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1. Introduction

In the search for non-volatile resistance switching for applications such as informa-
tion storage, flexible electronics and neuromorphic devices various concepts have been
examined. Ferroelectric polymers and organic semiconductors have come of interest,
because they can be processed from solution through coating or printing methods and
are therefore suitable for low-cost and large area manufacturing [1]. For memory ap-
plications the material needs to provide electric-field controlled resistance switching
between two (or more) distinct and stable states.
Ferroelectric polymers are suitable candidates for the bistable resistance switching
[2]. The most widely investigated organic ferroelectric is the random copolymer of
vinylidene fluoride and trifluoroethylene (P(VDF-TrFE)). Thin film capacitors with
P(VDF-TrFE) as dielectric exhibit stable polarization states and that can be used
as non-volatile memories [3, 4]. However, the read-out of the information stored in
such a capacitor is destructive. The external field applied for the read-out can alter
the polarisation state. This is solved by combining P(VDF-TrFE) with a semicon-
ductor material. In these ferroelectric-semiconductor heterostructures P(VDF-TrFE)
provides bistable resistance switching and the semicondutor provides the conduction
[5].
In order for the conduction through the semicondutor to not be hindered by the insu-
lating P(VDF-TrFE) the heterostructure has to be laterally divided with semiconduct-
ing columns embedded in the ferroelectric matrix (compare figure 1.1). Dependent
on the orientation of the ferroelectric polarisation the current density through the
semiconductor is low (OFF state) or high (ON state). The semiconductor enables
non-destructive read-out of the programmed state with voltages lower than the co-
ercive state of the ferroelectric. Diodes using poly(9,9-dioctylfluorene) (PFO) as the
semiconducting material with bistability and an ON/OFF ratio approaching 1 × 104

were shown [6].
This work comprises two different projects using P(VDF-TrFE):PFO heterostructure
device. Firstly it was focused on making advanced in creating the ideal morphology
of the heterostructure. The most common method applied are the blend films, that
utilise that the polymers generally do not mix and phase-separate due to low enthalpy
of mixing and small entropic gain [7]. The two polymers are dissolved in a common
solvent and the thin films are produced with coating techniques. In the resulting
film not all the semiconductor domains embedded in P(VDF-TrFE) are continuous
through the film (compare figure 1.1 (a)) and therefore cannot transport charges from
the bottom to the top electrode. Through selective washing it has been shown that
only two thirds of the semiconductor material are in functioning domains [8]. This
method also lacks control of the domain size, which is of disadvantage for area scaling.
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1. Introduction

As can be seen in figure 1.1 (a) the blend film method also results in intermixing of
the components at the interface between the domains. Since simulation has shown
that the charges transported through the semiconductor domains are very strongly
located at the interface, this is of high importance for the device performance [9]. A
first MEMOLED of PFO and P(VDF-TrFE) processed with the blend method was
demonstrated [10]. The advantage of the heterostructure allows to address the organic
light emitting diode actively, through modulation of the polarisation in P(VDF-TrFE),
in a passive matrix geometry. The efficiency (ratio of light emission and current
output) for the MEMOLED was at least an order of magnitude lower than that of a
conventional LED using PFO as the semiconductor.

(a) (b)

Figure 1.1.: Comparison of phase separated ferroelectric-semiconductor heterostructures cre-
ated by (a) the common blend film method and (b) the proposed backfilled pores
method.

Another method applied for optimizing the microstructure is patterning. This method
uses lithography or micromolding to create a regular array of one component and then
fill up voids with the second component [11, 12, 13]. While this allows to determine the
domain size and distribution, large-scale production could be complicated by the need
for top-down patterning. Additionally the filling of the voids with the semiconductor
created a continuous film of that material on top of the heterostructure, which could
lead to crosstalk and was shown to negatively impact the memory performance [14].
This work shows a new method for fabrication of P(VDF-TrFE):PFO lateral het-
erostructures with all semiconductor domains bicontinuous, sharp interfaces between
the materials and the ability to control the domain size (compare figure 1.1 (b)). First
porous P(VDF-TrFE) thin films with pores of 3-1 connectivity (see domain structure
in 1.1 (b)) were produced by utilising a breath figure method under controlled hu-
mid atmosphere and followed by heating. This has not been demonstrated before.
Then the created pores were backfilled with the semiconducting material PFO and,
making use of the versatility of the porous films, also with the small molecule TADF
semiconductor 4CzIPN.
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1. Introduction

In the second project using P(VDF-TrFE):PFO heterostructures the suitability of
these thin films for neuromorphic applications was explored. Typically the mem-
ory diode is used in either the fully depolarised or fully polarised state. However,
P(VDF-TrFE) can also be partially polarised with good retention time of the inter-
mediate polarisation states, which enables multi-bit memory applications, that allow
higher storage density [15, 16, 17]. Therefore the memory diodes are a good candi-
date for neuromorphic applications [18]. This work demonstrates the gradual resis-
tance switching into several stable states through application of voltage pulses for the
P(VDF-TrFE):PFO memory diode for the first time. The control of the polarisation
state through adjustment of the voltage pulse width and amplitude is systematically
examined. Program and read operations are shown for an array of the diodes, which
has not been demonstrated before. Besides the potential of the memory diode for em-
ulating the biological systems in the human brain as an artifical synapse are shown.

4



2. Theoretical background

2.1. The ferroelectric polymer P(VDF-TrFE) and
ferroelectric switching

The ferroelectric polymer polyvinylidene fluoride (PVDF) consists of the CH2-CF2

vinylidene monomer, which alternately has a pair of hydrogen and a pair of fluorine
atoms bound to the carbon backbone. There are four crystalline phases of PVDF
known, including the most stable, non-ferroelectric α phase and the three ferroelectric
β, γ and δ phases. Doping PVDF with other polymers like trifluoroethylene (TrFE),
in which one hydrogen atom is replaced by a fluorine atom (see figure 2.1), helps to
stabilize the copolymer in the ferroelectric β phase [19]. P(VDF-TrFE) is a highly
durable, non-toxic and air-stable polymer.

Figure 2.1.: P(VDF-TrFE) in its two fully polarised states with all dipoles oriented parallel to
each other (image taken from [19]).

By orientation of the side groups the P(VDF-TrFE) molecule builds up a dipole mo-
ment due to the presence of strongly electronegative fluorine atoms, which can be
aligned by an externally applied electric field. Two antiparallel orientations of the
dipoles are observed, when an electric field is applied. Regions of the sample which
contain a uniform dipole orientation are called domains. For P(VDF-TrFE) one ob-
serves switching between the two domain states by applying an electric field which
favours one of them. The boundary separating two domains is referred to as a do-
main wall and the domain wall velocity is a parameter, which is used to describe the
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2. Theoretical background

switching process (see source [20], also for the following paragraphs).
Under ideal conditions, where no field is applied and we have perfectly oriented poly-
mers, both domain states have the same energy density, but within the wall the
structure is distorted. Therefore the domain boundary contains some extra energy,
which leads to a passage between the two states.
Changes on a molecular level are accompanied by variation of the macroscopic po-
larisation vector. The domain state reorientation is determined by measuring the
polarisation and referred to as the switching process.
When an electric field is applied to a P(VDF-TrFE) film we expect the growth of
domains with structures preferred by the applied field at the expense of domains with
other structures. The polarisation variation associated with this phase transition
is termed spontaneous polarisation Ps. The magnitude and direction of Ps can be
determined by measuring the transported charges by integrating the electric current.
For a ferroelectric material mapping of the change in polarisation versus the applied
field will lead to the observation of a hysteresis loop. This indicates the stability of
either of two states when the applied force is zero and is the basis of applications with
non-volatile random access memory.
While the states on the hysteresis loop are transient, there is a possibility of multido-
main states existing in static conditions as well. These are often metastable states,
which can have a long lifetime. One speaks of a single domains sample, if the total
volume of a sample represents just one of the domain states. A real sample will always
be multidomain with domains coexisting in it, since defects may prefer the presence
of two domains next to each other and metastable domain patterns may remain from
dynamic processes. In practice the reorientation is accomplished only in parts of the
sample and it results in a multidomain sample. Those samples are not in the ground
state of energy, because the domain wall represent perturbations of the structure. The
field created by a charged wall therefore increases the energy of the system as a whole
and may also suppress ferroelectricity in the neighbouring domains. Thus, there is a
limit to the maximum value of surface charge density beyond which the wall cannot
exist. Several factors contribute to the orientation of a domain wall: (a) the domain
state with the wall of a given orientation should at least correspond to a local energy
minimum, (b) electrostatic energy caused by differently oriented Ps vectors and (c)
elastic energy due to differently oriented spontaneous strains in neighbouring domains,
and (d) energy of the wall itself.
The polarisation switching in a uniformly polarized sample can be described by the
Kolmogorov-Avrami-Ishibashi (KAI) model in four steps: (i) nucleation of domains,
(ii) longitudinal growth of domains along the direction of the applied electric field, (iii)
transverse growth of domains and (iv) coalescence of domains until the polarization in
the region is entirely reversed. The starting point will be an “almost single domain”
state, which will still contain some metastable or stable “frozen-in” nuclei of opposite
dipole orientation as explained above (see figure 2.2 (a)). Upon application of a
field directed against the dominant polarisation direction these nuclei will start to
grow along the ferroelectric axis. In a separate process new nuclei are formed in
many spots of the sample independently (figure 2.2 (b)). The nucleus can only grow,
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2. Theoretical background

Figure 2.2.: P(VDF-TrFE) thin films with its two fully polarised states shown in light and
dark grey (image taken from [20]). (a) Almost uniformly polarised initial state,
(b) and (c) longitudinal growth of the domains with dipole orientation in the
direction of the applied electric field, (d) transverse growth of domains until the
sample is almost uniformly polarised along the direction of the applied electric
field (e).

when its energy exceeds a certain critical value. The growth of these supercritical
domains reduces the energy of the whole sample. The domain wall velocity exhibits
anisotropy, with the domain boundaries growing faster in longitudinal direction than
in transverse direction (vlong > vtrans) (this can be observed in figure 2.2 (c)). For
thin films the difference is about one order of magnitude [21]. Thus the grown-up
nucleus first reaches both electrodes and forms a narrow domain, before phase (iii) of
transverse growth is dominant. As the transverse growth continues and the switched
domains approach each other, it becomes easier to described the shrinking domains
of the original domain state rather than to growing domains of the resulting domain
state (figure 2.2 (d)). This is referred to as domain coalescence. Finally the sample
is again in an almost homogeneous domain state oriented along the field. Some small
metastable domains or frozen-in nuclei of the original polarisation direction will again
remain in the sample (see figure 2.2 (e)).
In the measurement of the hysteresis loop a DC voltage is applied to the sample, but
it is also possible to switch the sample with voltage pulses. When a pulse is applied
the current signal shows a first sharp current peak corresponding to the linear capac-
itance of the sample, not connected to any domain phenomena. Afterwards a certain
backswitching takes place as the system relaxes to a stable state after the previous
polarization reversal process. The length of the field pulses determines whether the
switching process is fully completed or only partially. If a series of voltage pulses
shorter than a critical pulse length are applied, there is no net reversal of Ps. The
critical pulse length is dependent on the pulse amplitude.
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2. Theoretical background

The perturbation in the polymer structure between the domains results in a pressure
acting on the domain wall. This force on a domain wall can be strongly reduced when
it is compensated by free charges. The bound charges at the domain wall are screened
and this reduces the energy of the depolarising field locally.

2.2. Semiconducting polymers

While many polymers are insulators, they can be semiconducting, if their backbone is
conjugated. This means that it contains a structure of alternating single and double
bonds. Due to the conjugation the carbon atoms show sp2-hydridisation (figure 2.3
(a)). The 1s orbital is filled and only shown for completeness. In hybridisation the
2s orbital and two of the three 2p orbitals combine. They form three degenerate sp2

hybrid orbitals. The third p orbital remains in its original state, which is higher in
energy [22].

(a) (b)

Figure 2.3.: (a) sp2-hybridisation and (b) double bonds in ethylene showing only the valence
electrons

Therefore in two carbon atoms forming a double bond (figure 2.3 (b)) each atoms is
contributing three sp2 orbitals and one p orbital. Overlapping orbitals will form a
covalent bond. In the simplest example of ethylene (C2H4) two sp2 orbitals for each
carbon atom will overlap with the s orbitals of the four hydrogen atoms and form σ
bonds. The remaining two sp2 orbital form a σ bond between the two carbon atoms.
The two p orbitals overlap and yield a so-called π bond.
The formation of the covalent bonds is described mathematically by the theory of
the linear combination of atomic orbitals (LCAO). As can be seen in 2.3, the linear
combination of two sp2 orbitals gives two possible orbitals, the lower energy σ orbital
and the higher energy σ∗ orbital. Similarly the linear combination of the two p orbitals
gives the possiblity of a lower energy π orbital and a higher energy π∗ orbital. In a
stable bond the lower energy orbitals σ and π are filled and the higher energy orbitals
σ∗ and π∗ (called anti-bonding) are unfilled. Hence the π orbital corresponds to
the highest occupied molecular orbital (HOMO) and the π∗ orbital to the lowest
unoccupied molecular orbital (LUMO).
Now considering a conjugated polymer all carbon atoms in the macromolecule have
to be taken into account. The more carbon atoms contribute, the more the density
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2. Theoretical background

of energetic states increases and the distance between the HOMO and LUMO level
decreases [23]. In a perfectly stretched macromolecule this would lead to formation of
a valence and conduction band and the energy gap would be so small that the polymer
would be a conductor. However the Peierl distortion in semiconducting polymers will
always lead to a non-zero energy gap [24]. The macromolecule is never completely
stretched out, so the conjugated π-electrons are limited to chain segments. The dis-
order also causes the charge carrier mobility in organic semiconductors to be orders
of magnitude below that of crstalline silicone (about 1000 cm2/V s) [25]. Due to the
weak van der Waals forces between different macromolcules, the band width even in
a highly ordered organic semiconductor is narrow.
One type of semiconducting polymer are polyfluorenes, which have a chain of benzene
rings as the backbone. These conjugated polymers show electroluminescence [26, 27].

2.3. Thermally activated delayed fluorescence

Figure 2.4.: Schematic of
TADF (taken
from [28]).

Organic semiconductors are researched for the use in opto-
electronic applications. One issue is their low external
quantum efficiency (EQE). Electrical excitation typically
results in 25% singlet excitons and 75% triplet excitons.
However, the non-emissive triplet excitons do not con-
tribute to the fluorescence of the material. After consider-
ation of the light out-coupling efficiency the EQE is only
as high as 5%.
One way to utilize the non-emissive triplet excitons is
through thermally activated delayed fluorescence (TADF),
which was first discovered in 1961 [29]. TADF is oxygen
and temperature sensitive and can therefore be used in
efficient optical sensors for these two parameters [28].
The transition of the singlet excitons with antisymmetric
spin and a total spin quantum number of zero (S=0) to the
ground state results in fluorescence and takes place within
nanoseconds (this is called promote fluorescence (PF)). On
the other hand the transition of the triplet state with even
symmetry and S=1 to the ground state is quantum me-
chanically forbidden and results in phosphorescence with
lifetimes of possibly seconds.
One way of harvesting the triplet excitons, that proofed
efficient, is via the reverse intersystem crossing (RISC)
process from the triplet state T1 to the singlet state S1

(see figure 2.4). According to Hund’s rule, T1 is always lower than S1, so the RISC
process has to be stimulated or activated. When the singlet-triplet energy difference
is small, the endothermic RISC process can be overcome by the thermal motions of
molecular atoms. The triplet excitons can be transformed into singlet excitons via
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2. Theoretical background

RISC and significantly enhance the luminescence through delayed fluorescence (DF).
When TADF materials are excited both PF and DF can be observed with two different
fluorescence lifetimes.

2.4. P(VDF-TrFE):PFO memory diode

In order to use as a memory diode thin films are produced from blends of the ferroelec-
tric P(VDF-TrFE) and a semiconducting polymer processed from a common solvent
(the process is described in 3.2.3). Here poly(9,9-dioctylfluorene) (PFO) is used as the
semiconductor material. In the formation of the film the polymer blend decomposes
by spinodal phase separation. In the ideal case this results in a microstructure of bi-
continuous PFO domains in a matrix of P(VDF-TrFE). The blend film is sandwiched
between two electrodes to create a two terminal device. The injecting electrode is
chosen so that it forms a high-barrier Schottky contact with PFO. This results in the
charge injection being limited. The diode is now in the high-resistance OFF state.
When an electric field is applied and P(VDF-TrFE) polarises, the injection barrier is
modulated and the resistance is lowered. The diode reaches the ON state. The re-
versible switching of the polarisation in the ferroelectric allows for switching between
ON and OFF state of the diode.
The memory function is based on the hysteretic change in polarisation of the ferro-
electric polymer. At low bias the current is injection limited. With increasing bias
P(VDF-TrFE) gets polarised and above the coercive field Ec it is fully switched, which
increases the current by orders of magnitude. Lowering the applied voltage again the
polarisation remains and the diode stays in the ON state. In order to switch the
polarisation again, one needs to apply a negative voltage larger than the coercive
field.
In order to model the blend film in more detail [9] uses a two-dimensional model of
columns of the two different polymers alternating. Upon polarising P(VDF-TrFE)
a large stray electric field builds between the polarisation charges in the ferroelec-
tric and the image charges in the electrodes. This lowers the energy barrier at the
semiconductor-ferroelectric-electrode interfaces and enables charges to be injected in
these areas. Here the injected charges change the semiconductor potential locally,
which bends the electric field lines. There is no longer only a y-component of the
polarisation in P(VDF-TrFE) along the direction of the external electric field, but the
bending introduces a lateral x-component of the polarisation. This is compensated by
further charge carriers accumulating at the PFO:P(VDF-TrFE) interface. Eventually
an accumulation channel is formed throughout the whole height of the sample allowing
charge to be transported from bottom to top electrode (see figure 2.5 for the depiction
of the individual steps). Even though the x-polarisation is one order of magnitude
lower than in y-direction, it is strong enough to maintain the accumulation channel
(figure 2.6 (a) shows the importance of the x-polarisation for the device performance).
At the top electrode, where the stray field has reversed orientation, the charges are
pushed away from the interface, which leads to a pinch-off of the accumulation channel.
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2. Theoretical background

(a) (b)

(c) (d)

Figure 2.5.: Charge injection at the interface of the two components in the heterostructure
and the electrode in a P(VDF-TrFE):PFO thin film device. Switching of do-
mains (dipoles indicated by black arrows) upon application of an external electric
field (a) induces large stray electric fields between polarisation charges and image
charges in the electrode, which leads to a local lowering of the energy barrier at the
interface and enables charge injection (b). This introduces a x-polarisation com-
ponent in the dipole orientation (c), that is stabilized by further charge injection
and accumulation at the ferroelectric:semiconductor interface (d).

In the semiconductor the charge carrier density in the accumulation layer is four
orders of magnitude higher than in the center of the columnar domain. The charge
concentration already drops by a factor of 20 at a 2.5 nm distance from the interface
with P(VDF-TrFE). Due to the small width of the energy barrier lowered by the stray
field, the area of charge injection shows also a small depletion region of 3 nm. Both the
charge injection and the charge transport are strongly space confined, which makes
the memory diode an interface device.
The simulations also showed that the charge injection is dominated by tunneling. If
tunneling is not taken into account the measured current cannot be explained well,
while the model with tunneling describes the data perfectly (see figure 2.6 (b)). The
tunneling rate is as high as 1026 cm−2 s−1 and therefore efficiently large to provide all
the charges transported in the accumulated channel.
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2. Theoretical background

(a)
(b)

Figure 2.6.: Simulation results showing the significance of (a) 2D polarisation and (b) tunnel-
ing for the performance of the P(VDF-TrFE):PFO blend film device (taken from
[9])

2.5. Breath figures

Generally the breath figure method utilises solvent-evaporative cooling on a solution
surface under humid conditions. On the surface the water condenses and forms water
droplets. After complete evaporation of the solvent the droplets remain in the film as
pores. Polymer solutions are spin-coated under humid condition to create the porous
films with thin and uniform thickness. The pore size formed by breath figures varies
between a few hundred nanometers and several micrometers.
In [30] breath figures from a water-miscible solvent were first shown, when they demon-
strated that tetrahydrofuran (THF) could also stabilise water droplets in the solution.
The parameters, which influence the final outcome of the breath figure method, apart
from the choice of solvent were discussed in [30] and [31]. They compared solutions
of cellulose acetate butyrate (CAB) with different solvents. When using the water-
immiscible chloroform the water droplets were very much stabilised in the polymer
solution and created multi-layered pores in the upper part of the film, as well as a
compact bulk layer of CAB below after full evaporation. Porous films being created
with the water-miscible THF came unexpected as the solvent was considered to desta-
bilize the water droplets. It can be explained by the fact that the liquids did not mix
rapidly with each other and thus the water droplets decreased in size, but the pro-
cess was stopped by the full evaporation of the solvent. It was also helped by the
increased polymer concentration near the surface due to the fast solvent evaporation.
This slowed down the intermixing between water and THF and made the solidification
occur faster. After the film dried completely a layer of closely packed pores at the
surface and randomly distributed pores of smaller diameter in the bulk of the film
were observed (compare figure 2.7).
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2. Theoretical background

Figure 2.7.: Sketch of a typical breath figure pattern for water-miscible solvents.

The interfacial energy balance parameter z0 determines whether it is possible to have
condensed water droplets sinking into the film.

z0 =
γw − γw/S

γS
(2.1)

where γw and γS are surface energies of water and of the solvent and γw/S the in-
terfacial energy between water and the solvent. For −1 < z0 < 1, water droplets
are floating in polymer solution and only for z0 > 1 droplets will sink. z0 for wa-
ter/THF solvent is estimated to be 2.76 with γw/THF ≈ 0, γw = 72.8 mN/m and
γTHF = 26.4 mN/m. So the negligible interfacial energy between THF and water
lowers the energy barrier for nucleation of water droplets. A high interfacial energy
between the two liquids would decrease the mixing in the bulk, but also lower the
nucleation rate at the surface.
It has also been shown that the polymer concentration has an impact on the pore
structure. For a low concentration in the solution the coalescence of water droplets
can’t be prevented because of the low solution viscosity and there is no formation of
porous structures. On the other hand for a too high concentration the droplets are
unable to sink into the solution and pores can only be formed on the surface.
The pores created by the breath figure method also strongly depend on the conditions
during the spin-coating process. For evaporation under higher humidity levels the pore
size was increased as larger water droplets condensed on the surface of the polymer
solution. The rotation speed of the spin-coater also plays an important role for the
final porous structure. For the experiments with THF it could be shown that under
certain conditions all the pores in the bulk had a smaller size than the ones in the
closely packed top layer, which indicates that the mixing of droplets with the solution
is dominant over the coalescence of the droplets. This can be applied to produce more
uniformly sized pores in the film.

2.6. Polarisation fatigue in P(VDF-TrFE)

Polarisation fatigue is limiting to the performance of a thin film device and was sys-
tematically studied for P(VDF-TrFE) in [32]. In those fatigue measurements using
devices with gold electrodes a severe decrease in remanent polarisation could be seen
upon continuous cycling of the device between OFF and ON state. Optical observa-
tion of the top electrode in micrographs showed the appearance of bumps (see figure
2.8).
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Figure 2.8.: In-situ micrographs of fatigue measurements of P(VDF-TrFE) showing the de-
lamination of the gold top electrode (taken from [32]).

The fatigued strongly increased with increasing bias, as well as the number of switching
events. It was seen that the higher the frequency of polarisation was, the faster was
the degradation. It also depended on the applied waveform. Both the presences of
injected charges and the switching of the polarisation were found to be prerequisites
for fatigue.
In the search for the cause of the fatigue thermal stress could be excluded and piezo-
electricity was ruled out. It is suspected that the origin of the delamination of the
electrode are gases formed by phase decomposition of P(VDF-TrFE). Induced by high
internal electric fields generated by polarisation switching, unzipping chain reactions
occur, which release H+ and F− ions. The gold electrode is impermeable to the gases
and acts as a barrier. The gas accumulates at the interface between P(VDF-TrFE)
and the gold electrode and causes the bumps, that can be observed in the micrographs.
The top electrode is delaminated, which can be observed by the naked eye.
It was shown that the endurance could be improved by exchanging the gold electrode
for the polymeric conductor PEDOT:PSS, which is much better at releasing the gases.
This improved the performance with respect to a gold electrode device, but still showed
fatigue. Triangular or sinusoidal pulses yielded an improved endurance compared to
the use of rectangular pulses, whose abrupt change in electric field causes stronger
fatigue. When continuous cycling was interrupted every second with a waiting time
of up to ten seconds, the cycling endurance increased with waiting time. During the
waiting time the gases can diffuse out of the capacitor. Therefore the gas accumulation
and degradation of the top electrode was prevented.

2.7. Basic neuromorphic terms

The attempt to achieve non-biological systems, which are acting like the basic compo-
nents of the brain, i.e. neurons and synapses, is referred to a neuromorphic engineer-
ing. [33] gives a good overview of the basic terms from biology that are often used in
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this context.
Elasticity is the ability to exhibit a restoring force against an external force. In this
case the original state is recovered as soon as the external force is taken away. On
the other hand plasticity refers to unrecoverable changes in the system. The external
force is large enough to deform the system permanently. A sustainable change in state
of a device is used for a memory function.
The neuron is a nerve cell consists of a lipid membrane that separates intracellular
and extracellular media. This causes a discrete distribution of ions in the two media,
which creates a potential. Therefore the cell membrane stays polarised with a partic-
ular resting potential, when it is in its resting state with no external potential applied.
Ions can be exchanged between the intracellular and extracellular media through ion
channels and ion pumps in the membrane. A voltage-spike travelling along a neu-
ron’s membrane, which triggers signal transmission between neighbouring neurons, is
termed an action potential. The neurons are transmitting the action potential through
them and are communicating with each other. Electric pulses are transported in a
particular direction, so that the action potential transmission proceeds.

Figure 2.9.: Synaptic potentiation and depression (image taken from [34]).

The cleft between two neighbouring neurons, where those signals are transmitted,
are referred to as synapses. In a chemical synapse the transmission takes place via
neurotransmitters. The flow of neurotransmitters is unidirectional, so one can define a
presynaptic neuron as a neuron releasing neurotransmitters and a postsynaptic neuron
as a neuron receiving the neurotransmitters.
When external electric stimuli are above a certain threshold, a polarised nerve cell
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at the resting state becomes depolarised. This depolarisation is termed as action
potential firing. The over-threshold stimuli open the ion channels and the ions are
redistributed to lower the chemical potential gradient between the intracellular and
extracellular media. The depolarised state isn’t kept for long, as ion pumps recover
the ion concentrations of the resting state. Therefore the cell membrane state changes
elastically.
Neighbouring neurons interacting by means of action potential transmission give rise
to a change in synaptic weight. This change can last long showing plasticity, which
is believed to be the source of memory and learning. An increase in synaptic weight
is termed potentiation and decrease depression. Depending on the lasting time of the
change in synaptic weight, these changes can be classified as short-term potentiation
(STP) or depression (STD) and long-term potentiation (LTP) or depression (LTD).
LTP is thought to be in charge of long-term memory and to take place, when both
presynaptic and postsynaptic neurons are activated. A threshold of ion concentration
has to be reached to result in LTP, otherwise the resting state is recovered and it
exhibits STP instead.
Synaptic plasticity is timing dependent. The activation of both presynaptic and post-
synaptic neurons does not necessarily lead to plasticity, but depends on the timing
between the two voltage spikes. If it is outside a particular timing window, no lasting
changes are imposed. This is referred to as spike-timing-dependent plasticity (STDP).
When the time difference btw pre- and postsynaptic spike is less than approx. 20 ms,
the synapse undergoes potentiation. Figure 2.9 shows the STDP researched by Bi and
Poo in 1998.
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3.1. Materials

For the random copolymer of vinyldenefluoride and triflyoroethylene a composition
of 75 mol% VDF and 35 mol% TrFE was used. It was bought from Solvay. For
the production of the porous P(VDF-TrFE) thin films (see 4.1) P(VDF-TrFE) was
dissolved in tetrahydrofuran (THF), which was purchased from Sigma Aldrich. The
solution contained 1.5 wt% of the copolymer and was prepared by stirring at 70 ◦C.
The semiconducting polymer poly(9,9-dioctylfluorene) (PFO) was used to fill the
porous P(VDF-TrFE) films (compare 4.1.4.1). It was synthesised in house and dis-
solved in toluene, that was purchased from Sigma Aldrich. Both solutions with 1.0
wt% and 0.5 wt% were used (see table 4.2), but the lower concentration was better
suited.
The small molecule semiconductor 2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile
(4CzIPN), that emits photons trough TADF, was synthesised in house and also used to
fill porous P(VDF-TrFE) thin films (compare 4.1.4.2). It was dissolved in chloroben-
zene by stirring. Both 3 wt% an 1 wt% solutions were used in spin-coating (see table
B.3) and a 1 wt% solution in bar-coating.
A blend solution of P(VDF-TrFE) and PFO was used as well. Therefore the polymers
were mixed in a 9:1 ratio (27 mg P(VDF-TrFE) and 3 mg PFO) and dissolved in
1.5 mL THF to produce a 2 wt% solution. It dissolved under stirring at 80 ◦C and was
filtered with a 1 µm PTFE filter.

(a) (b)

(c)

Figure 3.1.: Chemical structure of (a) P(VDF-TrFE), (b) PFO and (c) 4CzIPN.

Quadratic glass slides of 9 cm2 area (Schott Borofloat 33) were used as substrates.
They were manually cleaned in warmed water with soap (Extran MA 02 from Merck
Milipore). Afterwards followed a ultrasonic treatment in deionized water, acetone,
and 2-propanol. Then the glass substrates were subjected to UV/ozone treatment
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(UVOCS) to remove any residues. Electrods were thermally evaporated onto the
glass substrates through shadow masking. Chromium (1 nm) served as the adhesion
layer for gold bottom electrodes. For the first project (section 4.1) 20 nm of gold were
used for the bottom electrode and 5 nm barium and 100 nm aluminium as the top
electrode. The second project (section 4.2) had a symmetric structure with 50 nm of
gold for each electrode.

3.2. Device fabrication

3.2.1. Fabrication of porous P(VDF-TrFE) thin films

For the fabrication of the porous ferroelectric thin film of P(VDF-TrFE) the breath
figure method under a controlled humid atmosphere was applied (see experimental
section 2.5). A LabSpin6 TT spin-coater from Suss MicroTec placed in normal ambient
conditions in a laboratory environment was used. The cleaned glass substrate with
bottom electrodes, consisting of an adhesion layer of 1 nm chromium and 20 nm gold
evaporated onto it, was placed on the chuck inside the spin-coater and fixated by a
vacuum during the spinning. Since the conditions during the spin-coating process were
determining for the pores, that could be produced, measures were taken to control the
atmosphere inside the chamber of the LabSpin6 TT. This way the thin films became
reproducible by excluding the changing ambient conditions.

Figure 3.2.: Illustration of the set-up used for controlling the conditions inside the spin-coater.
A humid nitrogen flow through a gas bubbler with warmed water was created to
fill the chamber surrounding the sample.

A gas bubbler, containing water warmed to 100°C, was attached to a nitrogen source
to create a humid nitrogen flow (compare figure 3.2). The chamber was first filled
up with nitrogen. A humidity sensor inside the chamber was used to monitor the
atmosphere. A fast filling of 3-5% humidity decrease per second was fine for this part.
When the sensor showed a very low humidity level, due to the ambient atmosphere
having been replaced by nitrogen, the humid nitrogen flow was attached. The chamber
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was slowly filled until the desired humidity level was reached. This was varied between
50% and 80% humidity.
The rate at which the humidity inside the chamber increased was adjusted with the
pressure of the nitrogen tap and measured with the sensor. It showed to be very
important to control this rate precisely. An increase in humidity of 0.3-0.5% per
second was ideal. A faster increase would lead to large water droplets, that form
pores with diameter larger than 1 µm, condensating on the glass plate. On the other
hand a slower rate could allow the ambient conditions to fill the chamber again through
gaps.
When the humidity level was reached, the solution containing P(VDF-TrFE) dissolved
in THF was deposited onto the substrate in the spincoater chamber through a hole in
the lid. Without delay after the deposition the hole is closed off and the spinning was
started. It was spin-coated for 30 s at a speed of 1000 rounds per minute (rpm). The
hole in the lid was closed until the spinning had stopped.
The humidity sensor showed some decrease during the 30 s spinning, so the stability
of the created atmosphere was examined by filling up the chamber regularly and then
just closing it off and observing the humidity for 30 s. The humidity level stayed
constant, so the decrease was due to the spinning motion affecting the sensor.
The P(VDF-TrFE) thin films were heated in a vacuum oven at 160 ◦C for different
amounts of time (between 10 and 45 min). In this step it was important again to
control the atmosphere inside the oven, as ambient conditions influenced the result
negatively.

3.2.2. Fabrication of memory diodes

For the production of memory diodes bottom electrodes, consisting of an adhesion
layer of 1 nm chromium and 20 nm gold, were evaporated onto cleaned glass substrates.
Afterwards the porous P(VDF-TrFE) thin films were processed as described above.
For these samples the spin-coater was filled to a humidity level of 80% and the thin
films of P(VDF-TrFE) were heated for 35 min for the heating process (see 4.1 for
the measurements of the humidity and heating time dependency, after which these
parameters were chosen). Afterwards the samples were annealed at 130 ◦C for 2 h
under vacuum conditions.
In order to fill the pores in the thin film with PFO as the semiconductor spin-coating
was applied again. Here another LabSpin6 TT spin-coater placed in the nitrogen
atmosphere of a glove box was used. All devices were spin-coated for 30 s, while
the speed was chosen individually for each sample (refer to chapter 4.1.4.1 for the
discussion and all details). Heating the PFO solution to 70 ◦C also proved useful in
dealing with problems in filling the pores with the semiconductor material without
creating a high add layer on top of P(VDF-TrFE).
When 4CzIPN was used as the semiconducting material spin-coating with different
speeds was applied again. It was also attempted to improve the wetting of the surface
by treating the surface of the porous P(VDF-TrFE) before 4CzIPN was spin-coated
on top of it. The time delay between the surface treatment and the spin-coating

19



3. Experimental

was kept as short as possible (a few minutes until the sample had been brought into
the glove box equipped with a spin-coater). One sample was subjected to 1 min of
UV/ozone (UVOCS). Two other samples were treated with oxygen plasma (100 W, 5 s)
and nitrogen plasma (100 W, 5 s) before 50 µL of the 4CzIPN solution was deposited
for spin-coating.
Additionally for 4CzIPN the wire-bar coating technique was applied. A K202 control
coater (RK PrintCoat Instruments Ltd, UK) with a bar with a close wound 0.05 mm
thick wire (white bar) was used. The glass substrate was placed onto the heated
metal board and two empty glass slides on either side of the sample were used to
keep the bar level. The 4CzIPN solution is deposited just before the wire bar and the
automated movement with constant speed is started to spread the solution equally
over the sample area. Different heating temperatures and solution volumes were tested
(see table 4.3).
Afterwards the top electrode was produced by evaporating 5 nm of barium and 100 nm
aluminum onto the phase-separated film.

3.2.3. Fabrication of P(VDF-TrFE):PFO blend film devices

To create the blend film devices of P(VDF-TrFE) and PFO for the measurements
of multilevel switching behaviour, both polymers were spin-coated from a common
solvent (see 3.1 for details of solution preparation). The blend solution dissolved
in THF was spin-coated onto a cleaned glass slide with bottom electrodes (1 nm Cr,
50 nm) under nitrogen atmosphere inside the glove box. The pattern for the electrodes
were five parallel lines of 400 µm width.
Two samples were coated with the blend film. Both were spun for 30 s at 750 rpm
and 500 rpm respectively. The faster spin-coating speed resulted in a film thickness
of (211.8 ± 16.3) nm and 500 rpm in (258.8 ± 5.3) nm.
Afterwards the dried thin films were annealed at 140 ◦C for 90 min. For the top
electrodes 50 nm of gold were evaporated using the same masks, but now turned 90°,
so that an array of 25 device each with an area of 0.16 mm2 is made. The bottom
and top electrode are therefore of the same material and thickness and the device
structure is completely symmetric. For individual measurements the single devices
were disconnected.

3.3. Structural characterisation

Atomic force microscopy (AFM) was carried out with a Nanoscope Dimension 3100
from Bruker using tapping mode. In the measurement the surface of the sample is
scanned with a tip mounted on a cantilever. By focusing a laser beam on the back
of the cantilever and the reflected beam being measured by a photodiode sensor, the
movement of the tip above the surface is recorded. The height of the tip is adjusted, so
that the amplitude of the potential between the tip and the surface is kept constant.
While scanning over the sample at a typical scan frequency of 0.5 Hz, a feedback loop
moves the cantilever up and down with a piezoelectric element. The captured height
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data was processed using the Gwyddion software. An overview of the technique can
be found in [35] and an example of an image captured with AFM can be seen in figure
4.5.

Surface profilometry measurements were performed with a Dektak XT from Bruker.
The thin films were scratched in a small line down to the surface of the glass slide to
measure the film thickness. The lever of the profilometer was moved in an automated
motion orthogonally to the scratch to capture the height difference. After levelling the
height measured on both sides of the scratch and the difference between this surface of
the film and the surface of the glass substrate, the film thickness could be determined.

Scanning electron microscopy (SEM) using the a Hitachi SU8000 was performed by
Gunnar Glaßer. The low energy secondary electron (SE) top detector at a x1.00k
magnification was used to take the images for the statistical analysis of the porous
P(VDF-TrFE) films (see figure 4.4). To image the surface topography in more detail
both SE and the high energy back-scattered electrons (BSE) in the upper detector
were used at a x10.0k magnification (compare figures in 4.3 and B.3).

3.4. Image analysis

In order to use the SEM images for statistical analysis of the porous P(VDF-TrFE)
thin films a MATLAB program was written, which can be found in appendix B.1. For
each sample four SEM images with x1.00k magnification, taken in different areas of the
sample, were transferred into a black and white image and loaded into MATLAB. The
programm was used to set the correct scale, find circular pores and determine their
diameter and area. Then the total area of all pores found in the images was calculates
and with it the ratio between pore area and total image area. This was done for
all four images and the average area ratio calculated. All detected pore diameters
of all four images were collected and a histogram plotted. The normal distribution
was fitted to this histogram to determine the average pore diameter over the whole
sample area. The differences in the area ratio and average diameter determined for
each image, depicting a certain area of the sample, was always very close to the values
in a different image of another area of the sample. The samples displayed equal
distribution of pores.

3.5. Electrical characterisation

The efficiency of the memory diodes produced with the backfilled pores method was
calculated after measuring the light and current output of the device. The set-up was
placed under glove box atmosphere and used a Keithley 2400 source meter controlled
by a LabView softare for the current measurement. The photocurrent was measured
using a calibrated Si photodiode. For the measurements the voltage was swept from
0 V to 2 V, then lowered to −2 V and increased again to 0 V. This was repeated
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with the maximum voltage increased by 2 V each time (±4 V, ±6 V, ..., ±20 V). An
example of 20 V sweep is discussed in 4.1.4.1 for figure 4.8.
The blend film memory diodes for multilevel switching were analysed with a Keithley
4200-SCS Parameter Analyser. The voltage was applied and the current measured for
a sample placed on a probing station inside a vacuum chamber under 1 × 10−5 mbar.
The I-V sweep measurement with continuously increasing voltage were made using
the SMU of the Keithley, which allowed for high resolution even for the low current
values of the high resisitance OFF state.
The KITE program used with the Keithley 4200-SCS allowed with the Segment ARB
waveform option to define a customized pulse train by controlling the pulse width and
amplitude of each pulse, as well as the time between pulses of up to 40 V and as short
as 40 ns. The program is used with a PMU, which is able to both apply the pulses and
measure the current output. Since it was observed that the use of the PMU could not
resolve the low current output (see 4.2.2), Segment ARB and the PMU was then only
used for programming the device and not read-out. The two channels of the PMU
can apply independently defined pulse trains.
One set-up used to for the read-out operation was a combination of a current pream-
plifier (Stanford Research Systems Model SR570 Low-Noise Current Preamplifier) and
an oscilloscope with high sampling rate (Agilent Infinii Vision DSO-X 3012A Digital
Storage Oscilloscope). After it was seen that the fast read-out was problematic (see
4.2.2), voltage sweeps with the SMU of the Keithley 4200-SCS were used for slow
read-out.

Figure 3.3.: Switch board set-up to select which line in the array the voltage signal from
channel 1 (C1) and channel 2 (C2) of the Keithley 4200-SCS is applied to, as well
as which are grounded.

For the measurements on a 2x2 array of memory diodes a switch board shown in figure
3.3 was used. Four switches each were used to select which of the four lines of the
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array were connected with channel 1 or channel 2 of the Keithley. It was always chosen
such that one line was connected to channel 1 and an orthogonal line to channel 2,
so that the full voltage difference was applied to the selected device in the array, and
the other lines were grounded.
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4.1. Porous P(VDF-TrFE) thin films with 3-1 connectivity for
phase separated heterostructures with improved
morphology used in memory diodes

As described in the introduction the common method used to produce phase sepa-
rated heterostructure thin films of P(VDF-TrFE) and PFO doesn’t result in the ideal
morphology needed for the memory diodes. So instead it was proposed to create a
P(VDF-TrFE) thin film with bicontinuous columnar pores, which can be backfilled
with a semiconducting material. This method promises to have all semiconductor
material in a continuous domain in contact with both bottom and top electrode and
therefore contributing to the device performance.
As described in 3.2.1 the general idea was to get the desired porous films by using the
breath figure method to have pores in the spin-coated films and then heat the samples
to form out columnar pores.

4.1.1. First attempts in the search for porous P(VDF-TrFE) thin films

The requirements for the ideal result were set by what had been determined to be the
best in the experiments with samples created with the common blend film method. For
those the use of a 1:9 PFO:P(VDF-TrFE) polymer blend was ideal, which would result
in about 10% of the area in a top view of the thin film consisting of the semiconductor
material. It has to be taken into account, that as described in 1 only a certain amount
of the PFO was in electrically functional domains (about two thirds). Therefore it
was aimed to also have around 6 to 7% of the area of the P(VDF-TrFE) thin film
covered with pores, which will eventually be the semiconductor domains. For the pore
diameter a size of 400 nm to 500 nm was used.
In the first attempts to create a porous P(VDF-TrFE) thin film a solution of the
polymer in THF with water added to it was used comparable to the experiments in
low humidity conditions described in [30]. There they used the water content in there
solution to control the pore size of their breath figure film. It was thought that this
method could be used here as well to produce the desired porous P(VDF-TrFE) thin
films. In the later, successful samples this method was no longer applied, because the
humidity in the spin-coater was regulated instead.
These early experiments showed the importance of controlled conditions during the
production process. For these samples heating was not conducted under vacuum yet,
which influenced the results due to the varying ambient conditions in the oven. Even
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though this lead to a larger spread in pores diameter and the appearance of pore
clusters in the film, rather than completely randomly distributed pores (see figure
4.1), these measurements helped to determine the dependency on the heating time
and humidity levels during the spin-coating process.
In general the two parameters, by which the films were characterised after imaging
with SEM, were the pore diameter and the ratio between area covered by pores and
total area (see figure 4.2). Those influence the size of the semiconductor domains
and the ratio between ferroelectric and semiconducting component in a backfilled film
respectively.
In early porous P(VDF-TrFE) films, which were created by spin-coating under ambi-
ent conditions, the dependency on the heating time, also in ambient conditions, was
researched. Samples were prepared under the same conditions and then heated for 5,
15, 30, 45 and 60 minutes. While after 5 minutes only about 0.8% of the area was
occupied by pores, it increased to 17.6% for the 60 minutes sample. There was also an
increase in pore diameter from around 700 nm to around 900 nm visible with a wide
spread in the diameter (compare table B.1).

Figure 4.1.: Porous P(VDF-TrFE) film produced at 60% humidity in the spin-coater under
not yet optimized conditions in the early measurements and heated for 20 min.
Images for 50%, 70% and 80% humidity can be found in the appendix in figure
B.1.

A next series of measurements was now conducted under the controlled atmosphere
described in the experimental section 3.2.1. The thin films were spin-coated under
50%, 60%, 70% and 80% humidity. All samples were heated for 20 minutes. Especially
for the samples produced under higher humidity environment the SEM images showed
clustering of pores (compare figure 4.1 and B.1). This indicates that the correct
parameters for controlling the atmosphere in the spin-coater hadn’t been found yet
and this was no longer a problem in the improved later samples. The results in figure
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4.2 show the general trend of both the area ratio and the average pore diameter
increasing with the increased humidity. While the sample spin-coated under 50%
humidity showed 1% pores, it increased to 17.6% for the 80% humidity sample. The
pore diameter increased from around 600 nm to 800 nm (compare also table B.2). From
the SEM images it appeared that for high humidity the pores didn’t just cluster, but
actually coalesced, which affected the average diameter. For well distributed pores in
the improved samples, this was no longer observed.

Figure 4.2.: Measurement of the pore area to total area ratio and the average pore diameter
dependent on humidity level during the spin-coating process of the P(VDF-TrFE)
thin films.

4.1.2. Analysis of the porous P(VDF-TrFE) thin films created by
increasing heating time

After improving the method by finding the correct parameters for controlling humidity
levels in the spin-coater (compare description in 3.2.1) to avoid clusters of pores or
larger pores and using a controlled atmosphere in the vacuum oven as well, new
samples were analysed for the heating time dependency. All samples were spin-coated
under 80% humidity. While one sample was kept pristine for comparison, the others
were heated for 5, 10, 20, 25, 30, 35, 40 and 45 minutes respectively at 160 ◦C.
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(a) (b)

(c) (d)

Figure 4.3.: SEM images of porous P(VDF-TrFE) films with different heating times in the
vacuum oven after the breath figure spin-coating of the solution. Figure (a)
shows a pristine film after spin-coating, while the other samples shown here were
heated for (b) 10 min, (c) 25 min and (d) 40 min. Additional samples can be seen
in the appendix B.3.

4.1.2.1. SEM imaging for analysis of pore density and diameter

Imaging with the scanning electron microscope allowed for analysis of the development
of the pores. Figure 4.4 shows well distributed pores for the sample heated for 30 min
and the inset histogram shows how the diameters are now following the normal distri-
bution. Previously, with the larger pores appearing on the films, the distribution had
always been asymmetrical towards the larger diameters. This shows that the process
is now controlled enough to produce reliable samples without visible defects. For each
sample four images at this magnification were taken and used for statistical analysis
of the pores.
More close-up SEM images of each sample with different heating times allowed the
observation of structural changes in the porous polymer films. Figure 4.3 (a) shows
the sample, which was not heated and therefore has the typical breath figure structure.
Close-packed pores with shallow depth (visible through the smaller and deeper areas
within them) can be seen. For the sample heated for 10 min (4.3 (b)) the structural
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Figure 4.4.: Porous P(VDF-TrFE) thin film produced at 80% humidity and heated for 30 min
shows well distributed pores with the diameters well distributed.

change was already clearly observable. The close-packed pores can no longer be seen,
but instead deeper pores of smaller diameter. The bottom of the pores appears to be
even. The surrounding polymer shows the thread-like polymer pattern. Looking at
the sample heated for 25 min 4.3 (c) the polymer structure is already slightly changed
and after 40 min of heating 4.3 (d) there is more ”softening” of the polymer structure
visible. Additional images of the other samples can be found in the appendix (figure
B.3).

4.1.2.2. AFM imaging for analysis of pore depth and measurement of film
thickness with DEKTAK profilometer

AFM imaging was additionally used to determine pore depth and validate the impres-
sion of increasing depth from the SEM imaging. After scanning the sample surface
with the AFM tip depth profiles were used to determine the pore depth (see an ex-
ample in figure 4.5). For the pristine film, that was not put in the vacuum oven,
the pore depth measured was 30 nm to 40 nm, which fits the expectation of a layer
of shallow pores at the surface of a typical breath figure structure for water-miscible
solvent. It also matches the impression of the SEM images at higher magnification.
For the sample heated for 10 min a pore depth of 40 nm to 60 nm was measured. The
P(VDF-TrFE) thin films heated for 20 min or longer all had a pore depth of 100 nm
to 120 nm.
The measurement of the film thickness with the DEKTAK profilometer showed a
higher thickness of 152 nm, while all heated films had a film thickness around 120 nm.
All data collected from SEM and AFM imaging and the profilometer can be found in
table 4.1.
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Figure 4.5.: Exemplary AFM image of a porous P(VDF-TrFE) thin film for analysis of the
pore depth. This was the sample heated for 30 min.

heating
time [min]

film thickness
[nm]

pore depth
[nm]

average pore
diameter [nm]

ratio pore area to
total area [%]

pristine 152 30-40 508 -
10 120 40-60 407 -
20 125 100-120 325 4.24
25 118 100-120 408 5.41
30 128 100-120 400 6.89
35 122 100-120 472 10.91
40 113 100-120 376 6.06
45 116 100-120 404 5.77

Table 4.1.: Overview of all data on the porous P(VDF-TrFE) thin films heated for increasing
amounts of time collected from SEM and AFM imaging and the thickness mea-
surement with the profilometer. Area ratio was only calculated for the fully formed
pores of 100 nm to 120 nm depth.
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4.1.3. Porous P(VDF-TrFE) thin films with 3-1 connectivity

Figure 4.6.: Heating time dependency of the average diameter and density of pores in the
P(VDF-TrFE) thin films produced with breath figure method under humid con-
dition (80% humidity). Values were taken from the statistical analysis of SEM
images.

Taking into account the measured film thickness and pore depth, all samples heated
for 20 min or longer showed bicontinuous pores. Therefore for these samples the ratio
between pore area and total area observed was calculated, since for the continuous
columnar pores this directly relates to the ratio between the two polymer material in
the backfilled device. In figure 4.6 one can observed how this ratio increases between
heating times of 20 min to 30 min and then stagnates around 6%. Similarly the average
diameter can also be seen to increase with heating time, but then continue around
400 nm. Both parameters have an outlier for the 35 min sample, which speaks for this
particular sample being affected by some irregularity in the production process.
Taking together all the data retrieved and considering the different samples as snap-
shot during the heating process, a sketch of the pore development during the heating
was developed (see figure 4.7). After the spin-coating in humid atmosphere and the
complete evaporation of the solvent the water droplets leave spherical pores in the
polymer network of P(VDF-TrFE) (4.7 first image).
Heating the sample in vacuum to 160 ◦C brings the polymer from the rubbery state to
the rubbery flow. This softening of the surrounding network allows the water droplets
to evaporate, which leaves a columnar pore in the thin film.
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Figure 4.7.: Sketch of the pore development in
the thin films with increasing heat-
ing time.

The temperature was chosen such that
the water escapes the film into the atmo-
sphere above, rather than a pore to coa-
lesce with other pores near it. At higher
temperatures and therefore stronger soft-
ening of the polymer network coalescence
would play a role and influence the pore
diameter obtained. Due to the gradual
heating of the film the columnar pores
will first appear close to the surface,
which can be observed in the shallower
pores in the film after short heating times
(4.7 second image). This corresponds to
the pores observed after 10 min of heat-
ing time. Additionally between these
two samples a lowering of film thickness
by 30 nm and the disappearance of the
close packed surface pores was observed.
The film thickness measured for the pris-
tine P(VDF-TrFE) thin film, determined
with a DEKTAK surface profilometer,
was 152 nm and for all samples, which
had been heated for at least 10 min, the
film thickness was (120 ± 10) nm. No
change in thickness was seen apart from
a reduction in the first minutes of heating
(see also table 4.1), which indicates that
the shallow pores on the surface evened
out upon the first minutes of heating.

For heating times of 20 minutes and longer all pores were 100 nm to 120 nm deep
and therefore bicontinuous through the film. This variation in pore depth is shown
in figure 4.7 in the third picture. For continued heating of the polymer the pores
are further formed and reach 3-1 connectivity. In the AFM analysis continuous pores
were first observed after 20 min heating time. Looking at figure 4.6 it can be seen that
the number of pores still increases up to 30 min of heating time, while the maximum
diameter of 400 nm is already reached after 25 min. Therefore it can be assumed that
between the 20th and 30th minute more pores are formed until the final state is reached
(figure 4.7 last image). It has been shown that the pores will not change anymore
afterwards (figure 4.6).
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4.1.4. Filling the porous P(VDF-TrFE) thin films with semiconducting
polymer

In order to create the phase separated thin films for MEMOLED devices, the porous
ferroelectric film were filled with a semiconductor material. First the P(VDF-TrFE)
films were produced according to the description in the experimental section 3.2.1 and
heated at 160°C for 35 minutes to ensure the continuity of the pores. Afterwards the
samples were annealed at 130°C for 2h.

4.1.4.1. PFO as the semiconductor material

First the semiconducting polymer PFO dissolved in toluene (see 3.1 for details) was
used with the porous P(VDF-TrFE) thin films. The solution was deposited on porous
P(VDF-TrFE) thin films and spin-coated under nitrogen atmosphere. Table 4.2 shows
different attempts to fill the pores properly with the semiconductor material without
creating a high add layer on top of P(VDF-TrFE). An add layer beyond a certain
thickness will influence the device performance negatively. After the spin-coating
process a top electrode was evaporated onto the sample (compare 3.2.2). The devices
were evaluated by simultaneously measuring the current and photocurrent output,
while sweeping the voltage with increasing amplitude. Additionally all samples were
imaged with AFM to show the distribution of PFO on the porous films and measure
height differences on the sample. Thickness measurements determined the add layer
thickness.
Different observations could be drawn from various PFO devices (shown in table 4.2).
The maximum value in current measured was directly dependent on the thickness
of the add layer. For an increase in add layer thickness the maximum current value
decreased. This was especially a problem with the first device described in the table,
which had a very thick add layer. Therefore for the following devices the solution
concentration was reduced.
For devices with the pores filled less than two thirds of the height (less than 80 nm
out of the 120 nm total film thickness) the current curve didn’t have the espected
shape seen in figure 4.8, but instead already showed very high current output for low
voltages applied and then normalised more at higher voltages. The desired hysteresis
could not be observed. This problem was for example seen for the second and third
device in the table.
To fill the pores up more the spin-coating speed was reduced for the forth device (table
4.2). This lead to the observation of a correct hysteresis loop, but this device showed a
low photocurrent output, so the result wasn’t ideal yet. For device 5 the attempt was
made to fill the pores better with the PFO semiconductor by having a delay between
the deposition of the solution onto the porous P(VDF-TrFE) film and the starting of
the spin-coater, but this was not successful.
An improvement could be made by heating the PFO solution to 70 ◦C before the
deposition. This overall increased the PFO thickness, both in the pores and the add
layer (compare device 2 and 6 in table 4.2). When additionally the spin-coating speed
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PFO conc.
in solution
[wt%]

spin-
coating
speed [rpm]

comment PFO level
in pores
[nm]

add layer
thickness
[nm]

1 1.0 1000 annealed after
filling

completely
filled

100 to 120

2 0.5 1000 annealed after
filling

40 to 60 10 to 20

3 0.5 1400 annealed after
filling

40 to 60 10 to 20

4 0.5 750 annealed before
filling

80 to 90 30 to 40

5 0.5 1000 annealed before
filling, 25s delay
between solution
deposition and
spin-coating

20 to 30 20 to 30

6 0.5 1000 annealed before
filling, solution
heated to 70 ◦C

65 to 75 25 to 35

7 0.5 750 annealed before
filling, solution
heated to 70 ◦C,
slow deposition of
solution

completely
filled

80 to 90

Table 4.2.: Overview of different P(VDF-TrFE):PFO heterostructure devices.

was reduced, the pores could be filled completely and the good performance of device
7 (shown in 4.8) could be measured.
The device shown in figure 4.8 has the expected MEMOLED behaviour. The current
measurement displays a hysteresis loop and the photocurrent increases dependent on
the current level. Photons are first emitted, when the current reaches a value of
around 1 A/m2. The photocurrent increases more than two orders of magnitude and
also shows the hysteresis, proofing that it is directly related to the current through
the P(VDF-TrFE):PFO device.
Now the efficiency, which is the ratio between the photocurrent and the current, of the
device produced by the new method was compared to a published result for a device
processed in the common way from a blend solution. In figure 4.9 it can be observed
that the new method presented here resulted in improved device efficiency by about
one order of magnitude.

33



4. Results and Discussion

Figure 4.8.: Current and photocurrent measured for device 7 from table 4.2, which shows
the expected MEMOLED performance. The current shows the hysteresis of the
ferroelectric and the semiconductor PFO will emit photons, when the current is
sufficiently high.

Figure 4.9.: Efficiency of the backfilled device, prepared with the process described here, in
comparison with a common blend film device of P(VDF-TrFE) and PFO.
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4.1.4.2. 4CzIPN as the semiconductor material

After P(VDF-TrFE):PFO memory diodes were realised, it was attempted to use the
advantage of this method it be able to fill the created pores with different semiconduc-
tor materials. Hence the same spin-coating process was used with 4CzIPN dissolved
in chlorobenzene (see experimental section 3.1 for details). This showed that the dif-
ficulty with the small molecule semiconductor solution was in creating a film that
would cover the whole surface of P(VDF-TrFE) equally. For many devices the films of
4CzIPN seen in AFM analysis were not continuous, but only certain areas of the device
had 4CzIPN in the pores and as an add layer on top of P(VDF-TrFE). Other areas
didn’t have any 4CzIPN, whether in the pores (for which still the original thickness
was measured) nor as an add layer.
Figure 4.10 (b) depicts this observation. In comparison with 4.10 (a) can be seen that
the uncovered area is not filled with 4CzIPN like in the pure P(VDF-TrFE) samples.
On the other hand the area, that is covered with 4CzIPN, still shows partial filling
of the pores, like it was seen for PFO. When a porous film, which had pores with
larger diameter due to an uncertainty in the production, also showed larger pores
in the 4CzIPN covered areas, it was proofed that those are the insufficiently filled
pores underneath. For areas covered with 4CzIPN the depth of the pores in this film
compared to the surrounding 4CzIPN add layer was measured. This and all other
data on the spin-coated samples can be found in table B.3.
Initially it was unsuccessfully attempted to create an even 4CzIPN layer with properly
filled pores and a not to large add layer by changing the solution concentration and
the spin-coating speed. Afterwards new attempts were made with the surfaces of
the porous films being treated prior to the deposition of the 4CzIPN to improve the
attachment of the semiconductor solution and create even films. UV/ozone, oxygen
plasma and nitrogen plasma were used, but only the oxygen plasma was successful.
An image of that sample can be seen in figure 4.10 (c). When the performance of that
device was measured, it didn’t show a correct hysteresis curve, but too high current for
low voltages, similar to the PFO samples with insufficiently filled pores. The increase
in photocurrent was insignificant.
Apart from the variations in spin-coating, it was also attempted to fill the pores in the
ferroelectric polymer by bar-coating the 4CzIPN solution. Table 4.3 shows the results
of the bar-coating and in figure 4.10 (d) the rough surface produced by this method
can be seen. The measurements of the film thickness revealed that it varied strongly
across the device areas and the performance could not be improved compared to the
spin-coated samples.
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(a) (b)

(c) (d)

Figure 4.10.: Images of devices backfilled with 4CzIPN as the semiconductor. Figure (a) shows
the porous P(VDF-TrFE) film before any 4CzIPN was added, (b) is sample 5 in
table B.3 and is an example for how the uneven coverage with 4CzIPN looked.
In (c) sample 7 from B.3 is seen with a continuous layer of 4CzIPN partially
filling the pores and as the add layer on P(VDF-TrFE). Finally (d) is a sample
produced with bar-coating technique.

solution
volume
deposited [ul]

temp. heat
plate [◦C]

pore depth in
TADF film [nm]

add layer
thickness
[nm]

1 100 50 25 to 35 90 to 100
2 50 40 40 to 50 25 to 35
3 100 40 50 to 60 20 to 30

Table 4.3.
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4.2. Multilevel switching of P(VDF-TrFE):PFO blend film
devices for use in neuromorphic applications

For the following measurements P(VDF-TrFE):PFO devices produced by the common
blend film method as described in section 3.2.3 were used. The chosen mask for the
electrodes produced 25 devices per sample.

4.2.1. Initial characterisation

The quality of the fabricated samples was controlled by testing each of the 25 elec-
trode cross-sections (named A1 through A25). All the measurements were performed
with the samples in a vacuum chamber and the voltage was applied and the current
measured with a Keithley 4200-SCS. For this measurement the voltage was slowly
increased from 0 V to 26 V, then lowered to −26 V and increased again to 0 V. In
figure 4.11 the positive side of the sweep, showing the characteristic hysteresis of the
ferroelectric material, can be observed. The high majority of the devices was func-
tioning and showed very equal performance throughout the device in the I-V sweep
measurement. This enables one to use different devices on the sample for a variety of
measurements without the need to characterise each of them individually.

Figure 4.11.: Hysteresis measurements of different devices spread over the whole sample area
showed very comparable performance results.

With the increase in applied voltage above a certain voltage level (around 10 V) a clear
increase in current output can be observed. This indicates the switching of the polari-
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sation of the dipoles in the ferroelectric polymer domains of the blend film. Upon the
downward voltage sweep from the maximum value to 0 V the polarisation is remnant
and therefore a clear hysteresis can be observed. For the following measurement 5 V
was chosen as the read-out voltage. The minimal current value measured for a sample
of full polarisation in the direction opposite the applied electric field will be referred
to as the minimum current state or OFF state of the device. The maximum current
state or ON state is found for the ferroelectric polymer being fully polarised in the
direction of the field vector. Figure 4.11 shows that at 5 V the ratio between the ON
state current and the OFF state current for the slow sweeping measurement exceeds
103 in all devices.

4.2.2. Application of voltage pulses to address and read multilevel
polarisation states of P(VDF-TrFE)

4.2.2.1. Measurement with the Keithley 4200-SCS

The initial task involved the finding of the ideal measurement set-up to address and
read out the polarisation state of the blend film device. The idea was to utilise a pulse
train comprised of reset, write and read pulses. The reset pulse of −20 V and sufficient
pulse width was used to bring the device in the fully depolarised state (dipoles oriented
antiparallel to the field direction of the write pulse). This way a dependence of the
resulting polarisation state on the previous one could be excluded. The write pulses
were applied to set a certain polarisation state and read pulses of 5 V were meant to
determine the current polarisation. Figure 4.12 depicts a schematic of a pulse train.

Figure 4.12.: The schematic shows a pulse train consisting of reset, write and read pulses as it
was used to address and read-out polarisation states of the P(VDF-TrFE):PFO
diode.

While the Keithley is capable to apply the pulses correctly, the current output that
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Figure 4.13.: Comparison of the results of applying voltage pulses or a continuously increasing
voltage to the blend film device. These measurements were conducted with a
Keithley 4200-SCS and the current measured for the pulses was incorrectly high
due to device limitations.

was measured by the PMU was too high for the OFF state (see figure 4.13). The mea-
surement with the PMU allows for high time resolution (compare figure 4.14), which
shows charging and discharging in the device. On the other hand the experiments also
demonstrated that the current values could not be measured correctly as the precision
of the PMU could only resolve currents at a µA scale, while a 1 × 10−12 A resolution
was needed for the correct measurement. The Keithley was able to measure the con-
tinuously increasing voltage sweep, because this measurement uses the SMU, which
has the right precision, but less time resolution. Therefore it is suitable for the slow
sweep, but not the fast pulsing.

4.2.2.2. Measurement with high resolution oscilloscope and preamplifier

In order to determine the current levels of the pulsed measurement correctly an exter-
nal measurement with high time resolution and high current resolution was needed.
To achieve both a combination of a current preamplifier and an oscilloscope with high
sampling rate was used. The pulses were still applied with the Keithley 4200-SCS.
During testing of the new measurement set up, several issues became apparent. It was
attempted to increases the current levels from OFF to ON state level by applying a
pulse train like it is shown in figure 4.12 and increase the amplitude with every write
pulse to increase polarisation along the field vector. Generally this type of experiment
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Figure 4.14.: Result of simultaneously applying voltage pulses and reading current with the
Keithley 4200-SCS. The time resolution was precise enough to observe charging
and discharging in the device, but the current values cannot be taken as correct
due to limitations of the measurement with the PMU.

Figure 4.15.: Ten consecutive 5 V read pulses were applied to the device after a write pulse. It
can be seen that a stable value wasn’t reached yet 1 s after the write pulse. The
read pulse width was 50 ms.
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Figure 4.16.: Dependence of the read current level on write and read current width for mea-
surement of the pulse train with the preamplified signal with a high resolution
oscilloscope.

could never show a large increase in current, which was later explained with fatigue
(compare 4.2.4). The variation of the timing in the pulse train would additionally
show complications with the pulsed read out. In figure 4.15 one can see the result of
applying ten consecutive read pulses (5 V, 50 ms) after each write pulse. While the
current value shows some increase with increasing amplitude, the difference is below
expectation. It also becomes evident that the polarisation state of the device takes
time to stabilize as the read-out current still decreases 1 s after the write pulse.
A similar observation could also be made, when the read pulse width was increased.
In figure 4.16 can be observed how shorter read pulses of 100 ms (blue) showed again
higher current levels like for the early pulses in figure 4.15. An increase in read current
due to increasing amplitude can also not be observed. For a long read pulse of 1 s
(black) the expected switching starts to show. With the long read pulse one can begin
to observe that increasing write pulse width will also effect the switching behaviour.
For a longer write pulse lower voltage amplitudes are necessary to reach the same
polarisation state.
In order to determine whether it was due to write pulses or the pulsed read-out that
only a small increase in current could be observed, the test shown in figure 4.17 was
conducted. When the SMU of the Keithley 4200-SCS was used to read the current level
with a slow sweep between 0 V and 5 V the expected result for the OFF state could
clearly be reproduced after a depolarising pulse was applied. When a polarising pulse
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was used to switch the device into the high current ON state, the expected read current
values could also be reproduced by sweeping from 5 V to 0 V. This demonstrates that
the addressing with pulses is able to put the device in the desired state. The issue
therefore must be with the pulse train, which includes a pulsed read-out.

Figure 4.17.: A voltage sweep from 0 V to 5 V after a depolarizing pulse of −20 V and a sweep
from 5 V to 0 V after a polarising pulse of 26 V shows that the write pulses can
bring the device into the desired polarisation state.

4.2.3. Switching of the polarisation state with variation of amplitude and
width of the write pulse

Since the voltage sweep from 0 V to 5 V with the SMU of the Keithley 4200-SCS is a
proper way to read the current level, this was applied for the following measurements.
The focus was put on the write pulses allowing to facilitate the multilevel switching,
rather than the problematic read-out with pulses. Figure 4.18 as an example depicts
that the write pulses are able to switch the polarisation state with several intermediate
states.
By applying write pulses with increasing amplitude, it can be seen that the coercive
field initializing the switching of dipoles is dependent on the pulse width (compare
figure 4.19). For longer pulses a lower voltage amplitude is sufficient. It can clearly be
observed that independent of the chosen pulse width the same minimum and maximum
current levels can be reached. Besides this it is shown that for longer pulse width the
switching takes place faster with less intermediate steps compared to a short pulse.
On the other hand a very similar switching behaviour can be observed, when the write
pulse amplitude is fixed, but the pulse width increased. As expected for lower ampli-
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Figure 4.18.: Example for switching the device from the low current OFF state to the high
current ON state by application of write pulses with increasing amplitude.

tudes longer pulse width is necessary to address certain polarisation states (compare
figure 4.20).
Figure 4.21 depicts how in the same way the device could be brought from the high
current to the low current state by applying all the pulses with inverted sign. First
a (20 V, 50 ms) positive reset pulse was applied to put the device in the ON state
and then write pulses with increasingly negative amplitude were applied to switch the
polarisation. When plotting the read-out current dependent on the absolute voltage
amplitude, it is possible to compare the two switching types easily. It can be observed
that the initial ON state for switching from ON to OFF state is less stable than the
OFF state and already decreases, before pulses above the coercive field are applied.
For the actual switching behaviour the two processes show the exact inverted response
to the write pulses. Therefore all polarisation states can be addressed predictably.

43



4. Results and Discussion

Figure 4.19.: Switching the polarisation state of the P(VDF-TrFE):PFO device by applying
write pulses with increasing voltage amplitude.

Figure 4.20.: Multilevel switching observed for pulsing with increasing pulse width.
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Figure 4.21.: Polarisation switching observed for both switching from OFF to ON state with
write pulses of positive polarity and from ON to OFF for write pulses with
negative polarity.

4.2.4. Stability of the multilevel polarisation states – retention time and
fatigue issues

In order to determine the stability of the polarisation states over time, each states was
addressed with a write pulse of a certain amplitude and then read-out at specific delays
after the write pulse. In figure 4.22 one can see the dependence on time delay. Between
OFF and ON state six clearly distinguishable intermediate states were addressed.
Even after a delay time of 1500 s all states were still very close to the read current of
the initial measurement and easily differentiable from each other. The stability of the
intermediate states was not any less than for the minimum and maximum state. The
ON state again showed some instability.
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Figure 4.22.: Retention time measurements for the OFF and ON state, as well as several
intermediate states. The intermediate polarisation states show good stability
over time.

When conducting several measurements on one device during the course of one day
(or even more strongly for reusing the device on another day) a fatigue of the de-
vice performance can be observed. The comparison of the I-V sweeps already shows
a decrease in maximum current values reached and ON/OFF ratio at 5 V (see fig-
ure 4.23), but the pulsed measurements are even more strongly affected. Still the
swept measurement demonstrates that the fatigue already starts to show after just
one measurement.
When comparing the pulsing of a fresh device and a fatigued one, large differences can
be seen. Figure 4.24 shows the strong decrease in the ON state current value for the
fatigued device and also the increase of coercive field for the same pulse width. The
measurement with pulses of fixed amplitude and increasing pulse width (figure 4.25)
is also significantly affected by fatigue. For lower amplitudes the maximum current
value that can be reached decreases and even doesn’t exceed a certain current level
at all anymore, when the amplitude is low. This can’t even be overcome by going to
really long pulses width (up to 1 s).
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Figure 4.23.: Each measurement will fatigue the device. This is observable in the I-V curve.

Figure 4.24.: Fatigue has a strong effect on the maximum current that can be reached for the
ON state of the P(VDF-TrFE):PFO device and the voltage amplitudes necessary
for switching to higher values increase
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Therefore it became clear that the pulsed measurements with the P(VDF-TrFE):PFO
blend devices were only reliable on fresh devices and had to be changed, when they
showed fatigue.

Figure 4.25.: For a fatigued blend film device the maximum current value will depend on
the applied write pulses amplitude. With decreasing amplitude the maximum
current doesn’t exceed a certain level, even if much longer pulses are applied.
This isn’t the case for fresh devices (see figure 4.20).
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4.2.5. Switching of the polarisation state with increasing number of
repetitions of the write pulse

The aim was to show that a stepwise switching could also be achieved by applying write
pulses with parameters below the coercive field repeatedly with increasing number of
repetitions. The OFF and ON state current values for the previous measurements
with increasing amplitude or width were taken as reference.
Initially a reset pulse (−20 V, 50 ms) was applied, then a certain amount N of pulses
and thereafter a read-out with the sweep to 5 V. The expectation was to see an
increase in current dependent on the number of write pulses. Variations were made
for the amplitude of the write pulses, the frequency of pulses and the waiting time
between individual pulses to see how they can influence the current levels measured.

Figure 4.26.: For repeated application of identical write pulses the variation of the time be-
tween pulses could only show a small increase for smaller pauses. No significant
increase in read current was observed.

For the first measurements the amplitude of the write pulses was kept below the
coercive field to ensure that the device wasn’t changing its polarisation due to an
individual pulse, but rather the repetition. The first idea was to keep the length of
time ton, that the individual write pulse was applied, identical with the pause between
pulses toff , so only the frequency was changed. Variation of the pulse amplitude (4 V,
8 V, 12 V) and pulse width (10 ms, 5 ms, 2 ms, 1 ms, 500 µs, 200 µs, 100 µs, 50 µs, 20 µs,
10 µs) were tried. For most no difference in read current could be observed, when
increasing the number of pulses N. Some showed a small increase, but only within one
order of magnitude. The second idea was to keep ton always same and decrease the
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length of the pause between pulses toff . This could have an effect, if the problem is
that the small amount of polarisation switching, that was achieved by an individual
pulse, relaxes again during the break. So for this the read current would increase with
the break between pulses decreasing. In figure 4.26 can be observed the decrease in
toff (from 1 ms to 2 µs) could only show a small increase in read current.
Next it was attempted to reach full polarisation switching with repeated pulses by
using longer pulses width. Pulsing with a 50:50 duty cycle (ton and toff identical) did
not show any significant increase in current even for pulses of up to 50 ms duration
(amplitude 12 V). When the amplitude was increased to 14 V, already close to the
coercive field, and toff was decreased to a thousandth of ton (e.g. 2 ms on, 2 µs off) an
increase with amplitude (compared to the measurements with 12 V) and an increase
with pulse width was observed, as it can be expected from the previous measurements
(see figure 4.27). An increase with number of pulses N of about one order of magnitude
was shown.

Figure 4.27.: For a pulse amplitude of 14 V (close to the coercive field) an long pulse width an
increase in read current with the number of applied pulses could be observed.

It was noticed that these measurements with repeated pulses showed a strongly fa-
tigued the device. Therefore the currently reachable ON state current level was deter-
mined before and after each measurement by applying a pulse (25 V, 500 µs) known
to switch the device to the full ON state followed by a read-out. This was done to
ensure that the lower increase in read current seen in figure 4.27, compared to the
measurements with increasing pulse amplitude and width, was not due to fatigue of
the device. The ON state levels indicated in figure 4.28 and 4.29 show the strong
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fatigue effect of the measurements and proof that even the lowered ON state was not
reached. The device had been fresh before the measurements shown in figure 4.28.
It was now attempted to switch the polarisation of the device by using repeated pulses
with high amplitude above the coercive field and shorter pulse width (opposite to the
earlier attempts with low amplitude and long pulse duration). Figure 4.28 shows that
even for a amplitude of 18 V and 19 V the ON state could not be reached. It was also
attempted to reduce fatigue by having longer toff , but the ON state level after the
measurement was still strongly reduced.

Figure 4.28.: In order to avoid fatigue of the device longer off time between pulses and higher
amplitudes were used. It can be seen that the ON state level was still strongly
reduced after the measurement, while the polarisation could not be switched.

Further measurements with very high amplitude of 25 V and shorter pulse duration
(figure 4.29) show how the current increases with pulse length (which has already
been shown in the measurement with increasing pulse width) to almost the ON state
level. This can again not show the intended increase from OFF to ON state current
level with increasing number of pulses, since applying a single pulse already brings
the device into an elevated polarisation state. For 100 µs pulse width there is some
increase from a lower to a higher intermediate state (but not switching from OFF to
ON state), so this also doesn’t give the desired result.
These measurements show a strong fatigue effect of applying pulse trains to the device.
This brings up the reasonable suspicion that the failure to show a strong increase in
current for the earlier measurements with a pulse train of reset, write and read pulses
(section 4.2.2) was also effected by fatigue.
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Figure 4.29.: Pulsing repeatedly with high amplitude shows the expected increase with pulse
width, but can also not bring the intended increase from OFF to ON state with
increasing repetition number N. Fatigue of the ON state can again be observed.

4.2.6. Application of pre-spike and post-spike pulses to emulate synaptic
behaviour

In the previous chapters was shown how the P(VDF-TrFE):PFO blend film device
responds to the application of voltage pulses to one electrode, while the other electrode
is kept grounded. In the biological synapse, whose behaviour we intend to simulate
in order to go towards the goal of neuromorphic computing, the state of the synapse
called synaptic weight is defined by the timing of two electric pulses reaching the
neuron (compare 2.7). Therefore we need to apply pre-spike and post-spike pulses to
indicate spike timing dependent plasticity (STDP).
First the response of the device to the application of two simultaneous pulses at the
top and bottom electrode is observed. The polarisation state, that will be reached,
therefore dependents on the difference between the voltage levels at the two electrodes
and the timing. For the measurements in figure 4.30 the two pulses were kept at the
same pulse width (500 µs) and matched up exactly in timing. While one electrode was
always supplied with a -10V pulse, named as the post-spike pulse, the pre-spike pulse
applied to the other electrode increased in amplitude. When comparing figure 4.30
to figure 4.19 (pulsing with increasing amplitude at just one electrode) a very similar
switching behaviour can be seen. The pre-spike pulse amplitudes needed to address a
certain polarisation state are shifted by around −10 V as expected, so that the device
is clearly effected by the total difference in voltage potential across both electrodes.
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Figure 4.30.: Addressing the blend film device by applying voltage pulses to both electrodes
simultaneously, so that the polarisation state dependents on the total voltage
difference.

To simulate the timing dependency of the synapse, with depression for the post-spike
pulse being before the pre-spike pulse and potentiation for the opposite case (compare
figure 2.9 in chapter 2.7), the strategy shown in [36] is used. The pre-spike pulse is
applied as the pulse train shown in the lower image of 4.31, so that the amplitude
of each individual pulse is below the coercive field. The timing of the the post-
spike pulse (−10 V, 500 µs) is chosen to line up exactly with the timing of one of the
pre-spike pulses. Therefore the total potential will be above the coercive field and
the polarisation state will be changed accordingly. By chosing the pre-spike pulse
amplitudes as shown in 4.31 the polarisation state of the blend film device dependents
on the timing of the post-spike pulse in the same way as the synaptic weight. For
the post pulse being slightly earlier than the as 0 labeled point in time there will be
maximum depression and equally for potentiation.

4.2.7. Addressing and read-out of individual P(VDF-TrFE):PFO blend
film devices in a 2x2 array

After the multilevel switching in a P(VDF-TrFE):PFO blend film device has been
extensively analysed, the focus was now put on a 2x2 array of four such devices
as a first step of up-scaling. Chapter 3.5 explains, how individual devices were ad-
dressed with a switching board and the potential applied to each line in the array
was controlled. These measurements were conducted with a different sample than the
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Figure 4.31.: The pre-spike pulse train is shown in the lower image. The post-spike pulse
is always chosen, so that it is applied simultaneously with one of the pre-spike
pulses. In this way timing dependency and by chosing the pulse amplitudes
deliberately depression and potentiation can be shown.
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previous ones, which had been processed from the same solution, but spin-coated with
a lower speed. Therefore the film thickness was higher ((211.8 ± 16.3) nm compared
to (258.8 ± 5.3) nm) and the pulse amplitudes needed were shifted about 4 V higher
than before. For the measurements the pre-spike pulses were applied to the active
word line and the post-spike pulses to the active bit line, while the inactive lines were
kept grounded.

Figure 4.32.: Switching of the polarisation state of four P(VDF-TrFE):PFO blend film devices
in a 2x2 array.

All devices were switched from the OFF to the ON state and read-out one after
the other. Figure 4.32 shows that all parts of the array show very similar switching
characteristics with comparable coercive field and ON state values. Therefore the
set-up allows for reliable addressing of each device.
In order to test the 2x2 array of P(VDF-TrFE):PFO blend film devices for cross-
talk between the devices, indicated by the polarisation state of a neighbouring device
being changed, test measurements were conducted (compare 4.33). The inset in figure
4.33 (a) shows the order in the array. These measurements had been conducted on
a different array than those of figure 4.32 due to the first array being affected by
fatigue. The polarisation state of each device was measured before (black squares)
and after (red squares) pulses were applied to device A12. The inactive lines were kept
grounded. For measurement (a) all devices were brought to the OFF state, then −10 V
post-spike pulses were applied to B2 and pre-spike pulses with increasing amplitude to
W1 to switch A12. It can be seen that the polarisation state of device A11 was greatly
varied. The suspicion was that the polarisation was changed, because this device felt
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Figure 4.33.: Testing the 2x2 array of P(VDF-TrFE):PFO blend film devices for cross-talk.
The inset in (a) shows the order in the array. The polarisation state of each
device was measured before (black squares) and after (red squares) pulses were
applied to device A12. The inactive lines were kept grounded. (a) initially all
devices in OFF state, then A12 was switched to ON state; (b) same as (a), but
larger post-spike pulse amplitude was applied; (c) initially all devices in ON
state, A12 was switched from OFF to ON state; (d) same as (c), but only one
pulse to the OFF state and one to the ON state were applied to A12.
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the potential between B1 being grounded and pre-spike pulses of up to 20V being
applied to W1. Therefore for measurement (b) all devices were brought to the OFF
state again and then A12 was switched by applying higher post-spike pulses of −15 V
to B2. The pre-spike pulses on W1 were then lower in amplitude than in (a) and
the polarisation state of A11 was much less effected. For the following measurements
the post-spike amplitude was kept at −15 V. For (c) all devices were switched ON
and it can be observed that the ON state level of each device varied significantly.
Initially it was suspected that this was due to variation in thickness in this area , but
measurements proofed this wrong (compare table B.4). It is a possibility that the
two polymer materials were not well distributed in this area or domains had formed
unevenly in the area of the second array used for the measurements in figure 4.33.
A12 was switched from OFF to ON state, which effected the polarisation state in the
other devices strongly. A16 and A17 were even brought to the OFF state. In (d) the
previous measurement was repeated, but only one pulse to the OFF state and one to
the ON state were applied to A12. The effect on the neighbouring devices was smaller,
but still visible. The OFF state had already looked less stable in the retention time
measurement (figure 4.22) and the fatigue measurements (figure 4.24 and 4.25) than
the OFF state, so it is unsurprising that it is also more strongly affected by cross-talk.

4.2.8. Observations for addressing the polarisation states in the
P(VDF-TrFE):PFO blend device with voltage pulses

A detailed measurement of the multilevel switching behaviour of the P(VDF-
TrFE):PFO blend device is shown in figure 4.34. In (1) the voltage amplitude was
increased in +0.5 V steps and afterwards in (2) the device was brought to the OFF
state again by pulsing with decreasing -0.5 V steps of increasingly negative pulses.
This shows several features, that have been observed in the other measurements as
well.
For one it can be seen that the ON state current level, reached with the highest positive
amplitude pulse at the end of (1), immediately decreases significantly upon the first
negative voltage pulse. A similar ”instability” of the ON state was seen in figure 4.21
and the retention time measurement figure 4.22 already. It can also be observed that
the decrease in (2) is slower than the increase in (1) and also not the same OFF state
level was reached. The very slow pulsing experiment with even smaller step size than
seen in the figure (as small as +0.1 V and -0.1 V), which overall took more than two
hours, showed a certain memory effect, since the same low current level wasn’t reached
again. This was not observed for fast switching (figure 4.21).
Other measurements also showed a time-scale and timing dependency. In chapter
4.2.2 the read pulses showed different result for varying the timing and duration of
the read pulse and only a slow swept read-out gave reliable results. A different observa-
tion, which was made throughout the pulsed-addressing measurements in the chapters
above, is plotted in figure 4.35. It was observed that the ON state current level, that
was reached in the slow voltage sweep was never reached with voltage pulses. The
OFF state current was equal or slightly higher for pulsing. Therefore the ON/OFF
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Figure 4.34.: A detailed measurement of the multilevel switching behaviour of the P(VDF-
TrFE):PFO blend film device. In section (1) the amplitude of the voltage pulses
was increased in 0.5 V steps from 21 V to 32 V and in section (2) it was decreased
with the same step size between −21 V and −32 V.

ratio for pulsing was always below the one for sweeping for the same device (and both
were measured with new devices, so that fatigue was not the reason for the difference).
In the search for an explanation for this observation the results of the simulations for
such a blend film device in [9] discussed in 2.4 were considered again. According to
their study the charges transported through the semiconductor material in the accu-
mulation channel at the interface are influenced by two processes. For one there is
the charge injection at the interface of electrode/P(VDF-TrFE)/semiconductor dom-
inated by tunnelling. The simulation shown in figure 2.6 (b) demonstrates that a
calculation without the tunnelling contribution and therefore less charge injection
would mean that both ON and OFF state levels are lowered. This does not match
with the observation in 4.35.
On the other hand the calculation without the x-component of the polarisation in
P(VDF-TrFE) (figure 2.6 (a)) has the effect that only the ON state current level is
lowered and the ON/OFF ratio decreases. This is exactly the observation made for
the pulsed addressing of the blend film device in figure 4.35. Hence the assumption
is that pulsing compared to sweeping the voltage leads to a smaller x-polarisation
component.
In the publication by Ghittorelli and Lenz [9]they only discuss the effect of a voltage
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Figure 4.35.: Comparison of the ON and OFF state current levels reached with continuous
application of increasing voltage and voltage pulses. For the swept measurement
a higher ON state current can be reached.

sweep. They describe how the x-polarisation is induced by the charges at the ferro-
electric/semiconductor interface influencing the dipole orientation in P(VDF-TrFE).
It is also mentioned that a electric field in the opposite direction (like it is the case
with the RESET pulses between two write pulses in the pulsed programming) leads
to the charge carriers being pushed away from the interface and a pinch-off of the
accumulation channel. In the supplementary note 6, which looks at the evolution of
the interface accumulation layer, it is discussed, how the accumulation layer is build
progressively during the slow sweep.
The assumption therefore is that during the pulsed measurement the x-polarisation
in the ferroelectric is weaker, because the charges in the accumulation channel at the
interface are only affecting the dipoles during the short duration of the pulses. Their
simulations show a slow build-up of the charges and affecting the x-polarisation, so
that the differences between the pulsing and sweeping of the voltage become important
and have the effect observed in 4.35.
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In this thesis new concepts for the fabrication and application of ferroelectric-
semiconductor heterostructure devices were demonstrated.
An increase of the efficiency of a P(VDF-TrFE):semiconductor memory diode was
achieved through an improvement in morphology of the device through development
of a new processing method. This method uses porous P(VDF-TrFE) thin films with
pores that continuously reach through the full height of the film. It also allows for
the size and density of the pores to be adjusted through the processing parameters.
The breath figure method under controlled humid atmosphere was used to create thin
film with spherical pores, which were shaped into the desired columnar pore structure
through a careful heating process under vacuum. It was shown that the density and
average diameter of the pores increases with the humidity level during the spin-coating
and the dependency on the heating time was analysed in detail.
The typical close-packed shallow pores on the surface, which are seen before heating,
are flattened out in the initial minutes of heating and smaller, well distributed pores
caused by water droplets, that had sunk down into the film are developed. These
pores increase in diameter and density until after around 30 min the porous film is in
the finished state with around 6% of the total area covered in pores and an average
diameter of 400 nm (for a humidity of 80% during spin-coating).
These porous thin films (around 120 nm thickness) can be used for memory diodes
by filling them with the semiconductor material. A device was produced through
spin-coating the semiconducting polymer PFO onto the P(VDF-TrFE). After initial
problems of filling the pores sufficiently without creating an high additional layer of
PFO on the phase-separated film a well-behaved device was produced. Adjusting the
spin-coating speed and heating the solution to 70 ◦C improved the backfilling. The
device showed an efficiency, that was one order higher than a device produced by the
common blend film method.
Apart from the P(VDF-TrFE):PFO memory diodes it was also attempted to create a
lateral heterostructure by filling the porous P(VDF-TrFE) thin films with the small
molecule TADF semiconductor 4CzIPN. This lead to dewetting problems, that could
not be solved through various attempts with spin-coating and bar-coating techniques
and surface treatment. More research has to be done to solve this problem.
This work also includes a study of the P(VDF-TrFE):PFO blend film device as a can-
didate for neuromorphic applications. Therefore detailed measurements using voltage
pulses were conducted showing how the device can be brought into several stable in-
termediate states between the high resistance OFF state and the low resistance ON
state by variation of the pulse width and amplitude. It could be seen that while the
pulsed programming is reliable, the pulse read-out is problematic, since the measured
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current values were dependent on read pulse duration and delay after the write pulse.
A fast pulse train of reset, write and read pulses also had a strong fatigue effect on
the device.
The retention time measurement showed very stable current levels, also for the multi-
bit intermediate states, which is crucial for the information storage. The pulsing with
repeated pulses of either pulse width or amplitude too small for an individual pulse
to switch the polarisation state, proved not to be successful. The expected switching
to the ON state with increasing number of pulses could not be observed. These
measurements were also affected by the fatigue of the device through the fast pulsing.
This could be improved in future measurements by changes in the materials used for
the top electrode of the device.
It was possible to utilise the stable switching to intermediate polarisaton states to
emulate synaptic behaviour. By applying two different pulse trains as the pre-spike
and the post-spike pulse to both electrodes, it was possible to show spike timing
dependent plasticity. The voltage amplitudes of the pre-spike pulses were chosen such
that they were below the coercive field and would not change the polarisation state
and only throught the simultaneous application of a post-pulse would the polarisation
be chanced. The total difference of both pulses at the device was than large enough to
cause either depression or potentiation of the resistance state emulating the changes
in synaptic weight.
In a 2x2 memory array of P(VDF-TrFE):PFO blend film devices it was shown that
all four devices could individually be programmed and read using a switching board
to select each device. The devices in the array still suffered from crosstalk, so further
improvements with a more advanced device structure have to be made.
The comparison of voltage sweeping and pulsing measurements showed a lower ON
state current level reached for addressing the device with pulses. A possible expla-
nation is that the pulsing leads to a lower x-polarisation in P(VDF-TrFE), which
decreases the number of charges transported at the ferroelectric-semiconductor inter-
face. A simulation could confirm this assumption.
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B.1. Matlab code used for statistical analysis of four SEM
images per sample

1 %f i r s t image
2 %s e l e c t image
3 I=I1 ;
4 %d e f i n i n g s c a l e bar
5 f i g u r e (1 )
6 imshow ( I )
7 h = i m d i s t l i n e ( gca , [ 1 2 5 0 , 1 1 2 5 ] , [ 9 2 5 , 9 2 5 ] ) ;
8 s c a l e = 25000/ getDis tance (h) ;
9

10 %cropping image area
11 I c = imcrop ( I , [ 0 0 1300 1000 ] ) ;
12 to ta lArea = (1300∗ s c a l e ) ∗(1000∗ s c a l e ) ;
13

14 %f i n d i n g pores
15 [ centersP , rad i iP ] = i m f i n d c i r c l e s ( Ic , [ 1 2 0 ] , ’ Ob jec tPo la r i ty ’

, ’ dark ’ ) ;
16 v i s c i r c l e s ( centersP , radi iP , ’ Color ’ , ’ b ’ )
17 c e n t e r s = centersP ∗ s c a l e ;
18 r a d i i= rad i iP ∗ s c a l e ;
19

20 %diameter , area , r a t i o
21 diameters = r a d i i ∗2 ;
22 areas = r a d i i .∗ r a d i i ∗ pi ;
23

24 poreArea = sum( areas ) ;
25 r a t i o = poreArea / tota lArea ;
26

27 %d e f i n i t i o n s
28 r a t i o 1 = r a t i o ;
29 diameters1 = diameters ;
30

31 %second image
32 %s e l e c t image
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33 I=I2 ;
34 %d e f i n i n g s c a l e bar
35 f i g u r e (2 )
36 imshow ( I )
37 h = i m d i s t l i n e ( gca , [ 3 0 0 2 , 5 0 2 0 ] , [ 3 6 0 0 , 3 6 0 0 ] ) ;
38 s c a l e = 50000/ getDis tance (h) ;
39

40 %cropping image area
41 I c = imcrop ( I , [ 0 0 6100 3552 ] ) ;
42 to ta lArea = (6100∗ s c a l e ) ∗(3552∗ s c a l e ) ;
43

44 %f i n d i n g pores
45 [ centersP , rad i iP ] = i m f i n d c i r c l e s ( Ic , [ 2 2 4 ] , ’ Ob jec tPo la r i ty ’

, ’ b r i gh t ’ ) ;
46 v i s c i r c l e s ( centersP , radi iP , ’ Color ’ , ’ b ’ )
47 c e n t e r s = centersP ∗ s c a l e ;
48 r a d i i= rad i iP ∗ s c a l e ;
49

50 %diameter , area , r a t i o
51 diameters = r a d i i ∗2 ;
52 areas = r a d i i .∗ r a d i i ∗ pi ;
53

54 poreArea = sum( areas ) ;
55 r a t i o = poreArea / tota lArea ;
56

57 %d e f i n i t i o n s
58 r a t i o 2 = r a t i o ;
59 diameters2 = diameters ;
60

61 %th i rd image
62 %s e l e c t image
63 I=I3 ;
64 %d e f i n i n g s c a l e bar
65 f i g u r e (3 )
66 imshow ( I )
67 h = i m d i s t l i n e ( gca , [ 3 0 0 2 , 5 0 2 0 ] , [ 3 6 0 0 , 3 6 0 0 ] ) ;
68 s c a l e = 50000/ getDis tance (h) ;
69

70 %cropping image area
71 I c = imcrop ( I , [ 0 0 6100 3552 ] ) ;
72 to ta lArea = (6100∗ s c a l e ) ∗(3552∗ s c a l e ) ;
73

74 %f i n d i n g pores
75 [ centersP , rad i iP ] = i m f i n d c i r c l e s ( Ic , [ 2 2 0 ] , ’ Ob jec tPo la r i ty ’
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, ’ b r i gh t ’ ) ;
76 v i s c i r c l e s ( centersP , radi iP , ’ Color ’ , ’ b ’ )
77 c e n t e r s = centersP ∗ s c a l e ;
78 r a d i i= rad i iP ∗ s c a l e ;
79

80 %diameter , area , r a t i o
81 diameters = r a d i i ∗2 ;
82 areas = r a d i i .∗ r a d i i ∗ pi ;
83

84 poreArea = sum( areas ) ;
85 r a t i o = poreArea / tota lArea ;
86

87 %d e f i n i t i o n s
88 r a t i o 3 = r a t i o ;
89 diameters3 = diameters ;
90

91 %four th image
92 %s e l e c t image
93 I=I4 ;
94 %d e f i n i n g s c a l e bar
95 f i g u r e (4 )
96 imshow ( I )
97 h = i m d i s t l i n e ( gca , [ 3 0 0 2 , 5 0 2 0 ] , [ 3 6 0 0 , 3 6 0 0 ] ) ;
98 s c a l e = 50000/ getDis tance (h) ;
99

100 %cropping image area
101 I c = imcrop ( I , [ 0 0 6100 3552 ] ) ;
102 to ta lArea = (6100∗ s c a l e ) ∗(3552∗ s c a l e ) ;
103

104 %f i n d i n g pores
105 [ centersP , rad i iP ] = i m f i n d c i r c l e s ( Ic , [ 2 2 0 ] , ’ Ob jec tPo la r i ty ’

, ’ b r i gh t ’ ) ;
106 v i s c i r c l e s ( centersP , radi iP , ’ Color ’ , ’ b ’ )
107 c e n t e r s = centersP ∗ s c a l e ;
108 r a d i i= rad i iP ∗ s c a l e ;
109

110 %diameter , area , r a t i o
111 diameters = r a d i i ∗2 ;
112 areas = r a d i i .∗ r a d i i ∗ pi ;
113

114 poreArea = sum( areas ) ;
115 r a t i o = poreArea / tota lArea ;
116

117 %d e f i n i t i o n s
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118 r a t i o 4 = r a t i o ;
119 diameters4 = diameters ;
120

121 %s t a t i s t i c a l a n a l y s i s
122 %average r a t i o
123 avRatio = ( r a t i o 1 + r a t i o 2 + r a t i o 3 + r a t i o 4 ) /4 ;
124 d iamete r sAl l = [ d iameters1 ; d iameters2 ; d iameters3 ;

d iameters4 ] ;
125

126 %histogram
127 f i g u r e (5 )
128 h i s t = histogram ( diametersAl l , ’ BinWidth ’ ,10)
129 x l a b e l ( ’ diameter (nm) ’ ) ;
130 y l a b e l ( ’ counts ’ ) ;
131

132 %f i t
133 h i s t f i t ( d iametersAl l , 229 , ’ normal ’ )
134 Gaussian = f i t d i s t ( d iametersAl l , ’ normal ’ )
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B.2. Additional data and images on porous P(VDF-TrFE)
films

heating time [min] pore ratio [%] average diameter [nm]

5 0.8 -

15 9.3 674 ± 12

30 5.6 621 ± 10

45 14.4 932 ± 14

60 17.6 923 ± 13

Table B.1.: Pore ratios and average pore diameters determined from statistical analysis of the
SEM images of each sample spin-coated under ambient conditions and heated for
different amounts of time in ambient condition in the oven. These measurements
were conducted before the process was improved, so pore size were not very uni-
form, which made the analysis less accurate. The average diameter was calculated
by fitting the normal distribution to the histogram of all diameters measured. For
the sample heated for 5 min the dataset was to small to get a reliable fit.
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(a)

(b)

(c)

Figure B.1.: SEM images of measurement series with increasing humidity levels during the
spin-coating of the porous P(VDF-TrFE) thin film, which were processed under
not yet improved conditions.
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humidity [%] pore ratio [%] average diameter [nm]

50 1.0 646 ± 8

60 5.2 756 ± 5

70 13.4 806 ± 9

80 17.6 793 ± 6

Table B.2.: Pore ratios and average pore diameters determined from statistical analysis of the
SEM images of each sample with different humidity conditions during the spin-
coating process. All samples were heated for 20 min. These measurements were
conducted before the process was improved, so pores were not well distributed yet
and formed clusters, which made the analysis less accurate. The average diameter
was calculated by fitting the normal distribution to the histogram of all diameters
measured.
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(a)

(b)

(c)
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(d)

(e)

Figure B.2.: SEM images of initial measurement series with increasing heating time of the
porous P(VDF-TrFE) thin film, which were processed under not yet improved
conditions.
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(a) (b)

(c) (d)

Figure B.3.: SEM images of porous P(VDF-TrFE) films with different heating times in the
vacuum oven after the breath figure spin-coating of the solution. The samples
shown here were heated for (a) 20 min, (b) 30 min, (c) 35 min and (d) 45 min.
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B.3. Additional data on samples filled with 4CzIPN

4CzIPN
conc. in
solution
[wt%]

spin-
coating
speed [rpm]

comment pore depth
in 4CzIPN
film [nm]

add layer
thickness
[nm]

1 1.0 1000 4CzIPN film not
continuous

30 to 60 70 to 90

2 3.0 750 mostly continuous
film, very rough
surface

40 to 60 85 to 95

3 3.0 500 mostly continuous
film, very rough
surface

50 to 60 100 to 110

4 3.0 2000 4CzIPN film not
continuous, just
empty pores in the
uncovered areas

- 20 to 30

5 3.0 3000 4CzIPN film not
continuous, just
empty pores in the
uncovered areas

50 to 60 15 to 25

6 3.0 2000 4CzIPN film not
continuous, surface
treated with
UV/ozone before
spin-coating

40 to 60 30 to 35

7 3.0 2000 4CzIPN film looks
continuous, treated
with oxygen plasma
(100W, 5s)

50 to 60 50 to 60

8 3.0 2000 4CzIPN film looks
continuous, treated
with nitrogen
plasma (100W, 5s),
rough surface

up to 120 no 4CzIPN
deposited

Table B.3.: Overview of all the devices produced by spin-coating 4CzIPN onto the porous
P(VDF-TrFE) thin films.
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B.4. Additional data on film thickness in the array

device thickness [nm]

A1 254.5 ± 7.4

A2 249.9 ± 3.9

A6 256.5 ± 5.9

A7 259.2 ± 12.0

A11 262.7 ± 6.3

A12 264.0 ± 8.8

A16 265.4 ± 4.9

A17 262.6 ± 1.0

Table B.4.: Thicknesses of the blend film for different devices used in the arrays in 4.2.7. The
thickness was measured using a DEKTAK profilometer in four areas around each
device and calculating the average. It can be observed that the devices used in
the second array generally have a slightly higher thickness than those in the first
array, but do not vary strongly from each other.
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