researchers can investigate the influence of external parameters on
the optical properties of the memristors. The absorbance is measured for a range of wavelengths
covering mainly the visible spectrum. The range of values used here is 300nm to 800nm.

3.4 Probe Station Measurements

3.4.1 Probe Station Setup

The probe station is located within a nitrogen-filled glove box to ensure no contamination with
Oxygen or H2O. The setup consists of two thin Tungsten arms that are angled almost directly
downward, both of which can be moved in 3 axes. They are connected to a function generator
which is also the measurement device. This component is connected to a computer where the data
is collected and sorted. For each device within a sample, a scratch is made to place the negative
electrode into. The scratch is made to make sure the bottom electrode can be used as a terminal and
this needs to be done as the electrode arms are both placed from the top. This is shown in Figure 8.

Figure 8: An image of one of the samples. The scratches are made with a scalpel to remove all the
layers above the ITO substrate to make it possible to make contact with the bottom electrode. A
light is used to illuminate the sample here, though it is kept off during measurements.

3.4.2 IV Measurements

With the probe setup, this measurement is conducted. The probes are placed like Figure 9, where the
left and the right probes are the negative and positive electrodes respectively. Programmed through
the computer, a bias voltage is passed from the function generator to the sample. The bias voltage
for the hysteresis test is set from 0 V to +3 V back to 0 V to -3 V finally back to 0 V to complete the
loop. This is conducted over increments of 0.05 V. The results are displayed on a logarithmic graph
as this shows a higher level of detail and the values are shown as absolute values so the differences
between the positive and negative biases can be seen more easily. The current On/Off ratios are
found by dividing the HRS current over the LRS current where at the voltage where the difference
between them is its maximum. This will give a measure of the ‘height’ of the hysteresis.



3 METHOD 13

Figure 9: The sample with the probes placed in it. They are placed into position with a system of 3
axis knobs. One of these subsamples can be measured multiple times by moving around the ‘needles’
in different location within both the brighter circle and the scratch.

3.4.3 Neuromorphic Test

The neuromorphic test is conducted by sending a series of block pulses through the sample and
measuring the output. The ‘read’ voltage is chosen based on the result from the IV measurement
and is performed where the hysteresis is the maximum. an up-pulse series is applied where the voltage
switches from the read voltage to a chosen ‘up pulse value,’ increasing its value. This is followed by
a series of down pulses where the voltage decreases to another ‘down pulse value.’ In the specific
case of this study, 30 write spikes (+2 V) are applied, followed by 30 erase spikes (-2 V), effectively
resetting the system to its initial state. Between each spike, the conductance is allowed to stabilize,
and it is subsequently measured using a read pulse (-1.5 V). The pulses are often referred to as the
spikes in neural spiking network research [43]. There are other variables as well, pulse width and
pulse interval which need to be controlled for a successful result. An example of the settings used is
illustrated in Figure 10 alongside what the expected result is one cycle of this test. This value is the
setting used for the graph produced in the results section. The settings are unique to each sample
and need to be fine-tuned for a successful test.

Figure 10: (a) An example of the single cycle expected result of the neuromorphic test. (b) The
settings used for the neuromorphic test. It shows the characteristics of the up and down pulses along
with other relevant settings.



4 Results

4.1 Atomic Force Microscope

An AFM measurement of a sample of 2D tin lead perovskite is presented in Figure 11 below. There
is also a 50 nm scale provided to give a reference of the size of the features within the measurement.

Figure 11: An atomic force microscopy measurement result where the colour bar represents the
heights of the features within the sample where black represents the lowest point measured within
this result. Heights above this are represented with a brighter colour.

4.2 Spectral Analysis

The UV–Vis absorbance spectral for the 2D tin lead perovskite is shown in Figure 12 where the
absorbance value ranges from 0 to 2.

Figure 12: Absorbance spectral data of 2D tin lead perovskite where the height ranges from ab-
sorbance values of 0 to 2.
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4.3 IV Measurements

4.3.1 Batch 1

(a) Hysteresis of day 1 (Sample 1 14). (b) Hysteresis of day 8 (Sample 2 6).

(c) Hysteresis of day 12 (Sample 9 1). (d) Hysteresis of day 13 (Sample 9 6).

(e) Hysteresis of day 15 (Sample 2 1(2)).

Figure 13: Hysteresis over days from Batch 1.
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The maximum current On/Off ratio values for each of the subfigures are respectively 8.63 (Figure
13a), 142 (Figure 13b), 3.41 (Figure 13c), 8.66 (Figure 13d), 348 (Figure 13e). The results in Figure
13 are superimposed together in Figure 14.

Figure 14: Superimposed hystereses of batch 1 graphs. On the top right corner is the legend giving
what colour dictates which day (and sample). The bottom right corner contains the maximum
current On/Off ratios for each of the respective samples.
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4.3.2 Batch 2

(a) Hysteresis of day 4 (Sample 1A 1). (b) Hysteresis of day 5 (Sample 1A 8).

(c) Hysteresis of day 7 (Sample 1A 14). (d) Hysteresis of day 12 (Sample 2A 11).

(e) Hysteresis of day 13 (Sample 2A 19). (f) Hysteresis of day 19 (Sample 3A 1).

Figure 15: Hysteresis over days from Batch 2 (Page 1).
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(g) Hysteresis of day 20 (Sample 3A 6). (h) Hysteresis of day 21 (Sample 4A 6).

(i) Hysteresis of day 24 (Sample 4A 7). (j) Hysteresis of day 25 (Sample 5A 27).

(k) Hysteresis of day 26 (Sample 5A 34). (l) Hysteresis of day 38 (Sample 1A(2) 7).

Figure 15: Hysteresis over days from Batch 2 (Page 2).
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The maximum current On/Off ratio values for each of the subfigures are respectively 14.5 (Figure
15a), 6.74 (Figure 15b), 2.85 (Figure 15c), 8.35 (Figure 15d), 19.9 (Figure 15e), 6.23 (Figure 15f),
14.6 (Figure 15g), 6.26 (Figure 15h), 9.34 (Figure 15i), 3.52 (Figure 15j), 5.89 (Figure 15k) and 16.6
(Figure 15l). The results in Figure 15 are superimposed together in Figure 16.

Figure 16: Superimposed hystereses of batch 2 graphs. On the top right corner is the legend giving
what colour dictates which day (and sample). The bottom right corner contains the maximum
current On/Off ratios for each of the respective samples.
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4.4 Neuromorphic Test Measurement

Figure 17: Neuromorphic test with the settings from Figure 10. It is from batch 2, day 5 (Sample
1AN 16). It depicts the test over 8 cycles.



5 Discussion

5.1 AFM and Absorbance Spectral Analysis

From Figure 11, the local surface topography reveals root-mean-square (RMS) roughnesses of our
2D tin lead perovskite is 0.4 nm. The result indicates the obtained perovskite film is very smooth,
which is helpful for reproducible and scalable memristors.

From the spectral analysis seen in Figure 12, the absorbance is below 0.32 from 600 nm onwards
showing a high absorbance from the mid-visible to UV wavelengths. This means that the perovskite
is almost completely transparent to lower visible frequencies like infrared light. The high absorption
in the UV-Vis spectrum shows that the bandgap of the active layer has a similar energy to light of
this range of wavelengths (600 nm to 300 nm) as given by

E =
hc

λ
(2)

where E is the energy, h is Planck’s constant, c is the speed of light and λ is the wavelength of the
light. Since the absorbance falls off at 600 nm, the bandgap of the 2D tin lead perovskites would be
around 2.068 eV.

5.2 IV Measurements

5.2.1 Batch 1

Apart from the measurement in the first day (Figure 13a), which has a bias range of ±2, all the
other measurements have a bias of ±3. As seen in the graphs of the later days, the memristor is
able to output proper hystereses until the final measurement of batch 1 on day 15 (Figure 13e). The
maximum current On/Off ratios are independent between the samples and as no definitive trend
is observed from the first to the last day, no statement can be made about the degradation time
of the 2D tin lead perovskite memristors. However, one item to note is that the result from day 8
and day 15 (Figures 13b and 13e) is that they have a similar shape have the two highest values of
the current On/Off ratios indicating that within the same sample, the performance will be similar
when compared to other samples. This is due to each sample being blade coated separately, possibly
having a small amount of variability between them. In the combined graph of Figure 13, most of the
figures line up well indicating a low loss of performance between days 1 and 15. This excludes the
green graph of day 12 (Figure 13c), which is considered an outlier.

5.2.2 Batch 2

All measurements in this batch have a bias of ±3. As with batch 1, the measurements during the later
days still show reliable memristor performance. However, it looks as the performance becomes more
asymmetric between the positive and negative biases, especially in days 20, 21 and 24 (Figures 15g,
15h and 15i respectively). The maximum current On/Off ratios over days in batch 2 is illustrated
in Figure 18 shows a slightly upward trend, in contrast to research performed in air [44]. From the
combined graph of Figure 15, it can be seen that there is not a high spread of individual graphs
showing similar hysteresis performances which indicates the quality of production of each of the
samples are similar. More definitively, it shows that the perovskites are still stable and intact by day
38. In fact, it would indicate that 2D tin lead perovskites last more than 38 days at least.
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Figure 18: A graphical representation of the maximum measured current On/Off ratios over days.
A straight line connects these data points and a dotted line represents a ‘best guess’ at a linear fit
by averaging the values.

5.3 Neuromorphic Test

It can be seen from Figure 17 that the block pulses sent into the memristor show learning behaviour
as the numbers of the output pulses increase. It also shows that the memristor is stable enough to
withstand at least 8 cycles, run over a period of 10 minutes, of this test before breaking. Furthermore,
through this test it can be shown that the effect of the pulse sequences on the current is indeed fully
reversible and allows to store an analog variable over long timescales, by applying a series of 60 write
and erase spikes over 8 cycles. It can thus be demonstrated that the memristor can be ‘programmed’
through the changing of the current, enabling the implementation of in-memory operations.

5.4 Limitations of the Investigation

This investigation, while effectively demonstrating many of the key features of perovskite memristors,
has some limitations. One significant limitation is the duration of the measurements to show the
degradation effects of 2D Tin Lead perovskite memristors. This could not be avoided as the available
time for this investigation was fixed and too short. More time would have yielded a more realistic
trend as sample recovery outliers would have been smoothed out.

Ideally, the experiments would have been carried out in a controlled environment. However, due to
various factors, maintaining a consistent environment was challenging. One factor was the illuminated
environment, which was not standardized for all the samples [45]. Additionally, the experiment took
place in a vibrationally non-isolated space, which could have caused movements of the probe needles,
thereby affecting the results. If the probe moved downward while on top of the thin metal electrode,
it could possibly penetrate into lower layers, altering the output current. Furthermore, the presence
of other experiments involving evaporation within the same experimental chamber was discovered
later, which may have influenced the results.

Moreover, although the glove box used during the experiment had an oxygen concentration of less
than 5ppm, prolonged exposure over time could react with the samples, leading to their degradation.
However, it is expected that the samples would degrade at a similar rate for this variable.

Lastly, the small sizes of the substrates allowed for a limited number of devices on each sample.
Larger substrate sizes would have allowed additional measurements, enabling the averaging of results
and segmenting the measurements on a per-sample basis. In other words, one sample could have
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been measured throughout the entire study duration and compared with the complete duration
measurements of the other samples.



6 Conclusion

In this research project, memristor devices were produced using 2D hybrid tin lead perovskites.
The fabrication methods, physical properties, and electrical performance characteristics of these
perovskite-based memristor devices were investigated. The environmental sustainability and specific
part of the fabrication process, blade coating are some of the highlights of this project.

The results show that the 2D tin lead perovskite films fabricated using blade coating exhibit a smooth
surface with a root-mean-square roughness of 0.4 nm, indicating good reproducibility and scalability.
The absorbance spectra indicate high absorbance in the mid-visible to UV wavelengths, suggesting
a bandgap energy of approximately 2.068 eV. The IV measurements reveal reliable memristor per-
formance over time, with maximum current On/Off ratios varying between samples but no clear
degradation trend observed, up to day 38. The maximum current On/Off ratios reached values of up
to 348 and 19.9 for batch 1 and batch 2, respectively. The neuromorphic tests demonstrate learning
behavior and the stability of the memristors over multiple cycles, indicating their potential for in-
memory operations. However, the investigation has limitations in terms of the short measurement
duration, environmental inconsistencies and substrate size limitations.

This research on blade-coated 2D tin lead perovskite memristors is important as it contributes to the
development of emerging fields in electronics and computing. Memristors, a new class of devices, offer
new exciting opportunities for memory storage, neuromorphic computing, and in memory computing
architectures. The findings from this study provide insights into the fabrication and characterization
of perovskite memristors, displaying their potential for scalable production and neuromorphic appli-
cations. With their smooth surface and high absorbance, these memristors can easily be integrated
into advanced electronic devices. Potential applications include energy-efficient artificial intelligence,
brain-inspired computing, and compact memory systems.

Future research could explore comparative analyses of memristors based on different chemical struc-
tures, looking into their performance, stability, and scalability. Fine-tuning the fabrication process,
such as optimizing the settings for blade coating and vapor deposition, could improve reproducibility
and efficiency of the devices. Moreover, removing lead from the perovskite composition altogether
might be a possible option, focusing on alternative materials that offer similar or increased environ-
mental sustainability and reductions in toxicity.

In conclusion, this research on memristors based on perovskite materials highlights their potential for
advancements in electronics and computing. With further research, these devices have the capability
to revolutionize various applications, paving the way for a more efficient and sustainable future.
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