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Abstract

A. English

Organic ferroelectric materials promise flexible, biocompatible, and easily fabricated
alternatives to their inorganic counterparts for applications in, amongst others, sensors,
actuators and memory. However, their widespread adoption is hindered by a persistent
performance gap. Closing this gap requires the discovery of novel materials with superior
intrinsic properties, alongside a deeper understanding of the structure-property relationships
that govern their behavior. This thesis presents an experimental investigation of several
organic compounds recently identified by a data-mining study as potential room-temperature
ferroelectrics. The primary goals were to validate these predictions, characterize novel
ferroelectric phenomena, and ultimately refine the predictive screening process.

Polycrystalline thin films of the candidate materials were electrically investigated using
capacitance-voltage spectroscopy and polarization hysteresis measurements. Despite large
differences in stability and background conductivity, all compounds exhibited ferroelectric
behavior at room temperature, with relatively large polarization and small coercive field
values. Specifically, the ferroelectric properties of one material show a strong dependency on
the ambient humidity, whereas another showed a strong coupling between background
conductivity and ferroelectric switching. Of the remaining two compounds, one was found to
be unstable at room temperature whereas the other displayed multiple polymorphs,
complicating reproducibility and limiting their practical potential.

Given its unique humidity-dependence, the first material was investigated in detail with
frequency-, temperature- and humidity-dependent ferroelectric switching measurements.
We observed a pronounced dependence of the ferroelectric properties on switching
frequency, temperature and, strikingly, ambient humidity. Interestingly, the ferroelectric
behavior appears to be coupled to the complex electrical conductivity. We interpret our
findings in terms of a multi-step polarization reversal mechanism, involving a combination of
proton transfer and molecular rotations, where the former is thought to also be responsible
for the observed long-range charge transport. These properties may find application in new
classes of tunable or environment-responsive ‘smart’ materials. Overall, this work not only
introduces new functional organic materials but also confirms that data-mining strategies are
a powerful paradigm for accelerating their discovery and builds a basis on which these studies
can be improved upon.



B. German
Organische Ferroelektrika versprechen flexible, biokompatible und leicht herstellbare
Alternativen zu ihren anorganischen Gegenstlicken fir Anwendungen unter anderem in
Sensoren, Aktuatoren und Speichermedien. lhre breite Anwendung wird jedoch durch ein
anhaltendes Leistungsdefizit erschwert. Das SchlieRen dieser Liicke erfordert die Entdeckung
neuartiger Materialien mit Uberlegenen intrinsischen Eigenschaften sowie ein tieferes
Verstandnis der Struktur-Eigenschafts-Beziehungen, die ihr Verhalten bestimmen.

Diese Arbeit prasentiert eine experimentelle Untersuchung mehrerer organischer
Verbindungen, die kiirzlich durch eine Datenbank-Studie als potenzielle Raumtemperatur-
Ferroelektrika identifiziert wurden. Die Hauptziele bestanden darin, diese Vorhersagen zu
validieren, neuartige ferroelektrische Phanomene zu charakterisieren und letztendlich den
pradiktiven Screening-Prozess zu verfeinern.

Polykristalline Dlinnschichten der Kandidatenmaterialien wurden mittels Kapazitats-
Spannungs-Spektroskopie und Polarisations-Hysterese-Messungen elektrisch untersucht.
Trotz grofBer Unterschiede in Stabilitat und Hintergrundleitfahigkeit zeigten alle Verbindungen
ferroelektrisches Verhalten bei Raumtemperatur, mit relativ groBer Polarisation und kleinen
Koerzitivfeldern. Insbesondere zeigten die ferroelektrischen Eigenschaften eines Materials
eine starke Abhangigkeit von der Umgebungsfeuchtigkeit, wahrend ein anderes eine starke
Kopplung zwischen Hintergrundleitfahigkeit und ferroelektrischem Schalten aufwies. Von den
verbleibenden zwei Verbindungen erwies sich eine als instabil bei Raumtemperatur, wahrend
die andere mehrere Polymorphe zeigte, was die Reproduzierbarkeit erschwert und ihr
praktisches Potenzial einschrankt.

Aufgrund seiner einzigartigen Feuchtigkeitsabhangigkeit wurde das erste Material detailliert
mit frequenz-, temperatur- und feuchtigkeitsabhdangigen Messungen des ferroelektrischen
Schaltens untersucht. Wir beobachteten eine ausgepragte Abhangigkeit der ferroelektrischen
Eigenschaften von der Schaltfrequenz, der Temperatur und, bemerkenswerterweise, der
Umgebungsfeuchtigkeit. Interessanterweise scheint das ferroelektrische Verhalten an die
komplexe elektrische Leitfahigkeit gekoppelt zu sein. Wir interpretieren unsere Ergebnisse im
Sinne eines mehrstufigen Polarisationsumkehrungsmechanismus, der eine Kombination aus
Protonentransfer und Molekilrotationen beinhaltet, wobei ersterer vermutlich auch fir den
beobachteten langreichweitigen Ladungstransport verantwortlich ist. Diese Eigenschaften
konnten Anwendung in neuen Klassen von regelbaren oder auf die Umgebung reagierenden
»Smart-Materials” finden. Insgesamt stellt diese Arbeit nicht nur neue funktionale organische
Materialien vor, sondern bestatigt auch, dass ,Data-Mining“-Strategien ein machtiges
Paradigma zur Beschleunigung ihrer Entdeckung darstellen und bildet eine Basis fiir die
Verbesserung dieser Analysen.
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Introduction

A. Organic electronics

Despite a current media focus on topics like international conflict and economic problems,
different environmental problems such as extreme weather events, critical changes to Earth
systems and biodiversity loss and ecosystem collapse are perceived as the biggest global risks
over the next decade [5]. The root causes lie in the continued emissions of anthropogenic
greenhouse gases like carbon dioxide and methane, the destruction of ecosystems and
pollution of air, land and sea. Consequently, quick action is needed to reduce the use of fossil
fuels for transport, heating, electricity generation and industrial processes. This requires
electrifying these processes with renewable energies or finding other green alternatives
where this is not possible, reducing land use in agriculture and resource generation, and
reducing pollution through using less resources, efficient recycling and the use of less polluting
materials. [6]

All of this can only be achieved by a myriad of different approaches, of which the widespread
use of organic electronics might play a small part in. They offer cheap and flexible materials
that can be produced with little energy [7], [8], do not require mined minerals and usually
leave no toxic end-products. Additionally, they can enable new applications not possible with
inorganic electronics.

The big breakthrough of organic electronics came with the wide adoption of organic light
emitting diodes (OLEDs) which now dominate the display market [9] due to their energy
efficiency and superior image quality. Additionally, they allow for flexible and curved displays
[10].

Organic solar cells (OSCs) have the greatest potential for environmental impact due to their
potential for widespread solar energy generation. They are cheap to produce as they are
mostly produced from abundant materials® [11] via solution processing and do not require
high manufacturing temperatures which also renders their production less energy-intensive
[12]. Their current efficiency record is 19.2 % [13] which is close to the approximately 20 %
that commercial silicon solar cells have. Consequently, the cost per power is potentially lower
for organic solar cells, which means that if there is enough area available, it might be more
economical to use organic solar cells. Unfortunately, commercial products have not achieved
this potential yet and it remains to be seen whether the cost advantages can offset the costs
for more space and additionally needed electronics. Perovskite solar cells, which have similar
working principles as OSCs but use lead-based perovskite crystals as active material are now
entering commercial use in tandem solar cells to increase the efficiency of the silicon-based
solar cell [14]. Consequently, OSCs are currently limited to use-cases where their flexibility

! The indium for the transparent electrode (mostly indium tin oxide) is the major issues here, but materials like
fluorine-doped tin oxide can help in solving this issue.
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[15] or transparency [16] is needed, for example in wearable devices or for implementation in
windows.

Organic electronics are also used for flexible conductors [17] and transistors [18] for electric
circuits, wearables, small-scale thermoelectric energy generators [19] and a wide range of
sensing applications [20], [21]. They also offer great potential to replace the currently widely
used, mostly toxic, ferro- and piezoelectric materials with non-toxic alternatives which expand
the area of use for example to energy generators for flexible wearable devices. This work
focuses on finding new materials that could play such a role, as well as understanding their
underlying processes to support their further development. This introduction will first provide
a more detailed overview of the applications of inorganic and organic ferroelectrics, followed
by a brief outline of the research conducted in this thesis.

B. Ferroelectrics

Ferroelectric materials can maintain an electric polarization without the application of an
electric field. This polarization can be inverted via a sufficiently large electric field. Analogous
to hard disk drives which use ferromagnetic materials, the two stable electric polarization
states of a ferroelectric can be used to store information. They can offer a fast writing
frequency in the MHz range with low power usage and very high reliability even after many
writing cycles and elevated temperatures even in the event of a power loss [22], [23]. The high
stability makes ferroelectric random access memories (FeRAMs) ideal for applications in many
critical systems like event data recorders and data logging in automobiles and industrial
systems [24] and the low power usage makes them ideal to store data in implants where
battery power is scarce [25]. They have however two critical weaknesses: The readout of the
saved data usually deletes the data, requiring its rewriting [26] and the current memory sizes
are currently in the KB to MB range [27]. Even though implementing different device
architectures like ferroelectric field effect transistors [26] or using materials with a
polarization conductivity [4] can lead to a non-destructive read-out and further
miniaturization is possible [26], FERAMSs will probably remain restricted to the use-cases
where their above-mentioned advantages are crucial (which is still a hundred million dollar
market [27]) and are unlikely to find widespread application in consumer electronics.

Ferroelectric materials are also pyro- and piezoelectric. This means that changes in
temperature (pyroelectricity) and mechanical deformation (piezoelectricity) alter the
material’s polarization, generating charge and voltage at its surface. Conversely, applying a
voltage leads to a deformation of the material (converse piezoelectric effect). As ferroelectric
materials usually show the strongest pyro- and piezoelectric response, they are usually used
for these applications.

Pyroelectricity can be used to generate electricity from waste heat [28], [29]. However, as only
the temperature variation (which is less common than a temperature gradient) creates an
output, the application is limited. Pyroelectric materials are however widely used for
measurement of temperature [30] as well as infrared [31] and ultraviolet [32] radiation, for
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example, in flame detectors [33], gas sensing [34] and industrial laser power measurements
[35].

The most important applications of ferroelectric materials, however, are based on their
piezoelectric properties as the coupling of deformation and electricity is exploited in
actuators, sensors and energy generators. Piezoelectric actuators show high-frequency
response, exceptional robustness, and high resolution at the expense of a small movement
range [36], [37]. Consequently, they are the most efficient ultrasound generators [38], can
build the fastest and most precise fuel injectors [39] and offer the (sub-) atomic movement
precision for scanning microscopes [40]. Piezoelectric materials are also capable of converting
small movements (like vibrations) to electricity [41] making them ideal for shock [42], force
[43] and (ultra-)sound detectors [44]. The actuating and sensing properties of piezoelectric
materials are also used together for example in quartz resonators? (for example in quartz
watches) where the resonator is electrically excited and the voltage due to the vibration is
used to measure the frequency. Piezoelectric materials are also efficient small-scale energy
generators [45] which are used for self-powered sensors [41] or battery- and wireless switches
[46] and igniters [47]. These applications can be expanded to recharge implants, reducing the
need for surgical battery replacement [48] and fabrics to power wearable devices or recharge
electronic devices [49]. Other concepts have also been explored, such as harvesting energy
from pedestrian footfalls [50]. However, the power output remains minimal, making their
widespread adoption unlikely.

Out of all the addressed applications, piezoelectrics are the by far the most commercially
important with an estimated market of 31 billion $ [51] compared to 1.8 billion $ for
pyroelectrics [52] and 450 million $ for ferroelectric RAMs [53]. All commercially relevant
materials are based on inorganic materials, as they are well understood, efficient and reliable.
However, they are also stiff, brittle and usually based on toxic heavy metals. This limits their
application range and introduces health and environmental problems. Consequently, there is
a critical need for new materials that are flexible and non-toxic—a challenge perfectly suited
to the strengths of organic electronics.

C. Organic ferroelectrics
Organic ferroelectrics are organic polymers, liquid crystals, small molecules or co-crystals
which exhibit ferroelectricity. Similar to inorganic ferroelectrics, they also show pyro- and
piezoelectricity which means that they are at least in principle capable of performing all the
tasks for which inorganic ferroelectrics are currently used. However, they might not only be
capable of replacing the inorganic ferroelectrics where they are currently used but can also
extending their range of application. As already introduced above, organic materials are
usually flexible, easy to produce and require little to no mined minerals. Their piezoelectric
coefficients are however often smaller, leading to weaker effects. Shifting to organic

2 This is one of the few cases where the non-ferroelectric material quartz is used as it shows small losses and
good stability [210].
12



ferroelectrics will in many cases lead to easier-to-produce devices with less heavy metal
pollution. Unfortunately, for many applications this might not be enough to offset the often
inferior performance of organic ferroelectrics. This is especially the case for actuators where
stiffness is often essential [54], [55]. The importance of these factors will probably be more
affected by public perception as well as environmental- and health policy than material
science.

In contrast, for (ultra-) sound generators it is often better to have a more flexible active
material. The reason is that sound waves are reflected when passing the interface of materials
with different stiffness and density. This phenomenon also generates the echo when shouting
at a cliff. Crucially, organic ferroelectric materials are mechanically much closer to water or
tissue [56], where the sound wave is usually transmitted into, which results in a much better
transmission of the wave [57]. The same phenomenon also makes them more efficient for the
use in microphones [58]. Contrary to prior believe, the mechanical compliance also has only
small effects on the efficiency of a piezoelectric energy harvester, making organic
ferroelectrics a viable choice of material [45] and rotational freedom can boost their efficiency
[59]. The usage of a flexible and non-toxic material is also strongly advantageous, if not
necessary, when building an energy generator for use in implants or clothing.

For these materials, polyvinylidene fluoride (PVDF) is usually considered the most promising
material due to its excellent piezoelectric properties combined with its mechanical and
thermal stability [60]. This stability is however not only advantageous as it prevents
degradation of the material and thus accumulation in humans and the environment. While
PVDF is generally considered not to be a health-risk, the same is not true for many other Per-
and polyfluoroalkyl substances (PFAS) and their precursors [61]. For this reason the European
Union is planning to ban the use of some or all PFAS substances [62]. This legislation will likely
leave room for the future use of PVDF. Furthermore, it seems questionable to ban a potentially
harmful chemical while simultaneously allowing the continued use of toxic, heavy-metal-
based materials. Nevertheless, this development indicates that PVDF might not be the ideal
foundation upon which the future of (organic) ferroelectrics should be built.

While there are many other organic ferroelectrics, they often have problems with reliability
and show inferior performance. As they are so far much less investigated than inorganic
ferroelectrics and, meanwhile, show much more diverse behaviors, their potential is far from
exhausted. An ideal organic ferroelectric should have a high remnant polarization and strong
piezoelectric coefficient at ambient conditions for strong performance and be stable enough
to maintain these properties for years. A transducer used, for example, in microscopes or
valves requires rigidity, whereas an ultrasound generator or a wearable energy harvester
benefits from softness. If the material is to be ferroelectrically switched, for example in a
memory device, the voltage for switching should ideally be around 1-2 V [63]. Depending on
the feature size, this can require materials across the entire range of coercive fields (100 V/um
corresponds to 10-20 nm, while 0.2 V/um corresponds to 5-10 um features). For the materials
to improve on the drawbacks of inorganic ferroelectrics they should be biocompatible and
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their production should require little energy, (almost) no critical resources to produce and not
produce any toxic waste.

One of the overarching goals of this work was to establish a reliable and easily applicable
method to identify new and interesting organic ferroelectrics. This challenge consists of two
parts: The theoretical identification of candidate materials and the subsequent experimental
examination of these materials.

While data-driven mining approaches have already lead to successful innovations for organic
solar cell- [64] and battery materials[65], [66], such a method has not been widely adapted
for ferroelectrics. This project builds upon the only two available database mining studies
which predicted 54 globular [67] and 12 proton-transfer [68] ferroelectric candidate materials.
Out of these materials, we selected four easily-accessible materials which were either
commercially available or could be produced by recrystallization of two commercially
available compounds.

My main contribution to this was the development and application of a robust and practical
experimental procedure to examine these materials: After building devices of the material
with interdigitated electrodes, the material is mainly investigated with dielectric
spectroscopy, the double wave method (DWM) for ferroelectric hysteresis loops, and CV
loops. Dielectric spectroscopy (possibly complemented by differential scanning calorimetry) is
used to identify characteristic temperatures that might indicate phase transitions which, in
turn, indicates where the relevant temperature ranges for further measurements might sit.
The DWM measurement gives the most information about the materials’ (ferro-)electric
properties and CV measurements are a good way to validate the ferroelectric measurements
as they produce the clearest results. These measurements are usually combined with other
measurements like optical and atomic force microscopy and X-ray diffraction to control the
quality of the material and devices.

These results were firstly used to determine whether these materials are indeed ferroelectric
and to judge their usefulness for possible applications. Additionally, those experiments
revealed new and interesting phenomena that were investigated in more detail to gain more
insights into the switching process of proton-transfer ferroelectrics. Finally, these results help
close the discovery loop between theoretical prediction and experimental reality. While the
investigated sample set is small, it provides data that highlights critical blind spots in current
computational screening methods.

The successful work and experience allowed me to write a Nature Matters Arising article [1]
as well as two research papers [2], [3] (one currently under review, the other one close to
submission).
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Il.  Properties of ferroelectrics

When any material is exposed to an electric field E, many phenomena can occur. The two

most common phenomena are the appearance of a polarization P= X * E where the
proportionality constant y is the material’s susceptibility [69] as depicted in Fig. 1(a) and of an
electric current with density J following Ohm’s law J = oF and sigma being the conductivity.
[70] Conductivity in organic materials is briefly discussed in chapter II.F. While the polarization
scales linearly with electric field for dielectric materials (where the polarization occurs mainly
on an atomic level), the same is not true for paraelectric materials. These are materials with
free dipoles which become aligned by an electric field. Such a polarization is usually much
stronger but saturates once the dipoles are oriented as shown in Fig. 1(a). If the dipoles of
such a material have sufficiently strong dipole-dipole interactions, these interactions can
stabilize the polarization, leading to ferroelectricity as shown in Fig. 1(a).

(a) (b)

— E=0
E<EC

— E>EC

\—— \//

/

—— dielectric

- paraelectric

—— ferroelectric

Free energy [a.u.]
/

Polarization [a.u.]

Electric field [a.u.] Polarization [a.u.]

Fig. 1 (a) PE-curves of a dielectric (blue), paraelectric (orange) and ferroelectric (green) material, (b) Free energy from
Landau-Devonshire-theory of the ferroelectric phase for E = 0 (blue),E < E (orange) and E > E (green)

A. Landau theory
A theoretical description of ferroelectricity has been provided by Devonshire [71] based on
Landau’s theory of phase transitions [72] and is therefore called Landau-Devonshire theory.
The free energy can be described by the order parameter, the polarization P, and the electric
field E. There are three material coefficients a, b, and ¢ of which b and ¢ are considered
independent of temperature, while a depends on the temperature. Its value can be linearly
approximated close to the critical temperature To*: a = ao(T — T,) [73]. This results in an
expression of the free energy:

1 1 1
Fp =§a0(T—T0)P2+ZbP4+€cP6—EP £q. 1
This results in the typical double-well potential of a ferroelectric as depicted in Fig. 1(b). If
there is no electric field, the free energy is symmetric, leading to two stable polarization states
of equal free energy. Their polarization is called the remnant polarization P.. If there is a small
electric field applied, the curve becomes asymmetric (orange in Fig. 1(b)) with one global

3 The critical temperature Tolies close-to, but not at the Curie-temperature Tc
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minimum and another metastable polarization state. Upon further increase of the electric
field, the metastable state ceases to be an energy minimum (green curve), which leads to the
global minimum being the only stable state. The field at which this occurs is called the coercive
field Ec.

(a) T
—_— T To

T< To
— T=To
— T> T(]

Free energy [a.u.]
Free energy [a.u.]

Polarization [a.u.] Polarization [a.u.]

Fig. 2(a): Free energy for different temperatures with b>0, leading to a second order phase transition, (b): temperature
dependent-free energy for b<0, leading to a first order phase transition

Increasing the temperature while remaining in the ferroelectric state (shift from blue to
orange in Fig. 2a/b) decreases the remnant polarization as well as the barrier between the
two minima, reducing the coercive field.

When further increasing the temperature, it becomes relevant whether b is smaller or greater
than O: If it is bigger, there is a second-order (also called continuous) phase transition, as
depicted in Fig. 2(a). As the name suggests, it is characterized by the remnant polarization
continuously decreasing to 0 at the critical temperature (plotted in [73]). If b<0, the remnant
polarization (the minimum in Fig. 2(b)) slowly decreases until the Curie-temperature Tc is
reached, at which the minimum position jumps from the ferroelectric polarization states
(P=Pr) to P=0. This is called a first-order or discontinuous phase transition. It must, however,
be noted, that the “ferroelectric” polarization states can be metastable even above T, which
is called temperature hysteresis.

By minimizing the free energy with respect to polarization (% = (), one can obtain the
electric field as a function of polarization:
E = ao(T — Ty)P + bP3 + cP® £q.2
In the paraelectric phase, the minimum is at P=0. Calculating the susceptibility x yields:
_dpP(0) 1

dE  ao(T —Tp)
This is known as the Curie-Weiss law. For b>0 it is also possible to make the same calculation

Eq. 3

in the ferroelectric phase by only considering the first two terms of the expansion at E=0. With
the remnant polarization of
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It is possible to evaluate the derivative of Eq. 2 at P=P;:
_dP(R) 1 1

= = Eq. 5
dE ao(T —To) +3ay(Ty —T)  2ag(T, —T) !

This means that in the ferroelectric phase, the temperature dependent susceptibility has twice
the slope as in the paraelectric phase. While the typical Curie-WeilR behavior (Eq. 3) is
observed for many materials [74], [75], there are much fewer cases where double the slope
in the ferroelectric phase is observed. One such example is found in some samples of BTA [76].

B. Ferroelectric hysteresis

All the above-mentioned observations lead us to the definition of a ferroelectric: A
ferroelectric is a material with two stable (electric) polarization states, between which can be
switched by the application of a sufficiently large electric field. The hysteresis is shown in the
Polarization versus electric field (PE) curve. An idealized version was already displayed in Fig.
1(a), an experimentally measured curve is now shown in Fig. 3(a). The key characteristic of a
true ferroelectric hysteresis curve is that it saturates once most, or all, dipoles have switched.
An open PE-loop can also arise from a leaky dielectric and does not by itself prove
ferroelectricity, which was even demonstrated with a banana [77]. A detailed analysis of how
a ferroelectric can correctly identified is provided in chapter II.H. The PE curve of a
ferroelectric shows the ferroelectric key parameters, which are also displayed in Fig. 3(a).

a b
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Fig. 3(a): Hysteresis curve of poly (vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)], (b): its CV-loop. As voltage, charge
and capacitance are the measured values, they are displayed here. They can be converted to electric field, polarization and
permittivity with conversion factors which depend on the sample geometry and is not always trivial. This is further
addressed in chapter I11.A.2

The coercive field Ec is the field, where the polarization is inverted. In a real sample,
polarization inversion does not occur instantaneously at one specific voltage, but in a voltage
region®. For this reason, the coercive field is defined as the field where half the dipoles have
switched (P=0). The coercive field is not a fixed material parameter but depends on
experimental conditions like the temperature (as demonstrated by Landau-Devonshire-theory
above) and the measurement frequency, where higher temperatures and lower frequencies

4 This region is characterized by the hysterons in the Preisach distribution [122], [123].
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decrease the coercive field [78], [79]. Models, which describe these dependencies, are
presented in chapter Il.E.

The polarization at zero field is called the remnant polarization P.. It describes the dipole
density of the stable state and should therefore be determined by the crystal structure.
Consequently, it decreases with increasing temperature (as seen from Landau-Devonshire-
theory), but should not depend on other parameters like the measurement frequency [78],
[79]. It is also possible to determine the saturation polarization Ps, which is the polarization at
maximum field. It is however rarely used, since it also depends on the maximum voltage and
also strongly on the evaluation method, as some methods (like the double wave method
described in chapter 11l.C.1) compensate for non-ferroelectric contributions while others do
not.

It is also possible to measure the permittivity (or capacitance) of a ferroelectric at different
electric fields. This is a relevant measurement as the permittivity describes how many mobile
dipoles are present in the material. One would expect that there should be more mobile
dipoles at the coercive field, where they are less stabilized by the surrounding dipoles as some
of them are already switched, resulting in a higher permittivity. This is also what is observed
in the real measurement (Fig. 3(b)), which displays the typical butterfly-shape with peaks at
the coercive field. As these measurements are usually slower, the observed coercive field is
typically lower than for the PE-curve (Fig. 3(a)) [80].

A more detailed analysis shows that only a fraction of the dipoles is actually measured in a CV-
measurement. The reason is that most dipoles remain in a stable position after being switched
once and only a small portion can be switched back. This fraction is called the reversible
polarization. For this reason, integrating the CV-loop does not yield the PE-loop but a much
smaller and thinner curve. CV-loops are only rarely shown in literature. Possible explanations
for this are that it contains less information than the PE-loop (absolute polarization values are
missing) and that for some materials the reversible polarization can be very small. This can for
example be seen for trialkylbenzene-1,3,5-tricarboxamide (BTA) [81], where the relative
changes are much smaller than for P(VDF-TrFE) (Fig. 3(b)), but the general butterfly shape is
still visible. It should also be noted that while there are countless examples of questionable
claims of ferroelectricity based on open, but non-saturating PE-loops, there is no questionable
claim based on a CV-loop known to the author. The reason for this is that a leaky dielectric can
create an open, non-saturating PE-loop that might, at first glance, look like that of a
ferroelectric. In contrast, the CV-loop of the same material would be completely flat, leaving
no ambiguity. For this reason, the CV-loop should be used much more frequently to support
claims of ferroelectricity.
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C. Piezo- and pyroelectricity

As discussed in the previous two chapters, the remnant polarization of a ferroelectric is
temperature-dependent. As having the remnant polarization is the thermodynamically
preferred state, heating or cooling the sample will change the polarization, resulting in voltage
generation due to a change in screening charges. This behavior is called pyroelectricity and
occurs in all ferroelectrics, but also other materials that have a non-zero polarization, which is
not always reversible, as electric breakdown can occur below the coercive field. For this
reason, ferroelectric materials are a subclass of pyroelectrics. As all pyroelectrics require a net
polarization, they cannot have a center of inversion symmetry and need a polar axis. This
means that pyroelectrics can only have 10 out of the 32 point groups[82].
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Fig. 4(a): Converse piezo effect of a dipole, standing for a ferroelectric material, (b): converse-piezo effect of a non-
ferroelectric material with stars marking the center of pos. and neg. charge, (c) CV and piezo-measurement of P(VDF-TrFE)
When applying an electric field to a material with a permanent polarization (depicted by a
dipole in Fig. 4 (a)), the material either expands or contracts, depending on the orientation of
the field with respect to the polarization, as shown in Fig. 4 (a). This is the converse
piezoelectric effect, which is depicted here for ease of illustration. It is complementary to the
piezoelectric effect, which describes that compression or expansion of a piezoelectric material
generates a voltage and was first discovered by the Curie brothers in 1880 [83]. Interestingly,
some organic materials (like PVDF and BTA) show a negative piezoelectric coefficient [81],
[84]. This means that, for these materials, compression of the material increases the
polarization. There are several models to explain this behavior, most of them involving the
interplay between crystalline and amorphous regions [85].

A material does not need a permanent polarization to exhibit piezoelectricity. It only requires
a crystal structure where compression/expansion separates the centers of charge, or
conversely, where separating the centers of charge induces contraction/expansion [86]. One
such example is shown in Fig. 4 (b), and the most prominent example of piezoelectric (but not
pyro- or ferroelectric) material is quartz. While these materials do not have the same
restriction regarding their point groups, they are still not allowed to have a center of inversion
symmetry as stress induces a polarization in one direction, which would not be possible with
inversion symmetry. Out of the 21 point groups without inversion symmetry, 20 can be
piezoelectric [86]. Interestingly, all piezoelectric materials exhibit a version of secondary
pyroelectricity: When heating (cooling) the material, it expands (contracts) due to thermal
expansion. This creates stress which, due to piezoelectricity, induces a voltage. For this reason,
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materials that, according to the definition here, are not pyroelectric are occasionally called
pyroelectric, even though the underlying physical effect is piezoelectricity [87].

The piezoelectric coefficient of non-ferroelectric materials is usually constant at a given
temperature®. For ferroelectrics it however depends on their polarization state, which can be
inverted with an electric field. This is shown in Fig. 4(c) where the capacitance and
piezoelectric coefficient are measured as a function of applied bias. As discussed before, the
capacitance peaks at the coercive field, which is also where the piezoelectric coefficient is
inverted.

D. Classification of ferroelectric materials
There are several ways to classify ferroelectric materials, depending on the distinctions being
made. Here, a distinction has already been made between organic and inorganic
ferroelectrics, because it is a good indicator of how they are synthesized and their thermal
stability. There is, however, a much more common classification according to how
ferroelectric switching occurs and what happens at the ferro-to-paraelectric phase transition.
There are displacive ferroelectrics, order-disorder ferroelectrics, which are named according
to their phase transition and involving permanent dipole reorientation as a switching
mechanism and proton-transfer ferroelectrics [88]. This classification is very useful as the
different classes have different ranges of coercive field and remnant polarization, which are
the key parameters of ferroelectrics. Parts of this classification are based on the introduction

to my paper which provides an overview over several materials [2].

1. Displacive ferroelectrics

Most inorganic ferroelectrics have an ordered lattice in which the change in polarization arises
from a shift in the position of an ion or a charged molecule [89]. Organic or hybrid
ferroelectrics can have similar switching mechanisms with the displacement of an ion [90],
[91] or a charged molecule in a mixed stack, known as charge-transfer ferroelectrics [92]. The
paraelectric phase of such a material is shown in Fig. 5(a), with equal spacing between the
ionic molecules. The ferroelectric state (Fig. 5(b)) is characterized by a pairing of two
molecules, leading to a breaking of symmetry and a change of polarization. This behavior is
similar to the Peierls distortion, in 1D metals [93], but with a different (here: electrostatic)
attractive force. Both rely on the nesting effect which only appears in systems governed by 1D
interactions at low temperatures [94]. The paraelectric state is labeled AP=0 as, for periodic
systems, only changes in polarization are clearly defined [95]. This is, however, not a problem,
as it is also only possible to measure changes in polarization. For all practical purposes it is
therefore sufficient to define the paraelectric state as P=0 and the remnant polarization as
P,

The most important displacive ferroelectrics are of perovskite type. They have an A2*B*03*
structure with two positive and three negative (mostly 0%) charged ions. Their symmetric and

51t is strongly direction-dependent, which is defined by the piezoelectric coefficient tensor. [163]
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paraelectric arrangement is shown in Fig. 5(c). When cooling below the Curie-temperature,
the positive ions shift in one direction and the negative in the other, thus losing the cubic
shape and introducing a polarization. The commercially most relevant ferroelectrics (Barium
titanate, lead zirconate titanate and lead titanate [96]) all belong to this class.

Such displacive ferroelectrics tend to have comparatively high remnant polarization values
and relatively low coercive fields, e.g. B. = 15 uC/cm? and E.= 2 V/um for PZT [89], which
makes them suitable for many applications as the high remnant polarization also leads to
strong piezoelectric coefficients close to 500 pm/V [97].

‘”0 -0 O
AP=0

Fig. 5: (a) Symmetric (paraelectric) phase of a mixed stack charge transfer ferroelectric; (b) its two ferroelectric
polarization states; (c) paraelectric perovskite phase; (d) The distorted, ferroelectric phase of a perovskite [215].

2. Order-disorder ferroelectrics

Order-disorder ferroelectrics are mostly organic materials which have permanent dipoles.
These dipoles are disordered above the Curie temperature and ordered in the low-
temperature ferroelectric phase. The most prominent order-disorder ferroelectric is the
polymer polyvinylidene fluoride (PVDF) [98]. Its ferroelectric B-phase is shown in Fig. 6(a)®.
However, it usually crystallizes in the non-ferroelectric a-phase and extensive processing,
usually including combinations of high temperatures, high biases and stretching [99], [100], is
required to achieve the desired phase. By introducing fractions of trifluoroethylene (TrFE),
heating the material for 2 hours above the Curie temperature is sufficient to achieve the
desired phase transformation (this procedure was also applied to the sample shown in Fig. 3).
This, however, comes at the expense of a lower polarization. The polarization can then be
inverted by an electric field, which rotates the whole polymer chain [101]. Even though PVDF
is the most studied organic ferroelectric, the details of switching [101], [102], the reason for
its negative piezoelectric coefficient[85], its structural evolution under poling [103] and the
role of (un)intentional structural defects [104], [105] are still being investigated.

Another prominent example is the supramolecular polymeric liquid crystal trialkylbenzene-
1,3,5-tricarboxamide (BTA). One molecule consists of a central benzene core (orange in Fig.
6(b)) which enables -1t stacking of the molecules, three amide groups (green) which provide
the dipole and form hydrogen bonds with the neighboring molecules and long unipolar side-
chains which improve solubility in organic solvents. These molecules form a supramolecular
polymer as depicted in Fig. 6(c). Crucially, in this column the dipoles form a triple helix, which

6 The B-phase is the most relevant but not the only ferroelectric phase. There is also promising work on the &-
phase [211] and y-phase [212].
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(a)

Fig. 6 (a): B-phase of P(VDF), reproduced with permission from [88]; (b): molecular structure of BTA; (c) Supramolecular
column of BTA, with grey discs symbolizing the benzene core and the arrows the dipole of the amide group.
leads to a macrodipole along the column. Application of an electric field leads to an inversion
of the dipole moment and therefore ferroelectricity [76]. While the molecule depicted here is
the basis, it is possible to change the side chains [106], [107], the amide group [108] or the
core [109], [110] to alter its key properties. Other order-disorder ferroelectrics include
globular molecules, where switching arises from the rotation of the entire molecule [111].

This class of ferroelectric materials generally has lower remnant polarizations, limited by the
dipole moment of the molecule, and higher coercive fields. For example, P(VDF) has a remnant
polarization of P.=6uC/cm? and a coercive field of E.=100 V/um [112], with a piezoelectric
coefficient of d;3=-40 pm/V [84]. Depending on the side chain, BTA exhibits a remnant
polarization of P.=2-6 uC/cm?, coercive fields of 25-40 V/um [106] and d35=20 pm/V [81].

3. Proton transfer ferroelectrics
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Fig. 7 (a): Molecular structure and depiction of the proton asymmetry of potassium dihydrogen phosphate (KDP), image
reproduced with permission from[213]; (b)molecular and crystal structure of croconic acid in both polarization states,
reproduced from [216]

The third class of ferroelectrics are proton transfer ferroelectrics (also called KDP-type [88]).
In these materials, there is at least one proton in a hydrogen bond which can switch positions
within the hydrogen bond (tautomerization). The most prominent example, after which the
type is also named, is potassium dihydrogen phosphate (KDP) [113], which is depicted in
Fehler! Verweisquelle konnte nicht gefunden werden.(a). As indicated, the proton is closer
to one of the oxygen atoms. Application of an electric field can break the covalent bond with
the oxygen atom and create a new one with the other oxygen atom, to which there was only
a hydrogen bond before. This behavior is shown in Fig. 7(b) for the currently most investigated
proton-transfer ferroelectric croconic acid. Proton-transfer ferroelectrics show characteristics
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of displacive and order-disorder ferroelectrics, with switching due to displacement of a
charged ion, but usually a phase transition to a disordered state [88]’.

These materials can exhibit very high remnant polarizations and small coercive fields. KDP has
a moderate saturation polarization of P, =5 uC/cm? and a very low coercive field of E, =
0.016 V/um[114]. This state is, however, only stable up to 120 K, making it unusable for most
applications. Croconic acid shows an impressive remnant polarization of P. =~ 30 uC/cm? and
a very low coercive field of E, = 2 V/um [115], which exceeds the values for PZT. As “proton”-
transfer-rates depend on the mass of the hydrogen atom, deuterating the material (replacing
the proton with deuterium) has effects on all parameters, with greatest influence on the
coercive field [114], [116].

E. Switching and coercive field models
The coercive field is the field at which ferroelectric switching occurs. As previously discussed,
this field is not one fixed value for a material but depends on many parameters, most
importantly temperature and measurement frequency, but as shown in this work, other
parameters like ambient humidity can be equally influential. This section will introduce the
most commonly used models for ferroelectric switching and their predictions for the coercive
field.

1. Intrinsic switching
From simple models (like Landau theory which is discussed in Il.A) one would expect that there
is one critical field, where the entire ferroelectric switches from one polarization state to the
other, as sketched in Fig. 8(a). This is called intrinsic switching and the coercive field from
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Fig. 8 (a) Sketch of intrinsic switching, happening almost instantaneously at the coercive field; (b) sketch of extrinsic
switching, which occurs through nucleation and growth of domains

7 There are indications that this is not the case for all materials, e.g. deuterated KDP[213]



_ 1 P
- 2€5€g

Ec [117]. P, describes the saturation polarization, €, is the vacuum permittivity and

€ is the ferroelectric contribution to the materials permittivity. While intrinsic switching has
been experimentally observed in systems carefully designed for this purpose, for example in
Langmuir-Blodgett films of P(VDF-TrFE) [118], this type is not relevant for normal
ferroelectrics. It is not only difficult to achieve, but the coercive fields are also much higher.
For the homopolymer PVDF, intrinsic switching is achieved around 900V/um, while extrinsic
switching occurs below 100V/um [119], [120]. For this reason, intrinsic switching is not further
discussed.

All practical ferroelectrics rely on extrinsic switching instead. This means that switching starts
with small nucleation sites, which are often introduced by defects [121], that subsequently
grow until the entire material has switched. This is depicted in Fig. 8(b). The Preisach
distribution [122] uses hysterons to describe the widening of the hysteresis curve, which can
be related to the ferroelectric domains [123]. In this work, however, we only focused on the
coercive field value, for which several models exist. The main difference between the models
is how nucleation is modelled and whether the initial nucleation or the domain growth is
considered the rate-limiting step.

2. Ishibashi-Orihara model
The first model for the coercive field relies on the classical Kolmogorov—Avrami—Ishibashi (KAl)
theory [124], [125] which assumes that nucleation only happens at predetermined positions
and consequently only the domain wall growth rate determines ferroelectric switching. In
consequence, the coercive field only depends on the measurement frequency f, the
dimensionality of growth d & and a factor @ which depends on the waveform (a=5.7 for
sinusoidal and triangular waveforms) [126]:

E. x fd/a Eq. 6
While this model describes many single-crystalline, inorganic ferroelectrics well, it usually fails
to describe polycrystalline, disordered systems (which is often the case for organic
ferroelectrics). [76], [127]

3. Du-Chen model

Du and Chen formulated a different model, where domain growth is fast compared to
nucleation times, resulting in nucleation being the limiting factor for ferroelectric switching.
First, the critical nucleus energy, which is the energy of the nucleus at the point where further
domain growth of the nucleus is energetically favorable, is calculated. This energy depends on
the electric field and needs to be supplied by thermal energy. When the resulting formation
rate is combined with the threshold frequency f,, at which nucleation is no longer rate-
limiting, one obtains an expression for the coercive field [128]:

8 “d=1 for planar walls parallel to each other, d=2 for cylindrical domains and d=3 for spherical domains” [126]
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Ec o<1/ kpTIn(fo/f) £q.7
kg is the Boltzmann constant, T is the temperature and f is the measurement frequency. This
dependence of the coercive field is more fitting for some polycrystalline films [76], [129]

4, Thermally assisted-nucleation limited switching

M. Vopsaroiu et al. introduced another model, which is usually called thermally assisted-
nucleation limited switching (TA-NLS) even though this description would also apply to the Du-
Chen model. However, this TA-NLS model is based on concepts from Tagantsev et al.[127] and
Viehland and Chen [130] and starts from the intrinsic coercive field provided by the Landau
theory and calculates the deviations due to nucleation[131]. Contrary to the Du-Chen model
where nucleation happens intrinsically, it considers extrinsic nucleation centers like defects
and grain boundaries to dominate the nucleation behavior. These centers significantly lower
the energy barrier for nucleation compared to the ideal bulk lattice. Consequently, the
switching kinetics are controlled by the probability of thermally activating a critical nucleus at
these specific sites. The resulting frequency- and temperature-dependent coercive field is
given by:

wy  ksTIn(ve/(n(2) )
Ps V*Fs
In this equation, w; is the switching energy barrier per volume, P, is the saturation

E, x Eq. 8

polarization, v, is the attempt frequency (assumed to be the phonon frequency of the
material), and V™ is the critical volume, above which the nucleus growth is energetically
favorable.

It needs to be noted that even though both Du-Chen and TA-NLS are models for thermally
activated nucleation limited switching, both models predict different behavior of the
temperature- and frequency-dependent coercive field. The TA-NLS model predicts a linear
dependence of E. on temperature and a logarithmic dependence on the measurement
frequency and is often considered to match the experimental results of organic and other
polycrystalline ferroelectrics best [132], [133], which was also observed in this work.

F. Charge transport
The usually taught model for charge transport is based on electron bands in periodic crystal
structures which are filled up to the Fermi level. If the Fermi energy lies within a band, it is
partially filled and the material is a metal. Its conductivity is mainly influenced by the shape of
the Fermi surface and scattering characteristics. If the Fermi energy lies between two bands,
there are no free charge carriers at 0 K. If the energy of the filled (valence) and empty
(conduction) bands are close enough together, thermal energy and doping atoms can create
free charge carriers and the material becomes a semiconductor, where the electronic
properties are mainly influenced by doping and temperature. If the band gap is too large for
thermal excitation of charge carriers, the material is an insulator. [134] While this model works
well for most metals and inorganic semiconductors like silicon, it fails to describe charge
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transport in organics, where the mechanism is usually described by tunneling (hopping)
between different localized sites.

1. Charge transport in organics
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Fig. 9 (a) Depiction of sites in real- and energy space in a gaussian DOS along with the depiction and filling of the DOS;
(b)sketch of a single hop. Image reproduced from [139]

Charge transport in organics is a vast topic, which is still extensively researched. In this
chapter, the main concepts will be sketched, a thorough and complete overview is beyond the
scope of this work and can be found in (review) articles [135]—-[137], text book chapters [138]
or PhD theses [139], on which this chapter is also based.

Organic electronics covers a wide variety of materials including (supramolecular) polymers,
charge transfer crystals and small molecules. They all have in common that charge conduction
is dominated by hops between different sites. A site can be anything between a single
molecule and a conglomerate of molecules or a polymer chain where the charges can travel
easily. These sites are spatially and energetically separated so that the wavefunctions on
different sites do not significantly overlap. The sites have different energy levels due to
different chain conformations, size and orientation. This energy distribution is typically
modelled by a density of states (DOS), where Gaussian and exponential shapes are most
commonly used. At 0 K, the sites are filled up to the Fermi level. A depiction of the (filled) sites
in a Gaussian DOS can be seen in Fig. 9(a). At higher energies, there might also be a delocalized
mobility edge, which is not shown for simplicity. Charge transport usually occurs through
hopping (thermally activated tunneling) between different sites. Miller and Abrahams
formulated a model [140] which neglects polaron effects (the effect of the charge on the
surrounding lattice), in which case the transition rate (from i to j )v;; is given by:

Vij = Vg * exp(—Zarij) * exp(—AEl-j/kBT) if E; > E;
Vij = Vg * exp(—Zarij) if E; < E; Eq.9

Where v, is the attempt (typical phonon) frequency, a is the inverse localization length, r;; is
the spatial distance between the sites and AE;; is their energy difference. A single hop, along
with the important parameters is sketched in Fig. 9(b).
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In case of strong charge-phonon coupling, the transfer rate will follow the Marcus model [141]
which assumes that every site can be modelled by a parabolic potential as depicted in Fig.
10(a), with its minimum being distributed according to the DOS. The energy barrier which
needs to be overcome for a hop from one to another site is given by the energy at the
intersection of their two parabolas E, which is shown in Fig. 10(a). The full transition rate v;;
is [137]:

R | AkgT A0k T

Where J;; is the transfer integral between the two wave functions (which scales with

2
2
—|]ij| i __L Eq. 10
Vij =—— | *exp q.

exp(—2ary;) like in the Miller-Abrahams-rate), 1 is the reduced Planck constant and 1 is the
Polaron activation energy (which equals four times the barrier of two identical parabolas). The
main qualitative difference to Miller-Abrahams hopping is that hopping to a lower energy
state becomes more probable until E, = 0 which corresponds to AE;; = —A4, after which the
transition rate decreases again. An electric field shifts the energy of the site, as sketched in
Fig. 10(b), making jumps opposite the electric field (lower electron energy) more probable.
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Fig. 10: Parabolic Marcus potentials together with the potential barrier; (a): without polarization and electric field, (b) With
an electric field, which lowers the barrier along the electric field; (c) Comparison with (solid line) and without (dashed)
polarization in line with the electric field, which increases the barrier; (d) like (c), but with the electric field in opposite
direction, lowering the barrier, figure inspired by [151]
When considering the entire path of an electron, most hops have comparably high transition
rates, while only one (or a few) are critical hops that limit the charge transport, which is
described in the so-called percolation theory. Consequently, investigating the critical hop(s) is
usually sufficient to understand all effects on the final conductivity. Finally, the current is also

influenced by the injection barrier at the material-electrode interfaces. Simple models based
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on inorganics consider mainly the Fermi-levels of the electrode and the HOMO (LUMO for
hole-transport materials) as well as image charges and the applied electric field [142], while
more sophisticated models also consider the disorder in organic systems [143], where it is
important that the charge finds an appropriate site of low enough energy to avoid
recombination with the image charge inside the electrode. A detailed explanation of these
models is beyond the scope of this thesis, the important information is that a low injection
barrier, i.e., the Fermi energy of the electrode and the HOMO (LUMO) of the organic material
being close together, improves conductivity which leads to bulk-limited conductivity, while a
high injection barrier leads to an injection-limited current.

2. Charge transport in organic ferroelectrics

Traditionally, ferroelectrics are considered insulators, with interesting conduction properties
at the domain walls [144], [145]. In the field of organic ferroelectrics, however, there is a
growing number of materials, which are either designed to be (semi-)conducting [109], [146]
or where a surprising conductivity was discovered [147]. The interesting observation was that
for these materials, the conductivity depends on the polarization state [4], [109], [146], which
was also seen in density functional theory (DFT) simulations [110]. As explained in the previous
section, the current can either be bulk- or injection limited and both effects can be influenced
by the polarization state.

The modulation of the injection barrier has been observed in many different systems, either
in devices with a semiconductor and a ferroelectric sandwiched between metallic contacts
[148] or directly by measuring the current through the ferroelectric [149]. In all cases, it was
observed that the ferroelectric polarization decreases the injection barrier when polarization
and field align and increases the barrier when they are oriented oppositely to each other. This
was first attributed to the ferroelectric's counter charges, but more recent work indicates that
stray fields in blends can cause the same effect. [150]

The effects on the bulk-conductivity were only discovered more recently and are explained by
the Marcus model, modified to account for the effect of the aligned dipoles on the moving
charge carriers [146], [151]. This leads to an asymmetric and anharmonic potential as shown
in Fig. 10(c,d). When electric field and polarization align, the interactions lead to an increased
energy barrier (Fig. 10(c)), while for opposing field and polarization, the energy barrier is
decreased. This effect is present in all hops, but most importantly also in the critical hops,
which limit the bulk conductivity. For this reason, the bulk conductivity is increased when the
electric field is opposite to the polarization[4], [109], which leads to the opposite of the
injection barrier modulation.

G. Effects of humidity on organics
The models for ferroelectricity and conductivity in organics, introduced previously, are limited
in that they mostly only consider material parameters and temperature to predict electric
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behavior. There are however many more external parameters that can influence electric
characteristics, with humidity being the relevant one for this work.

Christie et al. observed that many hygroscopic organic materials show the same water
content-conductivity dependence [152]: At very low water content (<1-5%) the conductivity
is constant, then there is a strong increase of the conductivity. With increasing water content,
the conductivity increases up to ten orders of magnitude. The constant conductivity is
explained by other, proton-unrelated sources of conductivity. The water-dependent
conductivity can be explained by protons hopping among unsaturated hydrogen bonds [153],
which can result from the material itself or from absorbed water molecules. In this model,
water is only assumed to change the mobility, but not the amount of (protonic) charge
carriers.

This is confirmed by nuclear magnetic resonance (NMR) measurements of DNA. NMR uses a
strong static magnetic field to split the nuclear-spin energy levels of spin-containing nuclei
(like protons). A weak oscillating magnetic field to measure the resulting energy difference via
the resonance frequency (Larmor frequency). This splitting depends on the local magnetic
field, which is different from the large-scale magnetic field due to screening of the surrounding
electrons. For this reason, NMR is useful for measuring the local electronic environment of
protons. [154] The Larmor frequency usually has a certain width as the molecules have a
slightly different environment. However, if the measured protons diffuse more rapidly than
their spin-spin relaxation time, they will each see different environments and as the measured
Larmor frequency will be the average of these environments, higher proton mobility leads to
a narrower peak (motional narrowing). [155] This is exactly what was measured in DNA: Here,
higher ambient humidity not only increased the conductivity but also decreased the NMR
linewidth, indicating that the increased conductivity is caused by higher proton mobility. [156]

While the effect of humidity on conductivity in organics is reasonably well understood, the
effects on ferroelectric behavior are only rarely investigated. While there are some
investigations of how water can screen the polarization [157], [158], there are very few
publications explaining how humidity changes the key characteristics of a ferroelectric. Huang
et al. reported how humidity not only increases electrical and heat conductivity in the
molecular ionic crystal of imidazolium perchlorate (ImClOa), but also increases the remnant
polarization [159]. The corresponding hysteresis curves shown in the supplementary
information however show that a significant portion of this increase happens when the
electric field is decreased from the maximal value back to zero. This behavior is not
characteristic of ferroelectric polarization but is instead indicative of ionic migration.
Additionally, the switching mechanism does not include water or protons. A similar behavior
was observed for another ferroelectric proton conductor, where the ferroelectric state was
observed to influence proton transfer, which was also claimed to increase the polarization
[160]. Notably, both of these increases of polarization do not arise from an increase of classic
ferroelectric polarization (the charges are shifted by a higher distance or more charges are
switched), and for this reason it is unclear if an increased polarization has the same effects
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(for example stronger piezoelectric coefficients) as a change in classic ferroelectric
polarization.

Another observation on different cocrystals of anilic acids and 2,3-di(2-pyridinyl)pyrazine
showed that a proton transfer which can be induced by pressure was needed to allow for
ferroelectricity. Humidity was observed to show a similar proton transfer in a related material;
however, it was not investigated whether this also induced ferroelectricity. [161]

In summary, it is well-investigated that humidity strongly improves protonic conduction in
many materials. There are also several reports of how humidity influences certain parameters
of some ferroelectric materials, there are, however, no systematic observations that show
clear trends.

H. Proving ferroelectricity
After having introduced the basic properties of ferroelectrics, there still remains the question
of how to experimentally identify a ferroelectric material, a challenge that forms the main
focus of the first half of this work. In this chapter, | will first present the different methods by
which ferroelectricity can be directly or indirectly measured and then analyze how this was
applied for BTA and peptide-VDF ribbons.

Regarding the latter material, we do not believe that the presented data is sufficient to
conclude beyond a reasonable doubt that the material is ferroelectric, which is why we
published a response in the “Matters arising” format [1]. The review of the methods and

discussion of the second material in this chapter is an extended and adapted version of this
response.

The most direct approach to proving ferroelectricity of a material is to measure the P(E)-
hysteresis curve by applying a triangular voltage signal and integrating the response current.
Traditionally this is done by applying a single triangular voltage (hereafter labelled single wave
(SW)) to the device, as depicted in Fig. 11(a) in red. A ferroelectric (experimental data for BTA,
shown in Fig. 11 (a), purple) shows a strong current peak around its coercive field after which
the current decreases with further increasing field. Other materials include a perfectly
resistive material (blue, I =V /R, R=1GQ), a perfect dielectric (orange, I = C xdV /dt, C
=100 pF) and a leaky dielectric, modelled by resistor and capacitor in parallel (green, I =
V/R + C *dV/dt). None of these exhibit the ferroelectric switching peak, facilitating the
distinction between a ferroelectric and a non-ferroelectric.

To obtain the hysteresis curve, the previously shown currents are integrated and usually the
mean is subtracted to obtain a hysteresis curve that is symmetric around P=0. The resulting
charge can then be divided by the surface area (which is not always obvious as discussed in
chapter In-plane-deviceslll.A.2) to obtain the polarization; however, working directly with the
charge (often colloquially referred to as polarization in this context), as done here, yields the
same qualitative behavior. This is plotted as solid lines in Fig. 11 (b). The ferroelectric (purple)
depicts the typical hysteresis curve. When increasing the voltage from 0 V, the polarization is
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Fig. 11 (a) Current and Voltage (red) of triangular/single wave (SW) signal; (b) resulting hysteresis curves from (a) and (c);
Current and Voltage (red) of double wave (DW) signal; (d) hysteresis curve of BTA for increasing maximum voltage; R=1GQ,
C=100 pF

initially almost constant but changes quickly when approaching the coercive field. Above the
coercive field, when all the dipoles have switched, the polarization becomes nearly flat (it
saturates). It is however not completely flat due to non-ferroelectric contributions (for
example leakage and displacive currents). This flattening is the key characteristic of a
ferroelectric hysteresis curve, as other materials (such as leaky dielectrics) can also lead to an
open, but not-flattening, loop. While the dielectric (orange) does not show an open loop, the
resistor shows an open loop with zero charge at maximum voltage. When considering the
leaky dielectric, an open loop appears which at first glance resembles that of a ferroelectric.
The polarization, however, does not saturate with increasing field, which shows that it is not
the signal of a ferroelectric. Such “hysteresis curves” can be produced by any leaky dielectric,
even with a banana. Unfortunately, there are many cases where open loops, which do not
saturate are used as (often incorrect) proofs for ferroelectricity. [77] While a trained observer
should be able to spot the difference between the curve of a ferroelectric and a leaky
dielectric, there is a much more elegant solution, which also addresses the previously
mentioned problem that the hysteresis curve of the ferroelectric has non-ferroelectric
contributions.

31



This can be achieved by using a waveform such as the double-wave (DW) method®, where two
consecutive triangular voltage pulses are applied in each direction as depicted in Fig. 11 (c) in
red [162]. The first voltage wave switches the ferroelectric and measures all other current
contributions. The second wave measures only non-hysteretic current contributions. The
associated currents for the different devices are plotted in Fig. 11 (c). It becomes clearly visible
that the peak of the ferroelectric (purple) only appears in the first voltage wave, while all other
currents stay the same in both waves. By subtracting the current in the second from the
current in the first wave, one obtains only hysteretic contributions, which can then be
integrated to obtain the hysteresis curve as shown in the dashed line in Fig. 11 (b). More
details of the double wave measurement and other minor corrections are explained in chapter
[11.C.1. By using the DW-method, the hysteresis curve of the ferroelectric BTA (purple, dashed)
becomes flat once all dipoles have switched, indicating that the hysteresis curve is purged
from non-hysteretic contributions. The “hysteresis curve” of the leaky dielectric (green,
dashed) becomes flat, indicating that there are no hysteretic contributions. However, it needs
to be noted that ferroelectricity is not the only source of hysteretic contributions, with ionic
hysteresis being the most prominent alternative. This is discussed in more detail in chapter
IV.A, but ionic hysteresis still does not saturate with increasing field, which means that a
saturating hysteresis curve is still a clear indication of a ferroelectric.

Furthermore, for a ferroelectric, certain trends should be observed:

e With increasing maximum voltage, the coercive field, remnant and saturation
polarization should converge to one stable value, as can be seen in Fig. 11 (d).

e Increasing temperature should decrease the coercive field and, to a lesser extent, also
the remnant and saturation polarization.

e Higher measurement frequencies should increase the coercive field and not affect the
polarization (if the maximum voltage is sufficient to switch all dipoles given the higher
coercive field). The two latter points were already explained in chapter 1I.B and are
experimentally shown in chapter [l.LH.1 and V.

For ferroelectrics with conductivity modulation (as explained in chapter II.F.2), the hysteretic
ohmic current is practically impossible to disentangle from the intrinsic polarization switching
Consequently, even with the DW method, their polarization appears to increase with lower
frequency as there is more time to integrate the current.

While the hysteresis curve is the most common electric measurement, the evidence can be
supported by measuring the (differential) capacitance-voltage (CV) loop. It should show a

° This waveform is sometimes also called PUND (positive up, negative down)[160], while others only call two
rectangular waveforms PUND [214]
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Fig. 12(a): hysteresis curve of poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)], (b): its CV-loop. This figure is the

same as Fig. 3.

characteristic butterfly shape with an increase of capacitance (permittivity) when switching
occurs, but not when decreasing the voltage [163] after switching, as shown in Fig. 12(b). The
capacitance peak occurs at the coercive field, which should be comparable (though usually
somewhat lower due to the slower measurement) to that of the PE-loop, as can be seen in
Fig. 12. While this measures only the reversible fractions of the polarization [164], the
characteristic butterfly shape cannot easily be confused with another phenomenon, making
this measurement less prone to misinterpretation. Consequently, to the author's knowledge,
no disputed claim of ferroelectricity contains a CV-loop. Unfortunately, CV-measurements are
still rarely used, possibly because some materials show only small fractions of reversible
switching, thus not showing a strong butterfly shape.

Piezoelectricity can be measured with different measurement methods, the easiest of which
is piezoresponse force microscopy (PFM) with the use of an atomic force microscope (AFM).
It is performed by applying a sinusoidal voltage to the cantilever in contact mode'® and
measuring the amplitude and phase of the movement of the cantilever at this frequency with
a lock-in amplifier. When looking at the PFM signal over the AFM scanning area, there will
usually be a constant, electrostatic background signal. Additionally, topographic crosstalk can
occur, which means that changes in sample height lead to an oscillation of the cantilever that
appears in the PFM signal [165].

10 There are new modes where cantilever oscillates in the kHz range and the piezo-measurement is performed
in the period where tip and sample are in contact, reducing the friction between sample and tip.
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Fig. 13 PFM of (a,c) ferroelectric poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) and (b,d) non-ferroelectric
poly(methylmethacrylate) (PMMA, right). (a,b): amplitude and (c,d): phase

Similar to polarization, the change of piezoelectricity in a ferroelectric material can be
measured via PFM. In this “switching spectroscopy” mode, the tip stays at one pointin contact
and in addition to the small alternating voltage there is a bias which is swept slowly to switch
the material. The interpretation of PFM signals is, unfortunately, complicated by the fact that
many other effects can appear similar to piezoelectricity [166] most notably the electrostatic
interaction between the cantilever and its surroundings. While the amplitude of a true
piezoelectric signal only depends on the small signal amplitude, the amplitude of the
electrostatic signal also depends linearly on the DC-bias corrected for the contact potential
difference [167], the latter potentially being altered by charge injection [168]. The effect of
the bias can be avoided via the use of “on”— and “off”’—loops!! [169]. This can be seen in Fig.
13, where the on-loop of the ferroelectric material is dominated by electrostatics and only the
off-loop produces the expected stable amplitude. The on-loop of a non-ferroelectric PMMA
looks qualitatively similar to that of P(VDF-TrFE) and only the off-loop shows that the signal is
purely electrostatic. Interferometer-based setups, either implemented in the atomic force
microscope or stand-alone (as used for Fig. 4 (c)) can help to distinguish electrostatic from
piezoelectric effects [170].

11 Charge injection can create PFM off-loops which resemble that of a ferroelectric. Similar to wrong
polarization hysteresis curves, they do not saturate with increasing voltage. Open-loop contact kelvin probe
force microscopy can help distinguishing the two phenomena. [168]

34



An indirect way to prove ferroelectricity is the detection of the ferro— to paraelectric phase
transition, which is the upper temperature limit for ferroelectricity as already discussed in
chapter Il.A. It is marked by a divergence of the susceptibility around the Curie temperature,

with Curie-Weil} behavior (ﬁ = ao(T — T,) ) in the paraelectric phase [73], as discussed in

chapter Il.A. Ferroelectricity should be observable below, but not above this temperature. The
observation of Curie-WeiR behavior does, however, not directly prove ferroelectricity, for
example pyroelectric materials which have a polarization which cannot be switched by an
electric field show the same characteristic. The observation of Curie-Weil$ behavior can,
however, not be considered necessary to prove ferroelectricity as some materials, most
notably PVDF, degrade or melt before reaching the hypothetical Curie-temperature [98].

Two other indirect methods to show the lack of inversion symmetry, which is necessary for
ferroelectricity, are second harmonic generation (SHG) [171] and X-ray diffraction (XRD). SHG
is however experimentally challenging and requires specialized setups as well as well-behaved
crystals, so it is not commonly employed and will therefore not be further discussed here. In
contrast, XRD is probably the most commonly employed structural characterization method
and can, in many cases, reveal the lack of inversion symmetry. It can, however, not detect
protons, so it cannot reveal how their positions break inversion symmetry.

There is no clear consensus on what experiments are needed to prove ferroelectricity. In
principle, a well-behaved polarization hysteresis loop, CV curve or piezoelectric switching
measurement should be sufficient to prove ferroelectricity. However, as one single
measurement result is often not definitive, a combination of multiple measurements is usually
a better proof. In the personal opinion of the author, sufficiently strong evidence could for
example be achieved by the following combination of measurements:

e A set of saturating hysteresis loops where coercive field and polarization show the
correct dependence on temperature and frequency (optionally also maximum
voltage).

e A saturating hysteresis loop paired with a butterfly-shaped CV loop, both showing a
similar coercive field.

e A saturating hysteresis loop and piezoresponse switching measurements that are not
dominated by electrostatic signal.

These results can be supported by indirect measurements (Curie-Weil}, SHG and XRD), they
are, however, not sufficient to prove ferroelectricity by themselves. An additional, optional
feature to make the result more plausible is an explanation on how the polarization can be
inverted on the atomic/molecular level.

In the following, it will be discussed how the experimental proof was established for BTA and
why we believe that the data for Peptide-VDF oligomers is not sufficient for the same
conclusion.
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1. Case study BTA
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Fig. 14 Ferroelectric measurements of BTA; (a) hysteresis curve of BTA-C10 for different frequencies; (b) resulting Coercive
field vs. frequency plot with fits to the Ishibashi—Orihara ( Eq. 6) and Du—Chen (Eq. 7) model for BTA-C18 and BTA-C10
(difference is in the length of the alkyl side-chain); (c) Switching time vs. temperature measurements for BTA-C18 and BTA-
C10; (d) Curie-Weif3 behavior of BTA-C18 for a badly (blue) and well aligned (green) sample, all subfigures reproduced from
[76]
BTA is a supramolecular, liquid crystalline polymer which was already introduced in chapter
I1.D.2. Its ferroelectricity was first proven by Gorbunov et al. [76]. The hysteresis curve for
frequencies between 1 and 100 Hz is depicted in Fig. 14 (a). At low frequency (e.g., the black
curve), the hysteresis curve shows the typical flattening above the coercive field, indicating
ferroelectricity. Increasing the frequency leads to a higher coercive field but does not change
the polarization values. The changing coercive field is explicitly plotted in Fig. 14 (b) and fits
the Du-Chen model well. While there are no temperature dependent hysteresis curves shown,
the temperature dependent switching time was measured with the help of rectangular
voltage pulses. The results are shown in Fig. 14 (c) and match the expectations for a
ferroelectric. The temperature-dependent permittivity, plotted in Fig. 14 (d), follows the
Curie-Weiss law. Interestingly, only the well-aligned sample (green) follows the Landau theory
prediction, that the permittivity in the ferroelectric phase should have a Curie-WeiR-like
behavior with twice the slope (Eg. 5).

In total, these measurements show that BTA exhibits a hysteretic behavior that saturates
across the coercive field and has the right temperature- and frequency-dependent behavior.
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Additionally, there is an indication of a ferro- to-paraelectric phase transition which should be

considered sufficient to prove ferroelectricity. Later measurements [81] also showed the

butterfly-like CV-loop and the piezoelectric switching, further supporting the already strong

evidence for ferroelectricity.

2. Case study Peptide-PVDF
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Recently, Yang et al. reported on their findings of VDF-oligomers paired with tetrapeptides,

claiming ferroelectricity with coercive fields much lower than PVDF [172], an effect attributed

to supramolecular dynamics. Here we argue that the presented data, including non-saturating

hysteresis loops, are insufficient to prove ferroelectricity beyond a reasonable doubt. As these

are the basis for the main conclusions of the publication by Yang et al., their inconclusiveness

necessitates further experiments. To explain our concerns, the data for VDFe-VEVE is

reproduced in Fig. 15; the data for many other VDF oligomer-peptide combinations can be

found in the original publication [172]. All references to Supplementary figures in this section

refer to the supplementary information of this publication. Our two main points of concern

are:
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1. As mentioned in the previous section, the hysteresis curves should saturate above the
coercive field and consecutive loops with higher driving voltages should not yield much higher
polarization values. None of the shown P-E loops for the in-plane setup, including those for
VDFs-VEVE (Fig. 15(a)) and the PVDF and P(VDF-TrFE)*? reference samples (Sl Fig. 19) show
reliable saturation. While some inner loops (e.g. inset of Fig. 15(a)) seem to level off, the outer
loops, where saturation actually should occur (cf. Fig. 11 (d)), continue to grow monotonically
with increasing driving voltage. The dominant problem in these measurements appears to be
the suboptimal device architecture (in Sl Fig. 11), in which the response is dominated by the
capacitance between the electrode and the silicon substrate, resulting in the device behaving
close to a perfect capacitor and the material contributing less than 5% of the signal (SI Fig. 18).
While this is theoretically compensated for, small deviations in the compensation will lead to
major changes in the signal attributed to the material. Additionally, the temperature-
dependent hysteresis curves (e.g. Fig. 15(b)) do not show a systematic decrease of the x-axis
intersection with increasing temperature, as would be expected for the coercive field of a
ferroelectric.

2. The PFM spectra (Fig. 15(d)) show an inversion of the phase at ~1 V., which the authors
attribute to ferroelectric switching. However, the PFM amplitude scales linearly with the bias
voltage. This behavior is inconsistent with true piezoelectricity, where the amplitude should
depend on the AC drive voltage rather than the DC bias. Instead, a bias-dependent amplitude
is characteristic of electrostatic artifacts, as demonstrated in Fig. 13.

In summary, we do not think that the data provided by Yang et al. allow to establish, with
sufficient certainty, ferroelectricity in the investigated supramolecular assemblies and that
new and/or improved measurements are needed to convincingly prove ferroelectricity.
Although the crystallographic data (Fig. 2 of Yang et al.) indicate that the material is in the
polar B-phase, this does not prove that the polarity can be switched at the suggested low
electric fields. For example in as-cast P(VDF-TrFE), poling is still needed to obtain ferroelectric
behavior, despite the being in the polar phase already [103].

12 This agrees with my general experience that P(VDF-TrFE) does not show well-behaved polarization curves for
in-plane setups as the polymer chains lie in plane and the polarization can only be perpendicular to the chain.
In contrast, out-of-plane setups (electric field perpendicular to the substrate) show well-behaved hysteresis
curves, which was also observed by them in SI Fig. 20.
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Ill.  Methods and sample preparation and evaluation

After having discussed the properties of ferroelectrics and which measurement results are
sufficient to prove ferroelectricity, we now turn to the experimental methods used to obtain
these results. After discussing how to prepare the material and produce devices, there will be
a short introduction of the different measurement setups and then an explanation on how
certain measurement protocols are evaluated.

A. Sample preparation and geometry

There are many different ways to measure electric properties of a material. The simplest
approach would be to connect a multimeter to the material with probe needles. While this is
easy to perform, it does not allow for good reproducibility and will not yield any quantitative
results. In practice, the use of an “out-of-plane” device has proven to be the setup that
produces the best quantitative results and allows for high electric fields. For the materials in
this work, it was however not known how to produce the films needed for these devices, so
pre-fabricated interdigitated electrodes (IDEs) were used instead. While IDEs simplify device
fabrication, they often yield only qualitative trends, making the extraction of absolute material
parameters difficult. The difference between the two devices as well as the challenges of
evaluating data measured with IDEs will be discussed in the following.

1. Out-of-plane devices

Out-of-plane devices are devices where the electric field is out of the device-plane. One such
setup as well as a photo of the actual device is shown in Fig. 16 (a&b). The general idea is that
the material is sandwiched between two metal electrodes, forming a plate capacitor.
Practically, the first metal film is deposited (usually with a thermal evaporator) on a cleaned
glass substrate. It often has a keyhole-shape as seen in Fig. 16 (a). The long strip is useful as
shifting the structure does not change the overlap area with the other electrode and the round
area is useful for easy connection to the measurement device. A narrow strip is usually
desirable as a wider strip increases the probability of the final device short-circuiting.

The material is meanwhile dissolved in an appropriate solvent and then spin coated®3 on the
substrate. Spin-coating is a commonly used method for thin-film formation and works by
rotating the substrate with a solution of the material on top. Centrifugal forces result in only
a small film of the solution staying on the substrate and the solvent quickly evaporates. The
film thickness can be influenced by the concentration of the solution and the spinning speed.
Typical thicknesses are between 50 nm and several micrometers. [173] Finally, the second
electrode is evaporated on top of the material film.

The final device is a parallel-plate capacitor with the area being the square of the strip width
and the spacing being the film thickness, therefore the basic equations like as C = €y€e 2 or

E =V /d apply. This makes it easy to convert the measured results to material parameters
like conductivity, permittivity or polarization. As the top-contact is deposited on the material

13 Other deposition techniques like thermal evaporation are also possible, but only rarely used.
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film, a single hole in the overlap area will lead to the two contacts touching each other, short-
circuiting the device. For this reason, only materials with well-established film fabrication
protocols are suitable for this kind of device. Unfortunately, the materials used in this work
are not well-investigated and a good spin-coating procedure could not be established. For this
reason, it was not possible to use out-of-plane devices and IDEs were used instead.

Spincoated
(a) Evaporated  Spincoated (c) Evaporated metal  (ca3 500nm) (d)
metal film, contacts, patterned o dropcasted Sample Material

contacts ca. 500nm by UV-lithography  (>5.m) film

v I h

A T aly 33
b IR N e

Fig. 16 (a) Sketch of an out-of-plane device; (b) photo of the actual device; (c) sketch of an interdigitated electrode; (d)
Sketch of the electric field in an IDE, subfigure reproduced from [217] (e) photo of a homemade and (f) of a commercial
(Micrux) IDE);. In the photos, the 1€-coin serves as a size-reference.

2. In-plane-devices and Interdigitated electrodes
In-plane devices are a class of devices where the electric field lies in the plane of the device.
This can be achieved by two metallic layers with a gap in-between them. However, a single
channel will only lead to a very small capacitance (<<1 pF), so it is better to use many channels.
This is achieved by Interdigitated Electrodes (IDEs), where many channels are connected in
parallel as sketched in Fig. 16 (c) and its cross-section in Fig. 16 (d).

The device is generally characterized by the spacing S, the electrode width W and the total
electrode length [ (number of pairs multiplied by the length of the single electrode). Practical
devices generally have a spacing between 1 and 20 um, a length in the range of millimeters
and 50-1000 parallel channels connected to contacting pads. In this work, two different
substrates were used: The homemade IDEs (photo in Fig. 16 (e)) have a 5 um gap, a squared
electrode area of 4.5x4.5 mm? and 225 electrode pairs. The total electrode length is 2.013 m.
There were also homemade IDEs with 1 and 2 um gaps available (their electrode lengths are
5.031 m and 10.067 m) which can yield higher electric fields. As this was not necessary for the
materials in this work, they were not used here. The other IDE used was the commercial IDE3-
Au by Micrux [174] with a 5 um gap and a circular area with 3.5 mm diameter and 180
electrode pairs. The total electrode length is 0.80 m. A photo of this IDE is provided in Fig. 16

().

While the IDEs simplify device fabrication and reduce reliance on perfect film quality, they
have the big disadvantage that they produce an inhomogeneous electric field (shown in Fig.
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16 (d)), which makes the physics of the device more complicated, This will be discussed in
more detail in the following two sections. Consequently, E = V' /S only applies in the small
region between the electrodes, while other regions have a lower field [175]. For practicality,
this formula is still used to give an upper limit of the electric field. While it is possible to
calculate the capacitance analytically [176] there is a simple, empirical formula giving
acceptable results for half* the capacitance of the electrode in vacuum (ignoring permittivity)
Co/! (in pF/m) [177]:

2

w w
Co/l = 6.5 x (7) + 1.08 (T) +2.37 Eq. 11

With L = W + S. The capacitance of the real device with material (with thickness t) is:

t t
C=Coxesyp+Co*|emar*F (Z) + €qir * (1 —F (Z))] Eq. 12

With €sup, €mat, €qir Deing the dielectric constant of the substrate, the material and air and
F (E) being a function that accounts for a limited layer thickness which goes to unity when t

approaches L [178].

a) Comsol simulations
To confirm these results, a micrux IDE was already simulated in the author’s master’s thesis
[179] with the finite-elements method simulation software Comsol Multiphysics [180]. The
mpty ~25-30 pF, €5, = 4.5. The value of (; is
considerably higher, than what Eq. 11 vyields (3.6 pF). Possible explanations include edge

main result was that €, = 5.1 pF and, as C,

effects of the electrodes as well as numerical artifacts. This difference was not further
investigated, as the absolute value of €, was not important in this work and the values are
still within the same order of magnitude, ruling out fundamental conceptual errors.

To gain further insight into the effects of film thickness and surface roughness, the system was
simulated for a two-dimensional IDE with one repeat unit and periodic boundary conditions
(pbc) and the resulting capacitance was calculated. The electrodes are on the substrate
(esup=4.5) and then there is a material layer with varying thickness t and permittivity € and a
layer of air (€4;-=1) on top. The general shape and the electric potential after applying 1 V to
the outside electrodes are shown in Fig. 17 (a) for the example case t=2 um, €=64. The white
area on the sides marks the region outside the PBC-box. The total height of the system is 50
pum.

To see the effects of the surface, the electric field at the surface is plotted in Fig. 17 (b). This
clearly shows that the surface roughness has strong effects on the electric field distribution
and consequently influences the device capacitance.

14 Half the capacitance is useful as top and bottom usually consist of two materials on top and bottom, as can
be seenin Eq. 12
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The general trends for different permittivity and layer thickness can be seen in Fig. 17 (c). As
expected, a higher material thickness leads to a linear increase in capacitance, which saturates
around between 5and 10 um (t = L = 25). Interestingly, comparing the capacitance between
rough and smooth surfaces (Fig. 17 (d)) shows that the rough surface appears to lower the
capacitance at low material thicknesses while increasing it at high thickness. This trend
becomes stronger as the permittivity increases.
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Fig. 17 (a) General overview of the simulation with rough surface, the color codes the potential in V; b) zoom into the rough
surface with color showing the absolute electric field; t=2 um, =64 for (a) and (b); (c) Height-dependent capacitance for
different permittivity with smooth (+) and rough (dots) surface; (d) relative changes through rough surface.

Additionally, a rough surface apparently increases the capacitance for €=1. This is implausible
as this surface is the transition area between material and air, which are both the same
(€=€4ir=1). Thus, there is no real interface which can change the capacitance. The observed
deviation likely stems from mesh generation artifacts as the mesh is significantly denser near
the complex rough interface than between the electrodes, even though the inter-electrode
gap is the most critical region. Additionally, the results already showed that the region far
away (> 5 um) from the electrodes should not be relevant. Consequently, the capacitance at
high layer thicknesses should not be significantly altered by the surface roughness. These
seemingly implausible results are likely attributed to the difficulty of modeling the rough
surface with the triangular and rectangular shapes used in the mesh, resulting in a very fine
mesh around the interface which also changes the measured capacitance. The observation
that the capacitance decreases at low thicknesses seems plausible, but can hardly be relied
upon given the presence of these numerical artifacts. Therefore, no further simulations were
performed.
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b) Polarization IDE
Measuring the capacitance of these devices is only the starting point of understanding IDEs.
Crucially, we must determine how to convert the charge, obtained by integrating the current
from Double Wave (DW) measurements, into intrinsic material polarization. In our case, this
is rendered more difficult as the material layer is usually not smooth and the permittivity of a
ferroelectric depends on the electric field and the polarization state (hysteresis).

Starting from the simple case, where the surface is smooth and the electric field is strong
enough to switch the polarization of the entire material, the relevant surface area is obtained
by the total electrode length [, multiplied by the material thickness t and the polarization is
thus [175]:

C
txl Eq. 13

p =

This formula however only holds if the entire material is switched. It is known and also
observed in the COMSOL simulations, that the electric field is “sucked” into regions of high
permittivity. When increasing the electric field from zero, the material between the
electrodes, where the field is strongest, switches first. This leads to an increase in permittivity
(as discussed in chapter II.B) that can shield the further away regions from the electric field,
thus preventing them from switching. This is however only very difficult to calculate as €(E)
generally is unknown (CV-loops only measure an average over the entire sample and cannot
account for these local variations. Even if this function were known, the entire system,
including the typically undefined surface topography, would require iterative solving for
increasing field steps. As this is complex, even if all parameters were known, this was not
performed here.

40 4 — spincoated, 100-200 nm
dropcasted, 2 um

| — dropcasted, 5-7 um
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Fig. 18: Hysteresis curve of different BTA films on a homemade IDE

Instead, the charge of a known ferroelectric (BTA-C10) was measured and the effective
thickness t. s was calculated using the known polarization, which was measured with out-of-
plane devices [106]. There was a spin coated film and two drop-casted films with thicknesses
of 100-200 nm of 2 um and 5-7 um thickness respectively (Appendix 3). Their hysteresis curves
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are plotted in Fig. 18. The spin coated film has a remnant charge of 17 nC, the drop-casted
films show 23.5 nC (5-7 um film) and 47 nC (2 um film). For the spin coated film, this charge is
consistent with Eq. 13%, indicating that the entire film thickness is switched. For the thicker
films, the total film thickness seems to be irrelevant as the thicker film has only half the charge.

Instead, other factors like film quality seem to be more relevant and only the lower 300-600
nm appear to be switched.

Given the large uncertainty and the unclear transferability to other materials, this value should
be treated as a rough estimate of the effective switching depth and used with caution.

c) Film formation

Fig. 19: Microscope images of the used samples for the overview section: (a) material 1; (b) material 2; (c) material 4; All
samples were already aged when the image was taken, which is why only residues of material 1 can be seen.

After having cleaned the IDEs in an ultrasonic bath with soapy water, deionized water, acetone
and isopropanol, a 5ul drop of the material solution (10 mg/ml in ethanol for material 1 and
3 of the screening study in chapter IV and 10 mg/ml in water for material 2 and 4) was drop-
casted on the IDE. This resulted in rough, polycrystalline, 1-10 um thick films which covered
approximately half the electrode area. Images of the samples can be seen in Fig. 19. For this
reason, the effective area is only approximately half the electrode area, which needs to be

Cr _ 1.7¥1078¢
Ixt  2.013m*(100—200)nm

15 Calculated using B. = = 84 — 42mC/m?, literature value: 45 mC/m? [106].
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considered when calculating the polarization from the charge. Consequently, the formula that
is used to calculate the polarization is:

p_ €
B l * teff/Z Eq. 14

With [ = 0.80 m for micrux (material 1-3) and 1=2.013 m for homemade (material 4) IDEs and
terr=300-600 nm.

The estimated polarization is only the switchable polarization along the axis of the electric
field. For a set of randomly oriented, immoblie dipoles in three dimensions, this is half'® of the
total polarization. This value can however vary if the polarization is not randomly oriented
(e.g. in flat lying polymers), the dipole axis can be reoriented by the electric field (like in BTA),
or if the crystals structure allows for more than one “ferroelectric direction” (like in
perovskites).

B. Setups
After having introduced the geometry and production of samples, we now briefly describe the
measurement protocols. A measurement setup usually consists of a probe station which is
used to contact the device and control environmental parameters. This probe station is then
connected to an electric measurement device which typically generates the voltage and
measures the current.

1. Probe stations
The simplest probe station employed was the “air probe station”. In this setup the sample is
stationed in ambient conditions and can be heated up to about 150 °C. A photo of this probe
station is provided in Fig. 20 (a).

The second probe station was the so-called “vacuum probe station”, a cryostat which allows
sample connection in a vacuum. The temperature can be varied between 78 K and about 400
K. A photo is shown in Fig. 20 (b).

The last and most commonly used probe stations were two different versions of the LINKAM
HFS600E-PB4 stage [181]. They allow measurements between -195 °C and 600 °C in nitrogen
and between room temperature and 600 °C in air (otherwise water condensation would lead
to problems). The two different versions only differ in size. Both are shown in Fig. 20 (c) and
(d). While the bigger one is often more practical, it occupies more space. This is particularly
important when putting the stage into the electro-tech-systems M 5504-7621 humidity
control box [182] as it was frequently done to make measurements varying ambient humidity.
This humidity control station is shown in Fig. 20 (e).

16 fon sin(@) abs(cos(6))do/ fon sin(@) df = 1/2 as there is no p-dependence when choosing the appropriate
spherical representation.
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Fig. 20: Photos of different setups: (a): Air probe station; (b) vacuum probe station; (c) small Linkam stage; (d) big Linkam
stage; (e) humidity control box; (f) sketch of self-constructed measurement setup

2. Measurement devices
Various devices were used to measure the samples after contacting them in the probe
stations. The first setup, which was typically combined with the air probe station was a
custom-built setup consisting of an input signal supplied by a Tektronix AFG3052C Dual
Channel Arbitrary/Function Generator, amplified by a TReK PZD350A high voltage amplifier
and measured by a Tektrinox TBS 1102B-EDU oscilloscope. How the different devices are
connected together is sketched in Fig. 20 (f). It was used to apply a waveform (usually the DW-
waveform) with up to 330 V to the sample and measure the response current across the 1 MQ
input resistor of the oscilloscope.
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The second device was a Zurich instruments multifunctional impedance analyzer (MFIA) [183]
employed to measure the complex impedance of the device as a function of bias (max 10 V)
and frequency. Together with the vacuum probe station, the Linkam stage and the humidity
control box it was also possible to perform temperature and humidity sweeps in air and
vacuum, providing a versatile measurement platform.

The last electrical measurement device was the Aixacct TF Analyzer 2000E [184], which was
part of the research line double DBLI [185]. It allows the application of arbitrary waveforms to
the sample and the measurement of current response and bias-dependent impedance with
voltages up to 400 V. It was usually used in combination with one of the Linkam stages.

3. Piezoelectric characterization

Piezoelectric measurements were performed by piezoresponse force microscopy (PFM) with
a Bruker multimode atomic force microscope (AFM). For this, a sinusoidal voltage was applied
to the cantilever and its oscillation at that frequency was detected by the built-in lock-in
amplifier and then split into the amplitude of the signal and the phase with respect to the
applied curve. The available DBLI also allows to make switching spectroscopy measurements
(as shown in Fig. 3(b)). It works by reflecting the laser off the top and bottom electrode of an
out-of-plane device and measuring the variation in the spacing between the two by an
interferometer. However, as this technique requires out-of-plane devices, which could not be
successfully fabricated for these materials, it was not employed further.

4, XRD
Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker D2 Phaser
diffractometer with a Copper source with Cu Kq (A = 1.541 A) and a molybdenum source with
Mo Ko (A = 0.702 A) radiation in Bragg-Brentano configuration by Manjunath Balagopalan at
the University of Oslo.

C. Evaluation
This section provides a detailed overview of how the measured signal was evaluated.

When measuring the materials presented in this thesis, it was noticed that the DW and CV
measurements contained signals which cannot be attributed to ferroelectricity. To isolate the
intrinsic ferroelectric response, these non-ferroelectric contributions were compensated for.
Since the results for these materials is presented in the two primary publications [2], [3] and

this compensation method was used there for the first time, this section is also based on its

supplementary information.

1. DWM
The idea of the double wave method (DWM) is that the first triangular voltage wave switches
the material while the second one functions as a background measurement, capturing all non-
hysteretic effects (leakage current, displacement current, etc.). Consequently, the current
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measured during the first pulse contains both switching and non-switching contributions,
whereas the second pulse contains only the latter. The waveform can be seen in Fig. 21(a).
The difference in current is then assumed to be the switching current which is integrated to
obtain one half of the hysteresis curve. This is displayed in Fig. 21(c). This process is then
repeated for the opposite direction to obtain the other half of the loop.
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Fig. 21: DW measurement of material 1 (a) original measurement; (b) Current as a function of voltage, (c) DW

evaluation with raw data, d) DW evaluation with rescaled values. As (c) shows the raw data, the voltage is shown, while

for (d), the voltage is converted to the electric field (chapter I1l.A.2); the blue curve shows the current in the first voltage
pulse, the orange the current in the second voltage pulse and green the difference between the two. Red shows the

applied voltage.

The assumption that the difference between the first and second wave is purely ferroelectric
hysteresis is, however, not necessarily true as there can also be other hysteretic contributions,
like for example known from migration of ions [186]. lonic hysteresis, however, does not
saturate with voltage like ferroelectric hysteresis does. When looking at the signals in Fig.
21(a) one observes that there is one current peak around 1.5 V in the first wave that is not
present in the second. This is not consistent with ionic hysteresis and therefore attributed to

ferroelectric switching. However, the current at maximal voltage in the first wave is also
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slightly higher than in the second. This is assumed to be the non-ferroelectric contribution
(probably ionic) that should not be included in the ferroelectric hysteresis curve. To avoid
including this charge for the ferroelectric charge, the current of the second wave is rescaled
so that its matches the maximal current of the first wave.

The integrated curves often showed a minor asymmetry leading to open hysteresis curves.
This is probably due to some asymmetry of the device, changes of the material over time, or
due to the presence of trapped charges and not due to an intrinsic asymmetry in the
underlying material. To achieve closed hysteresis loops with one remnant polarization, both
sides of the hysteresis curves are rescaled to the mean of the remnant polarizations.

The rescaling of the currents and its effects on the hysteresis curves can be seen in Fig.
21(c)/(d). Unfortunately, the currents of the first and second curve do not align well for low
voltages as shown in Fig. 21 (b). This results in the sharp edges of the hysteresis curve and is
explained in more detail in Appendix E.

The hysteresis curves of material 4 were measured with a different (the custom-built) setup
featuring a current detector with lower resolution. For this reason, the current was smoothed
before applying the previously described steps. The raw and final data can be seen in Fig. 22.
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Fig. 22: (a) Raw data for material 4, measured at 2 Hz,( b) data rescaled and smoothed, same color coding as Fig. 21

(c)/(d)
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2. CV rescaling
It was observed that the capacitance in most measured CV-loops decreases slightly over the
course of the measurement. As there is no physical reason for any intrinsic asymmetry within
the material and the decrease always happens over the measurement time, the consistent
decrease implies a gradual evolution of the sample state, such as field-induced reordering,
lowering the fraction of reversible switching or material degradation.
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Fig. 23 CV measurement for material 1, raw data in orange, blue shows the rescaled data

To compensate for this, the curves are rescaled according to the following procedure: The
first, last and middle data points all correspond to a voltage of 0 V. The capacitance at these
points is averaged (mean 0 V). Each datapoint is then rescaled by a factor that linearly changes
from the factor that rescales the first datapoint, to the one rescaling the middle datapoint, to
rescaling the last datapoint. The effect can be seen in Fig. 23.

3. Negative control
As a negative control, the co-crystal of 2,3,5,6-tetrafluorobenzene-1,4-diol and pyrazine [187]
was measured. It crystallizes in the triclinic, centrosymmetric P1 spacegroup (CSD refcode
QUWZEO) and can therefore not be ferroelectric. It was chosen as a negative control which
gets processed and measured like all the other used compounds to ensure that the setup does
not accidentally produce false positive results.
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As expected, the DW measurement (Fig. 24(a)) does not show a second peak in the current
and the CV-loop (Fig. 24(b)) is flat. This shows that the setup or any production steps does not
produce ferroelectric-like results with non-ferroelectric materials.

L 4 43.0
a) 0.010 - b)
42.5 -
0.005 - 2 = =
— E [TH
Y 3 24201
= > g
0.000 7 -0 W
2 T 5 415
5 =
© ~0.005 - |, @ 2410
o
~0.010 40.5 1
I 1 1 I I 3 _4
00 25 50 75 100 40.0 ¥ T T T T

I 1
-75 =50 =25 0 25 50 75
Bias [V]

Time [s]

Fig. 24: a) DW and b) CV measurement of QUWZEO at RT
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IV. Results Database mining study

This chapter is based on the author’s database screening study [2] and is extended by

additional measurements, especially PFM images, conducted for this thesis.

As detailed in the introduction of this thesis, ferroelectric materials are used in a wide array
of applications, with their piezoelectricity being the most important property. While
conventional ferroelectrics are mostly inorganic, organic ferroelectrics offer the prospect of
non-toxicity, easy processability and high tunablity, which can enable a broader range of
applications. To make best use of their tunability, good structure-property relations are
needed. While the switching mechanisms and kinetics of inorganic ferroelectrics are generally
well understood, the same cannot be said for organic ferroelectrics. A way forward in gaining
a better understanding of the variety of mechanisms underlying the ferroelectric properties
of organic ferroelectrics is to expand the catalogue of known organic ferroelectrics. Not only
is this important to establish structure-property relationships, which are currently largely
lacking for organic ferroelectrics, but also for identifying their performance limits.

To achieve this, the Cambridge Structural Database (CSD) is a useful resource was already
demonstrated over 30 years ago in a study of 186 materials [188]. With the use of today’s
computing power, it is possible to screen large portions of the 1.2 million entries according to
different criteria depending on the class of ferroelectric being searched for. This approach led
to the identification of 54 globular [67] and 12 proton-transfer [68] candidate materials. Here,
we assess the validity and relevance of this data mining approach by experimentally
investigating whether (a subset of) these materials are indeed ferroelectric with the goal to
also find new ferroelectric materials which have properties that are suitable for applications
or yield new insights in previously unknown ferroelectric phenomena and produce
experimental results upon which a refinement of the screening process can be built upon.

From the various ferroelectric candidate materials predicted in Refs. [67] and [68], four
compounds were selected for this work: hexamethylenetetramine hydrogen DL-malate (CSD
refcode TOZTAF, from here on called material 1), hexamethylenetetramine ammonium
tetrafluoroborate (HMTAAB, material 2), trimethylamine-borane (ZZZVPE02, material 3) and
6-hydroxy-4(3H)-pyrimidone (UHUMEPO1, material 4) mainly because of their high predicted
polarization values (>10 uC/cm? for material 1-3), ease of synthesis (material 3 and 4 are
commercially available), availability of the precursors, and their low-toxicity. All molecule
structures are depicted in Fig. 25.
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Fig. 25 Molecular structures of material 1-4 along with their molecular formulas.

Co-crystals of hexamethylene tetramine and DL-malic acid, material 1, were synthesized by
mixing equimolar mixtures of the precursors (99.0% assay, Sigma Aldrich) as described by
Chandrasekhar et al.[189]. The resulting complex was recrystallized in ethanol and used for
various characterizations.

Hexamethylenetetramine ammonium tetrafluoroborate, material 2, was synthesized by
mixing equimolar ratios of hexamethylene tetramine (99.0% assay, Sigma Aldrich) and NH4BF4
(99.0% assay, Sigma Aldrich) in water as a solvent. The minimum amount of solvent was used
to dissolve the compounds, after which the solution was allowed to evaporate slowly. This
synthesis method is reported here for the first time. The compound was recrystallized using
ethanol as solvent.

Trimethylamineborane, material 3, (97% assay) and 6-hydroxy-4(3H)-pyrimidone, material 4,
(98% assay) were directly purchased from Sigma Aldrich and recrystallized from ethanol and
water, respectively. For material 4, recrystallisation was done under dark conditions, as the
compound forms a dimer when recrystallized under sunlight [190]. Fig. 25 summarizes the
four compounds studied in this work, along with their CSD reference codes and Corresponding
molecular formulas.

To put the results in context, we start with a brief overview of the structural properties of the
four mainly investigated compounds:
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Material 1 and 2 crystals have ionic molecular structures and belong to the group of
hexamine-based compounds. Material 1 has a monoclinic Cc crystal structure at room
temperature. Its constituent molecules have several intermolecular hydrogen bonds
stabilizing the crystal lattice. The protonated nitrogen makes hydrogen bonds with the
carboxylate group of DL maleate. Additionally, the different hydrogen bond lengths for donor
and acceptor molecules indicate a possible proton transfer in this system [189]. The calculated
polarization is 17.3 uC/cm? [67].

Material 2 has a polar hexagonal P6smc space group with a perovskite-like structure [191] and
no hydrogen bonds. Its polarization is predicted at 11.6 uC/cm? [67] and can be inverted with
the displacement of the positive with respect to the negative ionic molecules. The only other
reported hexamethylene-based supposedly ferroelectric system is the
hexamethylenetetramine-bisnopinic acid co-crystal. XRD and SHG on this compound indicate
a polar space group, the P(E) curve, however, does not saturate and shows a very small
polarization of P. = 0.22 uC/cm?, indicating that it either results from incomplete switching or
does not reflect ferroelectric behavior at all [192].

Material 3 has a rhombohedral polar R3m space group [193], [194] at room temperature. In
the database study [67], only the low temperature phase of this compound (CSD ref code
ZZZVPEOQ2, structure reported at 150 K) has been identified as a potential ferroelectric.
However, since the reported polar R3m phase is retained even at room temperature (CSD
ref.code ZZZVPE, no atomic coordinates published, thus omitted from the data mining study),
we have investigated this compound under ambient conditions. (Trimethylamine)-borane has
been reported in the literature as a plastic crystal with rotational disorder contributing to its
metal-like high ductility, malleability and 3D plasticity [195]. These properties of material 3
can potentially be utilized in flexible and/or wearable ferroelectric devices. It has also showed
SHG, piezoelectricity and pyroelectricity, but there is no clear proof of ferroelectric switching
as the P(E) loops did not saturate and the PFM spectra do not conclusively rule out an
interpretation in terms of (non-ferroelectric) electrostatics [196]. However, the limited
thermal stability of material 3, see below, seems to be an issue for both characterization and
practical applications. Its polarization is predicted at 17.2 pC/cm? and the structure can be
inverted with the rotation of the molecule.

The compound 6-Hydroxy-4(3H)-pyrimidone, material 4, an analogue of the RNA nucleobase
uracil (2,4-dihydroxypyrimidine), has two monoclinic polymorphs at room temperature: a
Cc a-form (CSD refcode UHUMEPO1) and a P21 B-form (CSD refcode UHUMEP) [197]. Only the
former has been predicted to show ferroelectricity based on a proton transfer mechanism
[68]. The fact that it can show different polymorphs, of which only UHUMEPO1 exhibits the
neutral lactam-lactim tautomerization that enables an interconnected proton transfer path
[197], makes it potentially difficult to reach the desired proton-transfer configuration. Its
polarization is predicted at 4.41 uC/cm?2.
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Material 5, Triethylenediamine dihydrochloride (Pna2; space group [198]; refcode VAGVAA),
was initially also supposed to be part of this study. Unfortunately, we were unable to
synthesize it properly and a different material emerged, which is currently under investigation
by Manjunath Balagopalan. While initial ferroelectric measurements were promising, it is not
entirely clear to which structure they correspond, which is why the results are only briefly
reported in Appendix .
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Fig. 26: Measured (blue) powder X-ray diffraction patterns of (a) material 1, (b) material 2 and (c) material 4 samples
along with their simulated patterns (red) obtained from the CSD data base. The hump around 20 = 12°in a) and b) arises
from the glass sample holder.

Fig. 26 shows the experimental PXRD patterns of material 1, 2 and 4 along with their simulated
patterns calculated from the cif files from their CSD entries. The recrystallized borane complex
material 3 was found to be volatile at room temperature, preventing structural
characterization. For the other three compounds, the diffraction peak positions and relative
intensities in the simulated patterns agree well with the experimental data. No additional
peaks were observed, confirming successful phase formation and absence of any secondary
phases. The phase purity in material 2 supports the reliability of the newly developed
synthesis method. Slight discrepancies in relative peak heights for material 4 are attributed to
a preferred orientation of the material, no new peaks were observed in this case either.

After having confirmed their structure with PXRD, the materials were firstly investigated with
dielectric spectroscopy to detect phase transitions and, consequently, relevant temperature
ranges. As none of the measurements (shown and briefly discussed in Appendix C) showed
any signs of Curie-WeiR behavior or other relevant phase transition’, all measurements were
performed at room temperature. The materials were investigated with the double wave
measurement method to obtain a background corrected hysteresis loop and capacitance-
voltage loops. The data was evaluated as described in chapter Ill.C. The raw data for all
measurements can be found in Appendix 5-Appendix 14.

17 Material 1 showed variations depending on the atmosphere, which turned out to be very relevant for the
understanding of this material.

55



A. Material 1 (TOZTAF)

The first tested compound is the co-crystalline material 1. When applying the double wave
form (Fig. 27 (a)) to the material, there is a double current peak in response to the first voltage
wave, whereas only a single peak (coinciding with the voltage peak) is present in the second
wave. For a ferroelectric material, the first double peak includes, apart from any background
currents, the charge that is needed to compensate for the change of polarization. When
applying the second pulse, the polarization is already switched, so there is no polarization
reversal contribution, hence the first peak disappears. Taking the difference between the
responses to the first and second waves and integrating gives the polarization (represented
by the charge) hysteresis curves that are shown for different frequencies in (Fig. 27(b)). For
the faster measurements (as well as the curve later shown for material 2), there is an edge at
0 V. This is an artifact of the waveform and is explained in more detail in Appendix E. The
charge saturates for each loop, which is necessary for a ferroelectric [77], and the coercive
field sits around 0.35-0.45 V/um.

The charge associated with ferroelectric switching is determined by crystal geometry and
should therefore, contrary to the present data, not depend on the measurement frequency.
For this, there might be several reasons. It is well known that the coercive field is frequency-
dependent [199], thus at higher frequency not all dipoles might be switched. The data
however shows a distinct first peak and a saturating hysteresis curve, ruling out this possibility.

Alternatively, in many materials there exists a finite ionic conductivity that can give rise to
hysteresis [186]. It should predominantly be present in the first pulse of the double wave and
should not saturate with increasing field. Hence, ionic currents do give rise to open P(E) loops
with increasing ‘remnant polarization’, but not to any current peaks, as observed here. Hence,
ionic contributions to the hysteresis might be present, but can be ruled out as the main source
of it. In the evaluation, as detailed in chapter lI.C.1, the current of the second peak is rescaled
to match the first peak, ideally compensating for ionic hysteresis in the absolute polarization
values. Nevertheless, signs of ionic hysteresis can still be seen in the 250 mHz hysteresis curve
(Appendix 7), where the accumulated charge in the hysteresis curve still increases on the
decreasing side of the electric field sweep.
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On top of (minor) ionic contributions, the material also shows significant background
conductivity. The ohmic conductivity in (Fig. 27(a)) can clearly be attributed to the material,
as the empty IDE has negligible leakage (see Appendix 2). The evaluation method compensates
for the first order background conductivity with the assumption that the background
conductivity only depends on the bias [162]. In ferroelectrics, the background conductivity
depends on the injection barrier and the bulk conductivity that both may depend on
polarization [200]. Specifically, the injection barrier can be altered by a change in surface
charge density due to polarization switching [146], [200] which can lead to a switch from an
injection-limited to a space charge limited regime [200]. The bulk conductivity can also directly
depend on the polarization state due to a nonlinear coupling between scattering and
polarization [109], [110]. In all these cases, the background conductivity below the coercive
field cannot properly be compensated for by the DWM. This results in the current peak having
contributions from polarization reversal, ionic hysteresis and background conductivity. For
lower frequencies, the background conductivity gets integrated over the longer measurement
time, leading to higher measured charges.
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Fig. 27: (a) Double wave signal of material 1 at ambient conditions with 42%rh; (b) Calculated hysteresis curve for different
frequencies; (c) Double wave signal of material 1 at ambient conditions with 19%rh; (d) Capacitance-voltage curve of
material 1 with 39%rh

Consequently, the fastest feasible measurements at 0.25 Hz is the best estimate for an upper
limit of the polarization. The measurement results in a charge of 0.11 + 0.01 uC, which can be
converted into an upper limit for the polarization of 54 + 20 uC/cm? (compare with chapter
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[1.A.2, 111.C.1 and Appendix 7 for details). This finding is consistent with the predicted remnant
polarization of 17.3 uC/cm? [67]. Measurements of the CV-loop (Fig. 27(d)) show the butterfly
shape that is typical for ferroelectrics [201]. There is a broad peak around 0.3 - 0.5 V/um
showing good agreement with the coercive field from the hysteresis curve.

595.7 nm

534.9 nm S e
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Fig. 28: PFM measurements of material 1; (a) height; (b) PFM amplitude and (c) PFM phase channel; (d) Height-3d image
with PFM phase color coding (data from (a) and (c))
Piezoelectric characterization of material 1 was attempted using PFM (method described in
chapter Il.H). Unfortunately, it was not possible to pole the material with the available voltage
of £ 10 V (resulting 20 V between sample and cantilever in total). The reason is that it was only
possible to produce thin (=1-2 um) films or thick (=80-100 um) crystals. The thin films need
switching voltages below 1 V which is lower than the small signal used for measurement and
the thick crystals need voltages between 30 and 50 V.

However, the piezoelectric signal of the unpoled, thick crystal was successfully measured (Fig.
28). The surface (Fig. 28 (a)) is rough with height differences up to one micron. There is also a
rectangle rotated by 45° visible, corresponding to a prior poling attempt. The amplitude (Fig.
28 (b)) is somewhat noisy and does not yield much information. In contrast, the phase (Fig. 28
(c)) shows regions with two different, constant phases. This is consistent with two different
ferroelectric domains. Their phase does not change by 180° as there is a constant background
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added onto the piezoelectric signal. As shown in the overlay of height and phase (Fig. 28(d)),
the phase change in the central region does not correlate with any topographic change or the
poling region. In the top right corner, the phase change occurs at the grain boundary, which is
often seen for ferroelectric domains [202]. While this measurement does not prove
ferroelectricity itself, it shows strong evidence for piezoelectricity in the material further
supporting the evidence for ferroelectricity.

Material 1 is quite stable, with samples working for several months, and well-reproducible
under the same conditions. There is, however, a strong dependency on the ambient humidity.
At low humidity conditions (as can be encountered in winter) all signs of ferroelectric
switching disappear (Fig. 27(c)) and also the background conductivity currents become much
smaller, suggesting an interconnectedness.

In summary, material 1 shows conclusive evidence for ferroelectricity under ambient
conditions. The low frequencies that are needed to enable full polarization reversal hint at a
more complex mechanism for inversion of the unit cell than mere proton or ion motion, as
was anticipated on basis of the complex unit cell. The strong dependence of the ferroelectric
and electronic behavior on humidity inspire further investigation of, e.g., the detailed
switching mechanism and the role of proton transfer therein and is topic of ongoing
investigation.

B. Material 2 (HMTAAB)

The second compound tested was material 2. The double wave measurement (Fig. 29(a))
shows a current peak that is only present in the first wave, which is a good sign of
ferroelectricity, as well as significant background conductivity. Consequently, the hysteresis
curve (Fig. 29(b)) saturates, which is a prerequisite for ferroelectricity. The integrated charge
at the maximum voltage accumulates to 2.4 uC, which would correspond to an unreasonable
saturation polarization of 1200 + 400 uC/cm? (the predicted polarization is 11.6 uC/cm? [67]).
As for material 1, this can be explained by a dependence of the conductivity on polarization,
and specifically by the conductivity before switching being increased. For this reason, the
integrated charge is the sum of the true polarization charge and the integrated difference in
background conductivity current.

After the maximum field, the charge slightly increases to 2.8 uC at zero field. This can be
explained by incomplete background conductivity compensation, as the current of the first
peak is always slightly above the current from the second peak (Appendix 10) in combination
with a minor contribution from ionic hysteresis. The coercive field is = 0.4 V/um. The CV-loop
(Fig. 29(c)) shows the characteristic butterfly shape with a peak at = 0.4 - 0.5 V/um, indicating
good agreement between the two measurements for the coercive fields and confirming the
ferroelectric nature of the compound.

When drop-casting the material from agueous solution, the ferroelectric measurements can
reliably be reproduced. Unfortunately, the samples degrade rather quickly and the signal

becomes worse with every consecutive measurement. When drop-casting the material from
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ethanol solution, all signs of ferroelectricity disappear, and the background conductivity
current also decreases by three orders of magnitude (Fig. 29(d)), suggesting a direct or indirect
coupling between the ferroelectricity and background conductivity. It could however not be
determined whether structural changes arising from different crystallization kinetics are the
cause, which is why this observation should not be overinterpreted.
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Fig. 29: (a) Double wave signal of material 2, fabricated with water as solvent; (b) Hysteresis curve calculated from (a),
detailed evaluation in Appendix 10; (c) Double wave signal of material 2, fabricated with EtOH as solvent; (d) Capacitance-
voltage curve of material 2 (from water).

In summary, there is conclusive evidence that material 2 is ferroelectric. While the
ferroelectric properties are not remarkable, the potential coupling to background conductivity
are yet to be understood and general topic of ongoing investigation [4], [109], [146]. Due to
its fast degradation, the material does not seem very promising for applications.

C. Material 3 (ZZZVPE)
Measurements using the known piezo- and pyroelectric material 3 proved more challenging
than those with the previously mentioned materials. These difficulties arise from the
material’s tendency to sublimate quickly at ambient conditions. For this reason, all
experiments had to be performed immediately after device fabrication. The double wave
measurements of one device (Fig. 30(a)) depict very sharp current peaks that are only present
in the first wave. The presence in the first wave and the absence in the second is usually good
evidence for ferroelectricity. In this case, the peaks are, however, unusually narrow and have
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varying heights; they nonetheless consistently appear at a well-defined (possible) coercive
field of 13.3 £ 0.5 V/um. Combined, this leads to the irregular shape of the hysteresis curve in
Fig. 30(b), where the apparent change of polarization is different for both directions and the
change in polarization is very steep. In principle, the sharpness might be indicative of fast
switching in a low-disorder, i.e. close to intrinsic, sample. However, due to the problematic
(in)stability of the material, discussed further below, it was not possible to investigate this
further.
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Fig. 30: (a) Double wave signal of material 3 at ambient conditions; (b) The calculated hysteresis curve from (a). The

current peaks after each 2nd wave are due to the short plateau in the driving voltage signal and do not reflect any form

of switching or shorting.

One further noteworthy feature of the DWM signals in Fig. 30(a) is the fact that the
conductivity after the polarization reversal event in the first wave is increased. This is opposite
to what occurs in material 2 and, to a lesser degree, in material 1. In principle, such behavior
could result from the modulation of a charge injection barrier by the orientation of the
interfacial dipoles, giving rise to easier charge injection when polarization and field are
parallel[109], [146]. The increased current is not compensated for by the evaluation method
[162], leading to the linear increase of charge in the P(E)-loop above the (possible) coercive
field.

What speaks against this interpretation is that the low voltage conductivity is at the same level
in both waves. In an injection barrier modulation scenario, the interfacial dipoles should, when
still aligned, continue to allow enhanced injection. In absence of secondary peaks indicating
full polarization loss between the two waves, one might tentatively attribute the odd
conductivity behavior to the interfacial, but not the bulk polarization being quickly lost.

The charge at maximum voltage is 3.5*10 uC. As the material sublimates very quickly, it is
difficult to determine the exact film structure. The, in this case unreasonable, assumption of
a thick (> 500 nm), continuous film would result in a very low polarization (0.09 pC/cm?
compared to the predicted 17.2 uC/cm? [67]). CV-measurements of the same sample
(Appendix 13(a)) did not show the typical butterfly shape. Measurements of other samples
occasionally showed peaks in the first wave (Appendix 13 (b)), but any reliable appearance
could not be achieved. This poor reproducibility can be attributed to the quick sublimation of
the material, which makes every experiment difficult.
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In summary, the results presented here are by themselves inconclusive. While the appearance
of peaks in the DWM generally suggests ferroelectricity, the unusual peak shape and the
absence of butterfly like CV-loop casts doubt on this interpretation. Nevertheless, as the
material has already been shown to exhibit SHG, piezoelectricity and pyroelectricity [196], we
believe that the here shown measurements are sufficient to at least suggest ferroelectricity in
the material. Given the challenges associated with handling this material, future efforts should
focus on identifying more suitable conditions for working with it.

D. Material 4 (UHUMEP)
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Fig. 31: (a) Double wave signal of material 4 at ambient conditions, (b) The calculated hysteresis curve from (a); (c)
Representative capacitance-voltage curve of material 4 at ambient conditions (d) Capacitance-voltage curves of two
different selected samples from the same batch as (c)

The last substance investigated was the proton-transfer material 4. The double wave
measurement (Fig. 31(a)) reproducibly shows additional current shoulders in the first voltage
wave that do not show up in the second. This results in a saturating hysteresis curve (Fig.
31(b)) with a coercive field of 8 V/um and a remnant charge of 2.1*102 uC resulting in a
remnant polarization of 4.2 + 1.4 uC/cm? for a DWM cycle frequency of 2 Hz. A possible effect
of conductivity switching is suppressed by the comparably high measurement speed. On the
basis of the calculated energy barrier for proton transfer, the coercive field for a 5 Hz
(equivalent to 2.5 Hz in DWM) measurement was estimated to be around 1.3 V/um [68]. It is
worth underlining that predictions of proton-transfer barrier are highly method dependent

62



[203]. This means that the measured coercive field is similar to but higher than expected. The
estimated remnant polarization from the hysteresis loop is surprisingly close to the predicted
value of 4.41uC/cm? [68], given that many of the used parameters are only rough estimates.

The CV-loop (Fig. 31(c)) shows the typical butterfly-shape with a peak at 0.6 V/um. The
difference between the different coercive fields can be explained by the measurement
frequency, which is 2 Hz for the double wave measurement and 0.004 Hz for the CV-
measurement.

While the above-presented behavior was seen for many different samples, some samples
behaved differently, as can be expected for a material with multiple polymorphs and
tautomers [190], [197], of which only one polymorph was predicted to be ferroelectric. The
dimeric form is easily identifiable as it forms long needles[190]. An optical microscopy image
of this sample (Fig. 32(a)) as well as another sample with similar electric characteristics (Fig.
32(b)) shows (almost) no needles, indicating that the dimeric form is only present in small
amounts.

Fig. 32: Opt. Microscope images of samples of material 4: (a) the working sample used in Fig. 31(a-c); (b) another working
sample not shown in this work, (c)sample with flat capacitance in Fig. 31(d); (d) sample with interesting capacitance in Fig.
31(d)

This polymorphism was, amongst others, reflected in some samples being completely inactive,
as indicated by the orange curve in Fig. 31(d). Here, the material only consisted of needles
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(Fig. 32(c)), indicating that the dimeric form is electrically inactive. In stark contrast, another
sample showed a very high permittivity and a capacitance peak at ~0.3 V/um when increasing
the electric field and another peak at a lower field of ~0.1 V/um when decreasing the field, as
shown by the blue line in Fig. 31(d). This behavior resembles the CV-loop of an anti-
ferroelectric [204]. The corresponding double wave measurement (Appendix 14(a)), however,
never showed the currents that are associated with an antiferroelectric [162], so the nature
of this phenomenon remains somewhat unclear. Optical microscopy (Fig. 32(d)) showed that
the dimeric form is not present in this sample. As X-ray diffraction is not able to resolve
hydrogen-atoms, it was not possible to determine the tautomeric state of the deviating
samples.

In summary, we are convinced that at least one of the polymorphs of material 4 is a well-
behaved ferroelectric, while potentially one or more of the other polymorphs might also show
interesting or at least different behavior. At the same time, the limited reproducibility
associated with the existence of different polymorphs makes systematic work on this material
challenging. To properly understand its ferroelectric properties, it is first necessary to establish
reliable methods for achieving the desired state. However, this lies beyond the scope of the
present exploratory study.

E. Summary and outlook
We experimentally investigated four materials that were predicted to be ferroelectric in a
database mining approach. The dual aim was to assess the effectiveness of this method for
discovering new organic ferroelectric compounds with interesting properties and to improve
our understanding of structure-property-relationships in such systems.

Three out of four materials (1,2 and 4) showed strong evidence for ferroelectricity: Double
wave measurements performed on them revealed clear polarization switching currents
resulting in saturated hysteresis loops. The corresponding capacitance-voltage-curves
exhibited the characteristic butterfly shape with coercive fields matching those of the
hysteresis curve. The double wave measurement of material 3 showed a strong, unusually
sharp current peak in the first pulse, which could indicate ferroelectricity switching. However,
this result could not be reproduced, and the CV-loop lacks the expected butterfly-shape,
rendering the findings inconclusive.

Based on this success rate, it can be inferred that there are likely several dozen yet
unconfirmed ferroelectric materials among the candidates proposed by the database mining,
thereby validating the effectiveness of this approach.
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Material 1 showed strong ferroelectric behavior and is expected to be stiffer than many other
organics due to its crystalline structure. While this makes it in general attractive for use in
actuators, its high background conductivity leads to considerable ohmic losses and the effect
of humidity makes it potentially unreliable. While proper encapsulation could probably
stabilize its properties, the high conductivity appears to be linked to the proton transfer that
is associated with ferroelectric switching and can therefore most likely not be circumvented.
Application as a humidity-sensitive or -tunable material, for example in sensors, seem to be
more promising. For this, the material seems to be sufficiently stable. As for all materials, there
were no tests on toxicity or biocompatibility conducted, but there are no reasons to expect
that this should be a major hurdle.

Material 2 was shown to be ferroelectric, but its quick degradation and high background
conductivity pose major challenges for applications of this material. Like material 1, material
2 showed strong conductivity-ferroelectricity coupling. Its properties did however not depend
on the ambient humidity, suggesting a different underlying mechanism than the protonic
effects in material 1 which will be described in the next chapter.

Material 3 had inconclusive results which, coupled with the material's volatility, substantially
hinders its potential usefulness.

Material 4 showed promising properties, when successfully stabilized in the proper
configuration. There was, however, also an electrically inactive dimer and it was very
challenging to reliably achieve the ferroelectric configuration. Consequently, the potential of
material 4 cannot be fully assessed until further work on film fabrication and structural control
is successfully conducted.

While there is only one possible switching mechanism for material 2, 3 and 4, the mechanism
for material 1 remains unclear due to the presence of multiple potentially possible pathways.
Further investigation, particularly through humidity-dependent studies, will be shown in the
next chapter to clarify the switching behavior and contribute to a deeper understanding of
switching phenomena in more complex ferroelectric co-crystals.

Having shown that both of these hexamine-based materials (material 1 and 2) are
ferroelectric and show additional, previously unknown coupling between ferroelectricity and
humidity or background conductivity, a logical follow up would be to investigate comparable
materials. The screening study suggested two other hexamine-based candidate materials.
While 1,3,5-Triaza-9-phospha-adamantane (TAZPAD) is a single-compound material with
small predicted polarization and therefore not really comparable to material 1 and 2, it also
tends to sublimate at room temperature, which drastically reduces its usability. On the other
hand, 1,3,5,7-Tetra-aza-adamantan-1-ium bromide (BOHNUHO01) is also an ionic co-crystal
with comparable predicted polarization and therefore promising to investigate for
ferroelectricity and coupling between ferroelectricity, humidity and conductivity.
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V.  Detailed analysis TOZTAF

This chapter is an extended version of my paper reporting the details of material 1 (TOZTAF)

[3]1, which is soon to be submitted.

As seen in the previously discussed database study, material 1, hereafter labeled by its CSD
refcode TOZTAF, has shown remarkable results. Even in non-optimized polycrystalline thin
films, deposited by simple drop casting, we find well-developed ferroelectric behavior up to
elevated temperatures exceeding 80 °C, with an estimated remnant polarization of B. = 15
uC/cm?. We find exceptionally low coercive fields, down to E. =~ 0.2 V/um, depending on
measurement conditions. This would make this compound compatible with low-cost printed
electronics, in which in-plane feature sizes of tens of um would still yield coercive voltages of
a few V. Parallel to the ferroelectric properties, we find ohmic and capacitive electronic
conduction that strongly resemble those commonly found for proton conductors. Both the
coercive field and the complex conductivity are tunable by temperature and, more strikingly,
ambient humidity, which not only suggests a common mechanism but also potential
application in functional, responsive, or tunable materials. Although the experimental results
do not allow us to conclusively identify the exact switching mechanism, we propose a two-
step mechanism, in which proton transfer and molecular rotations contribute to the inversion
of the unit cell.

A. Ferroelectric characterization

The ferroelectricity of a compound can be proven by hysteresis loops and capacitance-voltage
(CV)-curves as demonstrated in chapter IV. Fig. 33(a) shows the hysteresis curves measured
at various frequencies under ambient conditions. Each curve exhibits the expected saturation
of integrated charge above the coercive field, characteristic of ferroelectrics. Additionally, a,
for ferroelectric compounds atypical, dependence of the remnant polarization on the
measurement frequency can be observed. This scales approximately linearly with the
measurement frequency (inset Fig. 33(a)) and is therefore attributed to a polarization-
dependent modulation of conductivity, as reported for other ferroelectric materials [4], [109],
[110], [146].

Additionally, the CV loop (Fig. 33(b)) exhibits the characteristic butterfly shape with peaks near
the coercive field of approximately 0.35 V/um. The dependence of the coercive field on
frequency and temperature is shown in Fig. 33(c&d) and compared to the Ishibashi—Orihara
model [126], the Du—Chen model [128], and the thermally activated nucleation-limited
switching (TA-NLS) [131] model (Appendix J). The best agreement was found with the TA-NLS
model, as plotted in Fig. 33(c&d). The minor discontinuity at ~60 °C might be indicative of a
transition in the switching mechanism and is discussed in more detail further below. The
critical switching volume extracted from the TA-NLS fit was ~1.1x103 nm3 for T < 60 °C and

~2.5x103 nm? for T > 60 °C, and the corresponding energy barriers were estimated at ~0.6
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Fig. 33: (a) Polarization-hysteresis loops for double-wave frequencies between 100 mHz (yellow) and 10 Hz (dark
purple), measured at 37% rh and RT; Inset: corresponding remnant charge vs. frequency; (b) CV-loop (blue) and its
integration (red), measured at 35% rh and 30 °C; (c) Coercive field vs. frequency (1/risetime) at T = 25 °C (blue) and
85 °C (green), measured at 30% rh and at T = 25 °C, 37% rh (orange); (d) coercive field vs temperature measured at
f =0.1Hz (1.6 Hz rise frequency) and 29% rh. Lines in (c) and (d) are fits with the TA-NLS-model, fit parameters and
fits with other models are shown in the Appendix J. Error bars result from gaussian fits to the switching peak and
therefore underestimate the total error.

eV and ~1.1 eV (see Appendix J). These values are comparable to those reported for PZT [23].
Notably, the switching volume is much larger than that of the ferroelectric liquid crystal BTA,
while the energy barrier is of similar magnitude [24], consistent with the crystalline nature of
the present compound. The integrated CV loop (Fig. 33(b), red curve) shows the reversible
(small signal) polarization. This curve is nearly linear with only a small opening, indicating that
it is dominated by the linear dielectric response. The x-axis intersections show the reversible,
remnant charge to be around 0.16 nC, which is more than two orders of magnitude smaller
than the total remnant charge obtained from the fit of the PE-loop (27.6 + 9.7 nC, Fig. 33(a)).
Together with the observation that the TA-NLS model describes the switching dynamics best,

this strongly suggests that switching is nucleation-limited, followed by mostly irreversible
domain wall motion.

Overall, the results confirm that TOZTAF behaves as a typical ferroelectric, albeit one that has
an atypical polarization-dependent conductivity; the latter is discussed in greater detail below.
Importantly, the combined features observed in both measurements are consistent with
ferroelectric behavior and cannot be explained by other mechanisms. Together, these results
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indicate a ferroelectric material that combines relatively high remnant polarization with a
remarkably low coercive field.

B. Temperature and humidity dependence of conductivity and capacitance
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Fig. 34: Temperature (a, measured at 32% rh) and humidity (b, measured at RT) dependence of conductivity (green, right
y-axis) and capacitance (blue, left y-axis); in a), the points above 85°C appear to be affected by material degradation.

The temperature-dependent capacitance and conductivity measured on nominally identical
devices as used for the ferroelectric characterization above are shown in Fig. 34(a). Both show
Arrhenius-like behavior with comparable activation energies of ~0.64 eV and ~0.91 eV,
respectively. We tentatively attribute the lower value for the capacitance to the fact that the
low-frequency conductivity requires charge carriers to percolate through the entire system,
and hence they are forced to pass potentially higher barriers than charge carriers that are
involved in the capacitive response. For the latter, charges may simply pile up near barriers,
including the contacts, rather than having to overcome them. We also note that there are no
apparent discontinuities around 60 °C.

Fig. 34(b) depicts the humidity-dependent capacitance and conductivity. Similar to their
temperature dependency, both show a close-to-exponential correlation with humidity; the
absolute changes upon increasing the humidity from 25 to 70% are approximately twice as
large as when heating from 40 to 80°C (fit region). Such behavior is typical for hygroscopic
materials [152] and can be explained by a changing proton mobility [156]. This indicates that
protonic effects are the main source of resistive and capacitive charge transport with its main
parameter, the proton mobility, being affected by temperature and humidity. Long term DC
current measurements (Appendix K) show that the current stays constant over long periods,
irrespective of the applied voltage. However, for voltages above ~2 V, the current significantly
increases, which we interpret as an indication that the main conductivity channel involves a
redox-reaction, most likely the electrolysis of water, happening at the electrodes.

This interpretation is confirmed by IV-measurements (Fig. 35) that show two regimes below
and above ~2 V (0.4 V/um). As expected for a redox reaction, this voltage does not depend on
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Fig. 35: IV-measurement from frequency-dependent DW-measurements with f = 0.01- 0.1 Hz (0.16-1.6 Hz rise

frequency). In the first voltage peak, (dashed lines) the frequency-dependent switching peak can be seen. In the

second peak, there is no switching, so only background conductivity is measured. The conductivity clearly

changes between two different regimes at 2V (0.4V/um).

measurement frequency or humidity but decreases with increasing temperature. Hence, we
attribute the background current to water electrolysis with a temperature-dependent

overpotential of about 0.5 V.

C. Temperature and humidity dependent ferroelectric analysis

Having shown how temperature and humidity alter the material’s basic electronic properties,
it becomes imperative to investigate the ferroelectric properties with changing temperature
and humidity. The normalized temperature-dependent CV loops (Fig. 36(a)) show several
interesting features. First, all curves show the typical “butterfly peaks” with peak positions,
indicating the coercive field, decreasing with higher temperature. The capacitance decreases
strongly with increasing field before leveling off, indicating the saturating orientation of
paraelectric dipoles as this behavior is not hysteretic. As already indicated in Fig. 33(b), the
integrated temperature-dependent CV-loops (Appendix L) only account for a small fraction of
the remnant polarization that, importantly, increases with increasing temperature and
humidity. This indicates that the ferroelectric switching becomes increasingly reversible, even
if it remains, overall, dominated by irreversible domain wall motion. These trends are
consistent with the notion that the polarization reversal — ferroelectricity — is somehow
connected to the (complex) electronic conductivity.

At 40 and 50% rh, the CV-loops (light blue curves in Fig. 36(b)) look similar to the CV-curves at
elevated temperatures (80-90 °C) and show a single dominant peak. The measurement at 70%
rh however shows three distinct peaks for increasing and one for decreasing voltage. Signs of
these peaks can also be seen at lower temperatures and humidity levels. The third peak, which
is mainly visible at 70% rh around 0.6 VV/um, has a corresponding peak for decreasing voltage,
which resembles the behavior of an antiferroelectric [205]; there is, however, insufficient data
to allow definite conclusions. These findings again show that humidity and temperature have
similar effects and that high humidity can push the material into states unreachable by mere
thermal activation under dry, or actually drier, conditions as the material starts to show
pronounced degradation around 100 °C.

The existence of a double peak structure has been observed for materials with 90° and 180°
domain walls due to the ferroelastic switching of the 90° domain walls [206]. As TOZTAF
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Fig. 36: a) temperature- and b) humidity-dependent CV-loops c) temperature- and d) humidity-dependent double wave
measurements, e) and f) zoom-in of ¢) and d), the inset to f shows the coercive field as function of humidity, the line is a
linear fit to guide the eye. T- and % rh-dependent CV-curves are measured at 32% rh and RT respectively, the DW-
measurements at 29% rh and 24 °C (RT).

however only allows for 180° switching, the double peak cannot be caused by the
ferroeleastic switching. The presence of a double or even triple peak in the CV-loops
suggests therefore either a two- or multi-step switching process around RT, where the later
steps either require higher electric fields than the first or indicate the presence of two or
more independent dipolar lattices. Since neither structure simulations nor XRD data showed
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any indication of multiple sublattices, we regard the latter explanation as improbable.
Possible multi-step switching paths will be discussed in more detail below.

DW measurements with similar parameters to those for the CV measurements are shown in
Fig. 36(c)/(d). As expected on the basis of the finite conductivity discussed above, the
switching peak in the first voltage wave is superimposed on a relatively high background
current, which increases with temperature and humidity (cf. Fig. 34). A zoom-in on the
switching peaks of the DW-measurements (Fig. 36(e)/(f)) shows that the peaks are broader
than in the CV-loops, spanning the region where both peaks were observed in the latter.
Although they therefore do not allow to resolve any double peak structure, they do follow the
same general trends of the coercive field.

At high humidity, there appears an additional peak at higher voltages, sitting roughly at the
position of the third peak in the CV-loops. Crucially, this peak appears in both voltage waves,
which is not consistent with ferroelectric switching, but could be a sign of antiferroelectric
behavior. An antiferroelectric should also have a negative current peak with decreasing
voltage, similar to the peak observed in the CV-loop [162]. Even though the downwards curves
are somewhat concave, no firm conclusions can be drawn about antiferroelectric behavior

that would in any case have to sit beyond the dominant and well-behaved ferroelectric
behavior at lower fields.
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Fig. 37: Coercive field vs temperature at constant humidity of 32 % rh (a) and vs relative humidity at constant temperature
as indicated in the legend (b). The DW data and error bars come from gaussian fits to the switching peak, the CV data are
manually acquired values of pronounced peaks, the number of which increases with humidity. Lines are guidelines for the
eye.
The coercive field for temperature- and humidity-dependent DW and CV measurements is
plotted in Fig. 37. At ambient humidity levels, ~25 % rh and above, the coercive field has a
similar temperature and humidity dependence as the (protonic) complex conductivity, cf. Fig.
34. As the coercive field analysis in Fig. 33 has shown that switching is nucleation-limited, the
former finding indicates that nucleation in all likelihood involves a proton transfer step. This
hypothesis is supported by the (tentative) observation that the lower coercive field,
corresponding to the nucleation step in Fig. 37(b), shows a decreasing trend with increasing
humidity, while the higher coercive field seems to be (almost) independent of humidity
beyond = 35 % rh.
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Notably, all the measurements shown in Fig. 37 start at 25 % rh, as below that, no switching
was observed around room temperature (Appendix M). As also shown there, the material
does show indications of ferroelectric switching under vacuum conditions from ~60 °C
onward, with a coercive field around 0.1-0.2 V/um. Interestingly, the CV-data in Fig. 37(a), and
to a lesser degree the DW-data in Fig. 33 (d), show a significant drop in coercive field around
60 °C, to a coercive field in the same range. This suggests a transition to another nucleation
mechanism that is less reliant on proton mobility. The absence of any noticeable features in
the temperature-dependent conductivity data in Fig. 34(a) suggests it is not the proton
conduction itself that is qualitatively affected by the higher temperatures, but rather that its
role in providing nucleation centers gets taken over by another process. We will not pursue
this topic in further detail here and focus on the behavior around RT.

D. Most probable switching mechanism

Following the discussion above, we propose a two-step polarization switching process at room
temperature and ambient humidity. Starting from the simulated [67] and measured (chapter
IV) crystal structure (Fig. 38, left panel), the first step must involve a proton transfer as
switching (nucleation) strongly depends on the ambient humidity, which in turn influences the
proton mobility [156]. A possible proton transfer pathway is indicated as step 1 in Fig. 38 and
involves an intra-molecular proton transfer in both the DL-malate and the hexamine
molecules; despite this step involving two proton jumps, we consider this more likely than
independent jumps because of the high electrostatic penalty of the hypothetical intermediate
state after just a single proton has jumped. The resulting state is shown in the middle panel of
Fig. 38 and is not a mirror image of the initial state.

To achieve full polarization reversal, i.e., a mirror image of the initial state, the second step
(2a in Fig. 38) needs to involve the rotation of the malate-ion, in combination with a proton
back-transfer and, possibly, a minor sliding motion or rotation of the hexamine molecules. In
view of the globular shape of the molecules, which was actually a filter criterion for the data
mining approach used to identify this compound [67], we consider such a process plausible.
Moreover, the field needed for the rotation(s) is unlikely to depend strongly on the humidity
or proton mobility, in agreement with the weak humidity-dependence of the second feature
in the CV data in Fig. 37(b). The resulting final state depicted in Fig. 38, upper right, is the
mirror image of the initial state.

We note that, starting from the intermediate state, a further inter-molecular proton transfer
from the DL-malate to the hexamine in the layer above, and similarly from the hexamine in
the layer below to the DL-malate, brings back the original situation, cf. the process 2b in Fig.
38. In combination with the first step, this pathway corresponds to DC proton conductivity. In
analogy to (electronic) hopping conduction in disordered organic semiconductors, this process
should be possible at arbitrary voltages, that is, also at voltages lower than the first coercive
field [207]. In contrast, to enable ferroelectric switching, the intermediate state needs to be
stable on the time scale of the molecular rotation(s) in the second step that are much slower
than electronic or protonic hopping. We hypothesize that only for fields at or beyond the first
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coercive field this stability is given. In passing, we note that the same asymmetric Marcus-type
hopping mechanism that gives rise to the polarization-dependent electronic conductivity in
semiconducting organic ferroelectrics is likely to also apply to proton hopping. [4], [110],
[146].

Although we cannot be sure of the details of the proposed mechanism, we note that this
mechanism provides a natural explanation for the coupling between the proton-transport-
based electronic properties of the material and the ferroelectric switching. Moreover, we
regard alternatives that are fundamentally different as significantly less likely. For example,
mechanisms which only involve proton transfers are implausible as these do not result in full
unit cell inversion due to the asymmetry of the malate-ion. Likewise, mechanisms only
involving rotations do not explain the strong influence of humidity on the ferroelectric
properties. Sketches of examples of such processes are shown in Appendix N.

|

ol

|

Fig. 38: Schematic of the proposed polarization reversal and proton conduction mechanism. Both processes start with a
double intra-molecular proton transfer (black arrows in left image, step 1). Step 2a: Polarization reversal is then induced by
a rotation of the malate ion and a proton back-transfer, resulting in a mirror image of the starting point. Step 2b:Proton
conduction occurs by two further inter-molecular proton hops, which return the system to the initial state.
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E. Summary and outlook
In this chapter, we have provided a detailed characterization of the ferroelectric properties of
the organic ionic cocrystal DL-malate:hexamine (TOZTAF) in polycrystalline thin-film form. Our
results confirm it as a high-performance ferroelectric, exhibiting all the canonical switching
characteristics.

The material delivers a robust remnant polarization of approximately 15 uC/cm?, making it
competitive with many established materials. The most significant finding is its exceptionally
low coercive field, which reaches values as low as ~0.2 V/um. It is two orders of magnitude
lower than typical organic polymers like P(VDF:TrFE) and an order of magnitude lower than
the premier organic proton-transfer material, croconic acid. This ultra-low coercive field is
highly desirable for applications, as it enables switching voltages in the 1-2 V range with low-
cost fabrication techniques that produce channel lengths of several micrometers.

The most scientifically compelling feature of TOZTAF is the strong, intertwined dependence of
its ferroelectric switching and complex electrical conductivity on both temperature and
ambient humidity. We demonstrate that the material's properties, particularly its coercive
field, are strongly modulated by humidity, which we attribute to the material's protonic
conductivity.

The observation of a distinct double-peak structure in the capacitance-voltage loops provides
clear evidence for a multi-step polarization reversal process. We propose a mechanism where
the initial, humidity-dependent step is a proton transfer (which also facilitates long-range
charge transport), followed by a humidity-independent molecular rotation to complete the
polarization reversal. This coupling — where the ferroelectric switching pathway and the
charge transport mechanism share a common physical step — is a rare and significant finding,
highlighting a new class of multifunctional material behavior.

The coupling of background conductivity to the polarization has potential for an easy, non-
destructive, readout of the polarization state in ferroelectric memory devices, whereas the
coupling of the (ferro)electric properties to the ambient humidity shows potential for use in
sensors and responsive devices.

Apart from optimization for applications, further work is also needed to understand the
thermally activated mechanisms above 60 °C as well as understanding how different
fabrication techniques and morphologies influence performance, especially with regard to
how deeply and to which degree the humidity penetrates into the bulk material. Definitive
proof of the importance of the proton-transfer for ferroelectric switching could be achieved
by deuterating the material. However, the strong coupling of the material with ambient
humidity necessitates that the entire experiment is conducted under a controlled atmosphere
with deuterated water, an experimental challenge that was beyond the scope of this project.

Furthermore, studies on other proton-transfer ferroelectrics are needed to investigate
whether they show similar humidity-dependency.
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Overall, these results highlight that organic ferroelectrics, discovered through modern data-
centric approaches, can exhibit surprisingly complex and rich phenomenology. TOZTAF is a
prime example of a material that not only delivers benchmark performance but also provides
a novel, tunable functionality that could be exploited in the next generation of smart and

responsive devices.
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VI. Conclusion

In summary, this thesis investigated four candidate materials selected via database mining to
verify their ferroelectric behavior. Three of the four materials exhibited strong evidence of
ferroelectricity while the last had inconclusive results, resulting in a high success rate of 75%.
Detailed investigation of the first material, TOZTAF, revealed that its ferroelectric properties
are intrinsically linked to ambient humidity. This dependence was explained by humidity-
modulated proton mobility, which governs both the protonic conductivity and the
ferroelectric switching process in this class of proton-transfer ferroelectrics.

The successful outcome of this project validates the proposed experimental framework,
centered on dielectric spectroscopy, the double wave method, and CV loops, as a robust and
standardizable routine for verifying new ferroelectric candidates. This procedure is
generalizable and can be readily applied to the characterization of a wide range of other
potentially ferroelectric materials. It however needs to be noted that a negative result in one
parameter space does not exclude ferroelectricity under different measurement parameters,
processing and environmental conditions.

The high success rate of 75% suggests that among the remaining 62 uninvestigated candidates
from the two database searches, there may be more than 40 undiscovered ferroelectrics.
While this prospect is promising, the current experimental verification process remains labor-
intensive. To streamline future discovery, | propose these improvements to the screening
strategy:

Some of the investigated materials were not stable under ambient conditions or decomposed
quickly after application of an electric field. Future database mining should therefore
incorporate additional assessment criteria such as melting temperature, decomposition
pathways, as well as simple estimates of vapor pressure and environmental stability. This
would prioritize materials that are stable under ambient conditions, facilitating experimental
handling and increasing the feasibility of device applications. Focusing only on commercially
available materials made the process in this work easier, but necessarily shrinks the number
of possible materials dramatically, which is why it should not be generally applied.

These improvements however do not address a broader underlying problem, being that the
simulation in many cases only suggests potential ferroelectrics based on symmetry and
polarization without considering the switching mechanism. Without the switching pathway, it
is impossible to estimate a coercive field, which also has implications about the polarization
retention.

Currently, this is addressed by heuristically generalizing known switching paths, but this
method is imprecise. This limitation can be seen for material 2, where only ion displacement
can invert the polarization, while the molecular rotation assumed by the screening filter
cannot achieve ferroelectric switching. Addressing this challenge could also greatly benefit
from computational approaches, which would calculate possible switching paths with a
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combination of DFT and MD simulations as performed in [110]. This is, however, very

computation-intensive and requires the incorporation of electric fields and is therefore

probably not suitable for large-scale screening studies.

To not rely on DFT/MD calculations for every material, a generalized database mining study

might follow a structure like this:

1.

Screening for Polarity: Filter the dataset for materials exhibiting a polar space group
as well as electronegativity differences, a prerequisite for macroscopic electric
polarization.
Practicality filter: As discussed above, it is advantageous to filter the materials for their
practicability with parameters like melting temperature, decomposition pathways,
vapor pressure, and environmental stability. Depending on how challenging this
proves to be, this can also be employed at a later point.
Polarization Quantification: Calculate whether the structure has a significant
magnitude of polarization.
Source ldentification: Classify the materials by the structural origin of their
polarization. While this seems easy in theory, an efficient procedure to automate this
still needs to be developed. The categories would be:
a. Charged ions or molecules in a polar arrangement
b. One or multiple dipolar bonds within the molecule or a dipolar charge-
imbalance across the entire molecule
c. The proton position within hydrogen bond networks
Not all materials will fall into these three categories. TOZTAF (material 1) is an
example of this as it has properties of b and c. These materials will have to be
analyzed in more detail and probably require a more specialized investigation.
Mechanism Deduction: Based on the source of the polarization, the likely switching
mechanism can be inferred:
a. Displacive: Displacement of the ions or ionic molecules
b. Permanent dipole reorientation: Rotation of the dipolar group or entire
molecule
c. Proton transfer
Viability Assessment: Finally, the energetic feasibility of the proposed switching
mechanism must be evaluated. This presents likely the biggest challenge. Advances in
machine learning as well as bond breaking simulations in other systems (e.g. collagen
fibers [208]) might help develop these methods.

This approach should be able to find most ferroelectrics hidden in the underlying database. It

is however probably very challenging to apply this entire process, so focusing on a subset (like

only displacive ferroelectrics) might be a more achievable sub goal in this process.

Another possibly more addressable challenge is to understand the ferro-to-paraelectric phase

transition in these compounds, which can benefit from the recent machine learning force
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fields that can be used in molecular dynamics simulations, as recently done for the
HdabcoClO4 ferroelectric molecular crystal [209]. However, understanding complex switching
paths, including nucleation effects may also require novel multi-scale approaches, or a
combination of computational and heuristic assessments.

Overall, these results highlight that organic ferroelectrics, discovered through modern data-
centric approaches, can exhibit surprisingly complex and rich phenomenology. TOZTAF is a
prime example of a material that not only delivers benchmark performance but also provides
a novel, tunable functionality that could be exploited in the next generation of smart and
responsive devices.
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Appendix 1: a) DW and b) CV signal of an empty, homemade IDE
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Appendix 2: a) CV of an empty MicruX IDE, b-d) Current response to the DWM Voltage at b) 0.7mHz, c) 25mHZ and d)
250mHz; The current sensor has an offset of about 4pA
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B. Thickness measurements BTA
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Appendix 3: Thickness of BTA-C10 samples; (a) 40mg/ml spin coated at 1000rpm showing a thickness of 100-200 nm; (b) 5ul
of 10 mg/ml drop casted, showing a thickness of 2 um; (c) 5ul of 40 mg/ml drop casted, showing a thickness of 5-7 um. All

measured were performed with a Dektak XT profilometer
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C. Dielectric spectroscopy
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Appendix 4: Dielectric spectroscopy of different compounds; (a) material 1 in vacuum; (b) material 1 in air; (c) material 2

in vacuum; (d) material 4 in vacuum; dotted data shows the measurement for cooling after the initial heating.

Dielectric spectroscopy data of material 1,2 and 4 is plotted in Appendix 4. For material 1, the
results showed strong variations. While the measurements in vacuum (Appendix 4 (a)) show
peaks around 35 °C and 70 °C, which could not be reproduced in air (Appendix 4(b)). In
vacuum, these peaks only appear when heating first, afterwards the capacitance is much
smaller. This can be explained by crystal water remaining in the material even when
evacuating the chamber which only gets removed when heating up sufficiently. This does not
easily explain why there are peaks at certain temperatures but as this does not appear to be
an intrinsic material property and was not observable under ambient conditions and did not
affect the ferroelectric properties, this phenomenon was not further investigated. The fact
that the cooling line in Appendix 4(b) does not match the heating curve can be explained by
material degradation as the color of the material also changed during the measurement. The
measurements for material 2 are shown in Appendix 4 (c). While there is an increase when
heating above room temperature, the decrease when cooling is much faster. For this reason,
the increase is attributed to thermally mobilized dipoles and the decrease to material
degradation. The data for material 4 ((Appendix 4 (d)) does not show any relevant peaks which
indicate any phase transition. As material 3 already sublimates at room temperature, it was
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not possible to make any measurements in vacuum or with any heating, so there were no

dielectric spectroscopy measurements performed.
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Appendix 5: a) raw data for material 1, measured at 0.7 mHz, evaluated to the original double wave method [162],
b) data modified according to chapter I1l.C.1; As a) shows the raw data, the voltage is shown, while for b), the
voltage is converted to the electric field (see I1l.A.2); the blue curve shows the current in the first voltage pulse, the
orange the current in the second voltage pulse and green the difference between the two. Red shows the applied
voltage.
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Appendix 6: a) raw data for material 1, measured at 25 mHz, b) data modified according our evaluation method
(chapter 111.C.1), same color coding as in Appendix 5
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Appendix 7: a) raw data for material 1, measured at 250 mHz b) data modified according our evaluation method
(chapter I1l.C.1), same color coding as in Appendix 5
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Appendix 8: CV measurement for material 1, raw data in orange, blue shows the data rescaled according to I1l.C.2

E. Explanation of sharp edges
For the hysteresis curve shown in Appendix 6, as well as in Appendix 10 for material 2, there
appear sharp edges at 0 V. This is an artifact of the missing flat space between the two

voltage pulses:
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The core assumption of the DWM is that both voltage waves induce mostly the same
currents, with only the ferroelectric switching current being different. While this is mostly
true, there are deviations in the first couple datapoints due to the different voltage history
(the first curve starts from opposite voltage, thus having positive displacement current,
while the second pulse has the same voltage history and thus negative displacement
current). This can be seen by the blue and orange curves in Fig. S4 having different starting
currents at OV, resulting in a noticeable difference (green). This is shown in more detail
Appendix 9 where each datapoint is shown individually. The same cannot be said for the end
of the voltage wave, where there has been the same history, resulting in the same current
and therefore the difference (green) being very close to 0. The green curve of the two parts
are combined and integrated for the hysteresis curve, resulting in the edge at OV.
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Appendix 9: Current vs. electric field for the double wave measurement of material 1 at 25 mHz (same data as Appendix 6)
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F. Data material 2
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Appendix 10: a) raw data for material 2, measured at 100 mHz, mHz b) data modified according our evaluation
method (chapter 1ll.C.1), same color coding as in Appendix 5
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Appendix 11: CV measurement for material 2, raw data in orange, blue shows the data rescaled according to I1l.C.2
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G. Data material 3
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Appendix 12: raw data for material 3, measured at 100 mHz, the data is not evaluated according to (chapter IlI.C.1) as it the
curve is not that of a typical ferroelectric, same color coding as in Appendix 5
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Appendix 13: a) Raw CV measurement for material 3 (same sample as in Appendix 12), arrows indicate the
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H. Data for material 4
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Appendix 16: a) raw data for material 4, measured at 2 Hz, b) data modified according our evaluation method (chapter
11I.C.1) and smoothed, same color coding as in Appendix 5.
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Appendix 15: CV measurement for normal behaving material 4, raw data in orange, blue shows the data rescaled according
tolll.C.2
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Appendix 14: a) DWM and b) CV measurement of strangely behaving material 4 samples, raw data in orange, blue shows
the data rescaled according to I1l.C.2
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l. Material 5 (VAGVAA)
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Appendix 17: (a) Double wave signal of material 5, inset shows the resulting, not-rescaled hysteresis curve; (b)Capacitance
voltage curve of material 5, both measured at 258 K.

Material 5 was initially also included in the screening study. As already discussed for the XRD
data, the measurements showed a different crystal structure than expected for the synthesis
method. First ferroelectric measurements (with unfortunately unknown crystal structure),
are however promising. The DW-measurement (Appendix 17 (a)) show distinctive shoulders
in the first voltage wave which did not appear in the second wave. The background current
in the first wave is also considerably higher than in the second curve which might be
indicative of strong ionic hysteresis. Consequently, the hysteresis curve, plotted in the inset
of Appendix 17Fehler! Verweisquelle konnte nicht gefunden werden. (a), is dominated by
this non-ferroelectric hysteresis and does not show saturation above the coercive field. The
CV curve is shown in Appendix 17 (b) and shows the typical butterfly shape. It also shows an
interesting substructure. While not perfect, this data strongly suggest that the material is
ferroelectric. As it was however not clear, which crystal structure lead to these results, the
experiments were stopped at this point until a reliable crystallization process can be found.
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Appendix 18: raw data for material 5, measured at 100 mHz, 258 K. The rescaled data is omitted due to the large
asymmetry between the two sides as well as the bad saturation of the curve
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Appendix 19: CV measurement for material 5, raw data in orange, blue shows the data rescaled according to Ill.C.2
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J. Coercive field fits
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Appendix 20: a) Frequency dependent Coercive field at 25 °C and 30% rh (blue), at 25 °C and 37% rh (orange), and 85 °C
and 30% rh (green) from DWM, fits are with thermally activated, nucleation-limited switching (TA-NLS, solid line) [131],
Ishibashi-Orihara (I-O, dashed line) [126] and DU-Chen (dotted line) [128] model; b) temperature dependent coercive
field, measured at 0.2 Hz (rise time= 0.625 s). Error bars result from gaussian fits to the switching peak and therefore
underestimate the total error.

Fit parameters are:

Freq, 25 °C, 30 % rh

TA-NLS: w,=1585 + 100 peV/nm3, V=693 59 nm3, E=w,*V=1.098 + 0.116 eV
I-0: C=0.4351 + 0.0083 V/um, d=0.548 + 0.064

Du-Chen: fo=88 + 81 Hz; B=(5.88 + 0.52)*10° V/(m* °5)

Freq, 25 °C, 37 % rh

TA-NLS: wp=2194 + 47 peV/nm3, V=429 +13 nm3, E=wp*V=0.941 + 0.034 eV
I-O: C=0.3603 + 0.0123 V/um, d=0.701 + 0.046

Du-Chen: fo=2000 + 1200 Hz; B=(6.77 £ 0.65)*10> V/(m* %)

Freq 85°C

TA-NLS: w,=1889 + 87 peV/nm?3, V=603 +34 nm3, E=wp*V=1.139 + 0.083 eV
I-O C=0.3205 + 0.0020 V/um, d=1.103 + 0.081

Du-Chen: fo=13.7 + 6.7 Hz; B=(3.63 + 0.32)*10° V/(m* %)

Temp

TA-NLS 20-60 °C: wp=569 * 7 peV/nm3, V=1070 +69 nm?3, E=w,*V=0.609 + 0.040 eV
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TA-NLS 70-90 °C: wp=432 + 18 peV/nm?3, V=2475 +610 nm?3, E=wp*V=1.07 £ 0.28 eV

Du-Chen: fp=9.86 + 50339549.83 Hz; B=1.39e-05 + 19.5223737 V/(m* J°°), the error is
several orders of magnitude higher than the fit-value indicating the bad fit

In all cases TA-NLS fits the data best (lowest yZ.4).

K. Long-term-DC-measurements
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Appendix 21: Long-term current measurements at voltages below (200mV) and above (3V) the voltage needed to reduce
water (=1.5 V). (a) Shows the absolute value over time, while (b) shows the relative changes. The observed minimal changes

(<1%) are attributed to Joule heating in the beginning and then minor changes in ambient conditions over the measurement
period.
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L. Integrated CV-loops
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Appendix 22: a) integrated, temperature-dependent CV-loops, b) integrated, humidity-dependent CV-loops.

M. Measurements below 25%rh
Below approx. 25% rh the measurements did not show ferroelectricity around room

temperature (Appendix 23), above ~60 °C clear signs of ferroelectricity reappeared
(Appendix 24).
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Appendix 23: Room temperature a) DW and b) CV measurement at 19% rh, showing no signs of ferroelectricity.
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Appendix 24: CV-measurements in vacuum at 23 °C and above 60 °C. a) absolute values and b) relative changes
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N. Alternative switching mechanisms

(b)

Appendix 25: Alternative switching mechanisms. a) fully rotational. Here, both molecules rotate by 180°, the charged areas
(marked in blue and red) follow the rotation and do not change in any other way. It is unclear how this mechanism would
depend on humidity and as such, it does not explain the importance of ambient humidity; b) fully proton-transfer. The
molecules do not move, only protons change their position, which is marked by arrows. This changes the charged regions
which are marked in blue and red but does not lead to full inversion of the unit cell.
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