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Abstract

Neuromorphic engineering will play an essential part in the integration of hardware for ultra-fast and highly
energy efficient processing and storage of data. In order to realize this, research for computing is focused on
emulating the biological brain, which contains an amount of 101! highly densely integrated neurons, paral-
lelly connected via synapses. In neuromorphic computing systems and artificial synapses, both the storage
and processing of data is done in-situ, which cuts the need for data to be moved around an electrical circuit.
This results in faster and more energy efficient computations than conventional computing systems. In order
to achieve in-memory computing, passive circuit elements that can change their resistance in response to
electrically induced stresses are needed. These materials and devices are called memristors, because they
‘remember’ what current has previously flown through the device in response to an electric field. One of
the most promising emerging materials with memristive properties are organic-inorganic metal halide per-
ovskites (MHP), which can change their resistance due to intrinsic stability issues, resulting in the migration
of charged ions through the crystal structure. The efficient conduction of ions causes Current-Voltage (IV)
hysteresis, which makes MHP’s interesting for memory switching devices and artificial synapses. The exact
mechanisms behind the resistive switching effect in MHP’s is to date not fully understood. There are nu-
merous parameters that influence the switching effect, and similar perovskite structures show very different
results. In this thesis, we investigate the resistive switching properties of MAPbI3 3D and PEAgPbl4 2D
MHP thin films and present the difference their differences in energy consumption, conductive states and
endurance. We will also discuss what mechanisms might be the origin of the switching effect in these devices.
Furthermore, we will examine the influence of the addition of an organic hole-transport material within the
device stack on the resistive switching effect. Research was conducted by characterizing the perovskites with
XRD, AFM and SEM. Fabricated devices were measured with IV sweeps and Pulsed Voltage Stresses (PVS).
The main findings show a clear difference in the memristive switching properties between the 3D and 2D
perovskites, where 2D perovskites show lower operating currents (factor < 101), higher ON/OFF ratios (fac-
tor > 101) and potential lower power consumption upon operation (factor < 10%) compared to 3D perovskites.
However, the resistive switching in 2D perovskites is not always reproducible over all cycles, making the 2D
perovskite devices more stochastic in their memory behaviour. The addition of the hole-transport material
improves overall ON/OFF ratio and endurance of the devices, making it a very promising candidate for fur-
ther research. These results show the difference resistive switching behaviour due to ion migration in MHP’s.
However, more in-depth research is needed to obtain a clear picture of the switching mechanisms due to ion

migration in MHP thin films.
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1. INTRODUCTION

Greenhouse gas emissions by human activity has caused the average global temperature to rise past 1 °C
compared to pre-industrial levels. Extreme measures are needed to prevent average temperatures to quickly
pass the 1.5 °C set limit by the Paris climate agreement in 2015.1 An essential part of reaching these set goals
is shifting away from fossil fuels and generating sustainable energy. However, annual global energy consump-
tion keeps rising, making this task even more difficult.? A sector that increasingly demands more energy is
the digital technology sector. Over the past few decades, computer science has rapidly developed by the im-
plementation of artificial intelligence, including machine learning algorithms and artificial neural networks.?
With the wide deployment of deep learning, the main focus of development is on functionality, reliability and
accuracy, but not on energy efficiency.* Currently, the global energy consumption of data processing demands
more than 400 terawatt hours (TWh) of energy per year, forecast to increase to more than 3,000 TWh by
2030.% A master plan is needed to find alternative approaches to drastically lower the energy consumption of

data processing and transfer.

1.1. BEYOND THE VON NEUMANN BOTTLENECK

Conventional computer systems operate by sending data back and forth between the central processing unit
(CPU) and the memory unit, where the data is stored. Current electronics separates these components, which
results in data being transferred back and forth through the circuit. The physical separation between pro-
cessing and memory unit is known as the Von Neumann computer architecture.” The increasing amount of
data transfer between the memory and processing unit leads to high energy consumption and latency, limiting
the system towards the von Neumann Bottleneck’.? To address the shortcomings of this conventional system,
research takes inspiration from biological systems. A typical human brain contains 10!! neurons, which have
10* connections to each other by 101 synapses.? This highly dense integrated system uses around 20 W of
power to perform daily computational tasks. Digital simulations of artificial neural networks of the same
network size consume 7.9 MW, which is a difference of 6 orders of magnitude.!!! Reaching the ultra low
energy consuming computations of the brain (1-100 femtoJoule per synaptic event) is one main objective of
research in neuromorphic computing. In neuromorphic computing systems, both the storage and processing
of data is done in-situ, which cuts the need for data being moved around an electrical circuit. This allows for
faster, more complex and more energy efficient operations. In-memory computing systems are estimated to

train neural networks with a two order of magnitude gain in terms of energy consumption and speed com-



pared to conventional processing cards.!? Exploration of novel materials and devices that have a memory
effect in their conductance will be needed to advance the field of in-memory computing. Investigated mate-
rial classes range from magnetic alloys, metal oxides to chalcogenides and 2D van der Waals materials.” 1314
Also organic materials show a very promsing memory effect, where sub-femtojoule levels have already been
reported.’®> However, their thermal instability and the lack of a well-defined memory effect are disadvanta-

geous for applications. The field of neuromorphic computing is looking further to find promising sustainable

materials for in-memory computing with ultra-low energy consumption and high stability.

1.2. METAL HALIDE PEROVSKITES FOR IN-MEMORY COMPUTING

Metal halide perovskites (MHP) have rapidly emerged as a semiconducting material in academic research in
the last decade. MHP’s have an interchangeable composition of organic and inorganic ions in their crystal
structure, which enables tunability of the bandgap and charge transport through the material. These proper-
ties make them very interesting for the application in solar cells and light emitting diodes.'® Also, production
process of MHP’s is potentially cheap, as it is based on low-temperature solution-based fabrication.!” This en-
ables large-scale, low-cost manufacturing of perovskites as an optoelectronic material. However, perovskites
tend to be unstable in ambient conditions due to their sensitivity to moisture, oxygen and heat, hindering its
application on an industrial level.'320 Moreover, defect formation within the crystal lattice of MHP’s results in
current-voltage hysteresis. Favorably modulating the detrimental hysteretic effect in solar cells makes MHP’s
interesting for memory switching devices and artificial synapses.2>?2 In perovskite artificial synapses, the
migration of ions is used to change the resistance of the device. Recently researched perovskite-based memory
devices have demonstrated high data storage density, low power consumption and fast conductance switching,
out-competing conventional oxide-based switching memories.??26 There are different mechanisms proposed
in perovskites that change the electrical conductance in the material. Due to the research in the wide range
of perovskite compositions being in its infancy, it is still under debate which of these effects are taking place.
More investigation is needed to understand and optimize the memory behaviour in perovskite-based devices

for artificial synapses.



1.3. RESEARCH TOPIC

This thesis focuses on investigating different architectures of organic-inorganic MHP’s devices to obtain a
better understanding on the difference in resistive switching effects. We will compare these structures on the
resistive switching behaviour and energy consumption. For further theoretical background, section 2.1 will ex-
plain neuromorphic computing, memristive switching mechanisms and the important properties of measuring
memristive switching devices. Section 2.2 will explain the ionic-electronic properties in different perovskite
compositions, followed by how these differences influence the memristive effect in these materials in section
2.3. The goal of this thesis is to demonstrate the device performance of different perovskite structures with the
addition of organic transport layers, and to gain a better understanding of perovskite materials for artificial
synapse applications. The methods used for this research are presented in Section 3 and subsequently the

results are discussed in Section 4.



2. THEORETICAL FRAMEWORK

2.1. ARTIFICIAL SYNAPSES

In this section, we start off with a broad theoretical framework needed to explain how artificial synapses work.
First, the concepts and analogies of neuromorphic systems are explained. Then, the functioning of materials
that have a variable resistance, i.e. the memristors, are highlighted. We further explain how mechanisms
change the overall resistance of a memristive device and what parameters and properties are important to
have a high performing memristor. At the end, we will highlight how perovskites have performed so far on

these properties.

2.1.1. NEUROMORPHIC COMPUTING

"Neuromorphic’ engineering, which literally means ‘nervous (system) structure’ engineering, inspires from the
biological brain to alternatively store, process and compute data. In biology, the storage and processing of
data is computed ’in-situ’, where neurons send information parallel to each other by connected synapses. This
process emerges from synapses that have short-term behavior for computations and long-term behavior for
learning and memory.2” The strength or weight of a the synaptic connection determines how well informa-
tion is transferred to the next neuron. Synapses have the ability to change their strength, which allows it
to have long-term behaviour as a memory component.?® The parallel structures of the biological brain can
therefore with extreme precision and efficiency compute data with variable weights. Within neuromorphic
computing, similar functionality is attempted to be built by modelling and building electrical circuits with
analogue electronic devices. These systems can have different approaches, like analogue data processing, par-
allel information processing or spiking-based information computing.* The most important emulation process
in neuromorphic computing is the co-location of storage and processing of data, which needs electronic materi-
als and devices which have similar memory behaviour as synapses and neurons. In order to emulate long-term
synaptic behaviour, electronic devices are needed that have a variable resistance as a function of their history.
Materials that have these properties are calles memristors. Their complex variable response to an electrical

pulse allows them to be used as memory elements or variable weights in artificial synapses.*



The integration of memristors in electronic circuits will emulate the weights that synapses have in a
biological system, and use these to form an analog signal. Memristors function as the artificial synapse, where
the connected top electrode sends an input signal is the 'pre-synaptic neuron’ and the bottom electrode that
receives the output signal from the memristor is the ’post-synaptic neuron’. Multiple connected memristors
can together be placed in an array of neurons, which will allow for the parallel memory and processing upon
an electrical input signal.”-2%-3% Different architectures of these systems have already been proposed. A
classical example is by engineering matrix-vector multiplication (MVM) arrays, which is a well-explained
analogy to compute data as biological neural networks. Figure 2.1 shows the emulation of sending information
via neuromorphic compution in a MVM array. Via MVM multiplication, every value in output vector Y,, can
be calculated by separately multiplying each component of input vector x,, with the values w,,;, within the
column m, and summing over all the different multiplications. As an example, the first value Y; in the output
vector would be calculated by subsequently multiplying the components of the vector x, with the components

in the first row wy, of the matrix via

n n
Y= Z(wllxl +wixe + Wi1sx3 +... +W1nky) = Z Wwi;X; (2.1)
i=1 i=1
Values Yq, Y3, ... , Y, can be calculated via equation 2.1 in a similar way, together resulting in output
vector

Y, = WmiXi (2.2)

e

i=1

Within an MVM array architecture, the input vector V,, works as different voltage bias values on the
top electrode, which can be seen as the pre-synaptic neuron. The conductance values are together formed

by a matrix of memristors G,,,, similar to synapses that have variable weights. The output vector I,, is

the different currents that have flown trough the device and is analogous to the pos-synaptic neuron.?3!
Therefore, equation 2.2 can be physically expressed in neuromorphic circuit array to
n
In=Y GniVi @3)
i=1



Fig. 2.1: left: matrix vector multiplication with vector x,, matrix of weights w,,, and determined output
vector Y,,. middle: An MVM array that computes electrical information similarly by exploiting Ohm’s law and
Kirchhoff’s law: input voltage values V,,, matrix of memristors G,,, and output currents I,,. right: Schematic
of physical representation of one component of an MVM array, where the yellow area is the memristor. From
Reference.?

The physical explanation of equation 2.3 comes forth from both Ohm’s law and Kirchoff’s law. The output
current of each component in the array can be determined by Ohm’s law. This is simply the product of G, ;
and the biased voltage V;. Kirchoff’s law determines the total output current at the bottom electrode, which
is accumulated by adding the products of G,,; and V; together, resulting in I,,.2° The memory behaviour is
within the matrix of weights w,,,, which will update their weight values depending on the current that has
flown through them. A matrix of variable conductive states G, is therefore needed to perform the in-memory
computing. Therefore, memristors fulfill these requirements and are promising to implement in neuromorphic

systems. In the next section, we will explain how memristors work and what their important properties are.
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2.1.2. MEMRISTORS

Memristors are passive circuit elements that can change their conductance in response to electrically induced
stresses. The previously applied voltage determines the state of the resistance, which makes memristors

t.32 Figure 2.2 shows a schematic example

devices that 'remember’ what current has previously flown through i
of IV characteristics of a memristor device, measured under a direct-current (DC) voltage sweep. Starting at
0V in the positive bias (red), the current is initially low at low voltages. This stage is called the OFF state. At
a certain threshold voltage, the current drastically increases to an ON state, where much higher currents are
measured compared to the OFF state. When the voltage is decreased, the current stays high, which implies

the device stays in its high resistive state. In negative bias, the device is still in the ON state, until it drops at

a certain voltage back to the OFF state.

Fig. 2.2: Schematic of an example IV-characteristic of a memristor from reference.? In positive bias the SET
(in this thesis ON switching) is the point where the current drastically increases. The RESET (OFF switching)
is the point where the measured current rapidly decreases, allowing for different conductive states.

11



Research has shown that different mechanisms can take place in the active layer of the memristive ma-
terials, ranging from ferroelectricity®® to atomic rearrangement that modulate the conductivity. Among the
devices that show atomic rearrangement, there are ’analog memristors’ that gradually change their conduc-
tance upon an increasing voltage bias. The origin of this conductive change is an interfacial doping effect
between different regions in the material (Figure 2.3a).3435 There are also binary memristors, which show
abrupt changes in their conductance at a threshold voltage by conductive filament formation between the two

electrodes (Figure 2.3b).36:37

Fig. 2.3: Schematics of the two different atomic rearrangements lead different resistive switching mechanisms
in a memristor. a) interfacial doping. b) conductive filament formation.?

A proposed model by Serrano-Gotarredona et al.3® explains very well how these different mechanisms
result in a change of the overall resistance. The first is the 'moving wall model’ in Figure 2.4a. By interfacial
doping effect in the material, a memristor of height L is divided into two regions. The boundary between the
two regions is at the height w, which can change its position depending on the charge that has flown through
the memristor. This boundary is the interface between the doped region w, which has a has low resistance
Ron, and the undoped region L - w, which has a high resistance Rorr. The overall variable resistance of the
whole memristor is the addition of both Rpx and Rprr connected in series, therefore its memristive behaviour

can be described by

RMR = Ron¥ +Rorr (1- F) (2.4)

12



For the filamentary formation mechanism, multiple filaments can grow between two electrodes 2.4. The
variable number and width of the filaments influences how much of the cross-sectional area S of the memris-
tor is covered by effective conductive filaments w. The filaments with cross-sectional area w have the lower
resistance Rpy, while the bulk of the memristor has high resistance Rorr. Now the total resistance of the

memristor behaves as two variable resistors connected parralel, therefore its memristive behaviour can be

described by
1 1 w 1 w
— z 1-2 2.5
Rwr  RonS ' Rorr ( S) (2.5)

Fig. 2.4: a). Schematic of how atomic rearrangement leads to the formation of doped (w) and undoped (L-w)
regions that are modeled as two variable resistors in series. b). Schematic of atomic rearrangement leading to
filament formation in the material, resulting in multiple variable resistors operating in parralel.3®

Emerging memristor materials are tested with different reliability tests to check if they can potentially be
implemented in neuromorphic systems. Functional reliability of a memristor is determined by the precision,
energy consumption and endurance of setting its resistive state. Degradation of the ratio between the high
resistive state Ry and low resisitive state Ropr (from here onwards called the ON/OFF ratio) or inconsistent
ON/OFTF ratios make it difficult to target the input voltage bias accurately to set the memristor in the desired
resistive state. Furthermore, a low ON/OFF ratio will make it difficult to accurately distinguish the differ-
ence in conductive states, which negatively influences the training accuracy of the memristor.?! Therefore, a
consistent and high ON/OFF ratio is important to track the precision of the memristor during the test. Other

important parameters are the operating current (I), the operating voltage (V) and the time it takes for a mem-
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ristor to switch between its ON and OFF states (t). These properties directly influence the electrical energy

consumption of the memristor, described by

E=Pt=VIt (2.6)

With this simple equation, the operating energy consumption can be calculated by multiplying the mea-
sured current with the applied voltage pulse amplitude and the pulse width.'® Lowering these parameters to
the lowest possible value will result in the lowest energy consumption for switching the resistive state of the
memristor. Endurance of the memristive behaviour of the device is important to know after how many switch-
ing events the device 'breaks’. The breakpoint is defined if the memristor irreversibly loses its high ON/OFF
ratio and low energy consumption. Measuring the endurance of a memristor device is difficult, because it is
not always known how to induce the switching effect between the ON and the OFF state. This depends on
what mechanism induces the switch, what magnitude of voltage pulse is needed, and how long this pulse is
needed to induce the switching effect.3% 40 Therefore, research on memristive devices still portrays the switch-
ing effect via IV characteristics. However, the pulse-based voltage bias technique is used for realistic device

computations to efficiently tune the memristive state of the device.°

Within the last 5-10 years of research of halide perovskite memristors, significant progress has been made
on optimizing the energy efficiency and accuracy switching between states. The tunability of the bandgap is
an essential parameter that affects the Schottky barrier height, therefore influencing the resistive switching
effect. Halide perovskites have demonstrated low-energy operation, high ON/OFF ratios and mulitple switch-
ing states in combination with fast operation speed.*! So far, the lowest reported current values are as low as
10711 A, where most ON/OFF ratios are higher than 10%.4? Furthermore, reported V, ppl values are as low as
1071 V, which also improves the energy efficiency of the operating device. The highest reported ON/OFF ratio
is 1.9 x 102 for a FTO/c-TiO9/MAPbI3xClx/Al device structure.*® Endurance of halide perovskite memristors
needs to be further improved to meet the requirements of practical applications. Stability of most halide per-
ovskite memristors is less than 103, which is considerably lower than that of other types of memristors. One
of the reasons for poor endurance is a lack of understanding in the mechanism behind the switching effect.

Improving this understanding will further develop the resistive switching properties of perovskite memristors.

14



2.2. PEROVSKITE MATERIALS

In this section, we will briefly discuss the structural composition of metal halide perovskites, the different

dimensions and how this difference influences the electronic-ionic properties of the material.

Fig. 2.5: Typical ABX3 perovskite structure, where A is the monovalant cation and the covalent cation B and
monovalent anion halides X together form the octahedral cage. From Reference.**

2.2.1. 3D AND 2D PEROVSKITES

Metal halide perovskites have a crystal structure that share the chemical formula ABX3, where A is a mono-
valent cation, and B and X are the bivalent cations and monovalent anions, respectively (see Figure 2.5).
The bivalent cations are metals (typically tin Sn?* or lead Pb?*) and form cornersharing BXg_ octrahedra
with the halide anions (chloride C1~, bromide Br™~, iodide I"). The monovalent cation can be either inorganic
(cesium Cs™) or organic (such as methylammonium MA™, butylammonium BA*, formamidinium FA*).44-46
The variance in composition of halides exhibits a wide range of tunability of the bandgap of the photoactive
material, making metal halide perovskites very interesting for application in solar cells and light emmiting
diodes.*”*® The number of octrahedral layers stacked together in the perovskite determines if the structure
is 3-dimensional or 2-dimensional. In 2D perovskites, some or all of the A cations are replaced by bulkier
organic spacer molecules, which seperate the octrehadral cages. Decreasing the number of octrahedral layers

stacked together changes the composition of the chemical formula ABX3 of the 3D perovskite. For instance,

Ruddlesden-Popper 2D perovskites share the formula (RNH3)2A,, 1B, X3, +1, where RNHg is the bulky alky-
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lammonium spacer cation, A the monovalent organic cation, B the divalent metal cation and X the halide
anion. The number of BX‘é_ octrahedra spaced by the alkylammonium spacer cations is represented by the
value n.%2%:49 A fully n=1 2-dimensional perovskite will therefore have the formula (RNH3)2BX,4, where the
BXg_ octrahedra layers are fully seperated by the bulky organic cation spacers. Figure 2.6 shows the differ-
ence in perovskite structure between 3D and 2D perovksites. The insulating organic spacers decrease carrier
mobility, which makes 2D perovskites less conductive. The decrease in dimensionality of the perovskite layer
increases the energy gap between the conductance and the valance band, as an example from E; ~ 1.54 eV
for methylammonium lead iodide (MAPbI3) to E; =~ 2.57 eV for the n = 1 2D perovskite phenethylammonium
lead iodide (PEAsPbI,)."

Fig. 2.6: a) Schematic showing the structure of a 3D perovskite, where the arrows show the migration path-
ways of halides between the conductive octrahedral layers. b) Schematic of n=1 2D perovskite structure,
showing the suppression of halide migration due to the presence of large organic cations between the octahe-
dral layers.

2.2.2. JON MIGRATION

The weak chemical bonds between the A cations and the BXé_ octahedra make structural defects like vacan-
cies and interstitials of the ions within the perovskite lattice easy to form. Depending on low activation energy
(E4) and high mobility, ions can migrate throughout the material, resulting in Current-Voltage (IV) hystere-
sis.*® Within the soft crystal lattice of the perovsktite, charged ions migrate upon an external applied voltage

bias due their low migration E4. Taking MAPbI3 as an example, ions migrate due to the presence of vacan-
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cies, interstitials or antisite substitutions. Activation energies vary between the ionic species, where there is
a wide range of reported E 4 values; 0.08-0.58 eV for I™, 0.46-1.12 eV for MA* and 0.80-2.31 eV for P2+ .50-53
Among all ionic species, I-ions along the edge of a PbI‘é octahedron have the lowest E4, which is attributed
to the shortest migration distance and the lowest electrostatic potential to overcome.?®5* Ion migration is
the fastest and most prominent along surface and grain boundaries, because these present more defects and
exhibit lower activation energies for ion migration compared to the bulk.45%5-58 Solution-processed MAPbI3
thin films have much smaller grains compared to single crystals, raising the defect density within the poly-
crystalline film.?® A result of ion migration is a mixed electronic-ionic behaviour where both ions and electric
charge carriers can conduct electricity. The organic spacer cations in 2D perovksites can efficiently block ion
migration channels.? Figure 2.6 also shows a schematic of the 3D and 2D (n=1) perovskite structures and how
the presence of large organic cations suppresses the halide movement through the material. The charge and
ion mobility is anisotropic, therefore also influencing the conductive channels through the perovskite struc-
ture.2” In short, overall ion migration and carrier mobility is suppressed by the organic spacers that separate

the octrahedral layers, which results in a difference in ionic-electronic transport in 3D and 2D perovskites.
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2.3. 2D/3D PEROVSKITE ARTIFICIAL SYNAPSES

The major experimental challenge regarding ion migration in perovksite memristors is to control the type
of ions migrating, the concentration of mobile ions and the mobility pathways of ionic species. The exact
mechanism behind IV hysteresis and memristive behaviour in perovskites is still unclear. There are differ-
ent effects that influence the migration of ions, such grain sizes, difference in structured cations and anions,
thickness and morphology of the thin film, choice of electrodes and interfaces and magnitude of the applied
electric field.16-23,45,55-57,61  Algo jon migration and hysteresis heavily depends on the scan-rate of the IV
sweep. Hysteresis could be minimized with very high and very low scan-rates.?®®” Another effect that re-
sults in IV hysteresis is reactions between the metal electrode and the charged mobile ions in the perovskite
material.?>52:63 The addition of charge transport layers and the different 2D and 3D perovskite layers have
a large effect on the resistive switching effect. Having a grasp of the origin of the hysteresis in perovskite
memristors is important to understand the mechanisms of how the current flows through the device. This
section will clarify how the different mechanisms of interfacial doping and conductive filament formation from
Section 2.1.2 might be taking place in different perovskite structures due to ionic diffusion. We will highlight
these effects from past research in halide perovskite memristors and mention the debate about the origin of

the memristive effect in different 2D and 3D perovskite structures.

2.3.1. INTERFACIAL (DOPING) EFFECTS

The interfacial doping mechanism in perovskites comes forth from the concept of the formation of areas with
different conductivities connected in series. In forward bias (V4p, > 0), the generated electric field *pushes’
positively charged cations (A") and anion vacancies (V) with low E4 to the electrode of opposite charge sign.
Negatively charged anions (X7) and cation vacancies (V) migrate to the positively charged electrode.?®64
The redistribution of ions and defects at the interface change the electronic effects of the semiconducting
material by changing the depletion region and the current flowing through it. The increase of ion density at
the electrode interface leads to a linear change in charge-carrier injection barrier.®® Figure 2.7 shows the band
diagram of a p-i-n structure after poling. The charge injection barrier at the electrodes will be smaller due to
the formation of the p-i-n structure, therefore increasing the current flowing through the device. This shift in
Fermi level will give rise to the memristive effect. As there is debate on the intrinsic carrier concentration in

perovskite devices, the formation of the p-i-n structure is an approximation of the effect of ion migration upon

an electric field. Under negative bias (V,, < 0), the polarity of the electrodes switches and will flip the electric
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field, therefore gradually moving the charged ions in the opposite direction through the perovksite structure.
The dark current density increases upon reversed bias, which indicates that the polarity of the device has been
switched to n-i-p polarity, because a negative bias works as forward bias for n-i-p polarity.?®6465 The gradual
shift of the interface between the differently doped regions results in a gradual switching between conductive

states, which corresponds to the explanation of interfacial doping in memristors in Section 2.1.2.

Fig. 2.7: Schematic of n-i-p formation in the perovsite layer, where positively charged ions migrate to the anode,
resulting in n-doping, and negatively charged ions migrate to the cathode, resulting in p-doping. Reproduced
from Reference.®* E, = valance band, E f = fermi energy, E. = conduction band.

Research that further elaborates on interfacial effects between the perovskite and electrode is highlighted
in methylammonium lead bromide (MAPbBr3) 3D perovskite devices.®® Figure 2.8 shows a schematic of the
possible effect for a n-type perovskite semiconductor. For simplicity, only negatively charged ions are high-
lighted to explain the effect. Without an external applied bias (A) the bands of the perovskite allign with the
electrode to form a Shottky barrier, where electrons will transfer into the metal, resulting in the formation of a
depletion region. When a negative bias is applied (B), the initial current through the junction increases rapidly
because the bias is in forward bias condition, which easily lets charges flow through the junction. The raising
electric field forces the negatively charged ions to migrate to the interface (C), making the perovskite layer
at the interface more p-doped, which raises the Shottky barrier height. This decreases the current that can

flow through the junction, therefore induces the hysteresis effect in the IV characteristic. Under positive bias
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(D), the current remains low due to the junction working as a Schottky diode in reversed bias. Until a high
enough electric field allows positive ions to migrate away from the junction, therefore lowering the current

even further, resulting in a gradual switching between different resistive states.%¢

Fig. 2.8: Schematic of ion migration influencing the band alignment at the perovskite/electrode interface, in
this case MAPb3/ITO. A shows the intrinsic band alignment without an externally applied voltage bias. B and
C show the processes on a negative bias. D and E show the processes in positive bias. The different interfacial
stages are highlighted within the measured IV curve in the middle. Figure taken from.%%

Similar switching mechanisms have been reported in different 2D perovskites with (PEA)oPb,, -1 MA, I3, +1
structures. Hysteresis is suppressed for lower n-values due to the suppression of ion migration in organic
spacers.?? The increase in concentration of insulating PEA cations hinders the conductive pathways of ions
along the octrahedral cages, which results in less charge injection into the perovskite structure. Due to less
interfacial effects at the interface with the electrode and a lower mobile charge density in the 2D perovksite,
both the electronic and ionic transport decreases. Due to the lack of a metallic filament formation in the device,
in combination with impedance spectroscopy measurements, the activation process of conductive switching is

due to physical and chemical reactions at the interface.
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2.3.2. CONDUCTIVE FILAMENT FORMATION

The conductive filament formation in perovskites comes forth from the concept of the rearrangement of ions
or ionic vacancies between the electrodes, which drastically changes conductivity when formed. This mecha-
nism is activated either by positively charged ion vacancies V:; or metallic silver (Ag) ions that actively dis-
tribute through the layer of the device.”-%8 In fully 2D n=1 PEAsPbBry single crystal exfoliated flakes, drastic
changes in conductance were measured and local elemental distribution through the device was studied with
cross-sectional scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDS). In the bulk, the Br~ ions were initially uniformly distributed, while they accumulate at the gold in-
terface after a voltage bias. Br™-ions are therefore able to efficiently hop inbetween the insulating organic
cation spacers. This shows that signifiacant ion migration is apparent in n=1 2D perovskites. As the Br~ ions
migrate out of the bulk crystal of the perovskite, the remaining Vg, vacancies form a conductive filament of

around 20 nm in diameter. Figure 2.9 shows a schematic of the effect in these single crystal devices.?”

Fig. 2.9: Schematic of ion migration promoting a conductive filament formation of Br~ vacancies in single
crystal 2D n=1 PEA;PbBr, perovskites. Figure taken from.?’

Filament formation in 3D perovskite devices has also been observed for MAPbI3, where IV measurements
were performed in combination with conductive atomic force microscopy (c-AFM) to measure the conductivity
of the active surface of the perovskite thin film. In order to perform these measurements, devices were poled
to the ON state, after which the top electrode was accurately scraped off with the diamond tip of the AFM
probe. After this, the conductance of the surface of the perovskite was locally measured by applying a read
voltage of 15 mV on a 175 by 175 nm scan area. With ¢c-AFM measurements, a high conductive area of 50
nm on the surface of the perovskite layer was observed, which gives rise to the formation of a filament of

iodide vacancies in the device.%? In contrast to gradual changes in conductivity due to interfacial effects, the
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formation of conductive filaments results in abrupt changes in conductivity.”®

2.3.3. DEVICE STRUCTURE IN THIS RESEARCH

In this research, we attempt to understand the difference in memristive switching effects in 2D and 3D per-
ovskites. We perform a comparison study between the 3D perovskite MAPbIs and the 2D perovskite PEAsPbly
thin film devices. To measure the difference in memristive properties between 3D and 2D perovskite thin films,
we first establish the different materials used in this research and how these influence the device measure-
ments. The configurations of the devices used in this thesis will be explained paired with the corresponding
band diagram, portrayed in Figure 2.10. The active perovskite layers MAPbIs and PEAyPbl, are compared
within a hole-transport layer structure. Starting from the bottom, indium tin oxide (ITO) serves as a trans-
parent conducting bottom contact. On top of the ITO, a organic hole transport layer PTAA (hole mobility is
7.47 x 1075 cm?V~1s71) is deposited.”! The solution-processed MAPbI; and PEAyPbl, thin films serve as
the active layers in the device. Further investigation of the memristive effect is investigated by addition of
another organic hole transport layer Spiro-OMeTAD (hole mobility is 2 x 10™% ¢cm?V~1s71) is deposited on top
of the perovskite layer.”! As a top contact, gold (Au) is deposited to finish the device configurations. As this is

a hole-only device, we only expect hole current to flow through it.”2

Fig. 2.10: left: A schematic overview of the device configurations. right: A schematic overview of the band
diagram of the different semiconducting materials.1%71:73,74

We fabricate devices with four different configurations in this research, where we keep the electrodes
and the bottom transport layers constant. This results in the investigated devices MAPbIs, MAPbIs/Spiro,
PEA9Pbl4 and PEAyPbI4/Spiro. On these devices, we perform IV measurements to investigate the influence

of the combination of perovskite and transport layers on the switching effect. The parameters we focus on in
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analyzing this difference is the operating current, the magnitude of the ON/OFF ratio and the stability of the
device upon multiple subsequent voltage stresses. Due to the presence of the large organic spacers, we expect
the 2D perovskite PEAoPbl, to be less conductive and show a reduction in switching effect. By addition of
the Spiro-OMeTAD transport layer, we expect lower overall conductivity due to the hole-only device structure.
Also, we expect the Spiro-OMeTAD layer to block chemical reactions between the perovskite and top gold

electrode.
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3. METHODOLOGY

3.1. PREPARATION OF THIN FILMS

In this section, the different fabrication methods of the active layers of the device are explained in chronolog-
ical order from the bottom of the device to the top contact layer. After the annealing step of each spincoated
thin film, the substrate was left to cool down to room temperature before the subsequent layer of the device
stack was deposited. All thin films were deposited in a nitrogen filled glovebox (O2 < 5.0 ppm), unless stated
otherwise. For the fabrication method, the following chemicals were used: Dimethyl sulfoxide (DMSO, anhy-
drous 99.9%), toluene, chlorobenze, dimethylformamide (DMF), phenethylammonium iodide (PEAI, 99.999%)
and poly(triayl-amine) semiconductor (PTAA) were purchased from Sigma Aldrich. Methylammonium iodide
(MAI) was purchased from Solaronix, lead iodide (PblIg, 99.999%) was purchased from TCI. All chemicals were

used without further purification. Samples were prepared on ITO coated glass substrates.

3.1.1. CLEANING ITO COATED SUBSTRATES

15 by 15 mm Indium Tin Oxide (ITO) coated glass substrates were used as a transparent bottom contact.
The substrates were cleaned with a brush using liquid detergent before sequentially sonicating them in an
ultrasonic bath for 20 minutes in demineralised water, acetone, and isopropanol. To further remove impurities
and contaminants from the surface and increase the wettability of the active surface, the substrates were
exposed to oxygen plasma for 16 minutes at an oxygen flow of 0.2 standard cubic centimetres per minute

(scem), with a power of 100W.

3.1.2. PTAA BOTTOM TRANSPORT LAYER

PTAA precursor solution was prepared by dissolving PTAA (2 mg) in toluene (1.000 mL) and stirring overnight
at 500 rpm at 30 °C. 75 uL of PTAA precursor solution was spincoated onto the substrate at 5000 rpm for 35

seconds. Immediately after the spincoating process, the samples were annealled at 100 °C for 10 minutes.

3.1.3. PEROVSKITE THIN FILM

MALI (235.0 mg) and Pbly (681.5 mg) were dissolved in DMSO (0.095 mL) and DMF (1.000 mL) by stirring
overnight at 400 rpm at 30 °C. 80 uL of the precursor solution was spincoated on the substrate at 4000 rpm for

30 seconds. Immediately after the spincoating process, the samples were annealled at 100 °C for 10 minutes.
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PEAI (242.4 mg) and Pbly (220.2 mg) were dissolved in DMF (1.000 mL) by stirring overnight at 400 rpm at 30
°C. 80 uL of the precursor solution was spincoated onto the substrate at 4000 rpm for 30 seconds. The samples

were afterwards annealled for 15 minutes at 75 °C.

3.1.4. SPIRO-OMETAD TOP TRANSPORT LAYER

The Spiro-OMeTAD precursor solution was prepared by dissolving Spiro-OMeTAD (10 mg) in chlorobenzene
(1 mL) and stirring overnight at 500 rpm at 30 °C. 50 uL of Spiro-OMeTAD precursor solution was spincoated
onto the substrate at 4000 rpm for 30 seconds with an acceleration of 800 rpm/s. The samples were not

annealed after this process.

3.1.5. AU TOP CONTACT LAYER

To complete the device, gold (Drijfhout, 99.99 %) was deposited by thermal evaporation. An Amod physical
vapor deposition system from Angstrom, mounted inside a nitrogen-filled glovebox, was used under a high
vacuum (5x10~7 to 1078 torr). The vacuum accurately controls the rate of vaporized material that travels to
the target substrate, where they condense back to a solid state. Gold was deposited at 0.01 nm/s for the first

10 nm and afterwards with a rate of 0.1 nm/s up to a final film thickness of 100 nm.

3.2. CHARACTERIZATION
3.2.1. MATERIAL CHARACTERIZATION

X-ray diffraction (XRD) patterns of the fabricated perovskite thin films were obtained to identify the crystal
phase by measuring the diffracted X-rays from the sample under a variable angle 6. A Brucker D2 diffrac-
tometer, using the Bragg-Brentano configuration with Cu-Ka ( = 1.54 A) radiation, measured a range set from

5.0° to 50.0°, with an 0.02° increment step and a dwell time of 0.1 seconds.

The thickness of the thin films were measured by scratching away the surface of the film and using a KLA
Tencor Stylus profiler P7 profilometer, where a calibrated needle moved along the surface to measure the
height difference between the trench and the film. Measurements were acquired by applying a force of 0.5 - 2

mg and measuring at a speed of 20 pm/s, while recording at 200 Hz.

Further film thickness and surface morphology were characterized with Atomic Force Microscopy (AFM).

Measurements were done with a Bruker Dimension Icon-PT Atomic Force Microscope, using the PeakForce
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mode of operation and a ScanAsyst Air probe. Images were acquired with a scan size of 1x1 ym, a scan rate of

0.200 Hz and 512 samples/line.

Scanning Electron Microscopy (SEM) measurements were obtained with a FEI Verios 460 scanning electron
microscope. Under a high vacuum, an electron beam travels through electromagnetic fields and lenses, which
focus the electron beam on the sample. The scattered electrons from the sample are collected to form a final
image. Heavy atoms backscatter the electronbeam more efficiently than elements with lower mass, which
gives rise to distinction of contrast in the electron image. In this research, SEM images were taken to measure
both the surface morphology of the perovskite films and cross-sections of the the device stack. Images were

acquired with a beam voltage of 5kV and a current of 100 pA.

3.2.2. DEVICE CHARACTERIZATION

Current-Voltage (IV) curves were measured with a Keithley 2440 5A Source/Measure Unit (SMU) to oversee
the current characteristics of the fabricated devices upon a increasing and decreasing voltage sweep. IV
measurements were executed by starting from -1V to +1 V and back from +1V to -1V. The amplitude of the
voltage sweep was increased until a noticable hysteresis was detected. The IV sweep was then repeated a total
of 5 times to show the reproducibility of the hysteresis effect. The measurements were performed with a rate
of 0.1V/s. The current compliance or limit was set at 50 mA as a safety feature to prevent a high current from

flowing through the device and therefore irreversibly breaking the functional layers.

Voltage pulse measurements or Pulsed Voltage Stresses (PVS) were obtained with an Agilent B2902A Pre-
cision SMU to measure the output current of the device upon subsequent pulsed voltages stresses. These ex-
periments were conducted to investigate the shortest pulse time needed for a change in conductivity/switching
event. Also, these measurements will give accurate information on the power consumption needed for a switch-
ing event. The measurements were performed with voltages between -1V and 1V, and with a pulse duration

between 480 ms and 8 ms. The current compliance was set at 5mA.
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4. RESULTS AND DISCUSSION

In this chapter, the results of the measurements are presented and the main observations and differences in
MAPDbI3 and PEAyPbl, device stacks are discussed. In the first part of this section, the comparison between
the perovskite materials are stated in terms of crystal structure, morphology and thickness. Then, we present
IV sweeps of the devices to measure the hysteresis and operating current upon a voltage bias. As a follow up,
endurance of devices is measured by subsequently performing IV sweeps until a ’break point’, where there
is no hysteresis measured. Afterwards, the effect of the addition of a Spiro-OMeTAD (Spiro) transport layer
within these devices stacks are discussed. Lastly, we discuss the results of Pulsed Voltage Stresses (PVS) on
the devices, where we present the shortest pulse time, the highest ratio and the lowest energy consumption to

induce a switching effect.

4.1. CHARACTERIZATION OF THIN FILMS

Thickness and morphology of the bottom and top organic transport layers fabricated in this research in Section
3.1.2 and Section 3.1.4 were measured with both profilometer and AFM as explained in 3.2.1. The thickness of
the thin films is 10 nm for PTAA and 60 nm for Spiro-OMeTAD. The measurements showed no pinholes and
a overall smooth surface. Further information on the material characterization of these transport layers in
the device stack is highlighted in the Appendix Section 8.1 and Section 8.2. Following the perovskite thin film
fabrication procedure from Section 3.1.3, the crystal phase of the MAPbI3 and PEAgPbly perovskite thin films
was measured with XRD. Figure 4.1 shows distinctive (110) and (220) relative intensity peaks for MAPbI3
at 14.0° and 28.0° and (002), (004), (006), (008), (0010), and (0012) peaks for PEAsPbl, from 5.5° to 27.5°,
which corresponds to the patterns in literature.”®7® The intensity and confinement of the peaks show that
the fabrication method of the thin films has allowed the perovskite film to sufficiently grow into cubic crystal

phase.
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Fig. 4.1: XRD spectra of the MAPbI3 and PEAoPbl, perovskite thin films.

Figure 4.2a shows a top view SEM image of the surface of the MAPbI3 thin film, clearly showing typical
small polycrystalline grains of a solution-based perovskite thin film.5? The PEAgPbl, thin films were more
difficult to image with SEM (Figure 4.2b). Imaging of the PEAsPbl, samples with SEM was difficult because
of charging effects. AFM images of the surface of both films were acquired to present a better comparison of

their morphology with high resolution.

Fig. 4.2: a) Top SEM image of the MAPbI3 thin film. b) Top SEM image of the PEAsPbly thin film.
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AFM measurements were conducted following the procedure in Section 3.2.1 to compare the grain sizes and
morphology of the MAPbIs and PEA2Pbly thin films. Again, differences in features are easy to distinguish for
MAPDbDI;. In Figure 4.3a, MAPbI3 grains are estimated to vary between 50-300 nm. In Figure 4.3b, PEAoPbly
thin film grainsize features are again difficult to distinguish. However, the AFM image shows features that
may be indicated as grains. There is too much overlap between the features to give a good estimation on grain
sizes. As reported, AFM and SEM measurements are ambiguous techniques to accurately determine grainsize
and crystal orientations in perovskites.”” Further research is needed to precisely compare the grain sizes
of MAPbIs and PEAgPbly thin films. Since ion migration is significantly increased along grain boundaries,
it is important to take the incomplete information on grain size comparison into consideration in further
measurements.’® The calculated Root Mean Square (RMS) roughness of the MAPbI3 thin film is 7.8 nm,

compared to 1.9 nm for PEAgPbly, which further demonstrates smooth perovskite film fabrication.

Fig. 4.3: a) 1x1 um top AFM image of the MAPbI3 thin film. RMS roughness is 7.763 nm. 1x1 ym top AFM
image of the PEA;Pbly thin film. RMS roughness is 1.938 nm.
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Figure 4.4a shows the cross-sectional SEM image acquired of an ITO/PTAA/MAPbIs/Au device. The deter-
mined thickness of the MAPbI3 thin film is 500 nm + 50nm. Figure 4.4b shows the cross-sectional SEM image
acquired of an ITO/PTAA/PEA9Pbl4/Au device. In this image, we determine a thickness of the PEAgPbl, thin
film of 400 nm + 50nm. For both cross-sectional images, a smooth perovskite surface is observed. The fabri-
cation method in Section 3.1.3 results in a comparable thickness of the perovskite thin films. Since thin films
activate a switching behaviour at lower potential values, characterizing the difference is essential to compare

the operations of these devices.

Fig. 4.4: a) Cross-sectional SEM image of an ITO/PTAA/MAPbI3/Au device. b) Cross-sectional SEM image of
an ITO/PTAA/PEAgPbI4/Au device. The PTAA film is not highlighted in these images as a result of its thin
appearance (see Section 8.1).
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4.2. 3D VERSUS 2D

Following the experimental methods from Section 3.2.2, we present the results of the MAPbIg and the PEAgPbl,4

memristive devices by comparing their IV curves and endurance upon multiple cycles.

4.2.1. IV CURVES

Figure 4.5a presents the typical IV-characteristics for the MAPbls device under 5 subsequent DC voltage
sweeps between -1V and +1V. The absolute measured current is presented on the logarithmic scale. The cur-
rent flowing through the device is initially low (107%-107% A) until around +0.7V, where the current drastically
increases to 1072 A at +1V. Sweeping back to lower voltages the conductivity stays high, which means the
device is in the ON state. Between +0.20V and -0.25V, the measured current is negative and very low (10 8A-
1076A), until it drastically increases again in the negative applied bias. The device gradually switches back
to the less conductive state (OFF state) in the negative bias, where the initial measured current through the
device is similar again in the positive bias.

Figure 4.5b shows the first curve of 5 subsequent IV sweeps for the PEAgPbly perovskite device between
-1.5V and +1.5V. Here, we only show the first sweep for clarification. Figure 8.4b in the Appendix shows
all 5 subsequently measured IV sweeps. This device was also first measured between -1V and +1V, but no
hysteresis effect was measured (see Figure 8.4a in the Appendix). Initially. the current flowing through the
device is < 10”7A. Around +1V, there is some stochastic switching in conductivity, until the device switches to
the ON state, where measured current is around 1076A. In the negative applied bias, a similar behaviour is

presented, but the ratio between the two conductive states is lower and less profound.

Fig. 4.5: a) 5 subsequent IV characteristics of the MAPbIg device. b) First IV sweep of 5 subsequent sweeps in
PEAsPbl, device from Figure 8.4b.
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From these results, we can observe the difference in both the operating current and hysteretic switching
effects between these devices. Looking at the operating current, the OFF state is reduced by at least 1 order
of magnitude for the PEA;Pbl4 (< 1077A) compared to MAPbI5 (1076A). Also in the ON state, the measured
currents are lower, which corresponds to the hypothesis of less current output due to decrease of carrier
mobility and anisotropic charge transport in 2D perovskites.'®2” Looking at the operation of the hysteretic
effects in both devices, we observe that the initial behaviour of the MAPbI3 device is very diode-like, where at
+0.7V the current flowing through the device rapidly increases to higher conductivity. In the reversed IV scan,
the current is higher, which follows the hypothesis of interfacial doping or other interfacial effects that at the
electrode interface.%6 Another interesting observation in the MAPbI3 device is that the current is not OA at
OV bias. A reason for this could be a charging effect due to ions still migrating through the device. The IV
behaviour of the PEAoPbl, device is not diode-like, but does show a significant hysteretic switching behaviour
at higher voltage ranges. This observation is interesting, because of the reported blocking of ion migration
channels by the large organic spacers in 2D perovskites.?C In Figure 8.4b, stochastic switching at different
voltages is observed, hindering a reproducible behaviour over multiple cycles. However, from these IV sweeps
we can conclude that there is efficient ionic transport and low observed current in PEAsPbl, perovskite devices

to induce a resistive switching effect.
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4.2.2. ENDURANCE MEASUREMENTS

Endurance of devices was measured by performing multiple subsequent IV sweeps according to the methods
in Section 3.2.2 over the perovskite devices. The endurance is analyzed by calculating the difference in high
conductive ON values and low conductive OFF values. These values were calculated by dividing the ON
current by the OFF current at a certain voltage value V,.,4, where a subsequent high hysteresis is measured.
For the MAPbI;3 device, the devices were poled between -1V and +1V. The large observed switching was in the
reverse bias, therefore the V,.,4 was set at -0.5V. The PEAyPbl, devices were poled between -2V and +2V. The
Vi:eaq Was set at +0.5V, because in the forward bias over multiple sweeps significant switching was detected.
Figure 8.6 in the Appendix portrays all the subsequently measured IV curves and the set values for V,.qq4.
The results are presented in Figure 4.6, which shows a scatter plot of the high conductive ON values and low

conductive OFF values over multiple cycles.

Fig. 4.6: a) Evolution of the ON and OFF values of the MAPbI3 device, V,.qq = -0.5V. b) Evolution of the ON
and OFF values of the PEAsPbl, device, V,.qq = +0.5V.

In Figure 4.6a, the ON and OFF currents of the MAPbI3 device are initiallly 431075 A and 5x1076 A,
respectively. The progression of the ON state is consistent over the endurance measurement, where OFF state
gradually loses its conductivity to 1x107® A after 40 cycles. After 45-50 cycles, the device starts to lose its
memristive effect, where incidental higher conductive OFF states are observed. After 80 cycles, the device
degrades by irreversibly losing a well-defined difference in the ON and OFF states. From here, the device has
lost its resistive switching effect. In Figure 4.6b, the measured difference in ON and OFF current values for
PEA,Pbly is again stochastic. For the first 10 cycles, the operating current at V,.o4 is on the order of 1078
A for both the ON and OFF stte. This means that there is no distinct switching measured between high and
low conductive states. Between cycle 10 and cycle 70, the OFF state gradually increases in conductivity, and

stochastic ON currents are measured. For some cycles, the observed ON/OFF ratio is in the 1072 range. After
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70 cycles, the device short circuits and loses its memristive effect.

From these endurance measurements, we can further argue that MAPbIg devices show reproducible switch-
ing behaviour of 1 order of magnitude over multiple cycles. The ’breaking point’ of the memristive operation
of the device is around 80 cycles. Reasons for this could be the increased amount of defects in the perovskite
material due to subsequent migration of ions, or irreversible chemical reactions with the gold electrode and
the iodide ions.®? The switching effect of the PEAsPbl, devices is very inconsistent, where on numerous cycles
there is no detected difference between the ON and OFF state. At the ’breaking point’ at 70 cycles, the device

short circuits to high currents. These results further imply the unreliable memristive effect of 2D perovskites.
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4.3. ADDITION OF SPIRO-OMETAD TRANSPORT LAYER

In this section, we present the results on the IV curves and endurance measurements for the addition of a
Spiro-OMeTAD thin film to the device (see Section 3.1.4 for the fabrication process). Note that the Spiro thin

film was added on top of the perovskite structure, resulting in the full device architecture from Figure 2.10a.

4.3.1. IV CURVES

Figure 4.7a presents the IV curves for the MAPDbI3/Spiro device under 5 subsequent DC voltage sweeps be-
tween -2V and +2V. We observe an abrupt ON switching at 1.7V in the 2"? and 4" cycle, and within the same
cycle an abrupt OFF switching at -2V. The calculated ON/OFF ratio within these cycles is more than 2 orders
of magnitude. After multiple measurements we were unable to reproduce this switching effect. The IV curves
of PEAgPDbl4/Spiro in Figure 4.7b show ON switching in the positive bias. This happens at different voltage

magnitudes. The device switches OFF in the negative bias at low voltages, between 0V and -0.5V.

Fig. 4.7: a) IV curves of MAPbIs/Spiro and b) PEAyPbl4/Spiro devices under 5 subsequent DC voltage sweeps.
See Figure 8.5 for more IV sweeps.

Comparing these IV curves to the devices in Figure 4.5, a clear difference can be seen in the conductive
switching behaviour. First of all, for the MAPbI3/Spiro device in Figure 4.7a, there is abrupt switching ob-
served, which was never observed for devices MAPbIs without a Spiro layer. Also at higher voltage biases, the
MAPDI3-only devices show gradual switching as portrayed in Figure 8.5a in the Appendix. For some devices,
the abrupt switching is observed also at lower voltages and is very stochastic, as can been seen in Figure 8.5b
in the Appendix. A reason for the difference in this behaviour could be that a certain voltage potential value,
ions migrate from the perovskite into the Spiro layer, which has been reported in previous research.’° As a
consequence, anion vacancies (I7) that are left in the perovskite layer may form a channel for electrons to

efficiently move between the ITO and gold electrode. This effect could promote a lower potential barrier for

35



conductive filament formation. For PEAsPbl4/Spiro devices, we still measure lower currents and see an over-
all increase of the difference in the ON and OFF states. Because switching is still stochastic, it is, however,

unclear if this is due to effects in the Spiro layer or in the pristine perovskite film.

4.3.2. ENDURANCE MEASUREMENTS

Endurance of these devices is again analyzed by measuring the high conductive ON values and low conductive
OFF values within every IV sweep. Figure 8.7 in the Appendix portrays all the subsequently measured IV
curves and the set values for V,.,4 for both the MAPbI3/Spiro and PEAsPbl4/Spiro devices. MAPbI3/Spiro
devices were poled between -1V and +1V. PEAyPbl4/Spiro devices were poled between -1.5V and +1.5V. The
results of for both devices are portrayed in Figure 4.8. In Figure 4.8a, the MAPbIs/Spiro device has an OFF
state of 5x10~7 A and an ON state of 4x107% A in the first cycle at V,.qq = 0.5V. During the measured cycles,
the ON state becomes more conductive, reaching a current value of 1x107® A after 100 cycles. The OFF state
loses its conductivity upon repeated measurements, reaching a current value of 3x10~7 A after 100 cycles. For
PEAoPDbl4/Spiro (Figure 4.8b), the progression of the ON and OFF states upon multiple cycles is still very
stochastic. ranging between 10~7 A - 1074 A for the OFF state and 10~7 A - 1074 A for the ON state. After 100

cycles, there is still a switching effect measured, which means the device has not degraded.

Fig. 4.8: a) Evolution of the ON and OFF values of the MAPbI3/Spiro device, V,.qq = +0.5V. b) Evolution of
the ON and OFF values of the PEAsPbl4/Spiro device, V,¢qq = -0.5V.

From these measurements, there are two interesting observations which we will discuss. Firstly, the
devices with a Spiro-OMeTAD film show better endurance compared to the devices in Figure 4.6, both still
having their memristive effect after 100 cycles. A reason for this could be that the Spiro film serves as a
protection layer that blocks irreversible redox reactions between the gold ions and accumulated halide ions

at the top electrode/perovskite interface.’? Secondly, the addition of the Spiro layer lowers both the ON and
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OFF current for MAPbI; devices by one order of magnitude, from 10™* A and 1072 A to 1075 A and 1075 A,
respectively. For PEAyPbl, devices, it is still difficult to see the true difference in ON and OFF currents with
and without the Spiro layer, because of the stochastic switching behaviour. For these devices, we will further
analyze their memristive behaviour upon multiple cycles by calculating the ON/OFF ratio. This is simply
done by dividing the ON current by the OFF current within each cycle. Figure 4.9a shows a scatter plot of the
calculated ON/OFF ratios over the subsequent IV cycles of the measured current values portrayed in Figure
4.8. For the MAPDbI3 device, the ON/OFF ratio increases over 100 IV sweeps, from 10-50. For PEAoPbl4, there
is no trend seen in the ON/OFF ratio over 100 cycles. Figure 4.9b presents a histogram distribution of these
values, which more clearly shows the distributed ON/OFF ratios of the MAPbIs and PEAgPbl, devices. These
results provide further prove on the difference in switching effects in the MAPbI3 and PEAsPbls devices.
PEA,Pbl, devices have potentially a high ON/OFF ratio of >102, but the distribution shows that these values
are reached only incidentally. From these measurements, there is a chance distribution of these ON/OFF

values, which further portrays the stochastic switching behaviour of the PEAsPbl, device.

Fig. 4.9: a) Scatter plot of the ON/OFF ratios calculated from the plots in 4.8 for MAPbI3/Spiro (yellow) and
PEAsPbl4/Spiro (red). b) Histogram of the data plots in 4.8, which shows the occurance of a ON/OFF ratio
within the 100 IV sweeps.

From these measurements, we can conclude that we have successfully improved our device performance
by addition of a Spiro-OMeTAD transport layer between the perovskite film and the top gold electrode. These
improvements are easily observed in MAPbIg devices by a lower measured current by 1 order of magnitude,
higher overall ON/OFF ratio (from 10 to 50) and a longer endurance of >100 cycles to reach a ’breaking point’.
For PEA9PDbly, there is no positive trend measured in operating current, where the measured ON and OFF
currents are higher. Endurance of the device is improved, where higher ON/OFF ratios (1 - 100) are measured

and the 'breaking point’ is > 100 cycles.
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4.4. PULSED VOLTAGE STRESSES

The champion devices with a Spiro-OMeTAD transport layer from Section 4.3 were further analyzed with
Pulsed Voltage Stress (PVS) measurements according to the methods explained in section 3.2.2. These mea-
surements will give more insight on triggering the device between OFF and ON state upon short pulse stim-

39 Moreover, with introduction of the the short pulse duration

ulation, analogous to the biological system.
in these measurements, energy consumption on changing the conductive state can be calculated with Equa-
tion 2.6. The measurements were conducted by first performing an IV sweep on the devices to oversee in
which voltage polarity the device has a large switching effect. Figure 4.10a shows that the switching effect for
MAPDbDI3/Spiro is in the positive bias, where Figure 4.10b shows a very abrupt switching effect in the negative

bias for PEAgPbl4/Spiro.

Fig. 4.10: IV sweeps done on the pixels before the pulse measurement.

Fig. 4.11: Pulsed Voltage Stress measurements of the MAPbI3/Spiro (left) and PEAgPbl4/Spiro (right) devices.
Note that for these measurements,
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Following the methodology from Section 3.2.2, Figure 4.11a presents that 18 subsequent +1V pulses of
50 ms were needed to switch the conductance of the MAPbIs/Spiro device by 2 orders of magnitude. The
current measured at the first voltage pulse was 2x10~7 A, and the measured current after switching was 7 x
1075. This results in an energy consumption per pulse ranging from 1x1078J to 3x1078J (10 nJ to 3uJ). In
Figure 4.11b, we observe that 12 subsequent -1V pulses of 120 ms were needed to switch the conductance of the
PEA,Pbl,/Spiro device by 4 orders of magnitude. The measured currents at the first pulse was -8x10~ ! A and
the current after switching was -2x10~% A, which results in an energy consumption of 9x10711J to x10~7J (90
pJ to 300 nd per pulse). These results demonstrate that under PVS, we were able to reach a respective energy
consumption of < 3x107%J for MAPbI3 devices and <3x1077J for PEA;Pbly to induce a switching effect, which
is a difference of an order of magnitude. Furthermore, within these measurements, the PEA3Pbl4 showed a
high ON/OFF ratio of > 104, outperforming MAPbI3 by more than 2 orders of magnitude. An important note
is that these measurements were conducted in an exploratory manner to oversee the ON switching effect of
the devices with variable pulse times. Much more statistical analysis is needed to provide a suggestion on the
reproducibility of these effects. Room for further exploration would be to conduct a measurement range on
several interesting parameters like switching the voltage polarities, measuring the conductance over a longer
time at a constant voltage bias, and determining subsequent pulses that can actively switch the device ON
and OFF. However, optimizing these parameters is difficult as high stress can short the device and low stress

can lead to under-performance.

39



5. CONCLUSION

In this thesis, we have demonstrated and investigated the resistive switching behaviour in different organic-
inorganic MHP structures. By combining the results of the material characterization, IV measurements and
PVS measurements, the primary goal of was to shine a light on different organic-inorganic MHP devices for
memristive applications, looking at switching behaviour, energy consumption, ON/OFF ratio and endurance.
The central comparison was between the 3D perovskite MAPbI3 and the 2D perovskite PEAsPbly. As a result,
we observed overall lower currents and potential for higher ON/OFF ratios in PEAgPbl, devices compared
to MAPbI3. For MAPbI3, the switching behaviour was gradual and very reproducible over multiple cycles.
For PEAsPbly, the switching behaviour was stochastic and took place at different voltages. By deposition of
the organic Spiro-OMeTAD hole transport material between the perovskite film and the top gold electrode,
we were able to improve the overall ON/OFF ratio and endurance within both device structures. With PVS
measurements, we were able to switch the conductivity in the MAPbIs/Spiro device by 2 orders of magnitude
with a pulse time of 50 ms, allowing for a energy consumption between 10 nd to 3ud per pulse. For the
PEAyPDbl4/Spiro device, the observed conductivity switch was of 4 orders of magnitude with 120 ms pulses,
allowing for an energy consumption between 90 pJ-300 nd per pulse.

From these results, we have successfully acquired a difference in resistive switching behaviour between the
MAPbDI3 and PEAyPbl, device structures. Due to the smaller carrier mobility and ion mobility in PEAgPbly,
overall current through the device decreases by a few orders of magnitude, making 2D perovskites more energy
efficient.?? In the MAPbI3 devices, we attribute the gradual resistive switching behaviour to an interfacial
doping mechanism due to ion migration in the perovskite layer. The ON/OFF ratio (>10') and operating
currents (< 1073 A) correspond to the ones displayed for MAPbI; in literature.%? In the PEAsPbl, devices, we
associate the abrupt changes in conductivity at different voltage magnitudes to come from (partial) filament
formation of ion vacancies in the perovskite layer. The potential high ON/OFF ratios (>10%) and stochastic
behaviour do not correspond to previous reports of PEAsPbly, where low conductivity is measured for both
the ON and the OFF state.22 The stochastic switching of the PEAsPbl, devices makes accurately setting the
conductive state of the device difficult, which is unfavorable for application in artificial synapses. However,
stochastically switching devices could be implemented in training probability-based algorithms.® Possible
reasons for higher ON/OFF ratios due to the addition of the Spiro layer is promotion of conductive filament
formation of iodide vacancies and/or doping of the Spiro layer by ions migrating from the perovskite into

the organic material. A possible reason for the improved stability of the device is the reduction of reactions
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between the migrated iodides and the gold contact at the perovskite/electrode interface. From our results, we
have presented that small differences in device configurations can cause large differences in the memristive
effect. The results of Spiro-OMeTAD on these perovskite device structures are promising to apply in other
perovskite configurations. For instance, further investigation of the influence of a Spiro-OMeTAD transport
layer on previously reported perovskite devices with ultralow energy consumption of 400 fJ per pulse.?” Since
we were unable to distinguish the origin of the switching mechanisms in the perovskite devices by IV- and
PVS-characteristics alone, more in-depth research into the whole device stack to validate these mechanisms
will be necessary.

An outlook for further research would be to verify and expand understanding on the resistive switching
mechanisms in the different perovskite structures by 'looking into’ the device while poling to the ON/OFF
states. First, more in-depth characterization of grain orientation on the surface would be needed, for instance
with electron backscatter diffraction (EBSD) measurements. Conductive atomic force microscopy can be used
to locally investigate conductivity of the surface, which could provide evidence for conductive filament forma-
tion mechanism in the device. Energy disperse X-ray diffraction measurements could give further insight on
elemental distribution in the device. This setup could shine light on how ions migrate through the differ-
ent perovskite structures and if there is any ion migration into the hole-transport layers. As a final outlook,
optimized stacks can be implemented in devices with smaller contact areas, which will decrease the current
flowing through the device and therefore the energy consumption of the operating memristor. Our findings of
using hole-transport materials to optimize the switching effect in perovskite memristors uncover new oppor-
tunities. With the insights from this thesis in the back of our mind, research will be able to further develop
perovskite memristive devices to reach the femtojoule level of synaptic information transfer in the biological

brain.
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8. APPENDIX

8.1. BOTTOM LAYERS CHARACTERIZATION

Figure 8.1a shows a 1 by 1 um top AFM image of an ITO substrate. Figure 8.1b shows a 1 by 1 um top AFM
image of a spincoated PTAA thin film on top of an ITO substrate. The image looks very similar to the ITO
morphology, which gives an indication that the layer might be very thin. Therefore, we have scratched a trench
in the PTAA with a toothpick and measured the height difference between the PTAA and the ITO in Figure
8.2. From this image, we can see clear difference of around 5-10 nm, resulting in the measured thickness of

the PTAA thin film.

Fig. 8.1: a) 1 by 1 um top AFM image of an ITO substrate. b) 1 by 1 um top AFM image of a spincoated PTAA
thin film on top of ITO.

Fig. 8.2: a) 3 by 3 um top AFM image of a PTAA thin film on top of the ITO substrate. The left side of the AFM
image is the PTAA, where the right side (darker brown) is the trench in the film. b) a plot of the linescan in
a), where the height difference over distance is presented.
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8.2. SPIRO-OMETAD TOP LAYER CHARACTERIZATION

Figure 8.3 shows the AFM images of Spiro-OMeTAD on the perovskite layers. For Spiro-OMeTAD on MAPbIs,
this RMS roughness is 0.96 nm. The RMS roughness within the scanned 1 by 1 ym area for Spiro-OMeTAD
on PEAyPDbly is of 0.94 nm. This indicates that the deposition of the Spiro film on top of the perovskite results

in a smooth surface which fully covers the substrate.

Fig. 8.3: a) 1 x 1 yum AFM images of a Spiro-OMeTAD thin film deposited on MAPbI3. RMS roughness is 0.96
nm. b) 1 x 1 yum AFM images of a Spiro-OMeTAD thin film deposited on PEAoPbly. RMS roughness is 0.94
nm.
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8.3. EXTRA IV SWEEPS

Fig. 8.4: a) Typical IV sweep of a PEAyPbl, device between -1V and +1V, where no hysteresis was measured.
b) 5 subsequent IV sweeps of a PEA3Pbl, device between -1.5V and +1.5V.

Fig. 8.5: a) Typical IV sweep of MAPbI3 device between -2V and +2V, showing no extra hysteresis effect over
higher voltages. b) IV sweep of MAPbI3/Spiro-OMeTAD device between -1 and +1V, which shows stochastic
switching at low voltages. This greatly differs that greatly differs from normal MAPbIs devices.
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8.4. ENDURANCE

Fig. 8.6: a) 100 subsequent IV sweeps of MAPbI3, V,.,q = -0.5V. b) 100 subsequent IV sweeps of PEAyPbly,
Viead = +0.5V.

Fig. 8.7: a) 100 subsequent IV sweeps of MAPbIg/Spiro, V,.qq = +0.5V. b) 100 subsequent IV sweeps of
PEA3Pbl4/Spiro, V,eqq = -0.5V.
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