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Chapter 1
Introduction

The aim of this chapter is to provide an introduction into ferroelectric materials,
their most popular characterization techniques, and their possible applications in memory
devices. Atop of that, this chapter provides a summary and literature overview of the
current status of organic polymeric and liquid crystalline polar functional materials, that
are the focus of research described in this thesis. Finally, a short outline of all thesis
chapters is provided.

Chapter 1: Introduction

1.1 Ferroelectricity and related phenomena
Ferroelectricity is the specific behavior of polar dielectric materials to demonstrate
a non-zero electrical polarization in the absence of an applied electric field. Typically
ferroelectric materials have a low conductive, dielectric nature, however some are capable
to demonstrate proper semiconductive properties.1 Ferroelectricity coexists with other
phenomena, such as pyro- and piezoelectricity. However, only ferroelectric systems can
exhibit all of these at the same time (see Fig. 1.1(a)). Briefly, pyroelectricity is the ability of
certain dielectric materials to generate a (change in) electric polarization when they are
heated or cooled. Piezoelectricity the phenomenon in which electrical charges collectively
appear on the material’ surfaces under external mechanical stress, and vice versa (direct and
reverse piezoelectric effects). The family of polarization-based effects has found various
device applications and can serve as a detection technique for establishing dipolar activity
in novel materials. This subject will be a topic for specific sections below.
In practice, ferroelectric switching can be observed as a reversal of spontaneous
polarization (P) (Fig. 1.1(b)) which leads to a ferroelectric hysteresis (P–E) loop as shown
in Fig. 1.1(c). The loop reflects key characteristics of the ferroelectric material: 1) remnant
polarization (P r ) – the ferroelectric polarization when the external electric field turns to
zero; 2) the coercive field (E C ) – the minimal electric field strength required to reverse the
polarization direction. Most of the ferroelectrics have a domain structure. Domains are
macroscopic regions of aligned electric dipoles that have spontaneous polarization. The
orientation of the electric moment can vary in different domains. Therefore the total
effective polarization of the whole sample may become equal to zero. Applying an external
electric field changes the direction of the electric moments in the domains and imposes
their orientation along the field, which leads to a net polarization. According to the type of
chemical bonding and physical properties, ferroelectric materials can be subdivided into
two major groups: ionic and dipolar crystals. Dipolar ferroelectrics consist of structurally
integrated dipoles, which can form a polar ordering under the influence of external
conditions.
The existence of remnant polarization brings ferroelectric materials into a wide
functional application spectrum, including sensors, actuators, transducers, microwave phase
filters, nonlinear optics, photovoltaic devices and nonvolatile memories.2 The latter one was
mostly driving the research described in this thesis. Some of the naturally ferroelectric
materials also find application because of their good pyroelectric or piezoelectric properties
in infrared (IR) detectors or piezoelectric sonars for example.
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Fig 1.1. (a) The schematic relationships among dielectric, piezoelectric, pyroelectric and
ferroelectric materials; (b) Switching of a bipolar state of a ferroelectric material by an
external electric field; (c) Saturated ferroelectric hysteresis loop. Reprinted from ref. 3.
(Copyright © 2013, The Royal Society of Chemistry)
Motivated by practical applications, for over about 100 years ferroelectrics have
been object of active interest since the discovery of ferroelectricity in the Rochelle salt in
1920.4 Early research activities were mainly focused on inorganic materials. The steep rise
of developments in conventional microelectronics technology within recent years has
created a wide area of additional application opportunities. In particular, there is a need for
low-cost, flexible and printable “green” electronics, to be integrated into everyday material
like paper, clothes, packaging material, and devices such as lighting systems, mobile
phones and other electronic appliances. This fact has given a boost to the development of
advanced functional materials that can be processed at low temperatures, ideally from
solution, and has motivated the development of a variety of organic-based electronic
devices on standard solid and even novel flexible plastic substrates. To extend the pool of
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available candidates for device application, ferroelectric organic materials are becoming
more and more attractive as a possible alternative for well-known solid-state ferroelectrics
because of a number of advantages that include relatively easy processing using selfassembly, while the low weight and flexibility give the potential for cost-effectiveness and
allow the fabrication of conformal devices. Moreover, the tunability of physical properties
by varying the chemical structure promises considerable freedom of materials design.5 At
the same time, the small dimensions of the ferroelectrically switchable quasi-1D features
and the reasonably large bistable macroscopic polarization form a very promising
combination for potential application in high density ferroelectric memories (FeRAM).

1.2 Organic ferroelectric materials
Nowadays, many different types of organics materials that exhibit polar switching
behavior are known viz., organic crystals, polymers, charge-transfer (CT) complexes,6,7
hydrogen bonded networks,8,9 and supramolecular and liquid crystalline (LC) molecular
systems.10,11 One of the best known and well-studied organic ferroelectrics is
poly[(vinylidenefluoride-co-trifluoroethylene] (P(VDF–TrFE)), which has also found some
technological success. However, the copolymer P(VDF–TrFE) has a crucial drawback that
limits its application space: the Curie temperature at which the spontaneous polarization
vanishes and the material becomes paraelectric is impracticably low at about 110 ºC.12 This
limitation has triggered interest in developing novel organic ferroelectric materials. One of
the latest organic ferroelectric candidates are liquid crystalline materials which have a
ferroelectrically switchable columnar phase. Theoretically, the existence of ferroelectric
order in a non-centrosymmetric columnar phase for a molecular systems of C s , C i (i = 1, 2,
3, 4, 6) or C iv (i = 2, 3, 4, 6) point groups has been predicted as a result of chiral chains
tilting around the core,13 or as the result of the spontaneous macroscopic ferroelectric order
of polar disk-shaped dipole-particles14 and molecules.15,16 However, after the first reports on
the possible existence of switchable polar order in such materials, providing clear
experimental evidence has been a problem for long.17 Recently, considerable progress has
been achieved for the polar switching of a range of columnar phases.10,18-21 Generally, these
phases consist of self-assembled quasi-one dimensional columnar stacks with large
macrodipoles formed by the collective of individual electrically switchable, microdipole
structural units.22
Despite the potential practical interest and recent achievements in the synthesis of
different types of organic ferroelectrics with columnar morphology, the physical properties
related to the ferroelectric switching behavior of columnar systems are far from completely
understood, and have in fact hardly been investigated.23–25 As the quasi-1D morphology of
the organic liquid crystalline materials can be expected to have a large influence on the
switching process, insights from inorganics cannot directly be translated to organics. One of
the first reported switching of macroscopic polarization was demonstrated in benzene-
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1,3,5-tricarboxamides (BTA) liquid crystalline materials which have a columnar
morphology22 over a wide range of temperatures and applied electrical fields. These
molecules form columnar assemblies through 3-fold hydrogen bonding between the amide
groups connected to a central benzene ring. A large macroscopic dipole along the column
axis is the result of individual dipole moments of the amides adding up. At present, the
known phases in BTA-like columnar liquid crystal materials include 1) crystalline, 2) liquid
crystalline, typically columnar hexagonal (Col hex ), and 3) isotropic (Iso) phases as
illustrated in Fig. 1.2. In most cases, the material in the liquid-crystalline hexagonal phase
can show polar switching under external field when homeotropically aligned along the
direction of the electrical field.11 Disk-shaped BTA-based materials are not only interesting
from a switching point of view. Recent theoretical predictions have shown promising
photovoltaic26–28 and photochromic29 properties. It makes BTA very interesting as a novel
multifunctional material which can be modified and tailored by introducing different sidechains to the main core.

Fig 1.2. Schematic illustration of the main phases of discotic columnar liquid crystals with
increasing temperature: crystalline, columnar hexagonal (Col hex ) liquid crystalline, and
isotropic. Reprinted from ref. 30. (Copyright © 2007, WILEY-VCH Verlag GmbH & Co.
KGaA)

1.3 Application in ferroelectric memory
1.3.1 General material considerations
One of the most exciting potential applications of the organic columnar
ferroelectric materials is memory systems. In order to store information electronically, a
memory element should be able to be switched between two distinguishable states (“bits”).
Programming of the state of the memory element is preferably done by applying a short
voltage pulse, while reading the stored information is preferably done by measuring a
change in electrical resistance under conditions that do not alter the programmed state,
because in that way the same state can be readout multiple times without reprogramming.
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Moreover it is important that the memory is non-volatile – that it retains its state when no
electrical field is applied.
Translating these requirements to BTA-based materials, novel memory elements
can be developed by combining the self-assembly of an organic or hybrid nanophase
separated material with a columnar structure consisting of a ferroelectric component with a
semiconducting component. With this design, lateral phase separation will take place at a
length scale of approximately 1 nm, while the presence of continuous conduction pathways
in the vertical direction is ascertained by the natural columnar morphology. When the BTA
molecules with polar and switchable amide groups are combined with suitable aromatic
units, the resulting system can be polymerized after self-assembly to give π-conjugated,
semiconducting domains. The resulting two-component organic ferroelectric diode-like
devices (see Fig. 1.3) would combine favorable characteristics of capacitors such as a
simple device geometry and rectification that facilitates the integration into a high density
crossbar memory architectures with a simple device layout.31,36 Detailed concepts of the
organic columnar ferroelectrics alignment and related memory devices will be discussed in
the next sections.

Fig 1.3. Schematic illustration of a simple device concept with homeotropically aligned
multifunctional columnar material sandwiched between two electrodes. Reprinted from ref.
30. (Copyright © 2007, WILEY-VCH Verlag GmbH & Co. KGaA)
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1.3.2 Ferroelectric memory devices
A variety of non-volatile memory device concepts exists that is based on organic
materials, particularly ferroelectrics.32 All have different advantages and disadvantages. In
this part, most common approaches with respect to the scope of the research of this thesis,
will be discussed.
a) Ferroelectric capacitor (FeCAP)
One of the simplest and best known device concepts is based on thin-film memory
capacitors. In these devices, the active memory layer, made from a ferroelectric, is
sandwiched between two conductive, typically metallic, electrodes. Memory operation in
these ferroelectric capacitors is based on tracing of hysteretic charges that appear after
applying positive or negative electrical fields larger than the coercive field (E C ) of the
ferroelectric, according to the ferroelectric hysteresis principle shown in Fig 1.1(c). A
ferroelectric polarization state swap (logical “1”) occurs when the capacitor is initially
switched to a positive state and a negative field is applied, or vice versa. If the read-out
signal direction and the initial polarization direction of the ferroelectric capacitor are the
same, it does not alter the polarization and no switching signal appears (logical “0”). Thus,
the memory state reading operation has so-called destructive character, which necessitates
reprogramming of the ferroelectric capacitor to its initial memory state. The need for
reprogramming brings some technical disadvantages. First of all, it increases requirements
for the endurance cycling. Second, handling reprogramming operation makes the write-read
out circuitry complex.
The simplicity of a ferroelectric capacitor structure allows higher memory density
due to usage in cross-bar (cross-point) memory arrays and 3D stacking.33 This helps to
avoid scaling limitations of device area: downscaling of effective memory area leads to
reduction in amount of polarization to be switched. As a result, the signal-to-noise ratio
becomes smaller and brings additional sensitivity- and detectability-related technical
requirements for the read-out electronics. Further, capacitive cross-bar arrays are typically
affected by so-called “disturb” or “half-select” addressing issues, which necessitates use of
complex memory cell structures such as 1-transistor –1-capacitor (1T-1C) or 2T-2C. Arrays
made from capacitors based on organic ferroelectrics are less sensitive to this problem
because of their more ideal “square-shape” ferroelectric hysteresis behavior.34
Despite some practical application disadvantages, ferroelectric capacitor structures
are a simple and powerful test platform for studying the switching properties of novel
organic materials. Therefore these devices are widely used for materials characterization,
amongst others in this thesis.
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b) Ferroelectric diode structure
The destructive nature of the read-out process in FeCAPs can be avoided by using
the effect of switchable electrical resistance in a functional device layer as opposed to
measuring the switching charge. A variety of resistive switchable materials and
corresponding mechanisms have been proposed.35 The general idea is based on using
resistive switchable functional materials in a simple device architecture, where the
resistance of these layers can be reversibly switched by an applied external field. The
discussion below focuses only on the use of resistive switching in ferroelectric materials.
Again, as for FeCAPs, typical functional devices can simply be created from a thin
functional material layer sandwiched between two conductive electrodes. This makes these
devices suitable for integration in cross-bar memory arrays. However, one of the key
problems of using resistive switching elements in such simple arrays is the appearance of
cross-talk (sneak-currents) between bottom “word” and top “bit” conductive lines if
adjacent memory cells are switched to a low resistive (highly conductive) state. To avoid
sneak-currents and minimize the cross-talk problem, the two-terminal functional device
should simultaneously have reversibly switchable conductivity and current rectifying
properties, in other words a diode functionality. A schematic representation of the crosstalk problem and a solution are shown at Fig. 1.4.

Fig. 1.4. Schematic illustration of cross-talk problem in cross-bar resistive memory array.
(a) The high resistive “OFF” state of the bit W1B1 (red) formed by word-line W1 and bitline B1 is addressed. The three neighboring bits are in the low resistive “ON” state (green).
Addressing the high resistance W1B1 bit by applying a voltage difference between W1 and
B1 is hampered by the low resistance parasitic path along the three neighboring bits.
Consequently, the logic state of the W1B1 bit cannot be reliably read-out. (b) The crosstalk is prevented by adding a rectifying diode in series with each discrete resistive switch.
The parasitic leakage current path is then disabled by the reverse biased diode of the W2B2
bit. By applying a bias on appropriate rows and columns, the logic states, “0” or “1”, of
each individual bit can unambiguously be addressed. Reprinted from ref. 36. (Copyright ©
2011, Elsevier B.V.)
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One of the first successful attempts of making a rectifying resistive switchable
element was reported by Blom et al. in 1994.37 A Schottky diode based on thin (200 nm)
complex semiconducting ferroelectric oxide film was used. The reversible resistive
switching phenomena were explained by an influence of a polarization-induced internal
electrical field at the metal-ferroelectric interface on the Schottky barrier width (band
bending effect). In 2008 Asadi et al. demonstrated similar switching behavior in an organic
ferroelectric diode with a single functional layer that consisted of a phase-separated blend
of semiconductor and ferroelectric polymers.38 Initially, the device behavior was explained
in a similar way as 14 years before, i.e. as a result of band bending. However, a few years
later Kemerink et al.39 provided an alternative explanation for the switching phenomenon.
Based on a numerical model it was proposed that the stray field of the poled ferroelectric
can be the driving force for the resistive switching process. A couple of years later this
model was confirmed by device switching experiments at the nanoscale level applying
advanced scanning probe microscopy techniques in combination with numerical
modeling.40 Very recently, in 2017, the proposed model was updated by consideration of
the influence of tunneling injection and charge accumulation processes on the device “ON”
state.41 The resulting device switching processes can be summarized as follows: the highly
conductive “ON” device state can be achieved when the ferroelectric is poled in a way that
the resulting stray field enhances charge carrier injection into the semiconductor. This
occurs when the stray field is sufficiently large to reduce the injection barrier and make the
contact effectively Ohmic for current to pass in corresponding direction. Lateral
polarization at the semiconductor-ferroelectric interface suppresses space-charge limitations
(SCL) and leads to the formation of an accumulation layer at this interface that persists to
the opposite, extracting electrode. When the ferroelectric polarization is switched to the
opposite direction, the corresponding stray field keeps the injection barrier high for
injection-limited current in this direction, and the device shows a low conductive “OFF”
state. The fact that the polarization responsible for the stray field can be switched only at
the an applied field high enough to cross ferroelectric coercive field point, helps to keep
reading the memory state non-destructive and allows applying much smaller fields.
However, the low resistive state has limited retention in time due to depolarization process
in poled ferroelectric part and concomitant loss of the highly conductive “ON” state.42,43 To
address these challenges, this device concept requires further improvements. Advanced
pattering techniques have been used to control the domain size distribution, leading to
significant enhancement in “ON”-state retention.44 Moreover, a potential usage of these
organic diodes for large scale integration in cross-bar memory arrays has been recently
demonstrated at Holst Centre.45 The availability of solutions to extend the retention time
together with the possibility of large scale integration makes devices based on ferroelectric
diode concept potentially promising for future memory applications.
Diode-like switchable devices are used for characterization of novel materials in
chapters 5 and 6 of this thesis.
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c) Thin-film ferroelectric transistor (FeFET)
The ferroelectric transistor (FeFET) is based on well-known thin-film transistor
(TFT) but with a gate dielectric made from a ferroelectric material. If polar organic
materials are used for this purpose, these transistors are typically called “FeOFETs”.46 The
working principle is based on the combination of the transistor field effect and the effect of
switched polarization. An applied external field switches polarization state in the polar gate
dielectric. In the “ON” state, this polarized state simultaneously supports formation of a
counter-charge accumulation layer in the semiconductor, compensating the ferroelectric
polarization charge, leading to the formation of a conductive channel (field effect), and
resulting in a high source-drain current. The conductive channel state is non-volatile and
persists after removing the gate voltage. In the “OFF” state with opposite polarization, there
are no charges for accumulation layer formation and therefore the source-drain current will
be very low. Only a small (smaller than coercive voltage) source-drain voltage is required
to read out the stored logical state.47 Thus, one of the key advantages of FeFETs and
FeOFETs devices is the possibility for non-destructive read-out. However, insufficient
compensation charges and other imperfections on the semiconductor/ferroelectric interface,
lead to depolarization processes in the ferroelectric layer and result in loss the prepared
high source-drain current condition, the memory “ON” state.48,49 This problem has still not
been solved completely.
d) Ferroelectric tunnel junction (FTJ)
In recent years, one of the most intensively researched concepts for electronic
memory devices is the ferroelectric tunnel junction (FTJ). This device combines quantummechanical tunneling with electrically switchable spontaneous polarization.50 In a FTJ
modulation of electrical conductivity is achieved in response to the ferroelectric
polarization of a tunneling barrier in an extremely thin (several nm) ferroelectric layer, a
phenomenon known as the tunneling electroresistance (TER) effect. The basic property of
the FTJ is a sizable change of effective device resistance due to modulation of the barrier
height as a result of electric polarization reversal, which can be used in memory and logic
devices. A ferroelectric tunnel junction can be realized in a simple device geometry using
two metal electrodes with a nm-thick ferroelectric barrier layer in between. Recently, it was
shown, that this phenomenon also occurs in devices based on organic ferroelectrics.51,52
However, the exact detailed nature of this effect is under debate,51,53 and such extremely
thin ferroelectric layers are not used in this thesis.
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1.4
Experimental
techniques
characterization of organic materials

for

ferroelectric

1.4.1 Molecular dipole alignment for organic columnar systems
In most cases ferroelectric switching phenomena in organic materials depend on
the geometrical configuration(s) of molecular dipoles. In practice this means that these soft
and disordered materials need to be specially treated and ordered before any switching
experiment can be performed. This includes creating homeotropic alignment of the
columnar discotic phase with the columnar axes normal to the surface (see Fig. 1.5). This
orientation is needed for collective poling of molecular microdipoles into a well-oriented
macrodipole. The structural alignment of molecular materials can be done using various
methods depending on the desired device geometry.54 In general, alignment techniques are
either based on mechanical interactions, or on external fields. The first group includes the
use of nanoporous matrices55,56 and specially modified alignment surfaces.57,58 The second
group encompasses the alignment of liquid crystalline phases with magnetic59,60 or electrical
fields.21,61 For these methods heating is usually required to increase molecular mobility and
lower the viscosity.

Fig. 1.5. Schematic ferroelectric vertical diode/capacitor design and orientation of columnar
stacks as-cast (left) and after alignment by an electric field (right). Blue bars represent the
direction of the molecular stacks.
Because of their straightforward experimental implementation, electrical
alignment methods are preferable for discotic liquid crystalline systems, and were selected
for field annealing of all experimental devices in this thesis. An additional advantage of this
method is the ease with which electrical fields can be applied in devices for electrical
switching experiments. However, the use of a single experimental technique for
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establishing truly ferroelectric switching in novel materials is usually not enough.62 To
address this problem, applying several methods for verifying ferroelectric phenomena are
needed. Some of the most important experimental techniques used in this thesis are
described below.

1.4.2 Electrical switching measurements
For experimental study of ferroelectric switching behavior in novel materials a
proper electrical measurements set-up is required. The relevant parameters for ferroelectric
test devices are hysteretic charge, switching current, coercive field, remnant polarization,
switching time, and signal-to-noise ratio. They typically can be studied in the well-known
and widely used Sawyer-Tower electrical configuration.63 This setup allows investigation
of switching kinetics and hysteretic (saturated and unsaturated) loops at the macroscopic
level by applying suitable input signal wave forms at variable temperature.
To perform these measurements, a ferroelectric measurement setup as shown in
Fig.1.6 has been used. Switching signal waveforms were applied by an arbitrary waveform
generator (SG) and amplified by a high voltage amplifier (Amp). The actual circuit current
was measured with a high-speed picoammeter (A) and was visualized and stored on a
digital oscilloscope (OSC) for further analysis. The signal generator (SG), the picoammeter
(A) and the examined sample are connected in series whereas the oscilloscope (OSC) is
connected in parallel with the analog output of the picoammeter (V OUT ). To reduce
electrical noise and to apply controllable heating the devices were electrically characterized
inside a Janus probe station at atmospheric pressure. The switching charge due to changes
in ferroelectric polarization was detected and separated from other parasitic components by
applying so-called double-wave method (DWM) signal approach. All applied waveforms
will be discussed in detail in specific sections below.
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Fig. 1.6. A block-scheme representation of the electrical measurement setup used for
ferroelectric switching studies by applying different switching methods.
The practical functionality of this set-up was successfully demonstrated on welldefined P(VDF–TrFE)-based capacitor devices64 and verified by a commercial
measurement setup as shown in Appendix A of this thesis.
1.4.2.1 Transient current measurements
One of the first approaches for investigating ferroelectric switching processes is
based on the analysis of switching currents, known as the Merz method.65 This method
consists of measuring the current transients during polar switching under external field and
determining the peak current. For this measurement technique, typically rectangular steplike voltage pulses are used as a switching/probing part of the applied signal (Fig. 1.7(a)).
However, the method only allows detection and recording of the total switching current
response, which consists of more than just the polarization component. In the Merz method
the polarization current (i P ) is always recorded together with two generic parasitic
contributions (Fig. 1.7(b)). Besides the ferroelectric layer, the real device has a finite
resistance which leads to leakage currents (i R ) under external field. In addition, the
presence of a non-switchable dielectric component produces a displacement current (i C )
contribution.
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Fig. 1.7. (a) Schematic representation of typical switching signal voltage pulses sequence,
(b) Schematic decomposition of the total current response signal (i Tot ) into three main
components: i R – internal resistance of the experimental device; i C – effective device
capacity; i P –spontaneous polarization signal as a result of polar switching process (red
box).
The parasitic contributions are obscuring the real spontaneous polarization
response and bring difficulties to reconstruct the proper ferroelectric hysteresis loop.
Despite the problems of applying the Merz method for hysteretic measurements, this
technique can be perfectly used for investigation of kinetic switching processes. The peak
of the polarization current keeps its position in the total response (see Fig. 1.7(b)) which
gives the opportunity to accurately determine the switching time in a dipolar material.
Transient current measurements can be used for polarization switching kinetics
studies which help to understand switching mechanism and the domain propagation at the
micro-level for the investigated ferroelectric material. This technique was used for
switching kinetics studies of organic ferroelectric materials in chapters 2 and 4 of this
thesis.
1.4.2.2 Double-wave method (DWM)
As discussed above, accurate switching current measurements are not a trivial
task. At the same time they are required for proper hysteresis loop reconstruction and
further ferroelectric parameter determination ‒ in particular the coercive filed and remnant
polarization of the investigated material. In order to address this problem, the so-called
double-wave method (DWM) was developed for accurate measurements of hysteretic
currents in a ferroelectric materials.66,67 This technique originates from the positive “up” –
negative “down” (PUND) approach.68,69 The original idea of both methods is similar and
based on simultaneous switching of the polarization state and the detection of spurious
contributions to the total response: truly spontaneous polarization current, parasitic leakage,
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and displacement components. The main difference between the DWM and PUND is the
usage of steep rising, step-like rectangular shaped voltage pulses for switching/probing
signals in PUND. As already mentioned in the previous section this is advantageous for
switching kinetics measurements. On the other hand such pulses typically produce a high
displacement current background. In a contrast with the PUND approach, the DWM
method uses continuous transients, typically triangularly-shaped pulses. In the quasi-static
regime, it keeps displacement currents at much lower values, small enough for effective
background subtraction and accurate reconstruction of saturated and unsaturated
ferroelectric hysteresis loops.
Herein, the DWM principles and signal construction will be described in detail. As
already pointed out above, the basic concept of the DWM is based on the flipping
ferroelectric polarization state and probing the corresponding switching charges as a
current, together with the reference “background” response containing only leakage and
displacement currents from non-ferroelectric parts. It makes this technique a very good
candidate for accurate ferroelectric hysteresis (P–E) loops measurements of polar (organic)
materials. Figure 1.8 below schematically represents the typical input signal for DWM
measurements applied for saturated and unsaturated (inner) hysteresis loops, the
corresponding current responses are also shown in the scheme. The preparation part of the
signal serves to construct a well-defined desired polarization state of the investigated
ferroelectric material. The subsequent probing part is used to probe the prepared
ferroelectric state. The triangular pulse labeled “1” in Fig. 1.8 probes the total device
switching response as a corresponding switching current, also schematically shown in the
lower panel of Fig. 1.8. Parasitic contributions from displacement and the leakage currents
to this total response are determined by the second probing pulse “2”. Both pulses are equal
in shape and length. Whereas the first one records the complete response after switching,
the second one probes the corresponding displacement and leakage currents that also occur
when no polarization switching happens. All these current responses are schematically
shown in Fig. 1.8 as red solid lines “1” and “2”. The shaded grey area represents the truly
dipolar ferroelectric part of the total switching current peak, whereas dotted and dashed
black lines show current parts appearing due to leakage and the dielectric displacement
contributions, respectively. Now, by using both recorded current responses, the truly
ferroelectric switching part can be filtered out via subtracting the subsequently measured
parasitic response “2” from the total response “1”. It gives the pure voltage-dependent
dipolar switching current peak (dP/dt) which allows to reconstruct the ferroelectric
hysteresis via numerical integration. In addition, the displacement part, which is related to
nonlinear dielectric loses, can be significantly suppressed at low frequencies of the probing
signal – the so-called quasi-static regime. However, in practice the DWM will not
completely remove parasitic ionic current contributions if the switching times are selected
in a way that the dipolar switching overlaps with the effective transition times for ionic
species. Typically, this happens at very low frequencies.
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Both the preparation and probing parts of the complete DWM signal (see Fig. 1.8)
can be modified in shape and lengths to study variable aspects and switching features of
ferroelectric materials. Hence, the DWM is a simple and a powerful technique for studying
complex and fragile candidates for new organic ferroelectrics. This technique was widely
used in all chapters of this thesis.

Fig. 1.8. Schematic representation of the typical input signal (voltage) and output responses
(current) of the DWM technique for measuring saturated and unsaturated (inner)
ferroelectric hysteresis loops. The amplitude value of V max of the preparation part of the
signal is chosen to be well above the coercive voltage (V C ) of the investigated ferroelectric
material. Different triangular probing signals Vi keep the same ramping speeds but are
different in amplitude for measuring unsaturated (inner) ferroelectric hysteresis loops. Red
solid curves schematically represent typical current responses obtained with the probing
signals “1” and “2”. The shaded grey area corresponds to the switching current associated
with the reversal of the ferroelectric polarization. Dotted and dashed black lines represent
currents due to leakage and displacement, respectively.
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1.4.3 Dielectric relaxation spectroscopy (DRS)
Phase transitions of ferroelectric materials can be determined by electrical or
optical methods. Dielectric relaxation spectroscopy (DRS) is one of the most useful and
well-known techniques for measuring the dynamics of the dielectric spectrum, i.e. electrical
permittivity over a wide range of frequencies and temperatures. DRS is based on the
interaction of an external applied field with permanent or induced electric dipoles of the
investigated bulk material, and in this case that interaction is expressed by electrical
permittivity. From an organic materials perspective, the most important molecular
dynamics frequency range is between 10–1 to 108 Hz. The dielectric response of a molecular
material under applied field is driven by three main frequency-dependent polarization
mechanisms: intra-molecular (electronic), inter-molecular (vibrational), and orientational.70
To disentangle the various contributions and exclude sample conductance, the DRS
technique allows recording full dielectric spectra for investigation of field driven
excitations of electrons, ions, and molecular dipoles to identify relevant relaxation
mechanisms in polar materials.71
The complex dielectric function of relaxation spectra is defined as 𝜀 ∗ (𝜔) = 𝜀 ′ (𝜔) −
𝑖𝑖′′(𝜔). Direct probing of this function helps to capture one of the key fingerprints of truly
ferroelectric switching phenomena in functional dipolar materials – a discontinuity in the
dielectric permittivity constant (ε”). This discontinuity can occur in a range of temperatures
and is often associated with existence of a real phase transition at which the actual
transition from a polarity-ordered ferroelectric to a paraelectric phase of randomly oriented
dipolar units occurs. In such case, the phase transition coincides with the Curie temperature
(T C ) – the critical temperature above which examined materials are losing any polar order
and therefore their ferroelectric properties. The phase transition temperature is independent
of the frequency of probing signal. Such behaviour of the dielectric permittivity can be
described by the classical Curie–Weiss law, which describes the electric susceptibility χ of
a ferroelectric material in the paraelectric region above the Curie point as 𝜒 = 𝐶 ⁄(𝑇 − 𝑇𝐶 ),
where 𝜒 = 𝜀 ′ − 1 and C is the Curie constant.72
The dielectric relaxation spectroscopy technique has been applied in chapters 2, 3
and 5 of this thesis.

1.4.4 Pyroelectric measurements
As already discussed above, detection of the pyroelectric effect can be used to
establish dipolar switching in functional materials. In general, the pyroelectric coefficient
can be defined as the temperature-derivative of the polarization. The pyroelectric
coefficient can be measured when one side of a thin-film sample is painted with a
blackbody material and exposed on this side to pulsed laser light. This leads to local heating
on the blackbody side. The observation of thermally induced currents (pyroelectric signal),
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proportional to pyroelectric coefficient, indicates the existence of polarization in the
organic material. Previously this method was successfully applied to BTA-like columnar
organic ferroelectric compounds.19,73 In this technique temperature increasing/decreasing
rates determination can be done only qualitatively, and the absolute value of pyroelectric
coefficient can be hardly determined.73 In practice this method can help to identify the
presence of active dipoles in the investigated material, but it cannot be used to
quantitatively determine the pyroelectric coefficient.
This technique can be significantly improved with the use of the high-frequency
photothermal waves in a frequency range of 0.1–50 MHz, and measuring the resulting
pyroelectric response. This approach is called the laser intensity modulation method
(LIMM) and can be applied for the investigation of the interfacial polarization effects,
spatially resolved polarization and charge distributions in materials. The occurred
pyroelectric current distribution can be transformed via appropriate mathematical
deconvolution to spatially resolved polarization profiles with close to nm depth resolution.
By changing the frequency of modulation, the penetration depth of the thermal wave is
tuned to access about several tens of nm.74 The so-called in-situ LIMM measurements can
be performed to reveal changes in the polarization distribution while an external electrical
field of variable magnitude is applied. Recently, this technique was demonstrated with
reconstruction of the ferroelectric hysteresis from P(VDF–TrFE)-based thin film capacitor
devices.74
Pyroelectric LIMM measurements were used in chapters 2 and 5.

1.4.5 Other techniques
Ferroelectric behaviour measurement techniques described above can be
supplemented by other methods. One group of commonly used techniques is based on the
nonlinear optical properties of non-centrosymmetric materials with truly polar order. Such
nonlinear optical effects can be observed under high intensity laser excitation.10,75 Examples
of measurement methods used in recent years for demonstrating and verifying the
ferroelectric nature of columnar liquid crystalline systems are the second-harmonic
generation (SHG) against applied field21 and its microscopy (SHM),76 and sum-frequency
generation (SFG).77,78 These optical techniques can demonstrate polar order and switching
without ionic background signals, however only relative polarization values can be
obtained. Obtaining real numbers and saturated conditions still requires electrical
measurements.
A second group is based on advanced scanning probe microscopy (SPM)
techniques. Surface electrical potential measurements via scanning Kelvin probe
microscopy (SKPM) measures the spatial charge distribution on the surface after
application of an electrical field with nanoscale resolution. In ferroelectrics it has led to the
detection of inversion of the sign of the surface potential after polarization reversal.79 In
addition surface potential contrast can be detected between poled vs. unpoled regions.

22

Chapter 1: Introduction

However, presence of natural surface adsorbates can lead to the formation of a double layer
which screens the surface polarization charge.80 Moreover, the presence of charged
particles can lead to effective screening, or even inversion of the surface potential due to
electrostatic interaction with screening charges.81 These facts complicate the use of SKPM
data to establish the presence or absence of real ferroelectric switching.
The second widely used SPM-based technique is piezoelectric force microscopy
(PFM). PFM was first introduced in 199282 as a method for local imaging of mechanical
deformations as a result of the inverse piezoelectric effect. In most cases the so-called
vertical-PFM technique is applied, when voltage-induced deformation is measured in
contact mode in the perpendicular direction to the film surface, i.e. the same direction as the
external electrical stimulation. This relative deformation (ΔS) can be linked to the applied
electric field (E) via the relation ΔS = d 33 ∙E, where d 33 is effective piezoelectric coefficient
(piezoelectric modulus).83 Due to piezoelectric activity, these voltage-induced deformations
lead to periodic vibrations of the sample surface which are transmitted to the SPM-tip. The
resulting oscillations can be detected as the first harmonic component via standard lock-in
methods. In practice, these oscillations are visualized as a contrast in the PFM phase
images. Due to the fact that a response signal is expected only from the piezo-responsive
positively or negatively poled regions (domains) of the investigated sample, this phase
contrast can be used to identify piezo (ferro) electricity and domain structure in materials.
In organic ferroelectrics d 33 can have a negative value.84 In addition, the necessity of doing
PFM measurements in contact mode with organic ferroelectric brings extra difficulties due
to mechanical damaging of soft matter and local disturbance of the polar molecular order.
Again, both SPM-based techniques allow detecting signatures of possible ferroelectric
switching but not to measure real values. So, direct electrical switching measurements are
still required.

1.5 Outline of the thesis
The main goal of the research described in this thesis is the accurate
characterization of ferroelectric switching properties in new self-assembled organic
materials, and investigating the possibility of integrating promising candidates into simple
architectures for functional memory devices, capacitors and diodes. Finding out and
clarifying existing limitations for the general applicability and suggesting ways for further
improving promising candidate materials and devices are among the goals of this work.
In Chapter 2, the true ferroelectric switching in hydrogen-bonded disk-shaped
molecules with a benzene-1,3,5-tricarboxamide (BTA) core has been demonstrated by three
independent experimental techniques. Analysis of the transient switching responses
suggests that the ferroelectric switching is limited by a highly dispersive nucleation process
that gives rise to a wide distribution of switching times.

23

Chapter 1: Introduction

In Chapter 3, ferroelectric polarization decay phenomena in BTAs were
investigated via various techniques. The fundamental depolarization mechanism was
proposed to be R-type relaxation, which is a collective rotation of the molecular amide
dipoles.
In Chapter 4, ferroelectricity and dipole-driven electrochemistry of novel pyrrolesubstituted BTAs was investigated. At high frequencies, the material showed ferroelectric
switching like ordinary BTAs. At low frequencies, a second process was observed which
leads to extremely high hysteretic charge densities of up to ∼1000 mC/m2. This process is
proposed to result from the electrochemical oxidative polymerization of the pyrrole groups
that is enabled by the presence of interfacial dipoles that align the pyrrole oxidation level
with the contact Fermi level.
In Chapter 5, tuning of the charge injection barrier due to interface polar dipole
switching in a carbonyl-bridged triarylamine (a-CBT) supramolecular semiconductor has
been demonstrated. Electrical alignment in a simple diode geometry induces a polar order
in the interface layers near the electrodes that can be reversibly switched by an external
field which leads to a modulation of the barrier height for charge injection into the
semiconductor part of the material. The resulting memory diode shows switchable
rectification with on/off ratios of up to two orders of magnitude.
In Chapter 6, a rectifying and switchable bulk conductivity in
ferroelectric/semiconducting self-assembled organic materials is described. This
phenomenon has been found for a new class of ferroelectric-semiconducting organic
materials. The ferroelectric polarization in these supramolecular systems is found to couple
to the charge transport and leads to a bulk conductivity that is switchable and rectifying at
the same time (switchable resistance). A rational interpretation of the possible nature this
novel phenomenon is given in terms of the so-called “ratchet” effect occurring in the
periodic potential that is formed by the ferroelectric dipoles.
An outlook on basis of the presented results and final remarks are presented in the
Summary part.

1.6 References
(1)
A. R. Akbashev, V. M. Fridkin, J. E. Spanier, in Nanoscale Ferroelectrics and
Multiferroics: Key Processing and Characterization Issues, and Nanoscale Effects, John Wiley &
Sons Ltd, ed. M. Alguero, J. M. Gregg, L. Mitoseriu, 2016, Vol. 2, Chapter 26, pp. 830–850.
(2)
C. Galassi, in Multifunctional Polycrystalline Ferroelectric Materials: Processing and
Properties, ed. L. Pardo, J. Ricote, Springer, Canopus Academic Publishing Limited, 2011, Chapter
1, pp. 1–37.
(3)
J. Li, Y. Liu, Y. Zhang, H. Cai, R. Xiong, Molecular ferroelectrics: Where electronics meet
biology, Phys. Chem. Chem. Phys., 2013, 15, 20786–20796.

24

Chapter 1: Introduction

(4)
J. Valasek, Piezoelectric and allied phenomena in Rochelle salt, Physical Review, 1920, 15,
537–538.
(5)
J. Kirres, F. Knecht, P. Seubert, A. Baro, S. Laschat, d-Methyl branching in the side chain
makes the difference: access to room-temperature discotics, Chem. Phys. Chem., 2016, 17, 1159–
1165.
(6)
J. B. Torrance, J. E. Vazquez, J. J. Mayerle, V. Y. Lee, Discovery of a neutral-to-ionic
phase transition in organic materials, Phys. Rev. Lett., 1981, 46, 253–257.
(7)
S. Horiuchi, R. Kumai, Y. Okimoto, Y. Tokura, Chemical approach to neutral–ionic
valence instability, quantum phase transition, and relaxor ferroelectricity in organic charge-transfer
complexes, Chem. Phys., 2006, 325, 78–91.
(8)
S. Horiuchi, R. Kumai, Y. Tokura, A supramolecular ferroelectric realized by collective
proton transfer, Angew. Chem. Int. Ed., 2007, 46, 3497–3501.
(9)
H. Ishikita, K. Saito, Proton transfer reactions and hydrogen-bond networks in protein
environments, J. R. Soc. Interface., 2014, 11, 20130518.
(10)
H. Takezoe, K. Kishikawa, E. Goreckac, Switchable columnar phases, J. Mater. Chem.,
2006, 16, 2412–2416.
(11)
A. S. Tayi, A. Kaeser, M. Matsumoto, T. Aida, S. I. Stupp, Supramolecular ferroelectrics,
Nat. Chem., 2015, 7, 281–294.
(12)
G. Teyssedre, A. Bernes, C. Lacabanne, Cooperative movements associated with the Curie
transition in P(VDF-TrFE) copolymers, J. Polym. Sci. B Polym. Phys., 1995, 33, 879–890.
(13)
J. Prost, Comptes rendus du colloge Pierre Curie: Symmetries and broken symmetries, Inst.
Dev. Sci., Educ. Technol., 1981, 159–181.
(14)
G. Ayton, G. N. Patey, Ferroelectric order in model discotic nematic liquid crystals, Phys.
Rev. Lett., 1996, 76, 239–242.
(15)
T. K. Bose, J. Saha, Monte Carlo simulations of spontaneous ferroelectric order in discotic
liquid crystals, Phys. Rev. Lett., 2013, 110, 265701.
(16)
T. K. Bose, J. Saha, Ferroelectric order in liquid crystal phases of polar disk-shaped
ellipsoids, Phys. Rev. E, 2014, 89, 052509.
(17)
H. Bock, W. Helfrich, Ferroelectrically switchable columnar liquid crystal, Liq. Cryst.,
1992. 12, 697–703.
(18)
K. Kishikawa, S. Nakahara, Y. Nishikawa, S. Kohmoto, M. Yamamoto, A ferroelectrically
switchable columnar liquid crystal phase with achiral molecules: Superstructures and properties of
liquid crystalline ureas, J. Am. Chem. Soc., 2005, 127, 2565–2571.

25

Chapter 1: Introduction

(19)
A. Sugita, K. Suzuki, S. Tasaka, Electrical properties of disk-shaped molecules embedded
with three dipole N,N',N''-Tri-n-heptyl-1,3,5-benzenetricarboxamide, Jpn. J. Appl. Phys., 2008, 47,
8043–8048.
(20)
C. F. C. Fitie, W. S. C. Roelofs, P. C. M. M. Magusin, M. Wubbenhorst, M. Kemerink, R.
P. Sijbesma, Polar switching in trialkylbenzene-1,3,5-tricarboxamides, J. Phys. Chem. B, 2012, 16,
3928–3937.
(21)
D. Miyajima, F. Araoka, H. Takezoe, J. Kim, K. Kato, M. Takata, T. Aida, Ferroelectric
columnar liquid crystal featuring confined polar groups within core–shell architecture, Science, 2012,
336, 209–213.
(22)
C. F. C. Fitie, W. S. C. Roelofs, M. Kemerink, R. P. Sijbesma, Remnant polarization in thin
films from a columnar liquid crystal, J. Am. Chem. Soc., 2010, 132, 6892–6893.
(23)
G. Scherowsky, X. H. Chen, Ferroelectric switching in columnar phases of novel chiral
discotic liquid crystals, J. Mater. Chem., 1995, 5, 417-421.
(24)
H. Bock, W. Helfrich, Two ferroelectric phases of a columnar dibenzopyrene, Liq. Cryst.,
1995. 18, 387–399.
(25)
Y. Okada, S. Matsumoto, F. Araoka, M. Goto, Y. Takanishi, K. Ishikawa, S. Nakahara, K.
Kishikawa, H. Takezoe, Three relaxation processes from an electric-field-induced polar structure in a
columnar liquid crystalline urea derivative, Phys. Rev. E, 2007, 76, 041701.
(26)
A. L. Sobolewski, Organic photovoltaics without p–n junctions: A computational study of
ferroelectric columnar molecular clusters, Phys. Chem. Chem. Phys., 2015, 17, 20580–20587.
(27)
M. Wawrzyniak-Adamczewska, M. Wierzbowska, Separate-path electron and hole
transport across π-stacked ferroelectrics for photovoltaic applications, J. Phys. Chem. C, 2016, 120,
7748–7756.
(28)
P. Masiak, M. Wierzbowska, Ferroelectric π-stacks of molecules with the energy gaps in
the sunlight range, J. Mater. Sci., 2017, 52, 4378–4388.
(29)
T. Li, X. Li, J. Wang, H. Agren, X. Ma, H. Tian, Photoresponsive supramolecular
assemblies based on a C 3 -symmetric benzene-1,3,5-tricarboxamide-anchored diarylethene, Adv. Opt.
Mater., 2016, 4, 840–847.
(30)
W. Pisula, M. Zorn, J. Y. Chang, K. Müllen, R. Zentel, Liquid crystalline ordering and
charge transport in semiconducting materials, Macromol. Rapid Commun., 2009, 30, 1179–1202.
(31)
J. Y. Seok, S. J. Song, J. H. Yoon, K. J. Yoon, T. H. Park, D. E. Kwon, H. Lim, G. H. Kim,
D. S. Jeong, C. S. Hwang, A review of three-dimensional resistive switching cross-bar array
memories from the integration and materials property points of view, Adv. Funct. Mater., 2014, 24,
5316–5339.

26

Chapter 1: Introduction

(32)
P. Heremans, G. H. Gelinck, R. Muller, K.-J. Baeg, D.-Y. Kim, Y.-Y. Noh, Polymer and
organic nonvolatile memory devices, Chem. Mater., 2011, 23, 341–358.
(33)
A. J. J. M. van Breemen, J. B. P. H. van der Putten, R. Cai, K. Reimann, A. W. Marsman,
N. Willard, D. M. de Leeuw, G. H. Gelinck, Photocrosslinking of ferroelectric polymers and its
application in three-dimensional memory arrays, Appl. Phys. Lett., 2011, 98, 183302.
(34)
T. Furukawa, T. Nakajima, Y. Takahashi, Factors governing ferroelectric switching
characteristics of thin VDF/TrFE copolymer films, IEEE Trans. Dielectr. Electr. Insul., 2006, 13,
1120–1131.
(35)
J. S. Lee, S. Lee, T. W. Noh, Resistive switching phenomena: A review of statistical
physics approaches, Appl. Phys. Rev., 2015, 2, 031303.
(36)
K. Asadi, M. Li, P.W.M. Blom, M. Kemerink, D.M. de Leeuw, Organic ferroelectric
optoelectronic memories, Mater. Today, 2011, 14, 592–599.
(37)
P. W. M. Blom, R. M. Wolf, J. F. M. Cillessen, M. P. C. M. Krijn, Ferroelectric Schottky
diode, Phys. Rev. Lett., 1994, 73, 2107.
(38)
K. Asadi, D.M. de Leeuw, B. de Boer, P. Blom, Organic non-volatile memories from
ferroelectric phase-separated blends, Nat. Mater., 2008, 7, 547–550.
(39)
M. Kemerink, K. Asadi, P. W. M. Blom, D. M. de Leeuw The operational mechanism of
ferroelectric-driven organic resistive switches, Org. Electron., 2012, 13, 147–152.
(40)
V. Khikhlovskyi, R. Wang, A. J. J. M. van Breemen, G. H. Gelinck, R. A. J. Janssen, M.
Kemerink, Nanoscale organic ferroelectric resistive switches, J. Phys. Chem. C, 2014, 118, 3305–
3312.
(41)
M. Ghittorelli, T. Lenz, H. S. Dehsari, D. Zhao, K. Asadi, P. W. M. Blom, Z. M. KovácsVajna, D. M. de Leeuw, F. Torricelli, Quantum tunnelling and charge accumulation in organic
ferroelectric memory diodes, Nat. Comm., 2017, 8, 15741.
(42)
K. Asadi, J. Wildeman, P. W. M. Blom, D. M. de Leeuw, Retention time and depolarization
in organic nonvolatile memories based on ferroelectric semiconductor phase-separated bends, IEEE
Trans. on Elec. Dev., 2010, 57, 3466–3471.
(43)
V. Khikhlovskyi, A. J. J. M. van Breemen, R. A. J. Janssen, G. H. Gelinck, M. Kemerink,
Data retention in organic ferroelectric resistive switches, Org. Electron., 2016, 31, 56–62.
(44)
S. H. Sung, B. W. Boudouris, Systematic control of the nanostructure of semiconductingferroelectric polymer composites in thin film memory devices, ACS Macro Lett., 2015, 4, 293−297.
(45)
A. J. J. M. van Breemen, J.-L. van der Steen, G. van Heck, R. Wang, V. Khikhlovskyi, M.
Kemerink, G. H. Gelinck, Crossbar arrays of nonvolatile, rewritable polymer ferroelectric diode,
Appl. Phys. Express, 2014, 7, 031602.

27

Chapter 1: Introduction

(46)
H. Sun, Q. Wang, Y. Li, Y.-F. Lin, Y. Wang, Y. Yin, Y. Xu, C. Liu, K. Tsukagoshi, L. Pan,
X. Wang, Z. Hu, Y. Shi, Boost up carrier mobility for ferroelectric organic transistor memory via
buffering interfacial polarization fluctuation, Sci. Rep., 2014, 4, 7227.
(47)
J. J. Brondijk, K. Asadi, P. W. M. Blom, D. M. de Leeuw, Physics of organic ferroelectric
field-effect transistors, J. Polym. Sci. Pol. Phys. Part B: Pol. Phys., 2012, 50, 47–54.
(48)
T. P. Ma, J.-P. Han, Why is nonvolatile ferroelectric memory field-effect transistor still
elusive? IEEE Elec. Dev. Lett., 2002, 23, 386–388.
(49)
S. Huang, X. Zhong, Y. Zhang, Q. Tan, J. Wang, Y. Zhou, A retention model for
ferroelectric-gate field-effect transistor, IEEE Trans. Elec. Dev., 2011, 58, 3388 – 3394.
(50)
J. P. Velev, J. D. Burton, M. Y. Zhuravlev, E. Y. Tsymbal, Predictive modelling of
ferroelectric tunnel junctions, npj Comp. Mat., 2016, 2, 16009.
(51)
B. B. Tian, Y. Liu, L. F. Chen, J. L. Wang, S. Sun, H. Shen, J. L. Sun, G. L. Yuan, S. Fusil,
V. Garcia, B. Dkhil, X. J. Meng, J. H. Chu, Space-charge effect on electroresistance in metalferroelectric-metal capacitors, Sci. Rep., 2015, 5, 18297.
(52)
B. B. Tian, J. L. Wang, S. Fusil, Y. Liu, X. L. Zhao, S. Sun, H. Shen, T. Lin, J. L. Sun, C.
G. Duan, M. Bibes, A. Barthélémy, B. Dkhil, V. Garcia, X. J. Meng, J. H. Chu, Tunnel
electroresistance through organic ferroelectrics, Nat. Comm., 2016, 7, 11502.
(53)
A. Quindeau, V. Borisov, I. Fina, S. Ostanin, E. Pippel, I. Mertig, D. Hesse, M. Alexe,
Origin of tunnel electroresistance effect in PbTiO 3 -based multiferroic tunnel junctions, Phys. Rev. B,
2015, 92, 035130.
(54)
G. Schweicher, G. Gbabode, F. Quist, O. Debever, N. Dumont, S. Sergeyev, Y. H. Geerts,
Homeotropic and planar alignment of discotic liquid crystals: the role of the columnar mesophase,
Chem. Mater., 2009, 21, 5867–5874.
(55)
J. Cattle , P. Bao , J. P. Bramble , R. J. Bushby, S. D. Evans, J. E. Lydon , D. J. Tate,
Controlled planar alignment of discotic liquid crystals in microchannels made using SU8 photoresist,
Adv. Func. Mat., 2013, 23, 5997–6006.
(56)
T. S. Perova, E. V. Astrova, S. E. Tsvetkov, A. G. Tkachenko , J. K. Vij, S. Kumar,
Orientation of discotic and ferroelectric liquid crystals in macroporous silicon matrix, Phys. Sol. Stat.,
2002, 44, 1196–1202.
(57)
Z. H. Al-Lawati, R. J. Bushby, S. D. Evans, Alignment of a columnar hexagonal discotic
liquid crystal on self-assembled monolayers, J. Phys. Chem. C, 2013, 117, 7533−7539.
(58)
J. Jeong, G. Han, A. T. C. Johnson, P. J. Collings, T. C. Lubensky, A. G. Yodh,
Homeotropic alignment of lyotropic chromonic liquid crystals using noncovalent interactions,
Langmuir, 2014, 30, 2914–2920.

28

Chapter 1: Introduction

(59)
S. Ikeda, Y. Takanishi , K. Ishikawa, H. Takezoe, Magnetic field effect on the alignment of
a discotic liquid crystal, Mol. Cryst. Liq. Cryst. Sci., 1999, 329, 589–595.
(60)
I. O. Shklyarevskiy, P. Jonkheijm, N. Stutzmann, D. Wasserberg, H. J. Wondergem, P. C.
M. Christianen, A. P. H. J. Schenning, D. M. de Leeuw, Ž. Tomović, J. Wu, K. Müllen, J. C. Maan,
High anisotropy of the field-effect transistor mobility in magnetically aligned discotic liquidcrystalline semiconductors, J. Am. Chem. Soc., 2005, 127, 16233–1623.
(61)
K. Sato, Y. Itoh, T. Aida, Columnarly assembled liquid-crystalline peptidic macrocycles
unidirectionally orientable over a large area by an electric field, J. Am. Chem. Soc., 2011, 133,
13767–13769.
(62)

J. F. Scott, Ferroelectrics go bananas, J. Phys.: Condens. Matter., 2008, 20, 021001.

(63)

C. B. Sawyer, C. H. Tower, Rochelle salt as a dielectric, Physical Review, 1930, 35, 269.

(64)
V. Khikhlovskyi, A. V. Gorbunov, A. J. J. M. van Breemen, R. A. J. Janssen, G. H.
Gelinck, M. Kemerink, Multi-bit organic ferroelectric memory, Org. Electron., 2013, 14, 3399–3405.
(65)
W. J. Merz, Switching time in ferroelectric BaTiO 3 and its dependence on crystal thickness,
J. Appl. Phys., 1956, 27, 938.
(66)
M. Fukunaga, Y. Noda, Improvement of the double-wave method for ferroelectric
hysteresis loops and its application to multiferroic EuMn 2 O 5 , J. Korean Phys. Soc., 2009, 55, 888–
892.
(67)
M. Fukunaga, Y. Noda, New technique for measuring ferroelectric and antiferroelectric
hysteresis loops, J. Phys. Soc. Jpn., 2008, 77, 064706.
(68)
J. F. Scott, L. Kammerdiner, M. Parris, S. Traynor, V. Ottenbacher, A. Shawabkeh, W. F. J.
Oliver, Switching kinetics of lead zirconate titanate submicron thin film memories, Appl. Phys., 1988,
64, 787.
(69)
S. D. Traynor, T. D. Hadnagy, L. Kammerdiner, Capacitor test simulation of retention and
imprint characteristics for ferroelectric memory operation, Integr. Ferroelectr., 1997, 16, 63–76.
(70)
A. Schönhals, F. Kremer, in Broadband Dielectric Spectroscopy, ed, F. Kremer, A.
Schönhals, Springer-Verlag, Berlin-Heidelberg, 2003, Chapter 1, pp. 1−33.
(71)
A. A Volkov, A. S. Prokhorov, Broadband dielectric spectroscopy of solids, Radiophys.
Quantum. Electron. 2003, 46, 657−665.
(72)

M. Trainer, Ferroelectrics and the Curie–Weiss law, Eur. J. Phys., 2000, 21, 459–464.

(73)
A. Sugita, K. Suzuki, A. Kubono, S. Tasaka, Electrical properties of trihexyl benzene
tricarboxiamides, Jpn. J. Appl. Phys., 2008, 47, 2, 1355–1358.

29

Chapter 1: Introduction

(74)
T. Putzeys, M. Wübbenhorst, Asymmetric polarization and hysteresis behaviour in
ferroelectric P(VDF–TrFE) (76:24) copolymer thin films spatially resolved via LIMM, Phys Chem
Chem Phys., 2015, 17, 7767–7774.
(75)
S. Horiuchi, Y. Tokunaga, G. Giovannetti, S. Picozzi, H. Itoh, R. Shimano, R. Kumai, Y.
Tokura, Above-room-temperature ferroelectricity in a single-component molecular crystal, Nature,
2010, 463, 789–792.
(76)
F. Araoka, S. Masuko, A. Kogure, D. Miyajima, T. Aida, H. Takezoe, High-optical-quality
ferroelectric film wet-processed from a ferroelectric columnar liquid crystal as observed by nonlinear-optical microscopy, Adv. Mat., 2013, 25, 4014–4017.
(77)
F. Araoka, M. Isoda, D. Miyajima, I. Seo, M. Oh-e, T. Aida, H. Takezoe, Polar dynamics at
a functional group level: infrared‐visible sum‐frequency generation study on polar columnar liquid
crystals, Adv. Electron. Mater., 2017, 1600503.
(78)
T. Miyamae, N. Takada, T. Yoshioka, S. Miyaguchi, H. Ohata, T. Tsutsui, Chem. Phys.
Lett., Rearrangement of the molecular orientation of Alq 3 in organic light-emitting diodes under
constant current aging investigated using sum frequency generation spectroscopy, 2014, 616, 86–90.
(79)
K. Lau, Y. Liu, Q. Li, Z. Li, R. Withers, Z. Xu, Surface characterisation of a ferroelectric
single crystal by Kelvin probe force microscopy, J. of Surf. Eng. Mat. and Adv. Tech., 2013, 3, 190–
194.
(80)
S. V. Kalinin, D. A. Bonnell, Local potential and polarization screening on ferroelectric
surfaces, Phys. Rev. B, 2001, 63, 125411.
(81)
X. Y. Liu, K. Kitamura, K. Terabe, Surface potential imaging of nanoscale LiNbO 3
domains investigated by electrostatic force microscopy, Appl. Phys. Lett., 2006, 89, 132905.
(82)
P. Guthner, K. Dransfeld, Local poling of ferroelectric polymers by scanning force
microscopy, Appl. Phys. Lett., 1992, 61, 1137.
(83)
E. Soergel, Piezoresponse force microscopy (PFM), J. Phys. D: Appl. Phys., 2011, 44,
464003.
(84)
A. V. Bune, C. Zhu, S. Ducharme, L. M. Blinov, V. M. Fridkin, S. P. Palto, N. G.
Petukhova, S. G. Yudin, Piezoelectric and pyroelectric properties of ferroelectric Langmuir–Blodgett
polymer films, J. Appl. Phys., 1999, 85, 7869.

30

Chapter 2
True ferroelectric switching in thin films of
trialkylbenzene-1,3,5-tricarboxamide (BTA)

In this chapter the ferroelectric polarization switching properties of
trialkylbenzene-1,3,5-tricarboxamide (BTA), which is a model system for a large class of
novel organic ferroelectric materials is investigated. In the solid state BTAs form a liquid
crystalline columnar hexagonal phase that provides long range order that was previously
shown to give rise to hysteretic dipolar switching. The nature of the polar switching
process is investigated by a combination of dielectric relaxation spectroscopy, depthresolved pyroelectric response measurements, and classical frequency- and time-dependent
electrical switching. Here it is shown that BTAs, when brought in a homeotropically
aligned hexagonal liquid crystalline phase, are truly ferroelectric. Analysis of the transient
switching behavior suggests that the ferroelectric switching is limited by a highly dispersive
nucleation process, giving rise to a wide distribution of switching times.
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2.1 Introduction
In recent years there has been a significant interest in organic molecular materials
that show hysteretic dipolar switching behavior.1–9 Even though true ferroelectricity was not
always demonstrated, we shall refer to these behaviors as “ferroelectric” – in fact
demonstrating true ferroelectricity for a model compound is a major topic of this work, as
will be discussed in detail below. Compared to inorganic ferroelectrics both the interest in
and the technological relevance of organic ferroelectrics is still modest, possibly with the
exception of the polymeric ferroelectric polyvinylidene difluoride (PVDF) and its
copolymers with trifluoroethylene (TrFE).10,11 Apart from historic reasons, the often modest
characteristic values for the remnant polarization P r and the coercive field E C of organic
ferroelectrics may partially explain the low interest. In addition, lacking knowledge about
basic properties makes it hard to judge the potential scientific and technological relevance
of organic molecular ferroelectrics. However, compared to inorganic ferroelectrics, organic
materials offer a number of significant key advantages such as the absence of costly,
difficult epitaxial growth and the absence of toxic and/or rare elements. In addition, organic
molecular ferroelectrics possess great mechanical flexibility, they allow for easy solutionbased processing on various substrates and, importantly, they provide nearly infinite
freedom to tune the material properties through chemical modification. Furthermore,
materials that are similar to those studied in this manuscript have recently been suggested to
show interesting photovoltaic properties.12,13
The design freedom offered by organic chemistry is reflected by the different
moieties that are responsible for the dipolar response in reported organic molecular
ferroelectrics. A major class of organic ferroelectrics is based on molecular dipoles
introduced by amide groups.4–6,8 Apart from introducing a molecular dipole of ~3 D per
amide group that can be field-reversible,5,6,8 the amide groups also contribute to the
molecular stacking and the associated long-range order through the formation of hydrogen
bonds.4,14,15 In previous work we demonstrated the dipolar switching of an amide-based
model compound, trialkylbenzene-benzene-1,3,5-tricarboxamide (BTA, see inset to Fig.
2.1(d) for chemical structure).5,6 Although hysteresis and saturation in the polarization vs.
field (P–E) loops were observed, the poor polarization retention, in the order of seconds to
minutes, at the temperatures needed for dipolar switching, casted doubt on the true
polarized nature of the materials’ ground state.6
Here, a detailed study of the ferroelectric properties of thin-film capacitors with
the BTA model compound as an active layer is presented. It will be shown that BTAs,
when brought in a homeotropically aligned hexagonal liquid crystalline (Col hex ) phase, are
truly ferroelectric. To this end, the next experimental techniques will be used: dielectric
relaxation spectroscopy (DRS), depth-resolved pyroelectric probing (LIMM), and quasistatic and transient polarization switching measurements in study of two BTA compounds
with different alkyl chain lengths (BTA-C10 and BTA-C18). The switching properties of
the compounds seem largely dominated by disorder.
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2.2 Results and discussion
In this study we employed devices in which the BTA compounds were
sandwiched between gold or indium tin oxide (ITO) electrodes. The details of the device
fabrication can be found in Section 2.4 below. After deposition from solution both BTAC10 and BTA-C18 form a racemic mixture of chiral stacks that are stabilized by N–H–O
hydrogen bonding between successive amide groups and π-stacking of the conjugated
benzene core, as illustrated in Fig. 2.1(a).5 After deposition by spin coating, the individual
BTA stacks form bundles that lie in the plane of the metal electrode, see schematically in
Fig. 2.1(b). In practice, this is demonstrated in Fig. 2.2, which presents topography and
phase images obtained by tapping mode atomic force microscopy (TM-AFM), showing the
in-plane aligned bundles after spin coating on Au/glass substrates.

(a)

(b)

Fig. 2.1. (a) Illustration of the formation quasi one-dimensional columnar liquid crystalline
stacks as a result of the self-assembly of trialkylbenzene-1,3,5-tricarboxamides (BTAs) via
hydrogen bond formation. Adopted from ref. 6; (b) Schematic ferroelectric capacitor design
and orientation of BTA stacks as-casted (left) and after alignment by an electric field
(right). Blue bars and white arrows indicate the direction of the molecular stacks and the net
macrodipole, respectively. Red arrow shows effective polarization in the device.
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Fig. 2.2. Topography (a and b) and phase images (c and d) of spin coated films of BTAC10 (a and c) and BTA-C18 (b and d) obtained by tapping mode AFM. Inset: BTA
structure, R = C 10 H 21 for BTA-C10 and R = C 18 H 37 for BTA-C18. Scan size 10×10 µm2,
vertical scales are 78 nm (a), 155 nm (b), 38° (c), 47° (d).
After deposition of the Au top contact the BTA stacks are homeotropically aligned
with the surface normal, i.e. out-of-plane, by the application of an electric field. Both the
alignment and the subsequent investigation of the ferroelectric properties are performed at
elevated temperatures where the materials are in a columnar hexagonally packed liquid
crystalline (Col hex ) phase.6 Fig. 2.3 shows the differential scanning calorimetry (DSC)
traces of both compounds, indicating that the Col hex phase of BTA-C10 and BTA-C18 lies
between 12–200 °C and 69–190 °C, respectively. Homeotropic out-of-plane alignment was
checked by polarization optical microscopic (POM) as shown in Fig. 2.4. It should be
stressed that no macroscopic polarization could be measured on non-aligned thin film
devices, indicating that an out-of-plane macrodipole can only be formed along the stacking
axis of the material. Supramolecular organization is essential for the dipolar response.
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Fig. 2.3. Differential scanning calorimetry (DSC) traces of BTA-C10 (a) and BTA-C18 (b)
obtained at the 2nd cycle. BTA-C10 (BTA-C18) has a crystalline phase below 12 (69) °C,
followed by a columnar hexagonal liquid crystalline phase till 200 (~190) °C, after which
an isotropic molten phase follows. See also ref. 6.

Fig. 2.4. High resolution polarization optical microscopic (POM) images in cross-polarized
light of non-aligned and aligned BTA-C18 (left) and BTA-C10 materials (right),
respectively. All images were obtained from transparent liquid crystal cell devices with a 5
µm gap. Scale bar = 100 µm.
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2.2.1 Establishing ferroelectric behavior

Fig. 2.5. Ferroelectric polarization versus applied field for BTA-C10 (blue) and BTA-C18
(red) under quasi-static conditions (f = 1 Hz, T = 100 °C).
Fig. 2.5 shows the saturated polarization vs. field (P–E) curves of BTA-C10 and
BTA-C18 as measured quasi-statically by the double wave method (DWM) that is
described in detail in ref. 16 and 17; see also Section 2.4. Both materials show welldeveloped saturation behavior, with P r = 44 mC/m2 and E C = 30 V/μm for BTA-C10 and
P r = 25 mC/m2 and E C = 20 V/μm for BTA-C18. Compared to previous works, ref. 5 and
6, the shape of the curves is substantially closer to ideal and the values for the remnant
polarization are a factor ~1.5 (BTA-C18) to ~2.5 (BTA-C10) higher. The coercive field
values are essentially unchanged. Actual differences can be attributed to improved
alignment procedures and a further development of the DWM. Non-saturated inner loops
for both materials can be found in Fig. 2.6.
The ferroelectric hysteresis measurements were performed on a homemade setup,
see Section 2.4 for details. To validate the reliability of this experimental setup and the
measurement protocols, independent external reference measurements were performed
using the commercial setups described in Appendix A. No significant differences in output
were observed between those systems and the homemade setup. In addition, the homemade
setup was successfully used before for hysteresis measurements on the well-known
P(VDF–TrFE) ferroelectric copolymer.17
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Fig. 2.6. Saturated and non-saturated polarization loops for BTA-C10 (a and b) and BTAC18 (c and d) measured quasi-statically (a and c) and dynamically (b and d) at 100 °C.
Quasi-static and dynamic mode measurements are taken at a frequency of 1 Hz and 15 Hz,
respectively. The non-ideal shape of the hysteresis loops in panels (b and d) is a
consequence of the fact that these are measured in dynamic mode without subtraction of the
background signal as is done in the quasi-static measurements in panels (a and c). Therefore
the effects of leakage and ion displacement currents are visible in the hysteresis curves.
Similar effects can be seen in Fig. 2.13 below.
The difference in P r between BTA-C10 and BTA-C18 can largely be attributed to
the larger number of amide dipoles per unit area in the former. The lattice constant of the
hexagonal columnar LC phase is 2.00 nm and 2.55 nm, respectively.6 Assuming a constant
dipole moment per amide group leads to a geometric difference in dipole density of
(2.55/2.00)2 ≈ 1.62, which is close to the P r -ratio of 44/25 ≈ 1.76.
The measured values of P r allow us to make an updated estimate for the molecular
dipole m of a single BTA unit.6 This yields μ = 16 D for BTA-C10 and μ = 15 D for BTAC18. These numbers are on the higher end of the range of theoretical estimates for isolated
stacks of BTAs that yield μ = 6–14 D.14, 18–20
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2.2.1.1 Dielectric relaxations around the paraelectric/ferroelectric phase transition
As discussed in a previous work on BTAs,6 BTA-C10 and BTA-C18 exhibit a
couple of molecular relaxation processes that are specific to the isotropic high temperature
phase (T > 200 °C) and the hexagonal columnar phase. An overview of the dielectric
permittivity ε’(f, T) measured on BTA-C18 between ITO electrodes in a parallel plate
geometry is given in Fig. 2.7(a), showing the isotropic to hexagonal columnar liquid crystal
phase transition as an abrupt change of the permittivity spectra around T IColhex ≈ 200 °C.
For a closer inspection of the molecular relaxation processes, the evolution of the dielectric
loss spectra ε”(f) around the phase transition is displayed in Fig. 2.7(b); the full 3D
spectrum of ε”(f, T) can be found in supporting information of the resulted publication.
Comparison of dielectric relaxation spectroscopy (DRS) spectra of BTA-C10 and BTAC18 showed only minor, quantitative differences, hence it makes possible to focus the
following on BTA-C18.

Fig. 2.7. (a) Dielectric permittivity ε’(f, T) for BTA-C18 measured upon cooling from 250
°C to 25 °C. The orange circle marks the pre-transitional region characterized by Curie–
Weiss behavior. (b) Evolution of the dielectric loss ε”(f) for BTA-C18 while passing the
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paraelectric to ferroelectric phase transition upon cooling (same experiment as shown in
(a)). The temperature independent, high-frequency peak around 5 MHz is an artefact
originating from the RC time constant of the ITO sample cell. (c) Temperature dependence
ε’(T) at f = 220 kHz for two samples of BTA-C18. Sample (1) displays a broadened phase
transition compared to (2). (d) Same data plotted in Curie–Weiss representation according
to eq. (2.1).
Well above T IColhex , a single relaxation process located around f = 10 kHz
dominates the relaxation spectrum, which was assigned to the structural α-relaxation of the
isotropic melt, see ref. 6. By approaching the phase transition, a second, faster relaxation
mode (III) emerges that coexists with the α-process and gains intensity upon further
cooling.
When passing T IColhex and entering the hexagonal columnar phase, the relaxation
pattern changes drastically, see Fig. 2.7(b). As expected, the α-relaxation, being due to
columnar macro-dipole fluctuations in randomly oriented, short columns that are present in
the isotropic phase,21 almost vanishes and is basically replaced by the slower R-relaxation
according to the labeling by Fitié et al.6 Ideally, the α-process should be gone in a perfect
ferroelectric order. The residual intensity in the ferroelectric hexagonal columnar phase is
thus indicative for the existence of short (disordered) stacks, probably near interfaces.
The slow R-process is attributed to macrodipole fluctuations of the long columnar
macro-dipoles.21 The same macrodipoles are the molecular origin for the ferroelectric
depolarization. Its intensity is however not directly linked to the polarization itself. Instead,
since R-relaxation is the manifestation of spontaneous fluctuations of macrodipoles within
the columnar hexagonal order, its intensity should be a measure for the number of active
columnar defects (up/down), a quantity that is related to the temporal stability of the
remnant polarization – in ref. 6 R-relaxation could indeed be directly linked to the
polarization loss.
Interestingly, the third relaxation (III) also disappears upon the phase transition, a
behavior that classifies process (III) as a transient phenomenon that solely occurs just above
T IColhex . It is possible to hypothesize that this fast relaxation is related to pre-transitional
effects in the isotropic phase and is likely caused by individual disks, dimers or other,
weakly correlated entities, the concentration of which is highest just before entering the
ferroelectric phase (upon cooling). In terms of a ferroelectric/paraelectric phase transition,
these appear to give rise to the typical temperature dependence of the dielectric
susceptibility 𝜒 = 𝜀 − 1 according to the Curie–Weiss-law:

𝜒 = 𝐶 ⁄(𝑇 − 𝑇𝐶 ),

(2.1)

where C and 𝑇𝐶 represent the Curie constant and the Curie-temperature, respectively.
Further analysis of the temperature dependence of the R-, α- and III-relaxation processes
along the lines outlined in refs. 22 and 23 can be found in Fig. 2.8.
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Fig. 2.8. Relaxation time and strength for BTA-C18 measured upon cooling from 250 °C to
25 °C. R- and α-relaxations (red and blue symbols, respectively) are complementary, as
shown by the crossing of the corresponding relaxation strengths at the paraelectric to
ferroelectric phase transition at 1000/T ≈ 2.11 (≈ 200 °C). At the same temperature the
strength of the fast III-relaxation peaks, proving that this is a transitional phenomenon
giving rise to the observed Curie–Weiss behavior.
The parameters in Fig. 2.8 were obtained by simultaneous fitting of 2 Cole-Cole
functions (for R- and α-relaxation) and 1 Debye-relaxation (for process III) to either ε’’ or
dε’/d(ln(f)) spectra. Both fits led to identical results. The relaxation strength Δ𝜀 is defined as
the difference between ε’ at frequencies far above and far below the reciprocal relaxation
time. The fitting procedures are described in detail in refs. 22 and 23.
Revealing Curie–Weiss behavior for BTA-C18 (or BTA-C10) would make for
very strong evidence towards unambiguously confirming paraelectric and ferroelectric
behavior for the BTAs. Revisiting Fig. 2.7(a) and inspecting the marked high-frequency
region just above T IColhex shows a progressive rise of the permittivity towards the phase
transition, strongly suggesting Curie–Weiss characteristics. To investigate this behavior
more quantitatively, the temperature dependence of the permittivity ε’(T) at f = 220 kHz in
Fig. 2.7(c) for two samples of BTA-C18 with different alignment history has been plotted.
Though both curves reveal the phase transition as a peak in ε’(T), a particular broadening
for sample (1) is discernible as compared to the better (AC at 3 V RMS instead of DC, at
slightly higher T) aligned sample (2). The differences between the two samples show the
critical importance of morphology, where the desired out-of-plane alignment is promoted
by the field annealing described in Section 2.4.
By replotting the data in the form 1⁄𝜒 (𝑇) we can check for the validity of the
Curie–Weiss behavior. The result for both samples of BTA-C18 is given in Fig. 2.7(d) and
clearly reveals a linear trend confirming true paraelectric behavior in the high-temperature
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phase. Extrapolation of 1⁄𝜒 (𝑇) to zero yields the Curie-temperatures of both samples,
which are generally somewhat lower than T IColhex ; here the difference amounts to 15 K for
sample (2) and 25 K for the poorly aligned sample (1). These numbers are in excellent
agreement with the findings in ref. 21, where strong hydrogen bonding in large, aligned
columnar aggregates was found to change to weak (but finite) hydrogen bonding in small,
isotropic aggregates some 15 °C below T IColhex as probed by DSC.
2.2.1.2 Pyroelectric depth profiling and hysteresis of BTA-C10 and BTA-C18
By using high-frequency photothermal waves in the frequency range of 25 kHz to
25 MHz, and measuring the resulting pyroelectric response caused by the local change in
temperature, a depth profile of the local polarization in metal–insulator–metal thin film
devices can be obtained after an appropriate mathematical deconvolution.24 Analysis of the
depth profiles obtained with this laser intensity modulation method (LIMM) with variation
in DC bias field reveals a polar switching of both BTA-C10 and BTA-C18 during reversal
of the external field. A reconstruction of the P–E loops identifies a hysteresis during
polarization switching, indicating ferroelectric behavior as shown in Fig. 2.9.

Fig. 2.9. LIMM experiments on BTA-C10 (blue lines) and BTA-C18 (red lines). (a)
Pyroelectric depth profiles after various poling histories: solid: 0 → 75 → 0 V/µm; dashdotted: 0 → 75 V/µm; dashed: 0 → –75 → 0 V/µm. (b and c) Polarization hysteresis as
obtained by LIMM. The external field frequency is ≈ 100 µHz.
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The first ~80 nm of the BTA-C10 profiles appears to be an inactive or “dead”
layer, yielding a nearly non-detectable polarization switching, see panel (a) of Fig. 2.9.
Also for BTA-C18 a dead layer is observed, but its thickness is hard to determine. The
presence of dead layers can be attributed to two effects. Due to the spin coating of the thin
film, the columnar bundles at the electrode interface are oriented in-plane, i.e. parallel to
the electrodes. It is assumed that dipolar switching occurs in the axial orientation of the
columns, hence these first layers of flat columns do not contribute to any dipolar switching.
A second effect is a screening of the external field, somehow related to the Debyescreening length due to (real or virtual) free charge concentrations near the electrodes,
similar to the dead layer found in thin film P(VDF–TrFE).25 The screening of the external
field in the first ~80 nanometers implies the molecules do not experience the field required
for macroscopic polarization.
At a distance further than 110 nm from the electrode, the local polarization
appears to decrease. This artefact is inherent to LIMM deconvolution techniques on thin (<
1000 nm) organic films. As the thermal diffusion depth increases (i.e. when the thermal
waves can reach deeper into the film), the spatial resolution decreases. In addition, in thin
films, the thermal effusivity of the substrate will play a major role in the thermal amplitude
at greater depths, reducing the thermal amplitude, resulting in a lower observed local
polarization. Correction for this effect requires accurate knowledge of the thermal
parameters of the sample, which is beyond the scope of the present investigation.
From the LIMM measurements on BTA-C10 and BTA-C18, it appears that the
local polarization and susceptibility are inversely proportional to the size of the residual
group (C10 or C18). BTA-C10 has a larger susceptibility and a higher coercive field (E C )
compared to BTA-C18. While the residual group is necessary to enable dipolar switching,
an increase in size seems to diminish its amplitude, as the associated molecular relaxation
hinders the switching or screens the ferroelectric entities from the external field.
The hysteresis curves obtained via pyroelectric means differ in shape from those
using the DWM technique in Fig. 2.5. This can be in part explained by the difference in
external field frequency. The double wave method (DWM) alternates the sign of the field at
a rate around once per second, the pyroelectric setup only changes the sign every 2 hours:
to increase the signal-to-noise ratio, several integration, correlation and averaging
techniques are used. The longer timescale may invoke structural changes not visible in the
DWM experiment and, more importantly, will allow polarization decay at lower fields.
These effects introduce a linear slope in the P–E hysteresis curve, which is not present at
higher switching frequencies, cf. Fig. 2.5.
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2.2.2 Switching kinetic properties
Having established the true ferroelectric nature of the dipolar switching in a
columnar phase, now is important to address its kinetic properties. To this end step
response measurements were performed, in which the transient current response to a
polarization-reversing voltage step is measured, as shown in Figs. 2.10(a) and 2.10(b). As
expected for a ferroelectric material,26,27 the current transient shifts to shorter times with
increasing field.

Fig. 2.10. Transient switching current after stepping the electric field at t = 0 measured on
(a) BTA-C10 and (b) BTA-C18 at T = 100 °C. The dashed arrow indicates the peak shift
with increasing electric field strength from 19.5 V/µm to 50 V/µm (BTA-C10) and 19.5
V/µm to 70.5 V/µm (BTA-C18). The integrated transient switching current, representing
the time-dependence of the actual switched part at 1, 0.7, 0.6 and 0.5 of the maximal probed
electric field (50 V/µm and 70.5 V/µm for BTA-C10 and BTA-C18, respectively) is given
in panels (c) for BTA-C10 and (d) for BTA-C18. Thin black lines are fits to the data using
KAI (Eq. 2.1, dotted line) and NLS (Eq. 2.4) with log-normal (Eq. 2.3, solid line) and logLorentzian (dashed line) distribution of the switching times.

43

Chapter 2: True ferroelectric switching in thin films of trialkylbenzene-1,3,5-tricarboxamide (BTA)

The switching current is proportional to d(∆𝑃(𝑡))⁄d𝑡 , with ∆𝑃(𝑡) the timedependent change in polarization. In the classical Kolmogorov–Avrami–Ishibashi (KAI)
theory that accounts for space-filling domain growth after nucleation, ∆𝑃(𝑡) is given by28,29
∆𝑃(𝑡)
2𝑃𝑆

𝑡 𝑑

= 1 − exp �− � � �

(2.2)

𝜏

with d a parameter that equals the effective dimensionality of the switching process or one
plus the effective dimensionality, depending on whether the nucleation occurs only at t = 0
or at a constant rate, and t a characteristic time.30 Fitting eqn. (2.2) to the data in Fig. 2.10
gives d ≈ 2–2.7, but the predicted peak shape only follows the experiment over a fraction of
the measurement range as shown by the thin dotted lines in Fig. 2.10 (c and d). The failure
of eqn. (2.2) to describe the experimental data sits mainly in the longer time range, where
the growth is substantially slower in the experiments than predicted by the KAI theory. This
suggests the experimental response is dominated by a distribution of relaxation times.31–33
This is the main idea of the nucleation-limited switching (NLS) theory.34
In ref. 32 a Lorentzian distribution of logarithmic switching times was suggested
for similar experiments performed on polycrystalline Pb(Zr,Ti)O 3 films. For the present
experiments, this distribution is found to be inadequate, as shown by the dashed lines.
However, important to notice that a simple, phenomenological lognormal distribution of
switching times (eqn. (2.3)), integrated into the NLS model (eqn. (2.4)) gives for both
materials and all fields an accurate description of the region around and beyond the
maximum of the current distribution, as shown by the thin solid lines in Fig. 2.10 (c and d).
It is noticeable that the experimental polarization curves saturate at different values (used
for fitting), which most likely is caused by the disorder in the active layer, which is also
expressed as the broadening of the P–E loops. Apparently, due to a distribution in (local)
coercive fields not possible to achieve the full switching at lower fields.17 In eqn. (2.3) w is
the width of the distribution and 𝜏 is its central value.

𝐹(𝑡) =
and

1

𝑤√2𝜋

exp �−
+∞

(log(𝑡)−log(𝜏))2
2𝑤 2

�

𝑡 𝑑

∆𝑃(𝑡) = 2𝑃𝑠 ∫−∞ �1 − exp �− � � �� 𝐹(𝑡)d𝑡
𝜏

(2.3)

(2.4)

It was found that the fitting parameter d in eq. (2.4) – the dimensionality of the domain
growth – equals to 1, which would correspond to 1D stripe-like domains which is not
unlikely in discotic columnar liquid crystalline systems.
In general, log-normal distributions result from processes that depend
exponentially on a (normally distributed) random variable. Such processes are abundant
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and include thermal activation over and tunneling through a random barrier, which may be
of particular relevance for the specific case of disordered ferroelectric materials.
The above analysis suggests a situation where at short times the switching is
limited by a KAI-like process of nucleation and subsequent growth. At longer times,
including those where most of the switching occurs, the dispersion in characteristic
switching times dominates the transient. Next the process that governs this dispersive
region will be further investigated.
Fig. 2.11 shows the position of the current maxima in Fig. 2.10 as a measure of the
switching speed vs. the reciprocal applied field. At all temperatures, it was found that the
classical Merz law for nucleation-limited switching,26,27
𝐸

𝑡𝑆 = 𝑡0 ∙ exp � 0 �,

(2.5)

𝐸

only gives a reasonable description at low fields. The black dash-dotted lines give an
example of typical fits. In eqn. (2.5), t 0 and E 0 are a typical (minimum) switching time and
a characteristic electric field, respectively. It should be noted that eqn. (2.5) is often
phenomenologically combined with KAI theory, eqn. (2.2), to get a phenomenological
expression for the field dependence of the characteristic time t. In a number of works
variations on the Merz expression eqn. (2.5) of the shape like
𝐸

𝑡𝑆 = 𝐴 ∙ 𝐸 −𝑛 ∙ exp � 0 �,
𝐸

(2.6)

have been proposed.35–37 Fitting eqn. (2.6) with fixed n = 2 to the data in Fig. 2.11 gives a
satisfactory description over the full field and temperature range, as shown by the solid
lines.
It has been proposed that eqn. (2.6) with n = 2 can be due to a switching process
that is rate-limited by Fowler–Nordheim charge injection.35 In view of the presence of a
“dead” interfacial layer of dielectric nature in experimental devices (Fig. 2.9), it is in
principle not implausible that a tunneling charge injection mechanism is relevant to these
experiments. However, the mechanism proposed in ref. 35 gives rise to a continuously
decaying current transient, as expected for a switching current that is determined by
essentially a contact resistance. This is in stark contrast to the peaked shape observed in
Fig. 2.11. Alternatively, assuming that a Fowler–Nordheim-type injection current limits the
onset of the switching process, e.g. because the applied field initially drops over one or two
interfacial layers, could possibly explain the observed peaked current transients that follow
the field dependence of eqn. (2.6). This scenario will be analyzed (and ruled out) in the
discussion of Fig. 2.12 below.
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Fig. 2.11. (a and b) Step response switching time from Fig. 2.10 vs. electrical field for
BTA-C10 (a) and BTA-C18 (b) plotted at different temperatures at double logarithmic
scale. Black dash-dotted curves are fits to the Merz nucleation model (eq. 2.5, 𝑡0 ~ 10–12
sec), the solid lines are fits to the hybrid model eq. (2.6). (c) Switching time vs. reciprocal
temperature at an applied field of 33 V/µm. The solid lines correspond to activation
energies of 0.57 eV = 55 kJ/mol (BTA-C10) and 0.58 eV = 56 kJ/mol (BTA-C18).
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Similar behavior as in Fig. 2.11 has been observed for the polymeric ferroelectric
PVDF by Ishii et al.,38,39 who interpreted their results in the frameworks laid out by
Hayashi36 and Fatuzzo.37 Hayashi has shown that at high fields the size of the critical 2D
nucleus can become smaller than the lattice constant of the system, giving rise to a
transition to 1D nucleation and a nucleation rate that depends on the field as a power law.36
For the parameters investigated in ref. 36 an exponent n ≈ 1.54 is found, with the notion
that n depends on the critical size of the 1D nucleus and the domain boundary energies. In
view of the quasi-1D columnar morphology of the aligned BTA thin films, a field-induced
transition to 1D nucleation seems intuitively plausible.
Fatuzzo rationalizes a transition from a purely exponential field dependence of the
switching time (eqn. (2.5)) to the shape eqn. (2.6) with n = 4/3 in terms of a transition from
nucleation limited to apparent sideways domain wall motion to true sideways domain wall
motion.37 As was acknowledged by Fatuzzo, it is difficult to justify the assumption of
apparent to true sideways domain growth. For the present case a cooperative effect may be
expected for the switching of neighboring columns, but this might as well lead to apparent
as to real sideways growth of domains. We finally notice that the predicted exponent differs
significantly from the best fit to our data, making this model less favored.
Summarizing the discussion above, the data in Fig. 2.11 alone do not allow a clear
conclusion regarding the physical process(es) limiting the switching kinetics. Turning to the
activation energies extracted from the data in Fig. 2.11(c), 55 kJ/mol for BTA-C10 and 56
kJ/mol for BTA-C18, it is noticeable that these numbers are a factor 2–3 lower than was
previously found for the polarization-reversing R-relaxation.6 R-relaxation being a
collective reversal of the amide bonds in a ferroelectric domain containing several BTA
units as discussed above. This notion is consistent with the switching mechanisms
discussed in the context of the data in Fig. 2.10 and 2.11 that all imply that bulk
polarization reversal is not rate-limiting for polarization reversal driven by an electric field
exceeding the coercive field.
In the DWM one measures either the negative or – in this case – the positive part
of the hysteresis loop. In Fig. 2.12, the negative part has been added by a simple mirroring
as no significant difference with negative switching has been observed. The bump that is
visible in the P(E) plot of the Fig. 2.12(a) only appears at high frequencies due to the
interaction between preparation and measurement signals and the increasing influence of
the displacement part resulting from the inertia of the ferroelectric processes.
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Fig. 2.12. Polarization versus applied field measured in quasi-static mode on Au/BTAC10/Au (a) and Au/BTA-C18/Au (b) capacitors at different frequencies, taken at T = 100
°C. (c) Corresponding coercive field versus switching frequency for BTA-C10 (blue circles
and squares) and BTA-C18 (red pentagons and triangles). Open and closed symbols are
taken in quasi-static and dynamic mode, respectively. The hysteresis loops corresponding to
the dynamic mode are given in the Fig. 2.13 below. The dashed lines are fits to the
Ishibashi-Orihara power law (eq. 2.7), the solid lines are fits to the Du–Chen model (eq.
2.8).
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Fig. 2.13. Series of displacement charge (D) versus applied field (E) hysteresis loops
measured in dynamic mode on Au/BTA-C10/Au (a) and Au/BTA-C18/Au (b) thin-film
capacitors at different frequencies: 1 Hz, 5 Hz, 10 Hz, 15 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz,
75 Hz, 100Hz and 0.5 Hz, 1 Hz, 3 Hz, 5 Hz, 15 Hz, 25 Hz, 35, 50 Hz, 75 Hz, 100Hz,
respectively. Black arrows show the shift in E C with increased frequency.
In Fig. 2.12 the frequency dependence of the (apparent) coercive field for both
BTA-C10 and BTA-C18 is investigated. As is common for ferroelectric materials E C shifts
to higher values with increasing frequency f (also visible in Fig. 2.13) due to slower
switching domains starting to lag behind the driving signal. In the KAI framework, such
shifts are commonly interpreted using the Ishibashi–Orihara (KAI) power law,

𝐸𝐶 ∝ 𝑓 𝑑⁄𝛼 ,

(2.7)

with d the effective dimensionality of domain growth and α an empirical parameter that
depends on the waveform. For sinusoidal and triangular waves one has α ≈ 6.40,41 The best
fit to the data is obtained for d/α ≈ 0.06 for BTA-C10 and ≈ 0.08 for BTA-C18, see the thin
dashed lines in Fig. 2.12. Clearly, eqn. (2.7) fails to capture the full frequency dependence.
Moreover, even though the values found for d/α are in the range reported for other
ferroelectric materials,41 they are inconsistent with d ≈ 2–3 (Fig. 2.11) and α ≈ 6. In view of
this and the analysis of Fig. 2.10 and 2.11, now it gets possible to rule out domain growth
as the rate limiting process for our amide-based organic ferroelectrics.
Interestingly, assuming a Fowler–Nordheim tunneling-limited onset of the
switching process as discussed at Fig. 2.11 above, leads to a switching rate and hence a
characteristic
frequency
that
is
proportional
to
the
injected
current
2
⁄
)
𝑓 ∝ 𝑗𝐹𝐹 ∝ 𝐸 exp(− 𝐸0 𝐸 with E 0 a parameter with dimension V/m that depends on the
injection barrier. Fitting this to the data in Fig. 2.12 leads to a functional shape that is
indistinguishable from the KAI model eq. 2.7 (not shown). Hence, a rate-limiting Fowler–
Nordheim process is not consistent with the experimental data.
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Alternatively, the Du–Chen model assumes switching is limited by the nucleation
process which in turn is described as the random, thermally driven formation of a nucleus
exceeding the critical size.42–44 This gives rise to an apparent coercive field that depends on
the frequency as

𝐸𝐶 =
with 𝐵′ =

𝐵′

�𝑘∙𝑇∙ln�𝑓0�𝑓 �

2∙√𝜋∙𝛾𝐵 ∙√𝛾
∆𝑃

(2.8)

a parameter that depends on the domain wall energy 𝛾, the binding

energy between structural defects and the wall 𝛾𝐵 , the polarization change due to passing of
the domain wall ∆𝑃 and that here will be used as empirical fitting parameter. Furthermore,
𝑓0 is the limiting domain switching frequency, 𝑘𝐵 the Boltzmann constant and 𝑇 the
absolute temperature. Applying this model to the data in Fig. 2.12(c) (thin solid lines) gives
an excellent match over the full frequency range. Fitting parameters for BTA-C10 are 𝑓0 =
12 kHz for both quasi-static and dynamic modes. For BTA-C18 we find 𝑓0 = 2 kHz. In
combination with the interpretation of Figs. 2.10 and 2.11 above a consistent physical
picture arises by assuming that the switching kinetics are dominated by a nucleation process
with a roughly log-normal distribution of waiting times. At higher fields these nuclei are
most likely quasi-1D in shape.

2.2.3 Preisach distribution
In order to understand the influence of the disordered parts in the functional layer
on the ferroelectric switching process of BTAs we performed experiments according to the
Preisach approach.45 In a simplified form this theory was previously used in the framework
of dipole switching theory (DST).17,46 The Preisach model is based on the assumption that
the complete switching process is the superposition of switching of elemental “hysterons”,
which are ideal ferroelectric units with distinct positive and negative coercive fields, as
illustrated in Fig. 2.14(a). The ensemble of micro-dipoles is described by the Preisach
distribution function. To probe the Preisach distribution it was attempted to realize partial
filling and reading of polarization states in ferroelectric capacitors via a specific preparation
protocol and subsequent probing of the prepared state.17
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Fig. 2.14. (a) P-E-curve for a single hysteron, defining U, V. (b) Schematic representation
of the expected shape (red circle) of the Preisach plane for BTA-C10 and BTA-C18 as
predicted from the switching experiments in Fig. 2.15 below.
Again the double wave method (DWM) has been used. The insets in Fig. 2.15
represent the preparation and read-out signals to probe the hysteron distribution function for
BTA-C10 and BTA-C18 based ferroelectric capacitors. The first rectangular pulse of the
preparation part of the signal erases any residual memory effects and prepares a fully
positively (Fig. 2.15(a)) or negatively (Fig. 2.15(b)) polarized state. The second rectangular
pulse with variable amplitude is used for the preparation of the desired polarization state.
Finally, the last part of the signal reads the prepared state. In general, this approach allows
to achieve a gradual filling of the hysteron distribution function in two directions: from top
to bottom (along –V) with the read-out from left to right (Fig. 2.15, a and c), and from left
to right (along +U) with the read-out from left to right (Fig. 2.15, b and d). However, in
practice, it can be fully realized only for ferroelectric systems which mostly consist of
symmetric hysterons (see the yellow dashed line in Fig. 2.14(b)).17 The idea is that in this
probing scheme hysterons which are outside the switching range of the second preparation
pulse, i.e. have a positive or negative coercive field (U or V, see Fig. 2.14(a)) that exceeds
the positive or negative poling voltage ±Vmax, should not give a contribution to the readout current response. In order to probe the entire hysteron distribution, the amplitude of the
probing ramp was higher than the coercive field. In Fig. 2.15 black solid lines correspond to
the full switching of the ferroelectric polarization; the series of lower colored curves
represent switching responses to a preparation pulse of decreasing magnitude.
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Fig. 2.15. Testing the applicability of dipole switching theory. Panels (a and c) and (b and
d) show the probing of respectively ‘left-filled’ and ‘right-filled’ hysteron distributions.
Preparation-poling voltage sequences are indicated in the insets. The curves in (a and b) and
(c and d) are for BTA-C10 and BTA-C18, respectively. Probing frequency f = 1 Hz.
The measured series of switching responses for both BTAs show no significant
difference between the two (‘left’ and ‘right’) filling directions. This absence can be
explained as by the presence of strongly asymmetric hysterons. For the distribution function
this means that for each value of positive (U) or negative (V) coercive field there are
multiple values of V and U, respectively. It leads to the conclusion that the Preisach
distribution for BTA materials should have a roughly circular form (red dotted curve in Fig.
2.14(b)) as schematically explained in Fig. 2.16 below.
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Fig. 2.16. Schematic illustration of preparation and probing of a ‘top-down’ filled hysteron
distribution corresponding to the experiments in Fig. 2.15 (a and c). 1 – Initial poling for
achieving a fully positively polarized state; 2 – Preparation of the desired partially
negatively poled polarization state; 3 – Probing of the prepared desired state by the
(positive) voltage pulse”. Similar picture can be made by analogy for the ‘left’ filled
hysteron distribution as in Fig. 2.15 (b and d).
For both BTA materials the observed filling behavior did not significantly change
with temperature (not shown). The deduced circular form of the Preisach distribution is in
strong contrast with a previous investigation on the ferroelectric copolymer P(VDF–
TrFE).17 In the latter case differences between left- and right-filling directions were clearly
observed, implying a hysteron distribution that is mostly centered on the line U = – V, i.e. a
2D Preisach distribution following the yellow dashed line in Fig. 2.14(b).
The difference in the form of the Preisach distributions between BTAs and
P(VDF–TrFE) can tentatively be rationalized in terms of differences in structural order. It is
known that properly processed P(VDF–TrFE) thin films have a high crystallinity of up to
close to 80%.47 On the other hand, our findings above on the strong dispersion in nucleation
times suggest a significant structural disorder in BTAs. In turn, this may lead to a
broadening of the Preisach distribution as suggested by the experiments in Fig. 2.15. A
more advanced probing of the Preisach distribution is topic of further investigations.
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2.3 Conclusions
The dipolar properties of trialkylbenzene-1,3,5-tricarboxamides (BTA) were
investigated by a combination of techniques. True ferroelectric behavior was demonstrated
using dielectric relaxation spectroscopy (DRS), in which a ferroelectric–paraelectric phase
transition at the Curie-temperature was observed, with strict Curie–Weiss behavior at the
paraelectric side. Depth-resolved pyroelectric measurements (LIMM) revealed a thin nonpyroelectric interfacial layer, separating the contacts from the switching ferroelectric bulk.
The kinetic switching behavior of BTA-bases metal–insulator–metal diodes indicates that
the switching kinetics are dominated by domain nucleation with a highly dispersive lognormal distribution of switching times. At higher fields these nuclei are most likely quasi1D, consistent with the 1D columnar morphology of aligned BTA films. Jointly, these
results univocally show that BTAs are true ferroelectrics, albeit of a disordered type.

2.4 Experimental section
Surface topographies of spin-coated BTA films after annealing were measured by atomic
force microscopy (AFM) using a Veeco MultiMode in tapping-mode at room temperature.
Measurements have been done using Si AFM cantilevers (Nanosensors PPP, spring constant k ≈ 42
N/m, apex radius < 10 nm).
Differential Scanning Calorimetry (DSC) studies were performed in hermetic T-zero
aluminum sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling
accessory. The thermal transitions were studied mainly on the second ramps with a rate of 10° C/min.
Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope
equipped with two crossed polarizers, a Linkam hot-stage THMS600 as sample holder, a Linkam
TMS94 controller and a Leica DFC420 C camera. For the preparation of liquid crystal (LC) cell
devices for optical microscopy experiments, we used transparent commercial LCC5 Linkam cells
with 5 µm in gap and 0.81 cm2 in area. LC cells were filled due to capillary forces from the isotropic
melt of BTAs achieved by heating up to 210-230 °C.
Thin film metal-insulator-metal (MIM) capacitor devices were prepared as follows. Bottom
contacts from gold (70 nm) were deposited by thermal evaporation under vacuum conditions (∼3·10–7
Torr) through a shadow mask on chemically cleaned glass substrates. Prior to Au deposition 5 nm Cr
was deposited to promote adhesion. The liquid crystalline BTA-C10 and BTA-C18 materials were
spin-coated at 500 rpm from solutions of 40 mg dry BTA-C10 and 35 mg dry BTA-C18 dissolved by
1 ml of chloroform. Obtained thin films were annealed at 70-80 °C for 10-15 min for complete
solvent evaporation. Afterwards, top contacts from gold (70 nm) were evaporated through a 90°rotated shadow mask as described above, giving rise to a cross-bar diode at the intersection of the
contacts with a device area between 0.25 and 0.5 mm2. Typical film thicknesses were 600-700 nm for
BTA-C10 and 350-400 nm for BTA-C18, as measured by a Dektak XT profilometer.
Homeotropic (perpendicular) alignment of columnar liquid crystalline BTAs in LC cells
and thin-film capacitor devices was achieved by an external electric field above the coercive field. For
MIM capacitors alignment was performed at elevated temperatures of 100-110 °C; for LC cells 150170 °C was used. The electrical alignment consisted of 30-60 minutes application of a 0.5 Hz
triangular wave with an external field amplitude ≈ 30 V/µm. The positive and negative parts of the
triangular wave had equal amplitude but durations that differed by a factor 2. This alignment
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technique is more robust in the sense of avoiding device short-circuiting than application of DC field
for a shorter time. After achieving the homeotropically aligned state devices were cooled down to
the desired temperatures for ferroelectric switching measurements.
Homeotropically aligned thin-film capacitor devices were electrically characterized in the
dark inside a Janis probe station. Alignment and switching signal waveforms were applied by an
Agilent 33120a arbitrary waveform generator and amplified by a Falco WMA-300 or TReK Model
PZD350A high voltage amplifier. The actual circuit current was measured by a Keithley 6485
picoammeter, visualized and saved via an Agilent DSO7104A oscilloscope. In dynamic mode,
displacement-field (D-E) hysteresis loops were obtained via direct integration of the measured
positive and negative current responses under a triangular periodic switching signal. Quasi-static
measurements were performed using the double-wave method (DWM) in which polarization-field (PE) hysteresis loops were obtained by integration of the pure switching-current which was calculated
as the difference between the full switching and background responses. The DWM is described in
detail in refs. 16 and 17. For the step-response switching experiments a similar background current
subtraction scheme as in the DWM was used.
Dielectric relaxation spectra 𝜀 ∗ (𝜔) = 𝜀 ′ (𝜔) − 𝑖𝑖′′(𝜔) were obtained using a high precision
dielectric analyser (ALPHA analyzer, Novocontrol Technologies) in the frequency range of 0.1 Hz to
10 MHz in combination with a Novocontrol Quatro temperature system providing control of the
sample temperature with high stability of 0.05 K. BTA-filled Linkam ITO-cells were used as samples
in a parallel plate geometry. After measurement, the high frequency parasitic cell peak was partially
corrected using a lumped circuit approach.
Local polarization depth profiles were obtained with a state-of-the-art LIMM setup (Laser
Intensity Modulation Method). In its most basic form, the LIMM setup consists of a frequency
generator (Tektronix AFG3021), which modulates the power of a laser diode (658 nm, 10 mW, Lisa
Laser, HL25/M2) onto a thin sheet of sample material onto which electrodes are vacuum deposited,
i.e. a MIM device is measured. These electrodes are connected to a high bandwidth current amplifier
(Femto Messtechnik, HCA-5M-500K) and a Lock-in amplifier (SR 844) to isolate the pyroelectric
current and correlate it to its real and imaginary part. An external bias field is applied by connecting
the voltage output of a Keithley 237 Source-Measure unit to the sample electrodes with a Tektronix
2220 Voltage Probe. A 100 nF ceramic capacitor was used to block the DC contribution from the bias
field to the current amplifier. The whole setup is automated via a Matlab script.
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Chapter 3
Polarization loss in the organic ferroelectric
trialkylbenzene-1,3,5-tricarboxamide (BTA)

In this chapter the polarization loss in the archetypical molecular organic
ferroelectric trialkylbenzene-1,3,5-tricarboxamide (BTA) is investigated. It was found that
the polarization loss is due to thermally activated R-relaxation, which is a collective
reversal of the amide dipole moments in ferroelectric domains. By applying a weak
electrostatic field both the polarization loss and the R-relaxation are suppressed, leading to
an enhancement of the retention time by several orders of magnitude. Alternative loss
mechanisms are discussed and ruled out. By operating the thin-film devices slightly above
the crystalline to liquid crystalline phase transition temperature the retention time of one
compound becomes more than 12 hours even in absence of supportive bias, which is among
the longest reported so far for organic ferroelectric materials.
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3.1 Introduction
Organic ferroelectric materials are starting to gain increasing attention, although
they still form a largely unexplored “terra incognita” in comparison to their inorganic
counterparts.1–8 The advantages organic ferroelectrics may have are no different from those
of e.g. organic semiconductors. While in the latter the relatively easy processing on
conformal and flexible substrates and the nearly infinite freedom to modify and tailor
properties through chemical design have already lead to actual applications in displays,
solar cells and electronic circuitry, organic ferroelectrics are still in an explorative stage –
the exception to this observation being the polymer ferroelectric PVDF and its copolymers
with TrFE.9,10 A crucial characteristic of any ferroelectric material is the retention time of
the polarization.11 From the lack of reported results of experiments on retention one could
possibly conclude that, for organic crystalline and liquid crystalline ferroelectrics,
polarization retention remains a problem. Although many previous studies introduce new
molecular materials and concepts leading to ferroelectric activity, the polarization retention
part is typically not addressed.1–8, 12–18 Some works evaluate polarization relaxation from
temporal measurements of the second harmonic generation (SHG) intensity. Measurements
on a liquid crystalline urea-based compound showed fast decay of SHG intensity in
millisecond range.19 On the other hand, in self-assembled umbrella-shaped liquid crystals
with flipping cyano groups, only around one fourth of the SHG intensity was lost in 1000
minutes.4 However, the retention mechanism was not analyzed. Intriguingly, none of the
mentioned reports apply direct electrical measurement of polarization retention, which is
broadly used for the characterization of inorganic systems.20,21
Poling of a ferroelectric is a temperature- and field-driven process.22 Besides
thermal impact, the polarization loss in thin films of highly insulating materials is
commonly understood as being caused by depolarization fields, usually arising from the
presence of non-switching “dead” layers at the metal/ferroelectric interfaces, assuming that
metal electrodes supply sufficient compensation charges.23–25 However, the underlying
processes are not yet well understood.11 So, possible intrinsic depolarization processes in
the context of extrinsic, device related effects, such as depolarization fields need to be
studied.
In this chapter the polarization loss mechanism of an archetypical molecular
ferroelectric material, trialkylbenzene-1,3,5-tricarboxamide (BTA), will be investigated. Its
structure is shown in the inset to Fig. 3.1. Slightly above room temperature this material
enters a columnar hexagonal liquid crystalline mesophase that can be aligned by an external
electric field.6 Upon field reversal a dipolar switching signal is observed that can be
associated with the collective reversal of the amide groups that surround the benzene core.
Although this switching was recently shown to be truly ferroelectric, with a Curie–Weiss
temperature of ~200 °C at which the dielectric susceptibility reaches a maximum,26 the
poor retention of the polarization remains a problem for actual applications. At the
temperatures required for easy dipolar switching, typically between 80 °C and 150 °C, the
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polarization is lost in several minutes.27 As this loss is not accompanied by a reduction in
the hexagonal columnar packing order it must be attributed to a randomization of the
orientation of the amide dipoles only. The mechanism with which this happens is largely
unknown, although we previously suggested it to be connected with R-relaxation that we
associated with the collective polarization reversal in a defect domain.27

Fig. 3.1. (a) Idealized structure of a conditioned metal–ferroelectric–metal capacitor device
used for electrical characterization after poling. Disks represent cores of stacked BTA
molecules, arrows are micro- and macrodipoles. (b and c) Saturated ferroelectric
polarization vs. applied field measured on BTA-C10 (b) and BTA-C18 (c) under quasistatic conditions (f = 1 Hz, T = 100 °C). Solid and dashed lines are for normal and
deuterated materials, respectively. Insets: molecular structure of BTA-C10 and BTA-C18.
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The chapter provides a detailed investigation of the polarization loss mechanism in
BTA and ways to mitigate it. It is demonstrated that application of an electric field that is
significantly below the coercive field suppresses both R-relaxation and polarization loss,
leading to an increase in retention time by at least several orders of magnitude. Moreover,
by operating close to room temperature, the retention time in absence of supporting bias can
be extended to over 12 hours.

3.2 Results and discussion
3.2.1 Polarization retention via electrical measurements
Thin-film metal–ferroelectric–metal capacitor devices were fabricated and
measured as described before.26 In brief, electrodes were formed by thermally evaporating
Au through a shadow mask, defining a device area around 0.04–1 mm2. The active layer
was formed by spin coating of the symmetrically substituted benzene-1,3,5-tricarboxamide
derivatives BTA-C10 or BTA-C18, where C10 and C18 refer to the number of C-atoms in
the solubilizing alkyl chains.6 Upon solvent evaporation BTA forms hydrogen bonded
columns that lay in-plane after fabrication. The desired out-of-plane alignment (Fig. 3.1(a))
is achieved by heating the samples to typically 100–110 °C, where the material is in a
columnar hexagonal liquid crystalline phase of relatively low viscosity,27 while applying a
slowly alternating electric field. Subsequently the devices are cooled down to the desired
measurement temperature.
The saturated polarization curves of both BTA-C10 and BTA-C18 as measured
under quasi- steady state conditions are displayed in Fig. 3.1. The measurement details can
be found in Section 3.4 further. Both materials show excellent saturation of the remnant
polarization P r . The frequency dependence of the coercive field and other transient
characteristics are addressed in previous chapter in which it is also shown that the dipolar
switching is of truly ferroelectric nature.
Despite the well-developed ferroelectric behavior, both materials exhibit a rapid
loss of polarization, ranging from several seconds to several minutes, depending mostly on
temperature. Fig. 3.2 shows the normalized remaining polarization after a waiting time t
after full poling, as defined in panel a. It was checked that the response to the + and – probe
pulses add up to 2P r . The data can be well described by a stretched exponential function,
𝑃(𝑡)
𝑃𝑟

𝑡 𝛽

= exp �− � � �,
𝜏

(3.1)

where 𝑃(𝑡) is the remaining polarization, τ the characteristic depolarization time and β a
stretching exponent smaller than unity. The activation energy E a of the process can be
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determined using the classical Arrhenius equation 𝜏 = 𝜏0 exp(− 𝐸𝑎 ⁄𝑘𝐵 𝑇) with k B the
Boltzmann constant, as in Fig. 3.3.

Fig. 3.2. (a) Pulse sequence used for polarization retention measurements; (a) variable
delay t separates poling (black) and probing (red) pulses. E max > E C . (b, c) Normalized
polarization vs. delay time for BTA-C10 (b) and BTA-C18 (c) thin-film capacitors at
various temperatures. Symbols are experiments, solid lines are fits to eq. (3.1) with β = 0.50.75. Experiments are performed without supportive bias, i.e. the sample is grounded
during the delay time. Each data point is obtained after full repolarization.
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The activation energies of 105 kJ/mol for BTA-C10 and 113 kJ/mol for BTA-C18
extracted from Fig. 3.3 are similar to the 108 kJ/mol and 87 kJ/mol found in earlier
work.27 The minor differences are attributed to better alignment in the present thin film
devices than in the liquid crystal (LC) cells used before. Interestingly, these energies are
very similar to W B = 0.9–1.2 eV calculated for P(VDF-TrFE).28

Fig. 3.3. Thermal activation of the depolarization process in BTA-C10 (black circles) and
BTA-C18 (red triangles) thin-film capacitor devices. Data points are obtained by the fits in
Fig. 3.2, lines indicate Arrhenius behavior with an activation energy of 105 kJ/mol = 1.1 eV
for BTA-C10 and 113 kJ/mol = 1.2 eV for BTA-C18.
Qualitatively, the short retention time and modest activation energy of
depolarization both indicate that the energy barrier between up and down polarization states
is also quite modest, as explained by Landau–Devonshire theory. This would be consistent
with the coercive field and remnant polarization that are substantially lower compared to
e.g. E C ≈ 50 V/µm and P r ≈ 85 mC/m2 found for P(VDF-TrFE) at room temperature,29 for
which thin film polarization retention times in the order of several hours have been
reported,30–32 and compared to inorganics like BFO and PZT where E C ≈ 50 V/µm, P r ≈
1000 mC/m2 and retention times in thin film can be over 104 sec with an energy barrier W B
= 1.25 eV.33,34
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3.2.2 Polarization loss mechanisms
To further interpret the data in Fig. 3.3, the model by Vopsaroiu et al. for the
depolarization switching time t sw in the absence of applied field can be used. 22

𝑡𝑠𝑠 ≅

1

2𝜈0

∙ exp �

𝑊𝐵

𝑘𝐵 𝑇

�

(3.2)

Here, 𝜈0 is the number of attempts per unit time for the system to overcome the barrier of
height 𝑊𝐵 , and 𝑘𝐵 𝑇 the thermal energy. From this, an attempt frequency 𝜈0 ≈ 3.6∙1012 Hz is
estimated. This is a perfectly reasonable number for bond rotations in organic molecules.35
As noted before, the activation energies mentioned above are quite similar to the
activation energies for R-relaxation as probed by dielectric relaxation spectroscopy (DRS)
of 147 ± 10 kJ/mol and 124 ± 10 kJ/mol for C10 and C18, respectively. This similarity and
the fact that R-relaxation is a loss channel for polarization hints at the relevance of this
process for the polarization loss in BTA-based thin-film capacitor devices. In the following
sections, the R-relaxation will be inspected in more detail together with, a number of other
potential depolarization mechanisms. Apart from the R-relaxation, loss of the homeotropic
alignment, ionic motion, and proton-tunneling need to be considered.
Of these, polarization loss due to a loss of the homeotropic alignment of columnar
hexagonal phase can readily be ruled out on basis of polarization optical microscopy
(POM) performed on LC cells, in which no change in the (black) texture upon
depolarization is observed (not shown). Moreover, depolarized devices can immediately be
repolarized, whereas (re)establishing structural order is a comparatively slow process. Only
insignificant distortions of the repolarization current transients occur at high temperatures,
even after extensive delay times. Moreover, the integrated remnant polarization value does
not change in the whole time range of the measurement, indicating intact homeotropic
alignment (see supporting information in ref. 46 for details).
Alternatively, slow ionic motion may lead to partial or complete screening of the
polarization surface charges in the active layer. In this case, “repolarization” would imply a
redistribution of the screening ions which would give rise to a transient switching current
that has different kinetics than a true polarization reversal. This is not the case. Apart from
having a different magnitude, repolarization transients have the same characteristics and
shape as those corresponding to a normal polarization reversal (see supporting information
in ref. 46 for details).
Polarization loss through proton transfer from nitrogen N–H to the neighboring
carbonyl group results in the iminol tautomeric form of the amide, as concisely illustrated
in Fig. 3.4(a) and in detail this process can be described in next sentences. A new
approaching proton results in tautomerization of the amide group of the molecule (H-NC=O → N=C-O-H). The further intermolecular proton transfer is accelerated by tunneling
through hydrogen bonds. This process is followed by rotation of the N=C-O-H tautomeric
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form of the amide group. To complete the cycle, a second proton is picked up, transferred
through the chain by the reverse process (N=C-O-H → H-N-C=O) and a second amide
rotation. That brings back the original situation, with two protons transferred along the
chain. With time, the continuing process leads to a randomization of the macrodipole, i.e.
polarization loss. This mechanism has recently been proposed to underlay ferroelectric
behavior of hydrogen bonding compounds.36, 37 Concerted proton transfer has been studied
theoretically in formamide dimers, and in those dimers in the gas phase, the proton transfer
has a high activation energy of around 42 kJ/mol and a low barrier for reversal (6.5
kJ/mol).38

Fig. 3.4. Possible polarization loss mechanisms. (a) Proton transfer mechanism, only
showing the relevant part of stacked BTA molecules. Step 1 (left): proton uptake and
tautomerization; step 2 (middle): intermolecular proton transfer by tunneling along the
molecular stack; step 3: rotation of amide groups. (b) R-relaxation process in BTAs
proposed in ref. 27. The BTA core is depicted as a dark gray disk and the amide groups as
green arrows indicating the orientation of the dipole moment (side chains are omitted for
clarity). Hydrogen bonds between the amide groups are shown as dotted lines and the
macrodipole direction is indicated by large yellow arrows.
To investigate the relevance of the proton tunneling scenario outlined above,
deuterated BTA-C10d and BTA-C18d were prepared. In general, BTA compounds
deuteration process, resulting H/D exchange, follows next scheme:

or equivalent exchange in short:
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This procedure is described in detail in Section 3.4 below. In terms of structural properties
(probed by grazing incidence wide angle X-ray scattering – GIWAXS) and phase behavior
the resulting deuterated materials are very similar to the normal protonated materials as is
shown below in Figs. 3.5, 3.6 and 3.7. Also the P–E curves of deuterated BTAs are very
similar to those of normal BTA as is visible in Fig. 3.1.

Fig 3.5. GIWAXS patterns of spin coated thin films of normal BTA-C10 (a) and deuterated
BTA-C10 (b) obtained at room temperature.

Fig 3.6. GIWAXS patterns of spin coated thin films of normal BTA-C18 (a) and deuterated
BTA-C18 (b) obtained at room temperature.
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In Figures 3.5 and 3.6, the small angle reflections on the equator related to 2D
lattice show hexagonal Col hex packing of molecular columns with a preferably edge-on
(planar) orientation, with some presence of face-on oriented domains. The broad diffusive
halo is attributed to flexible alkyl side-chains rearrangements on the surface. Minor
differences in the intensity of GIWAXS diffraction patterns in Figs. 3.5 and 3.6 can be
attributed to minor thickness variations and possibly small differences in the degree of
crystallization. In addition, as visible on Fig 3.5 (a) and (b) diffraction patterns, normal
BTA-C10 (Fig 3.5(a)) has an additional broader small angle reflection signal on the equator
together with well-pronounced localized peaks. This coexistence can be explained as a
presence of poorly ordered structures of the stacked molecular columns all together with the
well-ordered hexagonal Col hex packing.47

Fig. 3.7. Differential scanning calorimetry (DSC) traces of normal vs deuterated BTA-C10
(a) and BTA-C18 (b) obtained at the 2nd cycle. These DSC traces clearly showing absence
of difference in phase transition behavior.
In Fig. 3.8 the retention behavior of all materials are compared. Focusing on the
measurements without bias support – the ones with bias support will be discussed below –
it is clear that deuteration has only a minor influence on the depolarization, possibly
causing a minor speed-up of depolarization. As tunneling processes depend, in lowest
order, exponentially on the mass of the tunneling particle, a much stronger and opposite
effect would be observed in case proton tunneling was responsible for the depolarization.
Hence, proton tunneling can be ruled out.
Also in case R-relaxation is responsible for the polarization loss, an effect of
exchanging H with D would be expected. However, the effect of isotopic substitution on Rrelaxation, which is related to hydrogen bond strength, is much smaller than the effect on a
proton transfer mechanism. Due to the lower zero point energy of the N–D bond, it is
slightly shorter than the N–H bond, but donor–H···acceptor bond lengths of deuterated
hydrogen bonds tend to be longer and slightly weaker than their protonated
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counterparts.39 Experimental evidence of bond weakening upon deuteration will be given
below.

Fig. 3.8. Normalized depolarization curves for BTA-C10 (a and c) and BTA-C18 (b and d)
thin-film capacitors. Panels (a and b) and (c and d) are for normal and deuterated materials,
respectively. Symbols refer to measurements without (closed) and with (open) a supportive
field of ∼10 V/µm. Blue squares: 75 °C; red circles: 95 °C. The depolarization plot in panel
(a) for 75 °C with a supportive field has only two data points due to breakdown of the
device. To maintain the consistency of the experiment (to measure all the characteristics on
the same sample) the device has not been changed.
Inspired by the strong positive effect the application of a supportive bias was
found to have on the retention of blended ferroelectric–semiconductor resistive memory
diodes,40 the retention experiments were repeated with a supportive bias of 10 V/µm (much
smaller than actual coercive field E C ) to the device during the waiting time between poling
and readout. For all materials the retention is heavily affected by the supportive field, even
though this field is significantly lower than the coercive field, see the open symbols in Fig.
3.8. Qualitatively similar effects were previously observed for both organic31 and inorganic
ferroelectrics.41 For all measured materials the application of a supportive field stabilizes
the polarization at longer times. This behavior is in marked contrast to that observed on the
phase separated memory diodes mentioned above where the depolarization under
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supportive bias continues to occur, albeit at a lower rate than when the device is
grounded.40 This difference can be attributed to the very different depolarization
mechanism in both systems: minimization of the energy associated with the stray field in
non-ferroelectric domains versus R-relaxation.
The applied supportive electric field in our experiment (Fig. 3.8) is much larger
than the depolarization field 𝐸𝑑𝑚𝑚𝑚𝑚𝑚 that would arise due to the finite screening length of the
metal electrode.24

𝐸𝑑𝑚𝑚𝑚𝑚𝑚

=

2𝜀𝐹

𝑃
− 𝜀 𝜀𝑠 � 2𝜀𝐹 𝑑 𝜀𝑒 �
0 𝐹
+
𝑑

(3.3)

𝜆

Here, ε 0 , ε F , and ε e are the vacuum permittivity and relative dielectric constant of the
ferroelectric material and electrode, respectively, λ is the screening length of the metal, and
d is the thickness of the ferroelectric layer. Taking as reasonable parameters λ = 0.5 Å, P s =
25 mC/m2, ε F = 11, ε e = 6.9 and d = 0.7 μm leads to 𝐸𝑑𝑚𝑚𝑚𝑚𝑚 ≈ 0.6 V/μm. However, in
previous chapter using pyroelectric measurements an unpolarizable layer of BTA material
was observed near the electrodes.26 The depolarization field due to this interfacial layer can
be calculated as:11

𝐸𝑑𝑖𝑖𝑖 = −

𝑑𝑖𝑖𝑖 𝑃𝑠

(3.4)

𝜀0 𝜀𝑖𝑖𝑖 𝑑

Taking, for instance, the interface layer thickness d int = 4 nm and the corresponding relative
dielectric constant ε int = 10 gives a depolarization field 𝐸𝑑𝑖𝑖𝑖 ≈ 16 V/μm.
It is also possible to evaluate the dipole moment 𝑀∗ = 𝑃𝑆 𝑉 ∗ of the typical domain,
cf. eq. (3.2), for BTA-C10 from the fact that under a supportive field of 𝐸𝑎𝑎𝑎 ≈ 10 V/µm the
equilibrium polarization is ∼70 % of 𝑃𝑟 (Fig. 3.8 a and c). Hence,

𝑃+
𝑃−

=

0.7
0.3

= exp �

2𝑀∗ 𝐸𝑎𝑎𝑎
𝑘𝐵 𝑇

�,

giving 𝑀∗ ≈ 66 D. This corresponds to roughly 7 BTA molecules, as the dipole moment
induced by three amide groups in a single BTA molecule is around 10 D.6 Moreover, using
the known remnant polarization value, the typical domain volume V* ≈ 9∙10–27 m3 was
estimated, which is a reasonable estimate for a stack of ∼7 BTA molecules.
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3.2.3 Molecular relaxations via dielectric measurements
To substantiate the assignment of R-relaxation as the main culprit for polarization
loss and to further rationalize the effect of supportive bias, the effect of deuteration and a
DC-bias field on the dielectric relaxations has been investigated. The main results are
summarized in Fig. 3.9.

Fig. 3.9. (a) Effect of deuteration on the dielectric loss spectrum of BTA-C18 at 110 °C; (b)
activation plot of the relaxation times τ α (blue symbols) and τ R (red) for deuterated (open)
and normal hydrogenated (filled) BTA-C18; (c) effect of a DC bias field on the dielectric
relaxation spectra of BTA-C18d at 110 °C. The measured loss spectra (symbols) have been
fitted to three symmetric relaxation functions accounting for the R- and α-process (dashed
and dotted lines, respectively), and the RC-time constant of the ITO-liquid crystal cell. The
full line represents the sum of those three individual terms. (d) Temporal evolution of the
relaxation strength ∆ε R (upper graph) and time τ R of the R-relaxation (middle) as response
to the bias field E Bias (bottom). Each symbol corresponds to a full spectrum as shown in
panel (c).
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Previous works26,27 discussed the α-relaxation in general terms as orientation
fluctuations of short BTA stacks in an isotropic environment, which give rise to orientation
polarization based on the macrodipole being collinear to the long columnar axis. In the
paraelectric, i.e. isotropic phase, this process is the dominant relaxation process, the
strength of which can reach remarkable values ∆ε ≈ 60 for BTA-C18 indicating a dipole–
dipole (Kirkwood) correlation factor far above unity.42 Consequently, ∆ε depends on the
effective normal dipole moment of the BTA unit (≈ 10 D, see above) as well as on the
number of stacked BTA molecules. Under equilibrium conditions, the mean stack length
should represent the minimum free energy state balancing the molecular interaction energy
(maximizing H-bonds and other energetic contributions) with the loss in entropy as the
result of column formation. Hence, by altering the strength of the H-bonds via deuteration
as discussed above, we would expect a shift of the chemical equilibrium towards shorter
stacks resulting in a speed-up of the rotational diffusion of the BTA stacks as manifested by
the α-relaxation time.
Inspecting Figure 3.9(a) we indeed notice a substantial shift of τ α for deuterated
BTA-C18 over its protonated counterpart. Considering a BTA stack as a Brownian rigid
rod, it is possible to predict a relation between the (stack) length ℓ and its rotational
diffusion time τ according to 𝜏 ∝ ℓ3 43, 44. Inserting τ α (C18) ≈ 4 × τ α (C18d) in this relation
a ratio between the columnar length of deuterated BTA-C18d over normal BTA-C18 in the

3
order of ℓ𝑑 ⁄ℓℎ = �1⁄4 = 0.63 , implying that deuterated stacks are in average 1/3rd
shorter than their hydrogenated counterparts. This general speed-up of the α-process
persists in the whole temperature range investigated as shown in Figure 3.9(b).
In ref. 27 the R-relaxation as a time-dependent macro-dipole fluctuation that
involves nucleation and one-dimensional diffusion of inversion defects within long
columnar stacks has been discussed. The elementary step for such inversion is the rotation
of three amide groups of a particular BTA molecule involving the breakage and subsequent
reformation of 3 or (more likely) 6 H-bonds. While under high (poling) field conditions this
mechanism ultimately results in a full inversion of an entire macrodipole and thus the buildup of a macroscopic polarization, these fluctuations are present all the time and lead to
thermally driven spontaneous columnar inversions and thus randomization of the initial
polar order of the columnar stacks on a longer time scale.
The observed effects on the R-relaxation in BTA-C18d seem to support proposed
physical picture. Deuteration obviously lowers the activation barrier for the elementary
BTA-inversions by weakening the strength of the H-bonds. Hence both the apparent
activation energy is lowered while the characteristic time-scale for column inversion is
shortened. It would be expected that the deuterated versions of the BTAs would show
inferior retention properties. The results in Fig. 3.8 might indeed point in this direction, at
least what concerns the initial part of the polarization decay.
While, as seen from Fig. 3.8, deuteration might have a small effect on the retention
behavior, the application of a DC bias field in the order of 10 V/µm appears to be an
effective measure to stabilize the remnant polarization to about 70–90% of its initial value.
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This finding is more remarkable since the supporting field is well below the coercive field
strength of ∼25 V/µm. Having just confirmed a link between the R-relaxation and the
microscopic switching mechanism during poling and depolarization, a strong sensitivity of
the R-relaxation to a DC bias is expected.
To contest this idea next experiment was performed; DRS-measurements using a
low amplitude AC field (0.2 V/µm) superimposed by a variable DC bias of up to 8 V/µm (=
40 V over a sample thickness of 5 µm). The results are displayed in Figure 3.9 (c and d)
showing three selected loss spectra (panel c) at 0 V/µm, +8 V/µm and –8 V/µm, as well as
the time dependence bias field along with the strength ∆ε and the relaxation time of the Rprocess (panel d). The following observations can be made from Fig. 3.9(d):
i)

While a bias field as low as 4 V/µm has no significant effect on the relaxation
spectrum of the initially “virgin” sample, a field of 8 V/µm causes a dramatic
decrease in the strength ∆ε R of the R-process.
ii) The reduction in ∆ε R goes along with a speed-up of the R-relaxation for both
positive and negative bias fields, which can be described by the approximate
relation − log(𝜏𝑅 ) ∝ log(∆𝜀𝑅 ). The slow-down at both polarities is most clearly
seen from the sign of the steps in log(𝜏𝑅 ) upon returning to zero bias.
iii) After turning off the bias, the R-relaxation recovers its former strength and longer
relaxation time, though there is a clear underlying trend towards longer relaxation
times upon prolonged field-exposure.

It is particularly the correlation between the strength and the relaxation time of the
R-process, which supports our physical picture about the R-process. In this view, onedimensional diffusion of an inversion defect is thought responsible for the fluctuation of the
macrodipole of an individual BTA-column. Here, the length of an individual BTA-stack,
consisting of n BTA units, determines the maximum dipole moment that causes an
approximately linear dependence of ∆ε R (n) according to ∆𝜀𝑅 ∝ 𝑛 × 𝜇 with µ being the
dipole moment of a single BTA molecule. On the other hand, the characteristic time for
inversion of such a stack should be given by the diffusion time t D over the length ~ 𝑛 × ∆𝑧,
where ∆z denotes the mean stacking distance. Hence we expect 𝜏𝑅 ≈ 𝑡𝐷 ∝ (𝑛∆𝑧)2 , a
relation that leads to −𝑙𝑙𝑙(𝜏𝑅 ) ∝ 2𝑙𝑙𝑙(∆𝜀𝑅 ) confirming empirical expression given above.
The effect of a strong DC field on the R-relaxation remains counterintuitive on the
first sight: does the speed-up and partial suppression of the R-process mean that the average
stack length shortens? This implication is highly unlikely to occur since strong DC fields
are known to rather improve the columnar order as e.g. witnessed by POM. An alternative
interpretation can be found by re-inspecting Fig. 3.9(c). For all three spectra, referring to
different bias conditions, we notice a clear broadening of the R-process over the “Debye”
limit (= slope of unity in log–log-presentation of the dielectric loss) indicating that the Rrelaxation comprises a distribution of relaxation times instead of a single-relaxation time
process,45 which is consistent with the dispersive switching kinetics observed earlier26, in a
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previous chapter. It is possible that the application of a DC bias selectively suppresses the
slowest modes corresponding to the longest BTA-stack fraction by virtue of defect pinning
due to the DC bias field. In other words, the defect diffusion in long BTA-stacks is
modified by a field-induced asymmetric barrier that causes defect drift and defect
trapping/annihilation. Consequently, the apparently up-shifted R-peak is just the remainder
of the former distribution in relaxation times predominantly representing the fastest fraction
of the inversion fluctuations originating from the shortest columnar fraction. As such, the
size of roughly 7 BTA molecules that was found in the discussion of eqn (3.3) and (3.4)
above should be regarded as a typical size of the domains that are stabilized by the field;
smaller (larger) domains are less (more) stabilized and will therefore contribute more (less)
to the depolarization.
Having established the mechanism underlying polarization loss and its activated
nature, an evident pathway to improve retention is to operate the devices at as low
temperatures as possible. In the case of BTA-C10 and BTA-C18 that would mean to
operate at the lower end of the switching-friendly columnar hexagonal (Col hex ) LC phase,
i.e. around 5–15 °C and 55–75 °C, respectively, just before the crystalline phase is formed,
see Fig. 3.7 above. In this range, any limited switchability at lower T is expected to be
kinetic in nature. However, most likely due to the increasing viscosity with decreasing
temperature it is generally hard to obtain any switching response below the temperatures
shown in Fig. 3.2.26 As this chapter puts emphasis on elucidating the depolarization
mechanism, a non-extreme, but therefore still workable measurement temperature of 40–45
°C can be chosen to prove the retention enhancement at lower temperatures. For BTA-C10
the saturated P–E-curve as shown in Fig. 3.10(a) was obtained. Note that the values for P r
(37 mC/m2) and E C (32 V/µm) do not deviate significantly from those in Fig. 3.1, whereas
E C is higher at lower T as it is expected for ferroelectric materials. Panel b shows the
corresponding retention measurements. After 4.5 × 104 seconds, i.e. ~12 hours still more
than 50% of the polarization remains. The associated time constant τ (eq. (3.1)) is plotted as
the rightmost point of BTA-C10 data (black circles) in Fig. 3.3 and fits well in the trend
obtained from higher temperatures, suggesting the dominant polarization loss mechanism
remains unchanged. This finding is important as it shows that the polarization retention of
liquid crystalline organic ferroelectrics is not fundamentally limited to minutes but likely
can be extended to time scales that are relevant to actual applications. The number found
here is in the same ballpark range as the values for P(VDF–TrFE) and inorganic BFO and
PZT thin films as discussed above.
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Fig. 3.10. (a) Saturated ferroelectric polarization vs. applied field measured on BTA-C10
under quasi-static conditions (f = 1 Hz) at T = 40-45 °C. (b) Corresponding polarization
retention for both polarization directions measured without supportive bias, the same way
as Fig. 3.2. Inset: zoom-in on short time scale. Symbols and lines are experiments and fits
to eq. (3.1), respectively.

3.3 Conclusions
In this chapter, the physical processes responsible for the polarization loss in the
archetypical molecular ferroelectric trialkylbenzene-1,3,5-tricarboxamide (BTA) have been
investigated. R-relaxation, which is a time-dependent macro-dipole fluctuation that
involves nucleation and one-dimensional diffusion of inversion defects within long
columnar stacks, was found to be the dominant mechanism. At large electric field strengths,
around and above the coercive field, the R-process results in a full inversion of an entire
macrodipole and thus the build-up of a macroscopic polarization; at small or zero field it
leads to randomization of the polarization direction, i.e. depolarization. Herein was
demonstrated that application of DC fields that are significantly below the coercive field
suppresses the R-relaxation of the slowest modes corresponding to the longest BTA-stacks
in the active layer. Concomitantly, the polarization retention time is enhanced by several
orders of magnitude. The strongly activated nature of the R-relaxation process makes that
the retention time (in absence of supportive bias) of the BTA-C10 compound can be
significantly increased from minutes to ~12 hours by operating the thin-film device slightly
above the crystalline to liquid crystalline phase transition temperature.
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3.4 Experimental section
BTA molecules with C 10 H 21 and C 18 H 37 alkyl chains (BTA-C10 and BTA-C18,
respectively) were synthesized according to the procedure reported before.6,26,27, similar way to
previous chapter.
BTAs deuteration process included next steps: BTA-C10 and BTA-C18 (1 g) were
dissolved in 5 ml CDCl 3 in a 50 ml one necked round-bottom flask and 20 ml CD 3 OD was then
added into the flask. After stirring overnight in inert atmosphere, the solvent was removed in vacuo
and the obtained deuterated product was obtained as a white solid. Important to notice that the fact of
achieving deuteration in BTA compounds was confirmed by Fourier transform vibrational infrared
spectroscopy (FT-IR) and nuclear magnetic resonance (1H NMR) measurements. FT-IR spectra were
recorded at room temperature on a Perkin Elmer Spectrum One spectrometer equipped with a
universal Attenuated Total Reflectance (ATR) sampling accessory. In the FT-IR data, the stretching
mode of the N-H bond is 3200-3300 cm–1, after deuteration, the N-D equivalent is lowered to 2400
cm–1 due to the greater mass of deuterium. NMR spectra were recorded at room temperature in
CDCl 3 solution on a Varian Gemini 400 MHz spectrometer (400 MHz for 1H NMR, 100 MHz for 13C
NMR). Carbon chemical shifts are reported downfield from TMS using the resonance of CDCl 3 as
the internal standard. The chemical shift of the proton in amide (N-H) is 6.62 ppm. After deuteration,
the deuterium (D) chemical shift has disappeared from the 1H NMR spectrum since the D signals are
of different energy and are not seen at the 1H NMR. FT-IR and NMR data are presented in detail in
ref. 46.
X-Ray Diffraction (XRD) images were recorded on a Ganesha lab instrument equipped
with a Genix-Cu ultra-low divergence source producing X-ray photons with a wavelength of 1.54 Å
and a flux of 1×108 photons/second. Diffraction patterns were collected on a Pilatus 300K detector
with reversed-biased silicon diode array sensor. The detector consists out of three plates with a 17
pixels spacing in between, resulting in two dark bands on the image. Gracing Incidence X-Ray
Scattering (GIXS) measurements were performed on a sample to detector distance of 1080 mm
(WAXS). Azimuthal integration of the obtained diffraction patterns was performed by utilizing the
SAXSGUI software.
Metal/ferroelectric/metal capacitor devices were prepared by spin-coating (500 rpm) of 40
mg/ml chloroform solution on a chemically cleaned glass substrate with patterned chromium/gold
(5/70 nm) electrodes resulting in 500–700 nm thick films, as tested by a Dektak XT profilometer,
followed by the deposition of the top (70 nm thick gold) electrode through a shadow mask under high
vacuum conditions, similar to previous chapter.26 Important to notice, that special deuterated
chloroform (CDCl 3 ) was used, as a solvent, for processing deuterated BTA materials in an order to
prevent spontaneous loss of deuteration in thin films.
Electrical characterization was performed by direct measurement of the switching current
using a Keithley 6485 picoammeter, visualized and saved via an Agilent DSO7104A oscilloscope. An
Agilent 33120a arbitrary waveform generator and a Falco WMA-300 or TReK Model PZD350A high
voltage amplifier was used for input signal generation, similar way to previous chapter.26
Dielectric relaxation (DRS) spectra were obtained using a high precision dielectric analyzer
(ALPHA analyzer, Novocontrol Technologies) in combination with a Novocontrol Quatro
temperature system providing control of the sample temperature with high stability of 0.05 K. BTAfilled Linkam ITO-cells with a 5 µm gap were used as samples in a parallel plate geometry. After
measurement, the high frequency parasitic cell peak was partially corrected using a lumped circuit
approach.26
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Chapter 4
Ferroelectric switching and electrochemistry of
pyrrole substituted trialkylbenzene-1,3,5tricarboxamides (BTA)*

In this chapter a new approach to organic ferroelectric diodes is explored. This
approach includes using a benzene-tricarboxamide (BTA) core connected with C10 alkyl
chains to pyrrole groups, which can be polymerized to provide a semiconducting
ferroelectric material. The compound possesses a columnar hexagonal liquid crystalline
(LC) phase and exhibits ferroelectric switching. At low switching frequencies, an additional
process occurs, which leads to a high hysteretic charge density of up to ~1000 mC/m2.
Based on its slow rate, the formation of gas bubbles, and the emergence of characteristic
polypyrrole absorption bands in the UV-vis-NIR, the additional process is identified as the
oxidative polymerization of pyrrole groups, enabled by the presence of amide groups.
Polymerization of the pyrrole groups, which is essential to obtain semiconductivity, is
limited to thin layers at the electrodes, amounting to ~17 nm after cycling for 21 h.
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4.1 Introduction
Organic ferroelectrics have attracted considerable attention in the field of organic
electronics during the past decade.1 The high processability of organic materials enables a
wide range of non-volatile memory applications such as ferroelectric thin film capacitors,
ferroelectric field-effect transistors, and ferroelectric random access memories (FeRAM).2
In combination with an (organic) semiconductor, organic ferroelectric diodes are
particularly interesting for multistable electronic devices.3,4 In the ferroelectric diode, the
current can only pass through the semiconducting phase, and the charge injection into the
semiconducting channel is modulated by the polarization of the ferroelectric phase.3 In the
on-state, the polarization lowers the injection barrier allowing efficient charge injection.5,
6
The injection barrier in the off-state remains constant or is even slightly higher, limiting
the charge injection.5, 6
The most successful effort towards such organic ferroelectric diodes is based on
the ferroelectric-semiconductor polymer blends: poly[vinylidene fluoride-co-trifluoride
ethylene] (P(VDF–TrFE)) and poly(3-hexylthiophene) (P3HT).2,3,7,8 Advances in
processing of ferroelectric semiconducting blends has led to high remnant polarization,
high programming cycle endurance, and distinct on/off states that all are important for the
application of organic ferroelectric diodes.7,9,10 However, there are also disadvantages of
using polymer blends. In organic ferroelectric diodes the length scale of phase separation
and morphology are hard to control, but essential for device performance.11 Secondly,
charge injection only takes place at the interface of the semiconductor and the ferroelectric,
leading to relatively high resistance.5 These challenges may be addressed by reducing the
length scale at which phase separation takes place from micrometers to nanometers in novel
materials whose molecules combine ferroelectric and semiconducting segments.
Liquid crystalline materials and composites of various types have attracted
significant attention for diverse applications such as high-resolution information
displays,12,13 lasing,14 photovoltaic devices,15 light out-coupling,16,17 diffraction gratings,18,19
etc. Columnar liquid crystals, in particular, have been used in the design of new organic
ferroelectric materials.20–26 They pose attractive opportunities to develop ferroelectric
diodes, because these liquid crystals combine the molecular mobility required for long
range order and alignment with the possibility to achieve microphase separation on a
nanometer length scale between different parts of the mesogenic molecules.
N,N´,N´´-trialkylbenzene-1,3,5-tricarboxamides (BTAs) form mesophases with a
quasi-one-dimensional columnar structure via 3-fold hydrogen bonding between the amide
groups attached to the benzene core.25–30 The amide groups are aligned head to tail and are
at an angle with the plane of the central benzene ring. The component along the columnar
axis of each amide dipole has the same sign and results in a large macroscopic dipole.25 As
early as 2002, Nuckolls and coworkers noted that crowded BTAs are responsive to electric
fields and have the potential to display ferroelectric properties.53,54 Fitié et al. have studied
two BTAs (substituted with three C10 and C18 alkyl chains) and found that the compounds
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have remnant polarization and coercive field in the range of 14-18 mC/m2 and 20-30 V/µm,
respectively.25 A detailed investigation of BTAs ferroelectric switching behavior was
performed in chapter 2 with a combination of dielectric relaxation spectroscopy, depthresolved pyroelectric response measurements, and classical frequency- and time-dependent
electrical switching.31 The observation of Curie–Weiss behavior demonstrated conclusively
that the BTAs are true ferroelectrics, with a Curie-temperature close to the isotropic to
columnar hexagonal (Col hex ) transition.31 The ferroelectric properties make BTAs attractive
candidates for the ferroelectric component in the design of organic ferroelectricsemiconducting materials that was discussed above.
Polypyrrole is a well-known semiconducting polymer that can be easily
synthesized by either oxidative chemical or electrochemical polymerization.32 Its
conductivity can be varied over a wide range from insulating to conductive, based on the
type (number, size, and position) of substituents and doping state.33–37 The conductivity of
N-substituted polypyrrole is 5-6 orders of magnitude lower than that of polypyrrole,
because the polymer chain is forced out of planarity by the steric crowding of the
substituents.38 The conductivity decreases as substituent chain length increases.39,40 In the
undoped state, conductivity is usually below 10–6 S/m, low enough for use in ferroelectric
diodes.41
In the current chapter, the electrical properties of thin films of BTA-C10-pyrrole
(see Fig. 4.2.(a)), which combines the switchable macrodipole of the BTA core with three
N-alkylpyrrole groups, connected via C10 alkyl chains will be investigated. This compound
has been designed as a precursor for a semiconducting ferroelectric material formed by
polymerization of the pyrrole groups (Fig. 4.1 and Fig. 4.2(b)).

Fig. 4.1. Schematic representation of the intended ferroelectric diode design. After
alignment in a ferroelectric columnar mesophase, pyrrole is polymerized into quasi-1D
polypyrrole channels that run parallel to the macrodipoles formed by the stacked BTA
cores.
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The N-substituted alkyl chains favor liquid crystallinity in a wide temperature
range. The liquid crystalline properties of BTA-C10-pyrrole, its electric field alignment and
ferroelectric switching at high frequencies will be discussed. Large hysteretic charge
density built-up at low frequencies has been observed. To understand this behavior, the
electro-chemical behavior of BTA-C10-pyrrole its behavior is compared to that of two
compounds that lack a liquid crystalline phase, C10-bispyrrole (Fig. 4.2(c))), lacking amide
dipoles, and benzamide-C10-pyrrole compound (Fig. 4.2(d)), which does combine pyrrole
units with a benzamide dipole but lacks ferroelectric properties. Using these reference
compounds, it will be shown below that the high hysteretic charge density in BTA-C10pyrrole and benzamide-C10-pyrrole is caused by electrochemical oxidation of the pyrrole
units, which is facilitated by amide dipoles.

(a)

(b)

(c)

(d)

Fig. 4.2. Chemical structure of experimental compounds used in this study. (a) BTA-C10pyrrole; (b) result of electropolymerization of BTA-C10-polypyrrole; (c) C10-bispyrrole;
(d) benzamide-C10-pyrrole.
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4.2 Results and discussion
4.2.1 Materials liquid crystallinity
C10-bispyrrole (Fig. 4.2(c)) is a simple molecule that contains two pyrrole
moieties but has no amide dipoles. At room temperature, the material is an isotropic oil and
has no liquid crystalline phase. Benzamide-C10-pyrrole (Fig. 4.2(d)), is a molecule that
does have an amide bond in addition to a pyrrole group. It is a crystalline material with an
isotropic melting point of 75 °C. In contrast to these reference compounds, BTA-C10pyrrole (Fig. 4.2(a)) has a mesophase up to 127 °C as observed with polarized optical
microscopy (POM). Figure 4.3 shows the optical texture obtained by POM at 80 °C upon
cooling down from isotropic temperature at a rate of 10 °C/min. Under crossed polarizers,
the material showed a birefringent focal conic texture indicating a hexagonal columnar
(Col hex ) structure.

Fig. 4.3. POM micrograph of BTA-C10-pyrrole (Fig. 4.2(a)) at 80 °C after cooling back
from the isotropic temperature of 127 °C. Scale bar = 100 µm.
The thermal behavior of BTA-C10-pyrrole was studied with differential scanning
calorimetry (DSC). The DSC traces of BTA-C10-pyrrole and benzamide-C10-pyrrole were
taken in first cooling run and second heating run with heating/cooling rate is 10 K/min,
exact figures can be found in supporting information ref. 55. The phase transition
temperatures and enthalpies were determined from the first cooling and second heating
trace. Upon heating, the LC to isotropic phase transition takes place at 127 °C (transition
enthalpy is 3.21 J/g), while on cooling, the LC phase transition occurs at 120 °C (transition
enthalpy is 4.13 J/g). No additional phase transition was observed when cooling down
further to –50 °C, indicating the LC phase is stable over a wide temperature range.
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To confirm the hexagonal arrangement, wide angle X-ray scattering (WAXS) at
80 °C was performed. In the small angle regime three distinct equatorial reflection peaks
were found at 3.24 nm–1, 5.63 nm–1, and 6.48 nm–1, respectively, corresponding to the
lattice distances d[100] = 1.94 nm, d[110] = 1.12 nm, and d[200] = 0.97 nm. The reciprocal
spacing ratio of 1:√3:2 in q-space of these three peaks is consistent with a columnar
hexagonal (Col hex ) mesophase. In the wide angle regime, the broad diffuse halo was
observed which corresponds to the liquid-like alkyl chains and the reflection at 17.8 nm–1,
with a d-spacing of 0.35 nm, has a value typical of the inter-discotic distance of ordered
BTAs.28,43–45 Details of the experiment, d-spacings and lattice parameters for the hexagonal
structure of BTA-C10-pyrrole are reported in ref. 55.
The possibility of homeotropic (vertical) alignment of the LC phase of BTA-C10pyrrole was investigated by applying an external electric field between ITO electrodes.
First, a commercial 25 mm2 glass cell with a gap of 6.8 µm and ITO electrodes was filled
with pure BTA-C10-pyrrole by capillary force, heating the material to its isotropic phase at
T = 150 °C. An electric field of 20 V/µm was then applied to the device at 110 °C. After 5
minutes, the material in the ITO-covered central part of the cell became transparent under
normal illumination while it was dark under crossed polarizers, indicating homeotropic
alignment. In contrast, the field-free glass area of the cell remained birefringent with a focal
conic texture corresponding to non-homeotropic alignment (Figure 4.4(a)).

Fig. 4.4. (a) POM image of homeotropically aligned in electrode area (right) and nonaligned (left) BTA-C10-pyrrole, scale bar = 100 µm. (b) Schematic illustration of the
molecular packing after homeotropic alignment.
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4.2.2 Polarization switching at high frequencies
The investigation of polar switching behavior was studied on electric field
homeotropically aligned samples between Al electrodes. A specific voltage pattern was
applied in the measurements, see Fig. 4.5(a). The first two block waves have an amplitude
that significantly exceeds the coercive field and were used to erase any previous
polarization state and bring the device in a negative polarization state. The current response
to the following triangular waves shown in Figure Fig. 4.5(b) is used to obtain the
ferroelectric hysteresis loop. At frequencies around or above 1 Hz, the plot of current
density vs. time displayed a single peak corresponding to a polar switching process, see Fig.
4.5(c). The response also contains a background current due to intrinsic conductive and
capacitive effects of the material as well as leakage.25 As polarization reversal only takes
place during the first upward sweep, the current response to the second and third triangular
waves represent a background signal. The ‘true’ switching current response induced by
polar switching (red line) is obtained by subtracting the background (green line) from the
signal peak (blue line). By integrating the corrected current response vs. time and using the
known film thickness and electrode area,25,31 the electric displacement (D) which is
calculated as the charge density was obtained. In most cases, for high permittivity
ferroelectric materials without free charge carriers, the charge density is nearly equivalent
to the ferroelectric polarization (P). Polarization was plotted as a function of the electric
field showing a P-E hysteresis loop in Fig. 4.5(d). The plot shows a clear ferroelectric
switching behavior with a remnant polarization (P r ) of 39 mC/m2 and a coercive field (E c )
of 30 V/µm. For comparison, the hysteresis loop of ordinary BTA-C10-alkyl (aka BTAC10 from previous chapters) is shown as a red solid line in Fig. 4.5(d). BTA-C10-alkyl
lacks pyrrole groups and its ferroelectric properties have been studied in detail.25,26,31 The
ferroelectric parameters of BTA-C10-pyrrole are very similar to those of normal BTA-C10alkyl (black and red line in Figure 4.5(d))
Theoretical studies have shown that in columnar stacks, all amide groups align,
resulting in molecular dipole moments in the order of 9–14 Debye (D).28,45–47 The
comparable polarization in BTA-C10-pyrrole and reference BTA-C10-alkyl establish that
the presence of polymerizable pyrrole side groups does not affect the ability of the BTA
core to organize in a field-aligned hexagonal columnar liquid crystalline mesophase with
ferroelectric behavior.
Negligible polarization signals were observed in C10-bispyrrole and benzamideC10-pyrrole compounds (blue and green lines in Fig. 4.5(d), indicating that these materials
are not ferroelectric, as expected for isotropic liquids, and in the case of C10-bispyrrole, the
absence of dipoles from amide groups.
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Fig. 4.5. (a) A single cycle of the voltage wave form used for probing the hysteretic
polarization. (b) Current response to the triple triangular wave at 1 Hz. The maximum
voltage corresponds to a field E = 53 V/µm. (c) The current associated with the polarization
reversal (red) was obtained by subtracting the background current (green) from the raw
signal (blue). (d) Polarization vs. applied field (P-E) hysteresis loops of BTA-C10-pyrrole
(black line, Al contacts, device thickness 850 nm, 53 V/µm), reference BTA-C10-alkyl (red
line, Al contacts, device thickness 1400 nm, 53 V/µm), C10-bispyrrole (blue line, ITO
contacts, device thickness 6500 nm, 53 V/µm) and benzamide-C10-pyrrole (green line, ITO
contacts, device thickness 6500 nm, 37 V/µm), at 80 °C, and 1 Hz.

4.2.3 High charge density at low switching frequencies
When the frequency was decreased below 1 Hz (0.5 Hz-0.01 Hz), an additional
transient current peak appeared in the current density plot of BTA-C10-pyrrole (Fig.
4.6(a)). In these experiments, the charge density not only consists of ferroelectric
polarization but also another processes. Integration of the transient current peaks of BTAC10-pyrrole results in a high hysteretic charge density that increases with decreasing
frequency, reaching 170 mC/m2 at 0.01 Hz for BTA-C10-pyrrole, see Fig. 4.6(b). In a
mixture with BTA-C10-alkyl (80 wt% BTA-C10-pyrrole) which has lower viscosity, the
value of the hysteretic charge density reached up to ∼1000 mC/m2 at 0.01 Hz, ∼25 times
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higher than the polarization induced by dipolar switching at higher frequencies
(investigated in Chapter 2) indicating a new process occurs. Although the high hysteretic
charge density only occurred when the field was above the coercive field, these values are
too high to be the result of switching of amide electric dipoles. Significantly, a single
transient current peak was also observed for the non-ferroelectric benzamide-C10-pyrrole
compound at low frequencies, leading to a high hysteretic charge density (Fig. 4.6(c)). No
polarization corresponding to polar switching is observed in C10-bispyrrole at any
frequency, see ref. 55 for details. The appearance of transient currents at low frequency
observed in BTA-C10-pyrrole (containing amide dipoles, pyrrole groups and having
ferroelectricity) and benzamide-C10-pyrrole (containing amide dipoles and pyrrole groups
but lacking ferroelectricity), but not in compound C10-bispyrrole (containing pyrrole
groups but lacking amide dipoles) or normal BTA-C10-alkyl (containing amide dipoles but
lacking pyrrole groups) shows that the process which is observed in BTA-C10-pyrrole and
benzamide-C10-pyrrole requires both amide groups and pyrrole groups.

Fig 4.6. (a) Current density as a function of time at 0.05 Hz of BTA-C10-pyrrole showing
two processes labeled “1” and “2”. Blue line: raw signal, green line: background signal, red
line: corrected signal (b) Hysteretic charge density vs. applied field hysteresis loops of
BTA-C10-pyrrole at 80 °C from 0.01 Hz to 2 Hz (Al contacts, device thickness 850 nm, 53
V/µm) (c) Current density as a function of time at 0.05 Hz of benzamide-C10-pyrrole
showing only a single peak associated with a high hysteretic charge density. Blue line: raw
signal, green line: background signal, red line: corrected signal. (d) Hysteretic charge
density vs. applied field hysteresis loops of benzamide-C10-pyrrole at 80 °C from 0.01 Hz
to 2 Hz. (ITO contacts, device thickness 6500 nm, 37 V/µm).
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As even full alignment of amide dipoles cannot account for the high hysteretic
charge density, we propose that the effect is the result of a transient current upon each
reversal of polarity, caused by an anodic and a cathodic electrochemical process in
combination with transport of charge carriers through the material. The presence of a
second, non-ferroelectric process is consistent with the fact that the high hysteretic charge
density in Fig. 4.6 (b and d) continues to increase upon decreasing the sweep rate. For
normal BTA-C10-alkyl and new BTA-C10-pyrrole compounds at high frequency (Fig.
4.5(d)) this behavior is negligible. It means that additional experiments that shed further
light on the nature of the electrochemical processes and the charge carriers need to be
provided. These experiments are combined in the sections below.

4.2.4 Electrode processes
To further identify processes taking place at the electrodes in the low-frequency
process, hybrid thin film devices with one Al and one ITO electrode were cycled at low
frequencies for several hours. Figure 4.7(a) shows the UV-vis-NIR spectrum of a thin film
of compound BTA-C10-pyrrole between an Al and an ITO electrode after cycling for 2
hours (80 °C, 53 V/µm triangular wave voltage, f = 0.01 Hz). Two absorption peaks are
present at 440 nm and 800 nm which are in line with the π–π* interband and
polaron/bipolaron band of polypyrrole, suggesting that the proposed electrochemical
process is the formation of doped polypyrrole by anodic oxidation. Figure 4.7(b) shows an
optical microscopy (POM image with removed polarizer) image of the film observed in
transmission mode from the Al-side after removal of the Al electrode by washing with
aqueous HCl acid. In contrast to the Al region without electric field, the Al-ITO region
showed many holes of a few micrometers in size that can be ascribed to the formation of
gas bubbles.

Fig. 4.7. (a) UV-vis-NIR spectrum of BTA-C10-pyrrole material in ITO-Al device after
applying a cyclic bias for 2 h and subsequent etching of the Al electrode. (b) Optical
microscopy image of the BTA-C10-pyrrole material on ITO after removal of the Al
electrode in both the active region (lower half) and the non-active region (upper half) of the
diode. Scale bar = 100 µm.
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4.2.5 Charge carrier mobility
To further study the mobility of charges generated in the electrochemical process
at low frequencies, a mixture of BTA-C10-pyrrole with ordinary BTA-C10-alkyl (80 wt%
BTA-C10-pyrrole) was used. The current response to a block wave was measured on films
of different thicknesses, 0.24 µm, 0.38 µm, 0.65 µm and 1.3 µm, respectively, at a
temperature of 80 °C. Figure 4.8 shows the current response of the mixture as a function of
time at f = 0.02 Hz. In all samples a sharp peak was observed within ∼1 sec after a field was
applied, corresponding to dipolar switching. Following the dipolar switching peak, a broad
peak was observed with a maximum that moves to longer times with increasing film
thickness, behavior that is expected for electric field induced displacement of mobile charge
carriers, e.g. protons. Taking the peak maxima at ∼2–7 sec as a measure for the transit time,
it is possible to estimate the associated mobility to be ∼2 × 10–11 cm2/V s. For proton
conducting materials incorporating imidazole groups, the proton mobility at elevated
temperature (T = 80 °C) can be estimated at 10–8 cm2/V s.48 As can be expected, the proton
mobility in this system, with the weaker pyrrole proton acceptor, is lower than the mobility
in the imidazole system.

Fig. 4.8. Current density as a function of time for BTA-C10-pyrrole/BTA-C10-alkyl
mixture (80 wt% BTA-C10-pyrrole) thin films of different thickness in response to a f =
0.02 Hz block wave with an amplitude of 83 V/µm at 80 °C
Both the polar switching and the low frequency electrical displacement decrease
with time under continuous bias cycling, e.g. using the cycle of Fig. 4.5(a). Independent of
probe frequency, the polar switching peak decreased with time as shown in Fig. 4.9 (a and
b). After 21 h, the first (polar) switching peak had decreased from 39 mC/m2 to 5 mC/m2,
showing very weak ferroelectric switching behavior under a field of 53 V/µm (dashed line
in Fig. 4.9(c)). The second peak, associated with the hysteretic charge density decreased
dramatically from 170 mC/m2 to 30 mC/m2. A similar decrease of hysteretic charge density
was also observed in benzamide-C10-pyrrole upon cycling.

93

Chapter 4: Ferroelectric switching and electrochemistry of pyrrole substituted BTA

A very weak ferroelectric response of 5 mC/m2 was still observed at f = 2 Hz after
21 h continuous bias cycling under a field of 53 V/µm. When a stronger field was applied,
the material again displayed distinct polar switching, with a remnant polarization of ~15
mC/m2 and a higher coercive field of 90 V/µm as shown in panel (c) of Fig. 4.9. In another
device, which was cycled for 24 h under a field of 53 V/µm, ferroelectric switching
behavior could also be revived by application of a high field, leading to a remnant
polarization of ~6 mC/m2 and high coercive field of to 133 V/µm. The diminishing charge
density (at f = 0.01 Hz , Fig. 4.9(b)) and reduced polarization (at f = 2 Hz, Fig. 4.9(c)), are
indicative of strong suppression of electrochemical oxidation, and ferroelectric switching,
respectively. Charge density and polarization in these experiments should be regarded as
“effective” device parameters and not as material parameters as will be further discussed
later.

Fig. 4.9. (a) Corrected current density as a function of time for BTA-C10-pyrrole thin films
after different cycling times and (b) Corresponding hysteretic charge density vs. applied
field loops. Black line: pristine, red line: after 30 min, green line: after 21 h of 1 upon
cycling at f = 0.01 Hz, drive amplitude 53 V/µm. (c) Polarization vs. applied field (P-E)
loops probed at normal (dashed line, 53 V/µm) and high field (solid line, 287 V/µm) at f =
2 Hz after cycling for 21 h at 53 V/µm.
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4.2.6 Discussion
The experiments on thin films of BTA-C10-pyrrole demonstrate that the material
shows ferroelectric switching upon applying a field of sufficient strength. In addition, at
low frequencies, a second process leads to extremely high hysteretic charge density of up to
∼1000 mC/m2. In this section the second not clear process will be discussed.
Next to the high charge density, the second process was observed with a slow rate,
the UV-vis-NIR spectrum of films after prolonged cycling showing a polypyrrole
absorption band, and the formation of gas bubbles. These observations are all consistent
with the production of protons during the electrochemical oxidation of pyrrole groups,
which may be reduced to hydrogen gas at the opposite electrode. Pyrrole oxidation
produces radical cations.49 Coupling of two radical cations results in the formation of a
pyrrole dimer by the loss of 2 protons. The polymerization continues by re-oxidation of the
dimer (or oligomers), loss of protons, and recoupling. Under influence of the electric field
the protons move to the negative electrode where they accumulate and give rise to high
charge densities that counteract the applied field. If reduction of the protons to hydrogen is
slower than their production, protons accumulate and the process terminates when the
internal field is completely screened. Under those conditions expectable that the current to
be a transient, like it was observed in thin films of BTA-C10-pyrrole (Fig. 4.8).
Comparison of the presence of the slow process in the different materials studied
shows that the oxidation of pyrrole units depends on the presence of amide groups in the
molecule, but does not require ferroelectricity, as the slow process is absent in C10bispyrrole, but is present in a film of non-ferroelectric liquid benzamide-C10-pyrrole. A
potential effect of amide groups is that their electric field induced orientation is enough to
reduce the electron injection barrier from the material into the electrode. Dipole facilitated
charge injection was recently employed to enhance water oxidation at Si-based
photoanodes and could also facilitate the electrochemical oxidation of pyrrole at the
electrode interface.50 In absence of dipolar effects the potential drop in the injection layer of
experimental device would only amount to 0.05 eV for a 1 nm injection layer at a typical
maximum bias of 250 V in a homogenous field across a 5 µm thick film. Depending on the
actual potential drop, facilitation of charge injection similar to that in Si-based photoanodes
may also be operative in presented devices. Regardless of any barrier modulation, the
presence of amide groups may facilitate proton transport, as has been observed in aciddoped polyamides.51
Due to the alternation of the polarity of the applied field during cycling, pyrrole
oxidation takes place at both electrodes, and gradually a thin layer of polypyrrole is formed
at both interfaces. The formation of hydrogen gas bubbles reduces the interfacial area
between the electrodes and the organic layer. The decrease in hysteretic charge density over
time can be ascribed to a combination of these two effects. Likewise, the presence of poorly
conductive or “dead” interfacial layers is well known to suppress ferroelectric switching,
again in agreement with the observations in Fig. 4.9.52
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The combination of ferroelectric switching and electrochemical polymerization in
the BTA-pyrrole system is schematically illustrated in Fig. 4.10. Initially, panel (a), the
amide dipoles are oriented by the electric field. The oriented amide groups at the interface
reduce the electron injection barrier from the material into the electrode which facilitates
the electrochemical oxidation of pyrrole, see panel (b). A thin layer of polypyrrole is
formed and protons are produced during polymerization. By the driving force of the electric
field, protons move to the other electrode and reduce to hydrogen gas. During cycling,
pyrrole oxidation takes place at both electrodes and polypyrrole layers are formed gradually
upon cycling, see panels (c) and (d).

Fig. 4.10. Schematic illustration of ferroelectric switching and electrochemical reaction of
BTA-pyrrole material under bias stress. (a) First, the amide dipoles are oriented by the
electric field. (b) The negative charges of the dipoles reduce the electron injection barrier
from the material into the electrode which facilitates the electrochemical oxidation of
pyrrole. During pyrrole polymerization, protons are produced and a thin layer of
polypyrrole is formed at the interface. The protons move to the opposite electrode by the
electric field and reduce there to hydrogen gas. (c) During cycling, pyrrole oxidation takes
place at both electrodes. (d) Multiple polypyrrole layers are formed upon cycling.
An estimate of the amount of polypyrrole formed in each cycle can be obtained
from the observed current, showing that at f = 0.01 Hz under a field of 53 V/µm, 2 cycles
generate a single monolayer. That means that for the experiment in Fig. 4.11 ∼2 and ∼100
layers will have formed after 30 min and 21 h of cycling at f = 0.01 Hz, respectively. This is
consistent with a minor respectively a strong suppression of both the ferroelectric and
electrochemical oxidation signals.
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The thickness of the layer of oxidized material can be estimated from the charge
density corresponding to the electrochemical process without the ferroelectric switching
current. When taking into account the volume of a single molecule (from the unit cell), the
charge of the electron and the production of 6 protons per fully oxidized molecule with 3
pyrrole units, the thickness of polymerized material on each electrode is calculated to be
approximately 17 nm after 21 h. of cycling. A detailed calculation is presented in Appendix
B of this thesis.

4.3 Conclusions
In this chapter, characterization of new synthesized columnar liquid crystal BTAC10-pyrrole combining both ferroelectric and electrochemical behavior, has been done. At
high frequencies, the material shows ferroelectric switching behavior similar to BTA
without the pyrrole groups, which is a true ferroelectric material as shown in previous
chapters. At low frequencies, however, extremely high hysteretic charge density is
measured, which is ascribed to electrochemical polymerization of pyrrole groups, in
combination with cathodic reduction of protons, coupled by proton transport across the
film.
The observed electrochemical polymerization of BTA-C10-pyrrole represents a
direct approach to materials for organic ferroelectric diodes in which the ferroelectric and
semiconducting components are mixed on a nanoscale. This length scale is much smaller
than that in microphase separated blends of P(VDF-TrFE) with a semiconducting polymer.
However, a number of limitations of the current system need to be addressed for successful
development of this concept. The experimental data support the formation of at most a thin
film of polypyrrole at the electrode surfaces. Thus, intended goal of a ferroelectric material
with nanophase separated domains of semiconducting material has only partly been
achieved, with a polymerization that is limited to a thicknesses of a few tens of nm. For the
formation of ferroelectric diodes with a continuous semiconducting phase, chemical
polymerization of pyrrole groups may be employed, which results in polypyrrole in a doped
state. However, chemical polymerization of the material to form an operating device
requires a complex sequence of steps, consisting of electric field alignment → electrode
removal → chemical polymerization → electrode deposition. An alternative method of
introducing the semi-conducting component in making use of hydrogen bonded stacks of
aromatic units with high charge carrier mobility will be a topic of future studies.
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4.4 Experimental section
All chemicals were obtained from Aldrich or Acros and used as received. All solvents used
were of AR quality or better and purchased from Biosolve. Indium tin oxide (ITO) cells with 6.8± 0.2
μm gap between the ITO surfaces were purchased from Instec Inc. All details related to chemical
synthesis of experimental compounds can be found in ref. 55.
Differential scanning calorimetry (DSC) studies were carried out in hermetic T-zero
aluminum sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling
accessory. The thermal transitions were studied mainly on the first cooling and second heating with
the rate of 10 °C/min.
Polarized optical microscopy (POM) was performed on a Leica CTR 6000 microscope
equipped with two crossed polarizers, a Linkam hot-stage THMS600 as the sample holder, a Linkam
TMS94 controller and a Leica DFC420 C camera.
UV-vis-NIR measurements were performed on a PerkinElmer Lambda 900 UV-vis-NIR
spectrophotometer.
X-ray diffraction (XRD) studies were conducted using a Ganesha lab instrument equipped
with a GeniXCu ultralow divergence source producing X-ray photons with a wavelength of 1.54 Å
and a flux of 1 × 108 photons/second. Diffraction patterns were collected on a Pilatus 300K silicon
pixel detector with 487 × 619 pixels of 172 µm2 in size. Glass capillaries were filled with the material
for the diffraction analysis and placed in a Linkam HFSX350 heating stage and measured at a range
of –80 °C to +160 °C with 10 °C/min. Each pattern was recorded for 10 min.
Fabrication of thin-film metal-insulator-metal devices was done by thermal deposition of
∼100 nm Al through a shadow mask on a glass plate as bottom electrode. The organic material was
then spin coated after which the top Al contact (100 nm) was evaporated through the same shadow
mask, rotated by 90°, defining the active area as the overlap between the top and bottom electrodes.
Effective film thicknesses were measured by a Dektak XT profilometer.
The current-voltage and hysteresis measurements took place inside a Janus probe station at
atmospheric pressure. Preliminary homeotropically (perpendicular) aligned metal-insulator-metal thin
film or LC cell devices were used for switching experiments. Switching signal wave-forms were
applied by an Agilent 33120a arbitrary waveform generator and amplified by a Falco WMA-300 or
TReK Model PZD350A high voltage amplifier. The actual circuit current was measured by a Keithley
6485 picoammeter and visualized and stored on an Agilent DSO7104A oscilloscope for further
analysis. Set-up was automated by LabView protocol.
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Chapter 5
Switchable charge injection barrier in an organic
supramolecular semiconductor

In this chapter a supramolecular material that combines semiconducting and
dipolar functionalities is disclosed. The material consists of a discotic semiconducting
carbonyl-bridged triarylamine core, which is surrounded by three dipolar amide groups. In
thin films, the material self-organizes in a hexagonal columnar fashion through π-stacking
of the molecular core and hydrogen bonding between the amide groups. Alignment by an
electrical field in a simple metal/semiconductor/metal geometry induces a polar order in
the interface layers near the metal contacts that can be reversibly switched, while the bulk
material remains nonpolarized. On suitably chosen electrodes, the presence of an
interfacial polarization field leads to a modulation of the barrier for charge injection into
the semiconductor. Consequently, a reversible switching is possible between a highresistance, injection-limited off-state and a low-resistance, space-charge-limited on-state.
The resulting memory diode shows switchable rectification with on/off ratios of up to two
orders of magnitude. This demonstrated multifunctionality of a single material is a
promising concept toward possible application in low-cost, large-area, non-volatile
organic memories.
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5.1 Introduction
Many years of research have been used to search for the elusive immortal organic
memory.1,2 It is desired because of its rewritability, nonvolatility, nondestructive electrical
readout, and scalability. The latter requires compatibility with a crossbar array to yield the
highest information density with the simplest possible design.3 As a consequence, the
memory element must be rectifying and have a switchable conductivity. To this date, the
most viable candidate system to fulfill these criteria is the so-called MemOLED, introduced
by Asadi et al.4,5 Key to its design is that the bistable memory functionality is introduced by
an organic ferroelectric polymer, poly[vinylidene fluoride-co-trifluoroethylene] (P[VDF–
TrFE]), while the conductive readout and rectification functionalities are introduced by an
organic semiconductor polymer. Blending of the two polymers leads, under proper
processing conditions,6 to a phase separated blend consisting of semiconductor domains
embedded in a ferroelectric matrix.7 When sandwiched as an active layer between suitably
chosen metal electrodes, the polarization charge on the ferroelectric material modulates the
barrier for charge injection into the semiconductor, which leads to a rectifying and
switchable device conductivity.8,9 Many advantages of this strategy, including compatibility
with the crossbar architecture,10,11 give important new avenues to the actual implementation
into active organic/polymeric devices. By following these important steps using phaseseparated blends, some intriguing challenges remain. It is possible to create a larger device
area for the modulation of the injection barrier, as it is now limited to the narrow rim at the
perimeter of the semiconducting domain.12 The fact that the switching is not a bulk effect
also constrains the minimum feature size to the typical micrometer length scale of the
spontaneous12 or lithographically controlled13−15 phase separation. Finally, the polarization
of the ferroelectric in the critical region around the semiconducting domains requires a
higher stability to not fundamentally limit data retention.16 Hence, it could be argued that
there is a clear need for a single material in which the dipolar and semiconducting
properties are combined to yield a similar operational mechanism while avoiding the
difficulties associated with using a phase separated blend.
Here, an organic memory diode with a bistable, rectifying conductivity with an
on/off ratio of two orders of magnitude, will be demonstrated. The heart of the device is a
single molecular compound that consists of a π-conjugated semiconducting core surrounded
by three dipolar amide groups. In thin films, the material organizes into a hexagonal
columnar packing, which facilitates both effective charge transport and collective dipolar
behavior. Although the bulk of the material is found to remain unpoled, dipolar switching
in the interfacial areas leads to an effective modulation of the charge injection barrier and
thereby to conductivity switching.
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5.2 Results and discussion
5.2.1 Molecular design and optical characterization of thin films
The investigated molecule, a-CBT, is shown in Figure 5.1, panel (a) and consists
of a planar carbonyl-bridged triarylamine core with three amide groups attached in 2, 6, and
10 positions. Attached to this CBT trisamide are three 3,4,5-tri(octyloxy)benzenes to
enhance solubility and facilitate processing. The synthesis of the molecule follows a general
preparation methodology, which is reported elsewhere.17 Actual full chemical name of the
investigated
molecule
is
2,6,10-tris-(3,4,5-trioctyloxybenzoylamino)-4H,8H,12Hbenzo[1,9]quinolizino-[3,4,5,6,7-defg]-acridine-4,8,12-trione.

Fig. 5.1. (a) Molecular structure of a-CBT. R = OC 8 H 17 . (b) UV-vis absorption (solid lines)
and photoluminescence (PL) (dashed lines) spectra of a-CBT in solution (5 × 10−5 M, black
and blue lines) and in thin film (red lines).
For the current application, the π-conjugated semiconducting core enables charge
transport,18 whereas the peripheral amide groups provide bistable dipolar switching.19 The
latter effect can result from a collective reorientation of head-to-tail stacked microdipoles.20
Both efficient charge transport and dipolar switching require significant long-range order,
which is promoted by the π-stacking of the planar, aromatic carbonyl-bridged triarylamine
core and three-fold symmetric hydrogen bonding of the adjacent amide groups. Previous
research has shown that this combination of supramolecular motifs leads to the formation of
strongly coupling H-aggregated CBT units along the columnar stacks.21
In ortho-dichlorobenzene (o-DCB) solution (5 × 10−5 M) with the addition of a
drop of dimethyl sulfoxide (DMSO), a-CBT is molecularly dissolved. In this state, the
absorption and fluorescence spectra (black solid and dashed lines in Figure 5.1(b)) are
mirror images with a small Stokes shift and peak maxima at 470 and 500 nm, respectively.
The absorption spectrum of a-CBT in pure o-DCB (5 × 10−5 M) at room temperature (blue
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line) exhibits a reduction of the main absorption peak at 470 nm and the appearance of a
red-shifted band around 500 nm as well as a blue-shifted absorption below 400 nm. These
spectral features confirm supramolecular aggregation and suggest the formation of Haggregated CBT units along the supramolecular stacks, as expected for these compounds.21
The solid state absorption spectrum (red solid line) that was obtained on thin films
resembles that of the aggregated state in solution. The corresponding fluorescence (red
dashed line) from the thin film is significantly quenched and red-shifted with a maximum
emission intensity at 555 nm compared to the emission from solution resulting in a Stokes
shift of ~55 nm. This behavior strongly suggests the formation of H-aggregated CBTs,
corresponding to a cofacial arrangement of the CBT units in columnar stacks, which is
important for efficient charge transport.

5.2.2 Structural characterization of the bulk and thin films
A powder sample and a drop-cast thin film of a-CBT were investigated by smallangle X-ray scattering (SAXS), see Figure 5.2. Both samples show identical spectra, though
the powder sample gave higher intensity due to the limited thickness of the drop-cast film.
The SAXS data clearly show columnar hexagonal packing of a-CBT in bulk with a dspacing of 2.76 nm corresponding to an intercolumnar distance of 3.19 nm. Furthermore,
visible a sharp reflection from the π−π stacking of a-CBT units corresponding to an
interdisc distance of 0.33 nm, which is in good agreement with the highly ordered Haggregated a-CBT cores as discussed earlier.
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Fig. 5.2. (a) Small angle X-ray scattering (SAXS) of a powder sample of a-CBT. The
locations of the higher order reflections correspond to a columnar hexagonal (Col hex )
morphology and the scattering peak for the π–π stacking of the aromatic cores is indicated.
(b) Schematic representation of the arrangement of a-CBT molecules in a columnar
hexagonal morphology.
Differential scanning calorimetry (DSC, Figure 5.3) in the range from 20−250 °C
does not show any features that could be attributed to phase transitions. Hence, there is no
indication of, for example, a ferroelectric or liquid crystalline phase.19 To obtain a better
understanding of the aggregation state in bulk, temperature dependent Fourier transform
infrared spectroscopy (FT-IR) measurements were performed. The N−H stretching
vibration around 3320 cm−1 reveals hydrogen bonds between the amide moieties (Figure
5.4). During a heating and cooling cycle from 30 to 215 °C and back, the N−H stretching
vibration is slightly shifted to higher energies at elevated temperatures, which indicates a
weakening of the H-bonds. Similar to the DSC traces, no major or sudden changes are
observed within this temperature regime that could be associated with a phase transition.
The optical (Figure 5.1), structural (Figure 5.2), and thermal (Figure 5.4)
characterizations suggest a significant intercolumnar order due to π-stacking of the Haggregated CBT units and hydrogen bonding in drop-cast thin films. Therefore, it is
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possible to expect charge transport to mainly take place along the quasi-1D π-stacks with
occasional intercolumnar hopping.

Fig. 5.3. Differential scanning calorimetry (DSC) traces of a-CBT with heating and cooling
rates of 10 K/min. As can be seen from the DSC traces there is no sign of any phase
transition up to 250 °C. There are also no phase transitions at higher temperatures. The
materials is thermally stable up to 300 °C, melting was not observed below the
decomposition temperature.

Fig. 5.4. Temperature dependent FT-IR spectra, showing the N–H stretching vibration
region upon cooling with 10 K/min from 215 °C to 30 °C. Spectra are shown for every 15
°C.
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5.2.3 Electrochemical characterization
From the reduction peak at −1.6 V in the cyclic voltammetry (CV) measurements
versus ferrocene shown in Figure 5.5, panel a, the lowest unoccupied molecular orbital
(LUMO) of a-CBT could be estimated to be at −3.2 eV. Hence, to arrive at an estimate for
the a-CBT highest occupied molecular orbital (HOMO) energy, we subtract the optical gap
determined from the absorption measurements ∼2.5 eV (Figure 5.1(b)) from the LUMO
energy yielding an estimated HOMO energy of −5.7 eV. Because of the exciton binding
energy, this resembles a lower limit for the HOMO value.
In Figure 5.5, panel b, the single particle energy levels for a-CBT are shown
together with the approximate work functions of the metal electrodes used in this study. In
absence of net interfacial dipoles, hole injection from both Al electrodes, with a barrier
height of ∼1.5 eV, and Au electrodes, with a barrier height of ∼0.7 eV, will be significantly
hampered. At the same time, the barrier for hole injection from Au is well within the range
that can be overcome by ferroelectric-like interfacial dipoles.8,9 As explained above, this
effect results from the collective behavior of the peripheral amide groups that have
previously (incl. Chapter 2) been shown to enable ferroelectric behavior.19,20 In all cases,
electron injection and subsequent transport through the material bulk will be hampered by
the combination of a large injection barrier and a shallow LUMO level with the associated
electron trapping.22

Fig. 5.5. (a) Cyclic voltammogram of a-CBT in o-DCB with a drop of DMSO, potential
versus ferrocene. (b) Estimated energy level diagram for a-CBT and the approximate work
functions of the metal electrodes used in this study.
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5.2.4 Dipolar switching
The ability of a-CBT to show dipolar switching was tested in simple
metal/semiconductor/metal diode devices. To observe macroscopic switching behavior in
columnar materials, it is necessary that the macro-dipoles, which are parallel to the column
axis,19,20 are aligned in the direction of the applied electric field, that is, perpendicular to the
electrode’s surface. Unfortunately, the columns prefer to align in the plane of the device
after deposition, parallel to the electrode’s surface, as shown by atomic force microscopy
(AFM) in Figure 5.6.

Fig. 5.6. Typical AFM topography (a – total vertical scale 38 nm, b – vertical scale 158 nm)
and phase (c – vertical scale 38°, d – vertical scale 30°) images of annealed (without
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electric field) drop-cast films of a-CBT. Panels (a, c) show a film which was annealed at
∼100 °C for 30 min immediately after deposition on a bottom Au contact, whereas panels
(b, d) correspond to films which were annealed a second time at a higher temperature T =
130-135 °C for ∼2 h. AFM scans were taken in tapping mode. Small surface features are
best visible as a contrast on phase images, local cross-sections (e, f) taken at the blue circles
on panels (c, d) represent these features in degrees of phase. The typical height of the
observed surface steps is ∼5-10 nm whereas the average width is ∼20 nm. The terrace-like
topography is indicative of an in-plane orientation of (bundles of) the π-stacked columns
for both the as-cast and annealed films.
Hence, all devices were conditioned by a slowly alternating electric field applied
at elevated temperatures. Electrical polarization was probed by the double wave method
(DWM), which to a large degree allows for the compensation for spurious effects such as
displacement and leakage currents. All details regarding the device fabrication and testing
are combined in the Section 5.4 below. Note, however, that the low sweep speeds used in
the DWM to suppress displacement currents do not at all reflect the maximum dipolar
switching speed of a-CBT; the latter is beyond the scope of the present investigation.
The polarization curves in Figure 5.7 show the presence of hysteretic dipolar
switching in our a-CBT diodes. The imperfect closure of the polarization versus electrical
field (P-E) curve in panel (a) indicates the presence of hysteretic background signals that
are caused by effects such as mobile ions or switchable injection currents and that were not
completely removed by the DWM. Despite these imperfections, the presence of a welldefined coercive field and remnant polarization clearly indicates a bistable dipolar
behavior.23 From probing at different frequencies, Figure 5.7, panel b reveals the
characteristic upward shift of E C with increasing frequency.24

Fig. 5.7. (a) Ferroelectric-like electrical hysteresis and (b) semiloops at different switching
frequencies obtained on Al/a-CBT/Al devices. Measurements were performed at T =
130−135 °C. Dashed lines indicate the apparent coercive field E C ≈ 13−14 V/μm and
remnant polarization P r ≈ 9 mC/m2.
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Given the absence of phase transitions in DSC as discussed earlier, it is unlikely
that the observed behavior reflects true bulk ferroelectricity. To further investigate this
question, dielectric relaxation spectroscopy (DRS) was performed on micrometer thin films
of spin-coated a-CBT in a metal/semiconductor/metal configuration. While molecular
rotations are visible in the dielectric spectrum at elevated temperatures (> 100 °C), no
indication of a bulk ferro-to-paraelectric phase transition was observed (see supporting
information in ref. 35. for details).
Despite the lack of bulk ferroelectric behavior, the observation of hysteretic
polarization loops implies a bistable dipolar switching that is restricted to the two interfacial
regions of the metal/a-CBT/metal devices.25
The polarity of the interfacial region can be investigated by measuring the local
pyroelectric response with a technique called Laser Intensity Modulation Method (LIMM),
which has been used to reveal polar depth profiles in numerous (ferroelectric) polymer
films. By changing the frequency of modulation, the penetration depth of the thermal wave
is tuned to reveal the polarization distribution. The use of this technique to spatially resolve
the ferroelectric hysteresis with nanometer resolution in the ferroelectric copolymer
P(VDF–TrFE) has previously been demonstrated.26
Variation of an external electric field at different sample temperatures (Figure 5.8)
reveals a high electric susceptibility at the metal/a-CBT interface, which is in line with the
current hypothesis of interfacial dipolar switching. At 50 °C, a small susceptibility is
observed in the first 50 nm from the electrode interface, with no switching of polarization
sign. Only at 150 °C can the sign of polarization be reversed by an external electric field in
the first 40 nm. The remaining bulk of the material seems to be incapable of a large
paraelectric or ferroelectric response, which further suggests interfacial dipolar switching.
However, it is worth noting that for the present purposes, where we aim to modulate a
charge injection barrier through a switchable interfacial dipole, the absence of true bulk
ferroelectricity is inconsequential, as only the first few nm near the injecting contact are
important for charge injection.
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Fig. 5.8. Pyroelectric depth profiles under external DC bias obtained on an Al/a-CBT/Al
device at (a) T = 50 °C and (b) 150 °C. The external field is varied from +25 V/μm to −25
V/μm in steps of 12.5 V/μm.
The effect of the interfacial dipole layer on the hole injection barrier (see Figure 5.5) can
easily be estimated as

∆𝑉 ≈

𝑃𝑟

𝜀𝑅 𝜀0

𝑑𝑡𝑡𝑡

,

(5.1)

where ε 0 ε R is the dielectric constant of the active layer and d typ a typical thickness. From
DRS above, we find that the relative dielectric constant, ε R , of a-CBT is ε R ≈ 2. Using P r ≈
9 mC/m2 and d typ ≈ 1 nm, we then find that ΔV ≈ 0.5 eV. Under large (positive) forward
bias, the interfacial dipole will be directed away from the injecting contact, that is, with the
negative polarization charge facing the contact. Hence, hole injection is facilitated. The
original (lower limit for the) hole injection barrier of ∼0.7 eV in the case of a Au contact
will be reduced to ∼0.2 eV, which is sufficiently low to enable Ohmic injection.9 By using
Al as injecting contact, a remaining injection barrier of ∼1.0 eV is expected, which will still
give rise to injection (or leakage) limited transport.
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5.2.5 Electrical characterization
The current density versus field (jE) characteristics for symmetric Al/a-CBT/Al
diodes are shown in Figure 5.9, panel a. From large negative (positive) bias, a transient
feature in the device current is visible that coincides with the positive (negative) coercive
field of E C ≈ 13−14 V/μm, in agreement with Figure 5.7. This current peak can be
attributed to the displacement current associated with polarization reversal, that is, dP/dt.
Since the device current itself is mostly linear (dash-dotted line in Figure 5.9(b)), it is most
likely dominated by leakages associated with background doping, as discussed further.
These Ohmic currents obscure the actual injection limited current that is typically highly
nonlinear.27 Therefore, the interfacial polarization state that affects only the injectionlimited current but not the background and has no visible effect on the device current.
This picture changes dramatically when an asymmetric Al/a-CBT/Au device is
measured, see Figure 5.9, panel b. At negative applied field, when hole injection still occurs
from the Al contact, again only the transient dP/dt feature is observed. At positive polarity,
the Au contact becomes the hole injector. At the coercive field, the current now jumps from
the Ohmic background value to an on-state current that is two orders of magnitude higher.
The current in the device is truly bistable. This result is perfectly in line with our prediction
on the basis of the energy level alignment, see Figure 5.5, panel b. Only by aligning the
interfacial dipole moments created by the amide moieties with an (external) electric field
can the injection barrier be overcome.

Fig. 5.9. (a) jE characteristic of an Al/a-CBT/Al device. (b) jE characteristic of an Al/aCBT/Au device. Arrows indicate sweep directions. Measurements were performed at T =
130−135 °C. Dashed lines indicate the coercive field E C ≈ 13 V/μm; red dashed and blue
dash-dotted lines in panel b indicate fits to next equations: space charge limited (5.3) and
Ohmic (5.2) conduction with μ 0 = 3.7 × 10−8 cm2/(V s), γ = 2.7 × 10−3 (cm/V)1/2, and n 0 ≈ 2
× 1013 cm−3.
The current switching characteristic in Figure 5.9, panel b is qualitatively identical
to what is observed for the “MemOLED” devices described in the Introduction part: upon
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passing the coercive field, the current jumps from a low, injection- or leakage-limited offstate to a high, space charge limited on on-state.4 At positive bias, the loop sense is
therefore counterclockwise. Importantly, the device shows strong rectification, which is
desirable for application in crossbar arrays as it suppresses crosstalk and keeps the
switching current low. When (nominally) symmetric Au contacts are used, symmetric jE
curves are obtained, which exhibit identical switching behavior at both polarities, see
Figure 5.10. Unavoidably, this compromises rectification.

Fig. 5.10. jE characteristic and on/off ratio of a nominally symmetric Au/a-CBT/Au device,
showing resistive switching at both polarities. Thin dotted lines indicate the coercive field
E C ≈ 13 V/μm, arrows indicate the sweep direction. The observed asymmetry between
positive and negative poling is attributed to differences related to the order of deposition
(active layer by solution processing on Au vs. Au by thermal evaporation on the active
layer).
For the Al/a-CBT/Au device, the jE curves in the off-state can be described by a
simple Ohmic conductivity,

𝑗 = 𝑞𝜇0 𝑛0 𝑉⁄𝐿,

(5.2)

as shown by the blue lines in Fig. 5.9(b). In the on state, the current density is governed by
space charge limited conductivity (SCLC) according to
9

𝑗 = 𝜀0 𝜀𝑟 𝜇0
8

𝑉2
𝐿3

exp �0.891𝛾�𝑉 ⁄𝐿�.

(5.3)
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In equations 5.2 and 5.3, q is the elementary charge, V is the applied voltage, L is the layer
thickness, n 0 is the unintentional doping level, μ 0 is the zero field mobility, and γ is a
phenomenological parameter that quantifies the mobility enhancement by the applied
electric field.28 The lines in Figure 5.9, panel b are fits of eqn. (5.2) and (5.3) to the jE curve
of the Al/a-CBT/Au device, with the mean applied field given by E = V/L. The mobility
parameters that were obtained by fitting the SCLC regime, μ 0 = 3.7 × 10−8 cm2/(V s), γ =
2.7 × 10−3 (cm/V)1/2, are well in the range expected for organic semiconductors.29,30
By using the value for μ 0 obtained from the SCLC fit eq. (5.3), an estimate for the
background charge carrier concentration n 0 ≈ 2 × 1013 cm−3 can be extracted from the linear
fit eq. (5.2) to the background current. The presence of a non-negligible background
concentration of charge is consistent with the observed nonzero crossings of the jE curves
in Figure 5.9 and the imperfect shape and closure of the P-E curves in Figure 5.7. It is
possible to attribute these phenomena to the presence of slowly moving species, most likely
ions. At the same time, these ions can act as countercharge for mobile electrons or holes
that give rise to the Ohmic contribution to the total device current.31
Additionally, it was carefully checked that this high-current on-state is not a
transient phenomenon and that it can be probed multiple times without further changes, as
shown in Figures 5.11, panels a and b. Atop of that the absence of any switching effect at
low T in pristine, i.e. non-aligned, devices is shown in ref. 35.

Fig. 5.11. (a) jE characteristics showing the on-current of a symmetric Au/a-CBT/Au diode
probed immediately after complete switching: the positive (negative) branch is measured
after a positive (negative) field pulse exceeding the coercive field. The on-state is stable and
no further switching is observed upon sweeping up and down as indicated by the arrows.
(b) jE curves of a symmetric Au/a-CBT/Au diode, showing the stability of the on-current
upon partial reversal of the scan direction, as indicated by the colored arrows. All
measurements were performed at T = 130−135 °C.
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5.2.6 Retention behavior
Finally, the retention behavior of these devices has been investigated. Figure 5.12
shows the normalized retention of the on-state current of a Au/a-CBT/Au device. The
retention is measured by poling the diode by a large applied field (30 V/μm) and reading, at
set points in time, the on-current j on at a field below the coercive field (E r = 10 V/μm).
During the waiting time, the device is kept under short-circuit conditions. A
monoexponential decay (dashed line) with a retention time in the order of 5−10 min is
observed. As the off-state current is time stable, we attribute the falling on-current to a loss
in interfacial polarization. Retention times in the order of minutes have been observed
previously for amide-based organic dipolar materials.20 It is possible to speculate that the
elevated temperature that is needed to enable dipolar switching (130−135 °C) is also
responsible for the limited retention. Unfortunately, the retention of the interfacial
polarization itself could not be reliably measured in these devices due to the presence of
conductive currents that are a few orders of magnitude larger than the (transient)
displacement currents associated with polarization reversal.

Fig. 5.12. Retention of the on-current j on in a Au/a-CBT/Au device measured at T =
130−135 °C. The current j on (t) was normalized to its value at time t = 0, j on,0 . j off is the
current density at t → ∞, i.e. of the depolarized device. Symbols indicate the experiment,
the dashed line is a fit to an exponential decay which is typical for relaxation of polar order
in molecular materials.
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5.3 Conclusions
To summarize, in this chapter a multifunctional supramolecular organic
compound, a-CBT, was presented. It consists of a semiconducting π-conjugated core and
peripheral dipolar amide side groups. Highly ordered columnar stacks are promoted by πstacking of the planar, aromatic carbonyl-bridged triarylamine core and hydrogen bonding
of the three amide groups. In thin films, the material organizes in a columnar hexagonal
packing. Furthermore, a-CBT was integrated as the active material in simple memory
diodes that exhibit both dipolar and resistive switching. The dipolar switching could be
attributed to field-driven dipole reorientation near the metal contacts; in contrast, no bulk
ferroelectric behavior was observed. The switching of the interfacial dipole layers led to a
modulation of the barrier for charge injection from the metal contact. For suitably chosen
contact materials, this translated into a switchable device resistance with an on/off ratio of
two orders of magnitude and strong rectification.
Combining dipolar and semiconducting properties into a single compound solves
many of the problems associated with previously explored memory elements based on
phase separated blends of ferroelectric and semiconducting materials. The present results
are complementary to next chapter in which will be demonstrated a polarization-driven
modulation of the bulk resistance as opposed to the contact resistance that is modulated
here.32 These results are potentially promising for low-cost rewritable memory applications.
However, the current need for elevated operation temperatures, and the associated short
retention times, will require further attention. The facile processability and tunability by
chemical design of organic semiconductors will therefore be a major asset.

5.4 Experimental section
DMSO and ortho-dichloro benzene (o-DCB) were used as received.
UV−vis measurements were performed on a JASCO V-650 spectrophotometer, attached
with a JASCO ETCR 762 sample holder for solution samples or a JASCO LSE 701 sample holder for
thin film samples. PL spectra were recorded on a JASCO FP 6500 spectrofluorometer. For solution
measurements, the concentration was adjusted to 5 × 10−5 M.
DSC was measured on a DSC Q2000 machine equipped with an autosampler and a DSC
Refrigerated Cooling System, all from TA Instruments. As vessels Tzero Aluminum Hermetic pans
were used.
Temperature dependent FT-IR data were acquired on a Bruker Tensor 27 equipped with a
Pike GladiATR accessory in the temperature range from 30−215 °C with a rate of 10 K/min upon
heating and cooling.
SAXS samples were mounted on V1 grade mica sheets 5−7 μm thick and measured using a
SAXSLAB GANESHA system equipped with a GeniX-Cu ultralow divergence source that produced
X-ray photons with a wavelength of 1.54 Å and a flux of 1 × 108 phs−1. Two-dimensional (2D)
scattering patterns were collected using a Pilatus 300 K silicon pixel detector with a 487 × 619 pixel
dimension and 172 μm2 pixel size. The beam center and q range were calibrated using the diffraction
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peaks of silver behenate. Conversion of 2D images into 1D spectra was accomplished with Saxsgui
software.
Cyclic voltammetry (CV) was performed under an inert atmosphere with a scan rate of 0.1
V s−1 and 1 M tetrabutylammonium hexafluorophosphate in o-DCB as the electrolyte. A small
amount of DMSO was added to avoid aggregation. The working, counter, and reference electrodes
were glassy carbon, Pt wire, and Ag/AgCl, respectively. The concentration of the sample in the
electrolyte was approximately 1 mM. All potentials were corrected against Fc/Fc+.
Thin films for absorption/PL experiments were prepared by drop-casting a solution of 10
mg/mL (a-CBT in o-DCB/DMSO) on a hot glass slide at 150 °C and kept at 150 °C for about 10 min.
Thin film capacitor and diode devices were prepared as follows: bottom contacts from gold
(50 nm) or aluminum (100 nm) were deposited by thermal evaporation under vacuum conditions (∼3
× 10−7 Torr) through a shadow mask on chemically cleaned glass substrates. Prior to Au deposition, 5
nm Cr was deposited to promote adhesion. The organic layer was drop-cast from a warm solution
(∼90−100 °C) of 20 mg/ml of a-CBT in o-DCB/DMSO on a heated substrate (∼110 °C) and kept at
this temperature for about 10−15 min. At the end of the fabrication process, top contacts from
aluminum (100 nm) or gold (50 nm) were evaporated through a 90°-rotated shadow mask as
described earlier, which gave rise to a cross-bar diode at the intersection of the contacts with a device
area between 0.25 and 0.5 mm2. Typical film thicknesses were 0.9−1.2 μm, as determined by a
Dektak XT profilometer.
Before switching measurements, the functional material was conditioned with an electric
field to align the (interface) dipoles. The electrical alignment consisted of ∼30 min application of a
0.5 Hz triangular wave with an amplitude close to coercive field. The positive and negative parts of
the triangular wave had equal amplitude but durations that differed by a factor of two. Conditioning
was done at an elevated temperature of ∼135 °C.
Devices were electrically characterized in the dark using a Janis probe station. Switching
signal waveforms were applied by an Agilent 33120a arbitrary waveform generator and amplified by
a TReK Model PZD350A high voltage amplifier. The actual circuit current was measured by a
Keithley 6485 picoammeter, which was visualized and saved via an Agilent DSO7104A oscilloscope.
Polarization-field (P−E) hysteresis loops were obtained by integration of the pure switching current,
which was obtained as the difference between the full and background responses under quasi-static
conditions. This DWM is described in detail in refs 33 and 34. For measuring jE curves, a low current
Keithley 2636 SMU has been used. Measurement of a full jE curve took typically 20−30 sec.
Dielectric relaxation spectroscopy (DRS) measurements were performed using a
Novocontrol nitrogen temperature controller and Alpha-A-analyzer, allowing for temperature control
from −150 to 300 °C and a frequency range of up to 10 MHz. The dielectric response was measured
using an AC potential of 100 mV (rms). Samples were prepared as a MIM (metal–insulator–metal)
sandwich by drop-casting of the a-CBT and thermal evaporation of aluminum electrodes.
LIMM measurements used a 10 mW red Lisa Laser diode laser, modulated by a Tektronix
frequency generator, to generate the thermal waves, while the pyroelectric response was measured
using a Femto messtechnik current amplifier and correlated with a Stanford Research SR-830 RF
lock-in amplifier. The frequency range of thermal modulation was 25 kHz to 25 MHz.
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Chapter 6
Ferroelectric self-assembled molecular materials
showing both rectifying and switchable conductivity

This chapter summarizes a study of new molecular materials that combine two or
more physical properties. These properties are typically obtained by combining different
molecules, each being responsible for one of the properties required. Ideally, a single
compound could take care of this combined functionality, provided its molecules selfassemble correctly and endowed with different functional subunits whose strong electronic
coupling may lead to the emergence of unprecedented and exciting properties. Here, a
class of disc-like semiconducting organic molecules is presented, with cores that are
functionalized with strong dipolar side groups. Supramolecular organization of these
materials provides long-range polar order supporting collective ferroelectric behaviour of
the side groups as well as charge transport through the stacked semiconducting cores. The
ferroelectric polarization in these supramolecular compounds is found to couple to the
charge transport and leads to a bulk conductivity that is both switchable and rectifying. In
a larger perspective, these results highlight the possibility to modulate material properties
using the large electric fields associated with ferroelectric polarization.
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6.1 Introduction
Both processable and highly organized semiconducting molecules, exhibiting
intriguing charge-transfer properties,1 and self-assembled (liquid) crystals that qualify as
organic ferroelectric materials2–4 have been reported. However, the combination of these
properties in a single compound so far remained elusive. For combining semiconductivity
and ferroelectricity it will be necessary to spatially separate the molecular dipoles, which
need motional freedom to be aligned, from the stacked π-conjugated fragments. At the same
time, the strongest coupling between the two functionalities is anticipated when their
separation is minimal. Therefore, special discshaped molecules were designed in which the
rigid core is based on well-known π-conjugated units, like the perylene bisimides (PBI) and
the (sub)phthalocyanines (Pc and SubPc). The flexible side-groups, normally used for
solubility and intramolecular phase-separation, are modified to have either an amide or an
oligovinylidene difluoride (oVDF) unit, both known to form strong polar arrangements in a
cooperative way (see Fig. 6.2). When properly organized in the solid state, columnar-like
ordered architectures result, enabling efficient charge transport1,5,6 as well as ferroelectric
switching. The rationale of this design is that for symmetry reasons the ferroelectric
polarization can be expected to couple to the bulk conductivity, giving rise to conductivity
that is directional, i.e. rectifying, and switchable.
Such, so far not observed, behaviour could be considered the all-electrical
equivalent of the bulk photovoltaic effect, i.e. the rectification of light that is observed in
piezo- and ferroelectric crystals, typically inorganic perovskites.7 Whereas inorganic
(single) crystals typically have to be prepared by high temperature vacuum deposition
techniques, the organic materials presented here can be used directly after a simple
combination of solution processing and field-annealing. Likewise, the modulation of the
bulk conductivity of a single compound presented herein differs fundamentally from the
modulation of an injection barrier that gives rise to switchable currents in phase-separated
blends of semiconducting and ferroelectric polymers8–11 and in ferroelectric Schottky
diodes.12 and, very recently, in a single organic supramolecular compound.14

6.2 Results and discussion
6.2.1 Molecular structure and organization of novel organic materials
In order to realize the concept above, three new organic materials were designed
as indicated in Fig. 6.1. Details about the chemical synthesis and characterization of these
molecules can be found in refs. 15 and 16. The SubPc material forms a hexagonal liquid
crystalline (Col hex ) phase at room temperature over a broad temperature range (up to T =
250 ºC). The hydrogen bonding between the amide groups stabilizes the quasi-1D columnar
arrangement with a stacking distance of the cores of 3.9 Å.15,17 Stable homeotropic
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alignment was confirmed by polarization optical microscopy (POM), see Fig. 6.2. In this
arrangement the amide groups are known to form collective macrodipoles that lead to true
ferroelectric behavior.4,18,19
Two additional materials, PBI-oVDF and Pc-oVDF, consist of semiconducting
cores surrounded by chains of oligovinylidene difluoride (oVDF), which is an oligomer of
the well-known ferroelectric polymer PVDF. In both cases, the presence of the π-extended
cores gave rise to a more amorphous conformation of the oVDF chains. Non-treated oVDF
chains are a mixture of α-, β-, and γ- conformations. Therefore, additional steps like
electrical poling, have to be performed to obtain the ferroelectric β-phase. The highest
fraction of β-conformation in PBI-oVDF and Pc-oVDF materials was observed after
applying an electrical field at elevated temperatures (70–80 V/μm at ~90 °C), followed by
slow cooling. Both PBI-oVDF and Pc-oVDF materials produced rather smooth films, good
enough for device switching experiments. In addition, PBI-oVDF and Pc-oVDF materials
were characterized in detail16 with various techniques including FT-IR, AFM etc.

Fig. 6.1. A cartoon of the functional devices studied and the chemical structure of the
investigated organic ferroelectric-semiconducting (oFESC) compounds and their
supramolecular organization. Semiconducting cores are shown in blue, dipolar side groups
in red. In (I) the structures of the PBI-oVDF and Pc-oVDF are given and in (II) the
structure of SubPc-amide is given.
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Fig. 6.2. POM image (direct vs. cross polarized light) on SubPc in a Linkam LC cell (5 µm
gap) at room temperature, directly after filling at ∼240 °C and cooling down. The inset is
the same device probed after the alignment procedure at 135–140 °C described above and
cooling down. The complete darkness indicates a stable homeotropic out-of-plane
orientation. Scale bar = 50 μm.
All experimental details about device fabrication and conditioning methods are
combined in “Experimental section” below.

6.2.2 Hysteretic charge and electrical switching features
The quasi-static polarization loop at T = 130–135 ºC for the SubPc-amide is shown
in Fig. 6.3(a) and is obtained by integrating the current associated with polarization reversal
after subtraction of the leakage current by the DWM method, which was applied in
previous chapters and is described in detail in Section 6.4. The polarization switches
direction when the externally applied electric field passes the coercive field (E C ). The
remnant polarization of P r ~ 1.3 mC/m2 is the polarization that remains at zero electric
field. The polarization switching is thought to be the result of rotation of the amide group
around the C–N bond attaching them to the SubPc core. This polarization is about an order
of magnitude less than that observed for the benzene-1,3,5-tricarboxamide (BTA) material
in chapter 2 and reported in refs. 4, 18, 19, which reflects the reduced volume density of
amide groups and likely a lesser orientational freedom due to the different substitution
pattern. The latter is known to critically affect the ferroelectric properties of polar
molecular materials.20
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Fig. 6.3. Ferroelectric polarization (P) (a) and current density (b) vs. applied bias for a
Au/SubPc-amide/Au diode. Polarization and current are separate measurements on the
same device. Thin dotted lines indicate the coercive voltage; red dashed lines are fits to a
sum of Ohmic (eq. 6.1) and SCLC (eq. 6.2) contributions, showing conductivity is bulklimited. Arrows indicate loop sense, solid dots (I-III) correspond to Fig. 6.8 below. Device
film thickness L = 1 µm, T = 130–135 °C.
Current-voltage (jV) curves measured on the same organic ferroelectric
semiconductor (oFESC) device are shown in Fig. 6.3(b). To minimize spurious currents due
to polarization reversal these are measured at much lower sweep rates than the
corresponding polarization loops. At low voltages the oFESC-diodes show rectifying
behavior with a rectification ratio of about a factor 10. In this respect the behavior of these
oFESC-diodes is reminiscent of the BFO diodes reported in ref. 21. However, poling our
oFESC-diodes in reverse direction gives rise to a current that is large in the forward
direction, while in the BFO-based devices directions of poling and highest current are
parallel. The latter behavior is characteristic of injection barrier modulation as will be
discussed in more detail below.13 In stark contrast, the remarkable and unprecedented
hysteresis behavior in the current-voltage (jV) loop, indicated by the arrows in Fig. 6.3, will
be shown to result from a bulk conductivity modulation. Passing through zero towards
positive bias, i.e. with negative polarization remaining from the previously negative bias,
the device is in a low-resistance state. When reaching biases where the polarization starts to
reverse, i.e. the coercive field (vertical dotted lines), a region of negative differential

129

Chapter 6: Ferroelectric self-assembled molecular materials showing both rectifying and switchable
conductivity

resistance is reached and the device enters a high-resistance state. The same happens,
mutatis mutandis, at negative bias.
Qualitatively identical behavior was found in oFESC-diodes based on two
materials with totally different polar side-groups, namely oligovinylidene difluoride
(oVDF) chains, as shown in Fig. 6.4. Important to remind, that FT-IR spectroscopy of both
the PBI-oVDF and Pc-oVDF materials show the appearance of the ferroelectric β-phase of
the oVDF tail, fully in line with the polar ordering required.16 The hysteretic polarization
behavior observed in panels (a), (b) is characteristic for ferroelectric materials. The
quantitative variation between the two materials in coercive field and especially remnant
polarization is attributed to the evident differences in molecular structure and uncertainty
associated with measuring polarization in presence of a switchable conductance (Fig. 6.5).
Moreover, some fraction of the active material in the oFESC-diodes may be in a more
disordered state that does not, or less, contribute to ferroelectric switching and/or charge
transport. Importantly, the corresponding jV-curves in Fig. 6.4 (c and d) show the same
switchable rectification as the SubPc-amide material, implying that the observed behavior
is not a property of a particular molecule but is related to the common molecular design of
having a cooperative ordering of the polar side-chains in close contact with the stacked
semiconducting core.

Fig. 6.4. Ferroelectric polarization (P) (a and c) and current density (b and d) vs. bias for
oFESC diodes based on PBI-oVDF (a and b) and Pc-oVDF (c and d) with electrodes from
Au. Polarization and current are separate measurements on the same device. Black and grey
lines indicate different measurements; red dashed lines are fits consisting of Ohmic (eq.
6.1) and SCLC (eq. 6.2) contributions. Arrows indicate loop sense, L = 0.8 µm, T = 55–60
°C (a and b), respectively L = 1 µm, T = 40–45 °C (c and d).
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For actual application in future memory devices it is important that the
rectification can not only be switched and read out once, but that this can be done multiple
times. Although explicit investigation the cycling endurance of experimental devices was
not point of study, however any signs of switching fatigue never been observed during
measurements. In fact, because of improved molecular stacking, the switching curves tend
to improve with continuous cycling during one to several hours, which corresponds to
(several) thousands of full switching events. Degradation typically occurs stochastically by
abrupt shorting which is not related to the organic material but to filament formation from
the metal contacts.22–25
The correlation between polarization reversal and the change in conductivity
strongly suggests a causal relation, as was intended in the molecular design. In order to
substantiate this, the retention of the polarization and conductivity states were investigated.
Fig. 6.5 shows that polarization (P) and on-current (j on ) are lost at essentially the same rate,
affording the important conclusion that the conductivity is directly coupled to polarization
state. The retention time in the order of minutes is comparable to previously published
molecular ferroelectrics.19 It should be stressed that poor retention is not a fundamental
property of this class of ferroelectrics and that minor changes in the molecular structure26 or
operational conditions27 can increase the retention time to many hours or even months.
Moreover, a short retention time does not imply that the material is not a proper
ferroelectric4; instead, for the present materials, it likely results from structural disorder and
a relatively small energy barrier between the polarization states of single domains.26, 27
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Fig. 6.5. Retention of polarization (a) and current (b) in PBI-oVDF and Pc-oVDF oFESC
diodes. Retention is measured by poling the diode and reading out the remaining
polarization and the on-current (j on ) after a waiting time t. During the waiting time the
device is grounded. Polarization and current measurements were taken successively on the
same devices. Y-axes are normalized to the values at time = 0 sec; j off is the current in the
fully depolarized state. Other parameters as in Fig. 6.4.
The observed sense of the jV hysteresis loop is opposite to what is found in diodes
based on blends of a ferroelectric and a semiconductor polymer.8,9 The hysteresis behavior
of the latter is well understood to result from a modulation of the charge injection barrier at
the metal-semiconductor interface by the ferroelectric polarization.10,11 In fact, the loop
sense for these blend devices can be generalized to all devices where a field-driven
redistribution of charge gives rise to a reduction in effective injection barrier
height13,14 and/or an increase in bulk conductivity, and hence to an increase in current.28 For
example in light emitting electrochemical cells (LECs) the redistribution of ions modulates
the injection barrier and enables dynamic doping of the semiconductor component.29 Both
effects lead to a current that increases with time and bias when sweeping from negative to
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positive bias – opposite to what is observed here. Conventional bipolar resistive switching
devices are characterized by on- and off-states that, at low bias, are on respectively off at
both polarities.22–25,30,31 In view of the proposed underlying mechanism, the field-driven
formation and interruption of conducting filaments, such behavior is logical. The fact that
in experimental oFESC devices the on- and off-states are exchanged when the polarity of
the probe bias is changed therefore excludes filament formation as a possible explanation
for obtained results. Also the model by Blom et al. relies on modulation of an injection
barrier, which can be excluded on basis of the actual loop sense.12 This model essentially
explains the current modulation as a change in the built-in voltage. As the latter cannot be
larger than the bandgap of a few V, this, and similar models, can be ruled out as well as the
current modulation in Fig. 6.3 would correspond to much larger voltage shifts of tens of V.
Finally, it can explicitly be ruled out that the high forward current in Fig. 6.3 and
6.4 in fact is an artifact related to transient polarization reversal dP/dt. The latter is shown
in Fig. 6.6 below. In such a scenario rectification will not be present at low voltages where
no polarization reversal takes place and will disappear on multiple read outs; the devices
shown in Fig. 6.3 and 6.4 can be read out multiple times below the coercive field, with the
only limitation set by the retention (Fig. 6.5). Also, the total integrated current associated
with slowly sweeping the high-current part of the jV-curve (in ∼5 sec from 0 to 80 V in Fig.
6.3.b) is ∼3 orders of magnitude larger than the ferroelectric polarization charge in the same
device.
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Fig. 6.6. Analysis of a L ∼ 4 µm thick Pc-oVDF oFESC diode after incomplete field
annealing. (a) polarization-voltage characteristic. (b) current-voltage characteristic and
analysis in terms of SCLC (eq. 6.2, green line). Fitted parameters are µ 0 = 3×10–9 cm2/Vs, γ
= 2.6×10–3 (cm/V)1/2. The circled area shows the characteristic behavior of the current
artifact due to transient polarization reversal (dP/dt). Arrows indicate the sweep direction.
For the opposite sweep direction the dP/dt-peak sits at the negative voltage (not shown).
After prolonged field annealing devices of similar thickness do show the normal current
switching behavior as shown in the Fig. 6.3 and 6.4 above. The reasons for the lower
influence of ionic effects in this thick device, which are visible in the more ideal shape of
the polarization loop and the virtual absence of Ohmic contributions to the jV-curve, are
unclear.
The current-voltage (jV) curves of all devices presented here can be described by
either a simple Ohmic conductivity,

𝑗 = 𝜎𝜎 ⁄𝐿,

(6.1)

or governed by space charge limited conductivity (SCLC) according to
9

𝑗 = 𝜀0 𝜀𝑟 𝜇0
8

𝑉2
𝐿3

exp �0.891𝛾�𝑉 ⁄𝐿�.

(6.2)

or by a sum thereof. Here, V is the applied voltage, L is the layer thickness, σ is the
conductivity, ε 0 ε r is the dielectric constant of the active layer, µ 0 is the zero field mobility
and γ is a phenomenological parameter quantifying the mobility enhancement by the
applied electric field. The dashed lines in Figs. 6.3, 6.4 are fits to the jV curves by the sum
of eqs. (6.1) and (6.2). In Fig. 6.7 the separate components are shown.
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Fig. 6.7. Detailed analysis of current-voltage (jV) characteristics of oFESC diodes,
showing, when present, Ohmic (eq. 6.1, blue) and SCLC (eq. 6.2, green) contributions to
the fitted total bulk-limited conductivity (dashed red). (a) SubPc-amide, L = 1 µm, fitted
parameters for on/off states: µ 0 = 6-10×10–9 / 0.13×10–9 cm2/Vs, γ = 4 / 6×10–3 (cm/V)1/2;
(b) PBI-oVDF; (c) Pc-oVDF, L = 1 µm, fitted parameters for off-state: µ 0 = 1×10–10
cm2/Vs, γ = 2.6×10–3 (cm/V)1/2.
Where these could be determined (SubPc-amide and Pc-oVDF) the parameters
describing the SCLC behavior (eq. 6.2) are well in the range expected for this type of small
organic molecular semiconductors. For unsubstituted SubPc, Pandey et al. find µ 0 =
4.5×10–8 cm2/Vs and γ = 1.8×10–3 (cm/V)1/2. 32 The somewhat lower zero-field mobility in
our substituted SubPc-amide can be expected as the amide groups will drive the stacking of
the semiconducting SubPc cores but will hamper the inter-columnar transport, making
transport more 1D-like and therefore more susceptible to morphological imperfections.
Likewise, reported values for the zero field hole mobility of metal phthalocyanine (Pc), e.g.
µ 0 = 1.4×10–8 cm2/Vs in ref. 33, are similar to, but somewhat higher than what is found in
this work. For perylene bisimides (PBI), that are commonly used as electron transporters,
no mobility values could be extracted due to the absence of a clear space charge limited
region in the jV curves.
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From the voltages where the Ohmic and SCLC currents are equal one can make a
rough estimate of the background mobile charge concentration. For SubPc this gives p 0 =
3-6×1015 cm–3, for the oVDF materials the absence of a clear SCLC dominated region in the
jV-curve makes the outcome of this procedure (p 0 ≈ 1×1016 m–3) highly uncertain. A higher
background doping concentration in the oVDF than in the SubPc compound would,
however, be consistent with the more rounded shape of the polarization curves in Fig. 6.4.
The used double wave method (DWM) is crucial to suppress artifacts due to (in this case
desired) “leakage” currents, but cannot completely remove contributions from mobile ionic
species, which move at similar time scales as at which the polarization is probed.
As both eqs. (6.1) and (6.2) describe currents that are limited by the material bulk,
as opposed to limited by injection or interface barriers associated with the Au contacts, the
analysis of the jV-curves leads to the conclusion that the conductivity of experimental
diodes is limited by the bulk in the oFESC-diodes. Hence, the bulk conductivity is
modulated by the direction and degree of ferroelectric polarization (Fig. 6.8). But one
important question still exists, why in the observed direction? At this moment, it is only
possible to propose a tentative explanation for the mechanism behind the difference in
forward and reverse conductivity and the remarkable loop sense in jV. The ferroelectric
polarization gives rise to a (quasi-)periodic potential that lacks inversion symmetry. In
ferroelectric systems such potentials are expected to occur both at molecular length scales
due to periodic arrangement of the dipolar moieties, and at mesoscales due to the presence
of domain boundaries. A current passing through this potential will experience a directional
resistivity; in fact such systems are known as tilting ratchets.34,35 Let’s further assume that
the indicated current direction in Fig. 6.8 panel (I) is the one of lowest resistance, c.f. the
points marked (I) in Fig. 6.3(a and b). Then, in panel (II) of Fig. 6.8, the polarization has
been inverted and the system is in a high-resistivity state, c.f. the points marked (II) in Fig.
6.3. Finally, when continuing along the loop to small negative bias, see Fig. 6.8 panel (III)
and points marked (III) in Fig. 6.3, the same (low-) resistivity situation of (I) is recovered
but in the opposite direction. For the qualitative symmetry argument evoked above the
length scale is unimportant. The second assumption, on the preferred current direction, is
harder to justify as this will depend on microscopic details.36
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Fig. 6.8. Tentatively proposed mechanism for bulk conductivity modulation. (I) Coming
from large negative bias, at small positive bias the polarization (light red arrows) and the
direction of charge motion (wide yellow arrows) are aligned, leading to a high conductivity
and current. (II) By temporary passing the coercive field the polarization is flipped and a
low conductivity and current result. (III) When also the bias is flipped to small negative
values a high-conductivity situation is recovered. The situation in panels (I-III) corresponds
to the black dots in Fig. 6.3(a and b). Color coding is the same as in Figure 6.2.
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6.3 Conclusions
Summarizing, a new class of disc-like organic molecules was designed,
synthesized and characterized. These materials a) are semiconducting, b) possess dipolar
side groups and c) can be organized into columnar morphologies that have sufficient longrange order to support both ferroelectric coupling between the dipolar groups and quasi-1D
charge transport. The ferroelectric polarization is shown to couple strongly to the materials’
bulk conductivity, giving rise to switchable and rectifying current-voltage characteristics.
The behavior is found for three distinct organic semiconductors having two totally different
dipolar side-groups. However, the proposed physical explanation is only qualitative. A
quantitative physical model for the nanoscale charge transport process in presence of
aligned electrical dipoles is still required; this might be a topic of further studies. The
observed phenomena are potentially relevant for low-cost non-volatile rewritable memory
applications and, in a broader perspective, demonstrate the possibility to modulate bulk
material properties by ferroelectric polarization.

6.4 Experimental section
Experimental metal/functional material/metal capacitor devices were fabricated in a typical
cross-bar geometry on a glass substrate. All substrates were chemically cleaned and deionized. Top
and bottom contacts were defined by high vacuum (≈ 2×10–7 mbar) evaporation of 70 nm Au through
a shadow mask; for a good adhesion 5 nm of Cr was evaporated before deposition of the bottom
electrode. The functional organic films were prepared by drop-casting from a solution of dry
materials (15 mg of SubPc and 20 mg of PBI-oVDF and Pc-oVDF) dissolved per 1 ml of chloroform.
The resulting films had thicknesses of 1–4 μm as checked by a Dektak profilometer. Film roughness
was measured using AFM and RMS values between 10 and 40 nm (5×5 μm scan) were found for ~1
μm thick films. Typical device areas varied between 0.25 and 0.5 mm2. Before deposition of the top
contact the cast films were thermally annealed at 85 °C (SubPc) or 65 °C (PBI-oVDF and Pc-oVDF).
Before the ferroelectric measurements, films were aligned by applying a triangular wave voltage at
elevated temperature.
To reduce noise the devices were electrically characterized inside a Janus probe station at
atmospheric pressure. Switching signal waveforms were applied by an Agilent 33120a arbitrary
waveform generator and amplified by a Falco WMA-300 or TReK Model PZD350A high voltage
amplifiers. The actual circuit current was measured by a Keithley 6485 picoampmeter which was
visualized and stored on an Agilent DSO7104A oscilloscope for further analysis. For measuring jV
curves a low-current Keithley 2636 SMU has been used. Measurement of a full jV curve (e.g. from
negative to positive back to negative bias) took typically several tens of seconds; by using sweep rates
that are substantially slower than used for measuring polarization curves (see below) spurious
currents due to polarization reversal (dP/dt) are suppressed, as also discussed in a chapter’s main text
above. For the figures in the chapter’s main text: 20 sec (Fig. 6.3(b), SubPc-amide), 40 sec (Fig.
6.4(b), PBI-oVDF) and 60 sec (Fig. 6.4(d), Pc-oVDF).
After drop-casting the films the molecules were presumably in a predominantly random
orientation. Before ferroelectric measurements the functional materials therefore needed to be
conditioned with an electric field in order to align the dipoles and improve the ferroelectric response.
For PBI-oVDF and Pc-oVDF materials the conditioning consisted of a 20–30 minutes application of a
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500 mHz triangular wave with an amplitude just below the coercive voltage. The positive and
negative parts of the triangular wave had equal amplitude but durations that differed by a factor 2.
Conditioning of oVDF-based materials was done at an elevated temperature of ≈ 60 °C. Complete
homeotropic (perpendicular) alignment of the SubPc-amide columns was achieved at 130–140 °C
when the liquid crystalline (LC) material is in a hexagonal columnar phase by applying an external
field of ≈ 30 V/µm for about 20 min. The conditioning was followed by tracking the switching current
in time and we considered the conditioning as finished when the switching current was stable for
more than a minute. For SubPc stable homeotropic alignment was confirmed by polarization optical
microscopy (POM) as shown in Fig. 6.3 above. For the ferroelectric switching experiments discussed
in the 6.2.2 part of the chapter, previously aligned devices were cooled to the desired measurement
temperature.
Polarization-voltage (P-V) hysteresis loops, the characteristic curves of ferroelectrics, were
obtained by integration of the pure switching-current response (dP/dt) as a difference between the full
device response, that includes the relevant dP/dt signal and a subsequently measured background
response which consist of only the leakage and displacement contributions. The preparation pulse
brings the ferroelectric in the desired polarization state. The first wave in the probing part produces
the corresponding switching current, including displacement and leakage contributions. In the second
wave the displacement and leakage currents can be determined as no further polarization switching
occurs because the first and second waves are equal in size and slope. This way of achievement of
remnant hysteresis loops at quasi-static conditions is known as the double-wave method (DWM) and
is fully described in e.g. refs 37 and 38.
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Results and discussion
In Chapter 2 as well as other ones, hysteretic integrated current loops obtained via
home-made setup were shown. To confirm these hysteresis measurements, setup
functionality/reliability, and truly ferroelectric nature of polar switching process in BTA
molecules, independent control measurements are presented here. Test reference data were
obtained on BTA-based thin-film capacitor devices by Dr. Christian Roelofs at the R&D
department of NXP Semiconductors N.V. and by Dr. Justin Manjaly Varghese at the
University of Groningen on commercial systems.
1) Ferroelectric loop measurements performed at NXP Semiconductors N.V.:
Measurement conditions: Temperature 100 and 140 °C; Frequency 10 Hz; Device
layer thickness (made from BTA-C10) ~600 nm; The test device was previously
electrically aligned;

Fig. A.1. Polarization vs applied field (P-E) hysteresis saturated loops obtained from BTAC10 fully aligned thin-film capacitor device. (1 μC/cm2 = 10 mC/m2).
Fig.A.1 shows that the actual coercive field becomes smaller at higher temperature
whereas remnant polarization value stays stable as expected for ferroelectric material.
The presented Fig.A.1. can be compared to Figs. 2.5. and 2.6. in Chapter 2 of the
main text.
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2) Ferroelectric loop measurements on Precision Workstation Radiant Technologies:
Measurement conditions: Variable temperature; Active electrode area 5·10–4 cm2;
Device layer thickness (made from BTA-C18) ~500 nm; The test device was initially notaligned (sent to Groningen after fabrication);
Electrical alignment for initially non-aligned capacitor device was done by
applying a fixed DC bias of 15 V (for 120 sec). Alignment attempts were repeated at
variable temperatures, starting from 60 °C. After each step, a hysteresis measurement was
attempted, and based on the output, only at 80–90 °C complete homeotropicity was finally
achieved. In all cases a triangular wave was used as a switching signal for hysteretic
measurements. The resulting series of hysteretic loops are shown in Fig. A.2.

Fig. A.2. Polarization vs applied voltage (P-V) hysteresis loops (unsaturated after partial
alignment and saturated after achieving complete alignment) obtained from a BTA-C18
thin-film capacitor device. (1 μC/cm2 = 10 mC/m2).
Fig A.2 shows that up to 60 °C no hysteretic switching occurs because there is no
alignment was achieved. In the range of temperatures 65–75 °C the device becomes
partially aligned and switchable, however the non-optimal alignment conditions resulted in
smaller remnant polarization and higher coercive field. Only at temperatures of 80–100 °C,
close-to-optimal alignment was achieved resulting in saturated hysteresis loops.
The presented Fig.A.2. can be compared to Figs. 2.5. and 2.6. in Chapter 2 of the
main text.
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Finally, in Fig.A.3, the effect of the magnitude of the DC bias used for alignment
at a fixed (optimal) temperature of 100 °C on the resulting hysteretic switching is shown.
Homeotropic alignment was achieved by applying a DC bias of 15, 17 and 20 V,
respectively. External bias was applied for about 30 sec. Hysteretic switching loops,
presented below, were measured immediately after the aligning DC bias was switched off.

Fig. A.3. Saturated polarization vs applied voltage (P-V) hysteresis loops obtained from
aligned BTA-C18 thin-film capacitor device taken at 100 °C. (1 μC/cm2 = 10 mC/m2).
Fig.A.3 shows the influence and importance of alignment perfection on hysteretic
switching. Hence, a near-ideal hysteresis loop is no guarantee for complete alignment, and
in all experiments shown we made sure that the saturation polarization no longer increased
upon prolonged alignment.
The presented Fig.A.3. can be compared to Figs. 2.5. and 2.6. in Chapter 2 of the
main text.
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Results and discussion
In Chapter 4, BTA-C10-pyrrole in-situ electropolymerization and the resulting
polypyrrole layer formation in thin-film devices were discussed. Thus, under bias cycling at
low frequencies, the current responses to the last three block waves and the first triangular
wave are corresponding to both ferroelectric switching and electrochemical process. In
order to calculate the total amount of protons formed during bias cycling (10 mHz, 53
V/µm, 21 hours), the current from ferroelectric polarization must be corrected for. From the
current-voltage study, ferroelectric switching is observed at high frequencies, while at low
frequencies a combination of ferroelectric switching and electrochemical process
contributes to the high apparent polarization. The current responses at f = 10 mHz and 2 Hz
were continuously measured during cycling. By subtraction of the ferroelectric polarization
from the high apparent polarization, polarization corresponding to the electrochemical
process alone was obtained. From this value, the total number of oxidized pyrrole units per
unit area was obtained. When divided by the charge produced per BTA molecular area, the
number of oxidized/polymerized columnar layers was obtained.

Fig. B.1. (a) Current response as a function of time. Blue region (raw signal): current
response to ferroelectric switching and electrochemical process (low frequencies) or current
response to only ferroelectric switching (high frequencies). Red region (background):
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current response to leakage, intrinsic conductivity, etc. (b) The polarization corresponding
to both ferroelectric switching and electrochemical process for a full cycle as a function of
scan after 21 hours. (c) The polarization corresponding to only ferroelectric switching for a
full cycle as a function of scan after 21 hours.
In a full cycle, the charge density corresponding to both electrochemical process
and ferroelectric switching at f = 10 mHz is set as 𝑄𝑓𝑓𝑓𝑓 and the charge density
corresponding to ferroelectric switching process at f = 2 Hz is set as 𝑄𝑓𝑓𝑓𝑓𝑓 . The charge
density corresponding only the electrochemical process 𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is obtained by the
formula below:
𝑄𝑒𝑒𝑒𝑒𝑒𝑜𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑄𝑓𝑓𝑓𝑓 − 𝑄𝑓𝑓𝑓𝑓𝑓 = 32184 𝑚𝑚 ⁄𝑚2 − 9827 𝑚𝑚 ⁄𝑚2 = 22356 𝑚𝑚 ⁄𝑚2

The unit cell area of BTA-C10-pyrrole is calculated from the 𝑎-lattice parameters:

a = 2.24 nm
The unit cell area 𝐴𝑐𝑐𝑐𝑐 = 2.24 𝑛𝑛 × 2.24 𝑛𝑛 ×

√3
2

= 4.34 𝑛𝑛2 = 4.34 × 10−18 𝑚2

One proton has 1.6 × 10−19 𝐶 , every unit cell has 3 pyrroles that can lose 6 protons in
total.
P

The

charge

0.22 𝐶 ⁄𝑚

2

density

per

monolayer

is 𝑄𝑙𝑙𝑙𝑙𝑙 =

6×1.6 × 10−19 𝐶

The number of layers 𝑛𝑙𝑙𝑙𝑙𝑙𝑙 is obtained from 𝑛𝑙𝑙𝑙𝑙𝑙𝑙 =

100 𝑙𝑙𝑙𝑙𝑙𝑙

𝐴𝑐𝑐𝑐𝑐

=

𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑙𝑙𝑙𝑙𝑙

6×1.6 × 10−19 𝐶
4.34×10−18 𝑚2

=

22.36𝐶 ⁄𝑚2
0.22𝐶 ⁄𝑚2

=
=

On each of the two electrodes, 50 layers of pyrrole BTA molecules are oxidized,
with the thickness of the layer corresponding to 0.35 nm, the inter-discotic distance of the
columnar phase.
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After 21 hours, the thickness of polymerized material on each electrode is
estimated to be approximately 50 × 0.35 𝑛𝑛 = 17 𝑛𝑛
However, due to the formation of hydrogen bubbles at the electrode interfaces that
reduce the electrochemically active contact area, the local thickness of the polypyrrole
layers may be significantly more than 17 nm.
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Summary
Ferroelectric switching phenomena in organic
dielectrics and semiconductors

There is a growing general interest in ferroelectrics for their application in,
amongst others, sensors and actuators, transducers, nonlinear optics, field-effect transistors
and for their potential in high-density data storage devices based on capacitors or diodes.
Additionally, integration of organic ferroelectrics in nonvolatile ferroelectric (FeRAM) or
resistive-switching (ReRAM) random access memories is still an actual task. In many
aspects, organic ferroelectrics are promising candidates for realizing the memory devices
because they have a number of advantages, such as compatibility with easy processing
techniques, flexibility, possibility of self-assembling and a potential for cost-effectiveness.
However, so far attention was mainly paid to polyvinylidene fluoride (PVDF) based
polymeric systems and blends which have a number of crucial disadvantages such as a low
Curie temperature, a hardly controllable phase separation etc.
The main goal of this research was characterizing and deepening the
understanding of organic ferroelectric materials and devices, like capacitors and diodes.
The used materials were synthesized by collaborators from different laboratories and were
either purely ferroelectric or combined ferroelectric-semiconducting. The foreseen
application of the latter materials is in novel memory devices. The operational principle of
these is based on the coexistence of ferroelectric and semiconducting properties in a single
material. The ferroelectric part provides the binary state and data retention because its
polarization only changes when the applied voltage exceeds the coercive field. The
semiconducting part provides the means to probe that state via a non-perturbing electrical
signal. Ultimately, with each column in the columnar morphology that is typical for these
materials acting as a single memory element, this translates into an information density of a
few Tb/cm2.

Summary

The research described in the thesis consists of several parts. Each part presents a
complete investigation focused on a different aspect of dipole switching phenomena in
functional organic materials.
In Chapter 2, true ferroelectric switching in hydrogen bonded disk shaped
molecules with a benzene-1,3,5-tricarboxamide (BTA) core under external field has been
demonstrated and proven by several independent experimental techniques. Analysis of the
transient switching response suggests that the ferroelectric switching is limited by a highly
dispersive nucleation processes, giving rise to a wide distribution of switching times.
In Chapter 3, ferroelectric polarization decay phenomena in BTAs were
investigated in detail via direct electrical probing of polarization retention at variable
temperature. These experiments were supported by dielectric relaxation spectroscopy
measurements. Based on obtained findings, the fundamental depolarization mechanism was
proposed to be the result of an R-type molecular relaxation process, which is a collective
rotation of the molecular amide dipoles.
In Chapter 4, ferroelectricity and dipole-driven electrochemistry of pyrrole
substituted BTAs is presented. The investigated compound possesses a columnar hexagonal
LC phase that can be homeotropically aligned. At high frequencies, the material shows
ferroelectric switching typical for ordinary BTAs. At low frequencies, a second process was
observed which leads to extremely high hysteretic charge density of up to ∼1000 mC/m2.
This slow-rate process has been found to be the result of the electrochemical oxidation of
pyrrole groups under an external field and causes the formation of polypyrrole (PPy) layers
at the device interfaces. The key factor for enabling the oxidative polymerization is the
presence of interfacial dipoles that align the pyrrole oxidation level with the contact Fermi
level. The proposed scenario is supported by reference measurements on related
compounds that lack hydrogen bonding or dipolar units.
In Chapter 5, efficient tuning of a charge injection barrier due to interfacial polar
dipole switching in a carbonyl-bridged triarylamine (a-CBT) supramolecular semiconductor
has been demonstrated. The investigated supramolecular material combines semiconducting
and dipolar functionalities in one molecule. Electrical alignment in a simple diode geometry
induces a polar order in the interface layers near the electrodes that can be reversibly
switched by an external field. The bulk remains free of polar order. The appearance of an
interfacial polarization field leads to a modulation of the barrier height for charge injection
into the semiconductor part of the material. As a result a reversible switching of the device
conductance occurred between a high-resistance, injection-limited “off-state” and a lowresistance, space-charge-limited “on-state”. This memory diode showed switchable
rectification with on/off ratios of up to ∼102.
In Chapter 6, rectifying and switchable conductivity in combined
ferroelectric/semiconducting organic materials is described. This phenomenon has been
found for a class of ferroelectric-semiconducting organic materials obtained via
supramolecular organization. The ferroelectric polarization in these supramolecular systems
is found to couple to the charge transport and leads to a bulk conductivity that is switchable
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and rectifying at the same time. This combination of functionalities may have potential for
implementation in memory devices. A tentative interpretation of the possible nature this
novel phenomenon is given in terms of the so-called “ratchet” effect occurring in the
periodic potential that is formed by the ferroelectric dipoles.
To summarize, this thesis provides a detailed investigation of polar switching
phenomena in various supramolecular organic materials, including ferroelectric-only and
combined ferroelectric-semiconducting systems. The key achievements of the
investigations are the delivery of clear evidence for the true ferroelectric nature of amidecontaining BTA systems and establishing a family of ferroelectric-semiconducting
supramolecular materials that show switchable current rectification. Especially the latter
results show the possibility to modulate organic material properties using the large electric
fields associated with ferroelectric polarization. In wider perspective, the investigated
materials are potentially interesting as functional layers for crossbar memories, which can
combine extremely high data densities with a simple device layout. However, further
improvements in functional properties need to be achieved, such as increases in polarization
retention time and on/off current ratios, and a decrease in the temperature at which the
switching process occurs etc. All of these parameters are expected to depend on the
structural properties of the organic materials. Thus the tuning of molecular structure via
side-chain engineering, the optimization of device layer processing and interface
engineering may form a wide area for further investigations.
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Samenvatting
Ferroelektrische schakelverschijnselen in organische
diëlektrica en halfgeleiders

Er is een groeiende algemene belangstelling voor ferroelektrische materialen
vanwege hun toepassing in onder andere sensoren en actuatoren, transducers, niet-lineaire
optica, veld-effect transistors en vanwege hun mogelijkheden in hoge-dichtheid data opslag
op basis van condensatoren of dioden. Daarnaast is integratie van organische ferroelektrica
in non-volatiel ferroelektrisch geheugen (FeRAM) of resistief (ReRAM) random access
geheugen nog steeds werk-in-uitvoering. Organische ferroelektrische materialen zijn in veel
opzichten veelbelovend voor toepassing in geheugens omdat ze een aantal voordelen
hebben, zoals compatibiliteit met eenvoudige verwerkingstechnieken, flexibiliteit,
mogelijkheid van zelfassemblage en eventueel kosteneffectiviteit. Tot op heden is
voornamelijk aandacht besteed aan polyvinylideenfluoride (PVDF) gebaseerde polymeren
en mengsels, die een aantal cruciale nadelen hebben, zoals een lage Curie temperatuur, een
nauwelijks controleerbare fasescheiding, enz.
Het hoofddoel van dit onderzoek was het karakteriseren en verdiepen van het
begrip van organische ferroelektrische materialen en devices, zoals condensatoren en
dioden. Deze materialen werden gesynthetiseerd door collega’s uit verschillende laboratoria
en waren ofwel puur ferroelektrisch ofwel gecombineerd ferroelektrisch-halfgeleidend. De
voorziene toepassing van de laatstgenoemde materialen is in nieuwe geheugens. Hun
operationele principe is gebaseerd op de coëxistentie van ferroelektrische en halfgeleidende
eigenschappen in een enkel materiaal. Het ferroelektrische gedeelte verzorgt de binaire
toestand en de dataretentie omdat de polarisatie alleen verandert wanneer de aangelegde
spanning het coërcieve veld overschrijdt. Het halfgeleidende deel biedt de mogelijkheid om
die toestand te detecteren middels een niet-verstorend elektrisch signaal. Uiteindelijk,
wanneer elke kolom in de kolom-morfologie die typisch is voor deze materialen, gebruikt
wordt als een enkel geheugenelement, leidt dit tot een ultieme informatiedichtheid van een
paar Tb/cm2.

Samenvatting

Het onderzoek dat in het proefschrift wordt beschreven bestaat uit verschillende
onderdelen. Elk onderdeel bevat een volledig onderzoek gericht op verschillende aspecten
van dipool-schakelfenomenen in functionele organische materialen.
In hoofdstuk 2 wordt waarachtig ferroelektrisch schakelgedrag in waterstofgebonden schijfvormige moleculen met een benzeen-1,3,5-tricarboxamide (BTA) kern
onder extern veld aangetoond en bewezen in verschillende, onafhankelijke experimentele
technieken. Analyse van de dynamische schakelrespons suggereert dat de (ferroelektrische)
schakelsnelheid beperkt wordt door een zeer dispersief nucleatieproces, hetgeen tot een
brede verdeling van schakeltijden leidt.
In hoofdstuk 3 wordt het tijdafhankelijke verlies van ferroelektrische polarisatie in
BTA's gedetailleerd onderzocht via directe elektrische meting van de zogenaamde
polarisatieretentie bij variabele temperatuur. Deze experimenten wordt ondersteund door
diëlectrische relaxatiespectroscopie metingen. Op basis van de meetgegevens wordt het
fundamentele depolarisatiemechanisme geïdentificeerd als het gevolg van een molecuulrelaxatieproces van het R-type, hetgeen een collectieve rotatie van de moleculaire
amidedipolen is.
In hoofdstuk 4 wordt ferroelektriciteit en dipool-gedreven elektrochemie van
pyrrol-gesubstitueerde BTA's gepresenteerd. De onderzochte verbinding bezit een
kolomvormige zeshoekige vloeibaar-kristallijne fase die homeotroop kan worden uitgelijnd.
Bij hoge frequenties toont het materiaal ferroelektrische schakelgedrag dat typisch is voor
gewone BTA's. Bij lage frequenties werd een tweede proces waargenomen dat leidt tot
extreem hoge hysteretische ladingdichtheden van maximaal ∼1000 mC/m2. Dit trage proces
is het gevolg van de elektrochemische oxidatie van pyrrolgroepen onder een extern veld en
leidt tot de vorming van polypyrrool-lagen (PPy) aan de contactgrensvlakken. De
belangrijkste factor voor het mogelijk maken van de oxidatieve polymerisatie is de
aanwezigheid van interfacedipolen die het pyrrool-oxidatieniveau in lijn brengen met het
Fermi-niveau van het contact. Het voorgestelde scenario wordt ondersteund door
referentiemetingen op gerelateerde materialen die geen waterstofbruggen vormen of geen
dipolaire eenheden hebben.
In hoofdstuk 5 wordt het efficiënt beïnvloeden van een ladingsinjectiebarrière met
behulp van een schakelbare interfacedipool aangetoond in een supramoleculaire
halfgeleider (a-CBT). Het onderzochte supramoleculaire materiaal combineert
halfgeleidende en dipolaire functionaliteiten in één molecuul. Elektrische uitlijning in een
eenvoudige diode-geometrie induceert een polaire orde in de interfacelagen nabij de
elektroden die door een extern veld reversibel kunnen worden geschakeld. De bulk van het
materiaal blijft vrij van polaire orde. De aanwezigheid van een schakelbaar polarisatieveld
aan het contactinterface leidt tot een modulatie van de barrièrehoogte voor ladinginjectie in
het halfgeleiderdeel van het materiaal. Als gevolg hiervan is de geleidbaarheid van het
device schakelbaar tussen een injectie-gelimiteerde hoge weerstand, "uit", en een
ruimtelading-gelimiteerde lage weerstand, "aan". Dezelfde geheugendiode vertoonde
schakelbare rectificatie met aan/uit-verhoudingen van maximaal ∼102.
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In hoofdstuk 6 wordt rectificatie en schakelbare geleidbaarheid in gecombineerd
ferroelektrische/halfgeleidende organische materialen beschreven. Dit fenomeen is
gevonden voor een klasse van ferroelektrische halfgeleidende organische materialen die
supramoleculaire zelforganisatie vertonen. De ferroelektrische polarisatie in deze
supramoleculaire systemen blijkt invloed te hebben op het ladingstransport, wat leidt tot
een bulkgeleiding die tegelijkertijd schakelbaar en rectificerend is. Deze combinatie van
functionaliteiten kan mogelijkerwijs geïmplementeerd worden in geheugens. Een
voorlopige interpretatie van de mogelijke aard van dit nieuwe fenomeen is gegeven in
termen van het zogenaamde ratchet-effect dat optreedt in het periodieke
potentiaallandschap dat wordt gevormd door de ferroelektrische dipolen.
Samenvattend beschrijft dit proefschrift een gedetailleerd onderzoek naar polaire
schakelfenomenen in verschillende supramoleculaire organische materialen, met inbegrip
van ferroelektrische en gecombineerd ferroelektrisch/halfgeleidende systemen. De
belangrijkste uitkomsten van het onderzoek zijn het duidelijke bewijs voor het
ferroelektrische karakter van amide-bevattende BTA-systemen en het aantonen van een
familie van ferroelektrisch-halfgeleidende supramoleculaire materialen die schakelbare
rectificatie tonen. Met name deze laatste resultaten tonen de mogelijkheid om de
eigenschappen van organische materialen te moduleren met behulp van de grote elektrische
velden die karakteristiek zijn voor ferroelektrische polarisatie. In breder perspectief zijn de
onderzochte materialen mogelijk interessant als actieve laag voor ‘crossbar’-geheugens, die
uiterst hoge data-dichtheden kunnen combineren met een eenvoudige geometrie. Hiervoor
moeten echter nog verdere verbeteringen in de functionele eigenschappen worden bereikt,
zoals een langere polarisatie-retentietijd, hogere aan/uit verhoudingen, een lagere
temperatuur waarbij het schakelproces optreedt, etc. Al deze parameters worden verwacht
afhankelijk te zijn van de structurele eigenschappen van het organische materiaal. Naar
verwachting is er daarom veel ruimte voor verdere verbetering en onderzoek aan b.v. de
optimalisatie van de moleculaire structuur via zijketen-engineering, de optimalisatie van de
processing van de actieve laag en interface engineering.
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