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Zusammenfassung

Diese Arbeit beschiftigt sich mit imprinting im ferroelektrischen Polymer P(VDF-
TrFE) 70/30mol %. Experimentell untersucht werden Diinnschichtfilme (50 nm bis
2pm) . Fir Imprinteffekte (Zunahme des Koerzitivfeldes und der ferroelektrischen
Umschaltzeit sowie Abnahme der remanenten Polarisation und der Permittivitat)
wird eine charakteristische Abhédngigkeit(~ log(t;)) von der Verweildauer (t;,) in
einem ferroelektrischen Polarisationszustand beobachtet. Es wird gezeigt, dass Im-
printeffekte unabhédngig von der Schichtdicke (> 100nm) sind und imprint durch
eine Erhohung der Polymer-Kristallinitdt weitgehend verhindert werden kann. Ein
Imprintmodell (New Imprint Model) wird entwickelt. Auf dessen Grundlage wer-
den mit einem "Weiss-Mean-Field" Ansatz die Imprinteffekte berechnet. Es werden
Temperatur-Polarisationshysteresen fiir gepolte und ungepolte Proben aufgenom-
men. Es wird gezeigt, dass der beim Aufheizen flielende Kurzschlussstrom aus Im-
printstrom und pyroelektischem Strom zusammengesetzt ist. Eine Berechnung des
Imprintstroms gelingt durch die Annahme einer Verteilung von temperaturabhin-
gigen Dipolrelaxationszeiten. Im letzten Kapitel wird eine experimentelle Methode
vorgestellt um simultan elektrische und IR spektroskopische Messungen in Diinn-
schichtfilmen durchzufiihren.






Abstract

This thesis deals with imprinting in ferroelectric P(VDF-TrFE)70/30 mol % thin films
(50nm to 2 pm). Material properties that change due to imprinting are explored: the
ferroelectric polarization switching time and the coercive field increase, as well as the
permittivity and the remanent polarization to decrease. These effects of imprinting
evolve on a logarithmic time scale. It is shown that imprinting evolves independent
of the film thickness. An increase in the polymers crystallinity decelerates imprint-
ing. A model (New Imprint Model) is proposed to explain the effects of imprinting.
By introducing an extended Weiss Mean Field approximation the effects of imprint-
ing are calculated. The spontaneous or field induced build-up of the spontaneous or
remanent ferroelectric polarization across the Curie transition range are monitored.
The imprinting current while heating is separated from the pyroelectric current and
calculated based on a distribution of temperature dependent dipole relaxation times.
In the last chapter an experimental method is presented, which allows simultaneous
in-situ infrared (IR) and electrical characterization.
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Chapter 1

Introduction

1.1 Motivation

Many ferroelectric materials are affected by imprinting. Often it is referred to im-
printing as a degradation mechanism which summarizes some time dependent ef-
fects related to ferroelectric polarization. Exemplary imprint effects are the slowing
down of the ferroelectric polarization switching process and the decay of the rema-
nent polarization. In the view of using ferroelectrics as functional materials e.g. in
non-volatile ferroelectric memory devices, these effects mean a reduction of writing
speed and shortening of data retention time. Besides, for many applications pre-
dictable material properties are required. Regarding P(VDF-TrFE), imprinting con-
stitutes a major obstacle why this otherwise excellent material isn’t used on a wider
scale in industry.

The imprinting mechanism differs from one ferroelectric material to another. The
first attempt to give an explanation for imprinting in P(VDF-TrFE) was presented
by Ikeda et al. in 1988 [41]. Since then several other models have been proposed to
understand the imprinting mechanism. Still, up to date (before the data presented
in this work was published) no procedure nor treatment is known to manipulate
imprinting and/or its effects.

The aim of this work is primarily to investigate effects of ferroelectric imprinting in
P(VDF-TrFE) and understand its mechanism.

1.2 Overview and highlights

The thesis is structured as listed below. Major achievements of this work, described
in the respective chapters, are stated.

e Chapter 2 provides some general definitions regarding ferroelectricity and py-
roelectricity. Literature based information on P(VDF-TrFE) is presented, in-
cluding its history, its application as functional material, its chemical compo-
sition, inherent crystalline phases, thermal and electric field induced phase
transformations, its micro- and meso-scale structures and its ferroelectric and
pyroelectric properties.

e Chapter 3 gives the theoretical basis regarding ferroelectric imprinting. Im-
printing in various ferroelectrics is briefly reviewed. Imprint models for P(VDE-
TrFE) are discussed. The New Imprint Model, which was designed in the
course of this work is presented. The current response of a system of inde-
pendently relaxing dipoles is discussed.
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e Chapter 4 deals with the sample preparation procedure and the electric mea-
surement setup. The presented P(VDF-TrFE) polymer film preparation method,
allows to produce large area (cm? range) thin films by spin-coating. The films
are characterized by low film-thickness variation, absence of pin-holes, high
breakdown electric field strength, and a reduced "background" current in py-
roelectric measurements.

e Chapter 5 deals with results regarding imprint effects. Material properties af-

fected by imprint are explored. A common characteristic time-dependence of
imprint effects is found. Existing models are reviewed in the light of some in-
sightful experimental findings. The existence of an imprint field is postulated.
The imprint field is introduced as local field contribution in an extended Weiss
field approach and the effects of imprinting are calculated.
The New Imprint Model is found suitable to interpret the presented experi-
mental results. Noteworthy is the experimental observation that imprinting
can be reduced by increasing the co-polymers crystallinity. The results of the
calculation support the validity of the model.

e Chapter 6 is the second results chapter dealing with imprinting. Here, the fo-

cus is on the temperature dependence of imprinting. The results are always in-
terpreted in the light of the New Imprint Model. Un-poled and poled samples
are investigated. After taking measures to eliminate the background (bg) cur-
rent, ferroelectric polarization versus temperature hysteresis are recorded for
un-poled and poled samples. Additionally, the impact of using samples pro-
duced with different annealing temperatures, using different cooling rates and
applying an electric field while cooling is investigated. The short circuit cur-
rent across the Curie transition temperature range is investigated using poled
samples. The imprinting related current and the pyroelectric current are iden-
tified and separated at temperatures below the onset temperature of the ferro-
electric to paraelectric phase transition, thus at temperatures between —20°C
to 80 °C. The imprinting current while heating is calculated based on assump-
tions made in the New Imprint Model.
Highlights in this chapter are the ferroelectric polarization versus temperature
hysteresis loops using un-poled and poled samples, showing that the spon-
taneous ferroelectric polarization is very different from the remanent polar-
ization. Another highlight is the observation that the imprint field affects the
paraelectric to ferroelectric phase transition temperature. A particular high-
light is the calculation of the imprinting current. The calculation assumes
the Tammann-Vogel-Fulcher- (or the Arrhenius-) law and compensation law
to describe the temperature dependence of imprinting in different tempera-
ture regimes. Finally, its hypothesized that imprinting related dipole reorien-
tation processes aren’t restricted to the amorphous phase but rather also take
place in the crystalline-amorphous interphase, especially at high temperatures
(T>50°C).

e Chapter 7 deals with a method for in-situ infrared (IR) investigation of thin
polymer films. The developed method allows simultaneous IR investigation
while electrical fields can be applied and polarization and current measure-
ments can be conducted. Thus, the method allows simultaneous monitoring
of poling processes by electrical and structure resolving means.

e Chapter 8: Summary and Outlook



Chapter 2

Theoretical basis I: Ferro- and
Pyroelectricity in P(VDF-TrFE)

2.1 Ferroelectricity

Ferroelectricity was first discovered in Rochelle Salt in 1920 [115]. Ferroelectrics get
their name by analogy with ferromagnetic materials, the prefix ferro, meaning iron.
Like ferromagnetic materials, ferroelectric materials exhibit a hysteresis, as was first
observed by C.B.Sawyer and C.H. Tower for Rochelle Salt in the polarization P ver-
sus electric field E dependence [99]. Later on several hundreds other ferroelectric
materials were discovered and new ferroelectrics are often added to the list.

Out of 32 crystal point groups with dielectric properties, 20 are piezoelectric. 10
out of these 20 non-centrosymmetric point groups, belong to polar crystals, which
are pyroelectric. Pyroelectric materials possess a temperature dependent sponta-
neous polarization. Those pyroelectrics in which the polarization can be switched
back and forth by application of an external electric field are called ferroelectrics [16].

The ferroelectric polarization P, originates from the alignment of material inher-
ent dipoles and can be written as the vector sum of dipole moments m per volume
V.

Py, — Zz? @.1)

The polarization is often only considered along one axis as it is appropriate, when
the material is packed into a plate capacitor structure, then the vector has only one
vector entry, the scalar Pr,. The measured polarization at zero applied field is the re-
manent polarization P,,,,. The direction of the ferroelectric polarization vector can be
reversed by application of an external electric field of sufficient field strength. The
minimum electric field strength necessary to reverse the ferroelectric polarization
is the coercive field E.. Next to P.;; and E; also Es;; and Ps,; are the characteris-
tic properties of the ferroelectric polarization (Py.) hysteresis presented in FIG. 2.1
a). Esqr and Psyp are the minimum field strength and the corresponding polarization
value, respectively, at which Pf, can unambiguously be related to the applied electric
field. Thus, above E,; the hysteresis behavior disappears. The experimentally ac-
cessible value is the dielectric displacement D as the charge density in the electrode
plates (see equation (2.2)), which includes other electric field induced polarization
contributions.

D= Pfg + o€y Eext (2.2)

go and ¢, in equation (2.2) are the permittivity of free space and the relative permit-
tivity of the ferroelectric material, respectively. FIG. 2.1 a) depicts the ferroelectric
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FIGURE 2.1: Ferroelectric polarization hysteresis. a) The ferroelectric
part without €E,y;. b) Ferroelectric material hysteresis.

material hysteresis !.

A description of a stable non zero net polarization Py, at zero electric field can
be given on the one hand by a thermodynamic view in which the free energy of
the system minimizes for Pr, # 0 (e.g. Landau-Ginzburg-Devonshire theory) and
on the other hand by a microscopic view where dipoles align due to the ordering
power of dipole-dipole interaction. An approximation for the latter is given by the
Weiss mean field [12]. In the Weiss mean field approximation, the ferroelectric po-
larization stabilizes itself by the Weiss field contribution to the local field at a site of a
ferroelectric dipole. The Weiss field Eyy,;ss equals the ferroelectric polarization times
a coupling constant f.

EWeiss = ,Bpfe (23)

Ferroelectricity is in analogy to ferromagnetism only found below a certain tem-
perature, denoted as the Curie Temperature T-. Materials that are ferroelectric below
Tc, are paraelectric above Tc. To clear up misunderstandings, in this work the Curie
Temperature T¢ is defined as the lowest temperature above which all ferroelectric
properties have vanished. This definition facilitates the experimental determination
of T¢, since T¢ is influenced by preparational material parameters [79].

A distinction is made between order-disorder ferroelectrics, in which permanent
dipoles are randomly oriented above the transition temperature and displacive fer-
roelectrics, like many perovskites, in which reorientable dipoles in the paraelectric
phase are not clearly recognizable [22]. At the ferroelectric to paraelectric (and vice
versa) transition the polarization exhibits a characteristic non-analytical functional
behavior, which can be used to classify the transition, known as Ehrenfest classifica-
tion.

At the phase transition, close to it or far from it, ferroelectric materials are of inter-
est not only for physicists but also for the industry. Ferroelectric materials have nu-
merous applications of linear and non-linear dielectric properties. “The possibility
of presenting the ferroelectric material in various forms: mono and polycrystalline,
meso and nano structured, massive and thin film, allows the use of ferroelectrics in

n this work the ferroelectric hysteresis refers always to the ferroelectric material hysteresis.
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the most divers technology applications, from devices to transform high power en-
ergy to integration in silicon electronic devices in the new technologies.” [22] Details
on the ferroelectric properties of P(VDE-TrFE) are given in section 2.3.5 and follow-
ing sections.

2.2 Pyroelectricity

“Pyroelectricity is a linear reversible change in polarization brought about by a change
in temperature when the electric field is held constant [47].” All ferroelectrics are
also pyroelectric. The pyroelectric coefficients are generally given by [110]

dP;

Ppyroi = ﬁ (24)

where P, is the macroscopic polarization of the vector component i. If there is no net
dipole moment along the 1 and 2 directions, which are in the plane of the electrode
area, only one coefficient describes the pyroelectricity of the material. The experi-
mental pyroelectric coefficient is then given by:

1dQ  ILyn(T) [dT\7 ' dT\ !
ppyro,?;:Zﬁ: A : E :]pyra' E (25)

where A, Q, Iyyro, jpyro and (dT/dt) are the sample area, the charge on the elec-
trode plates, the pyroelectric current, the pyroelectric current density and the heat-
ing/cooling rate, respectively. In contrast to the experimental definition of the pyro-
electric coefficient, the thermodynamic definition of the pyroelectric coefficient takes
sample area variations into account:

Q/A Q
p;yro,?; = AT = Ppyro3 — A : (061 + (Xz) (2.6)

a1 and a; are the in plane thermal expansion coefficients.

2.21 Primary and secondary pyroelectricity

The contribution to pyyr03 due to coupling between piezoelectricity and thermal ex-
pansion is called secondary pyroelectricity [110]. In contrast, primary pyroelectric-

ity is associated with the change of the ferroelectric polarization with temperature.

) . ) . P,
The pyroelectric coefficient due to primary pyroelectricity is given by ;% at con-

stant strain, where Pr, and T are the ferroelectric polarization and the temperature,
respectively [110]. The pyroelectric coefficient ppy,3 is the sum of primary and sec-
ondary pyroelectric coefficient. To observe the two parts to pyroelectricity experi-
mentally, the sample dimensions are first clamped while the temperature is changed

(primary pyroelectricity: % |clamped), subsequently the sample is allowed to relax to
its equilibrium dimensions (secondary pyroelectricity) [47]. Care has to be taken not
to confuse the experimental contribution to the pyroelectric signal which arises from
a change in the electrode dimensions (see equation 2.6) to secondary pyroelectricity
[47]. This confusion happens partially in this work, since on the top-side thin metal
electrodes adhere directly to the co-polymer film and the temperature dependent
lateral expansion of the metal electrode equals approximately the expansion of the
co-polymer. At the bottom side the film is clamped on a rather rigid substrate, since
thermal expansion coefficient of the substrate is at least one order of magnitude less
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than the thermal expansion coefficient of the polymer [10, 35, 112]. So, the condi-
tions are not truly stress free. Details on the pyroelectric properties of P(VDF-TrFE)
are given in section 2.3.11.

2.3 The ferroelectric co-polymer P(VDF-TrFE)

P(VDF-TrFE) is a composition of polyvinylidene fluoride (PVDF) and polytrifluo-
roethylene (PTrFE). In this work P(VDE-TrFE) is synthesized by Piezotech*™ in form
of randomly distributed of VDF- and TrFE units in a composition of 70/30 mol %.
The monomer units of VDF and TrFE are illustrated in FIG. 2.2.

2.3.1 History of PVDF

The story of PVDF being a ferroelectric begins in 1969, when Kawai [45] discovered
the very high piezoelectric coefficient of PVDF, after heating PVDF sheets to ~ 100 °C
and subsequent cooling in presence of an electric field (30 MV m ). Shortly there-
after, it was found that PVDF is pyroelectric [6]. After some controversy of PVDF
being an electret, Kepler and Anderson [46] showed by X-ray diffraction, that the
polar 8 phase of a poled PVDF film differs from the unpoled film, which might have
been the first evidence of PVDF being a ferroelectric.

Ty

VDF TrFE
C,H.F, C,HF,

FIGURE 2.2: Monomer units of VDF and TrFE. The arrow points in
direction of the strongest permanent dipole moment.

2.3.2 Applications of P(VDF-TrFE)

Due to excellent piezo-, pyro- and ferroelectric properties including the ease of thin
film, large area and low cost production, P(VDF-TrFE) at compositions around 70/30 mol %
has drawn much attention for commercial applications. Examples are:

e mechanical resonators [38], actuators [18]
e energy harvesters [85]

o refrigerators [64]

pyroelectric image sensors [100]

organic memory devices [9, 19, 27, 73]

organic photovoltaic devices [118]



2.3. The ferroelectric co-polymer P(VDF-TrFE) 7

2.3.3 Crystalline structures in PVDF

In the solid state, both, PVDF and PTrFE are semi-crystalline with little exception
[84]. PVDF has besides the amorphous phase at least four crystalline polymorphous
referred to as the a-, B-, - and J phase previously called in order of their discovery
form II, I, III and IV respectively [47, 66, 108]. In PVDF the a phase with a trans-
gauche-trans-gauche’ (TGTG’) conformation (see FIG. 2.3 b)) is thermodynamically
the most stable phase, but there is no net dipole moment in the pseudo hexagonal
crystal structure. The a phase exhibits no piezo-, pyro- nor ferroelectricty. The a
phase is obtained by cooling PVDF from the melt or from solvent casting. All other
crystalline phases (8, v and J- phase) of PVDF are to a different content ferroelectric,
whereas the B-phase is probably the most easily accessible [63]. The B-phase is usu-
ally obtained by drawing and/or poling [46, 108]. The B crystal cell is orthorhombic
and is formed by parallel and planar chains (charbon backbone) in all-trans confor-
mation (TTTT) (see FIG. 2.3 a)).

2.3.4 Chemical defects: HH and TT

Depending on the synthesis conditions, the generation of defects can be favored:
A certain fraction of monomer units are reversed, creating what are called head-to-
head (HH) or tail-to-tail (TT) defects along the co-polymer chain. These chemical
defects usually lie next to each other (HH-TT). The defect concentration impacts on
the material behaviour [46, 47].

2.3.5 Origin of ferroelectricity in PVDF

The strongest permanent dipole moment m in PVDF points from the fluorine to the
hydrogen atoms as depicted in FIG. 2.2 on the left. It is a consequence of the dif-
ference in electronegativity of fluorine (F) and hydrogen (H). The difference in elec-
tronegativity betweeen fluorine and carbon (C) is however often taken as reference.
The dipole moment of each monomer unit equals 7.0 x 10730 Cm [46].

2.3.6 TTTT- and TGTG’ conformation

PVDF and P(VDEF-TrFE) at a composition of 70/30 mol % exhibit similar structural
conformations. P(VDF-TrFE) exhibits corresponding to the polar  phase and the un-
polar « phase in PVDE, the polar all-trans (TTTT) phase and unpolar trans-gauche-
trans-gauche’ (TGTG’) phase, respectively. The TTTT- and TGTG’ conformation are
illustrated in FIG. 2.3. In P(VDFE-TrFE) the all-trans conformation is favored due
to the introduction of TrFE units (at random crystal sites), whereas for high VDF
contents trans-gauche(’) conformations are more stable [54]. TrFE units by themself
favor the all-trans conformation [7]. Additionally, TrFE units increase locally the
distance between molecules [4, 47, 120], resulting in an increased content of VDF
in all-trans conformation. As a consequence P, is at maximum for VDF contents
in a range of 70 mol % to 80 mol % [54], at room temperature, even if the dipol mo-
ment per monomer VDF is higher than per monomer TrFE. A similar impact as by
introducting TrFE units is observed by an increase of the defect concentration: The
PVDF polymer favors at low defect concentrations the « phase, at intermediate con-
centrations the B phase and for very high defect concentrations even the disordered
paraelectric phase can exist at ambient temperature [47]. Besides, a real Curie tran-
sition can only be observed for VDF contents in a range of 50 mol % to 80 mol % [26].
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A certain crystalline phase coexists at ambient temperature often with other crys-
talline phases. Altering the defect concentration by stretching, application of a high
electric field or thermal annealing one phase can convert to another [47]. Conse-
quently, the material properties of P(VDE-TrFE) depend not only on the conditions
of chemical synthesis but also on the electrical, mechanical and thermal history.

a) A}!I-trans. b) trans-gauche-trans-gauche'
conformation conformation
TTTT TGTG'
M THFE
@ Hydrogen TrFE
© Fluorine
© Carbon

FIGURE 2.3: a) The TTTT conformation which resembles the  phase
of pure PVDE. b) The TGTG’ conformation resembles the a phase of
pure PVDE.

2.3.7 FE, DFE and PE phase in P(VDF-TrFE) 70/30

For the particular case of solvent cast P(VDF-TrFE) films at a composition around
70mol % VDF the effect of thermal annealing and poling were detailed studied by
Bargain et al. [3]. Their P(VDF-TrFE) film preparation method resembles the one
used in this work, including the solvent cast technique (spin coating), the used sol-
vent (2-Butanone), the annealing procedure and a similar P(VDF-TrFE) composition
of 72/28 mol % to the one used in this work which is 70/30 mol %.

Bargain et al. identify three crystalline phases, namely the ferroelectric (FE), the
paraelectric (PE) and the defective ferroelectric (DFE) phase. It is stated that these
phases might correspond to the priorly found LT (Low Temperature), HT (High
Temperature) and the CL (Cooled) phase [107], respectively. The FE phase resembles
the  phase of pure PVDF with chains in all-trans conformation and an orthorhom-
bic crystal cell. The PE phase is similar to the a phase of pure PVDF with chains in
trans-gauche-trans-gauche’ conformation and a hexagonal crystal cell. Finally, the
DFE phase consists of (all-)trans and gauche conformations in variable (i.e. tem-
perature and electrical history dependent) ratios. The FE phase and the DFE phase
subsist below the Curie Temperature 2 and the PE phase above, whereas the transi-
tion ferroelectric to paraelectric proceeds over a broad temperature range.

If not stated differently the results of Bargain et al. [3] are discussed in the following
sections 2.3.7.1 and 2.3.8.2.

2.3.7.1 The formation of the DFE phase by thermal annealing

The "as cast" - sample (see section 4.1) consists of amorphous material and FE phase
with a degree in crystallinity of around 25 %, at room temperature. During the ther-
mal annealing process (see section 4.1.3.2) the co-polymer film is heated above the
Curie Temperature Tc 3. At the Curie transition, the FE phase disappears to the

2Note the definition of the Curie Temperature in section 2.1
3see the definition of the T in section 2.1
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benefit of the formation of the PE phase. A FE crystal transforms into a core of a PE
crystal. While the FE crystal consists of P(VDE-TrFE) in all-trans conformation, in the
PE crystal trans- and gauche conformations coexist. The PE crystal can incorporate
gauche conformations at the borders of crystal and amorphous phase. Additionally
above T¢ (i.e. in the PE phase) the chain molecules are inferred to be rather mobile
along the chain axis: The elastic modulus along chain axis decreases at the Curie
transition while cooling by one or two order(s) of magnitude and a one-dimensional
diffusion motion of conformational defects along the molecular chain is suggested
[83]. Besides, in the PE phase the molecular orientation can be modified via AFM-tip
friction force [50]. That implies that chains can easily rearrange in the paraelectric
phase and the former PE crystal core can extent. The long period 4, which is the
sum of the average thickness of a crystalline region and the average thickness of an
amorphous inter-crystalline region evolves from 15nm at 30 °C to 25nm at 115 °C to
38nm at 130 °C.

Upon cooling the long period remains at a high value and reaches around 30 nm at
room temperature, indicating a change in the co-polymers morphology takes place
by thermal annealing. The FE phase appears at 80 °C while cooling from the para-
electric phase. The Curie transition while cooling occurs at lower temperature than
while heating 5. At temperatures between 80 °C to 60 °C the DFE phase appears,
along with a Bragg peak which is assigned to an orthorhombic crystal cell. It is
believed that the DFE phase is located at the boundary between FE crystal and
amorphous material: At the Curie transition while cooling the core of a PE crys-
tal crystallizes into a core of a FE crystal. The borders of the PE crystal crystallize
into the DFE phase with chains containing conformational chemical defects, initially
located in the amorphous phase at the interface with the as-cast FE crystal. While
the interplanar distance © of the FE phase remains almost constant under further
cooling from 80 °C to room temperature, the interplanar distance of the DFE phase
decreases steadily towards that of the FE phase. The crystallinity steady at 25 % be-
tween 130 °C to 80 °C increases and reaches around 45 % at 50 °C and remains almost
constant during further cooling to room temperature. At room temperature the FE
and DFE phase contribute 2/3 and 1/3 to the overall crystallinity, respectively.

In conclusion, while thermal annealing the DFE phase is formed. DFE- and FE
phase evolve differently while cooling. Thermal annealing results in a change of the
polymer-morphology. Repeating the annealing process results in no further change
in morphology at room temperature.

2.3.8 Properties of the FE- and DFE phase
2.3.8.1 Structrual changes induced by poling

A poling step performed at room temperature by application of an external electric
field of sufficient strength, induces reorientation of dipolar moments allowing lo-
cal modification of conformations [49], healing of imperfections [54] and leads to a
transformation of DFE crystals to FE crystals [3]. A slight increase in crystallinity of
around 2 % and size of crystals is observed [3]. The effects of poling are erased by a
heating sweep to a temperature which exceeds T¢ [3, 49].

“mostly determined in diffraction measurements

5The temperature hysteresis is characteristic for a 1st order Curie transition.

®The interplanar distance is determined from the diffraction of (110) planes. The corresponding
Bragg peak is at 20 =19.9° and it is characteristic for the interchain order, perpendicular to the chain
axis (for details see [3]).
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2.3.8.2 Temperature evolution of the FE and the DFE phase

As mentioned in section 2.3.7 the results of Bargain et al. [3] are discussed in this
section if not stated differently. The FE and the DFE phase evolve differently in a
subsequent heating sweep after thermal annealing. The interplanar distance 7 in
the FE crystal remains almost constant with increasing temperature and at the Curie
transition the FE phase transforms rather discontinuously to the PE phase by a rather
abrupt transformation of all-trans conformations to trans-gauche-trans-gauche’ con-
formations. This transition occurs at around 100 °C to 112 °C in PVDF-TrFE 72/28
8. The evolution of the FE phase while heating resembles the one while annealing
(see section 2.3.7.1). In contrast, the interplanar distance in the DFE crystal, which
remains almost constant in the temperature range 30 °C to 50 °C, increases substan-
tially and steadily in the temperature range of 50 °C to 100 °C. At temperatures be-
tween 80 °C to 100 °C the DFE phase transforms into the PE phase by continuously
transforming trans- to gauche/ gauche’ conformations. At around 100 °C the struc-
tural transformation from orthorhombic to hexagonal occurs. The transition from
DEFE to PE phase occurs rather at a cricital cell expansion than at a specific tempera-
ture. In this context, it's worth mentioning that the Curie endotherm can be altered
by a specific annealing procedure below the Curie Temperature, known as consecu-
tive annealing. After consecutive annealing, the DFE to PE phase transition occurs at
a different temperature but for the same critical cell parameters as observed for stan-
dard annealed samples. At temperatures above Tc only the PE phase in PE crystals
and the amorphous phase subsist and the previous history (poling [49], thermal his-
tory [49]) is erased. Subsequent cooling repeats the pattern observed while thermal
annealing stated in section 2.3.7.1.

2.3.9 Mesoscopic structures in the co-polymer

The P(VDF-TrFE) film is after sample preparation packed in between two metallic
electrode plates. FIG. 2.4 illustrates the mesoscopic structures in the P(VDF-TrFE)
film. This picture is drawn by compiling literature based information. The co-
polymer film consists basically of ferroelectric crystallites, which are embedded in
an amorphous matrix. A ferroelectric crystallite consists of a core of FE phase, which
is enveloped by the DFE phase. The ferroelectric crystallites stand on-edge [51, 58].
Not drawn in FIG. 2.4 are grain boundaries.

2.3.9.1 Orientation of chains and crystallites / lamellae

Molecular chains of P(VDF-TrFE) order periodically and form crystalline regions so
called lamellae, which are embedded in an amorphous matrix. In this work the
term ferroelectric crystallite and lamellae are used as synonyms. The polymer chain
length of a PVDF polymer exceeds usually 10000 monomers [46]. One single chain
might start in the amorphous, enter a lamella, leaving the lamella into the amor-
phous and fold back to reenter the lamella and so forth. According to their spatial
arrangement one distinguishes tie molecules, loops, free ends and floating chains. In
spin-cast thermally annealed polymer films, as used in this work, the chains are pre-
dominantly oriented parallel to the substrate so that the crystallites stand on edge
(see FIG. 2.4), so called edge-on (lamellar) crystallites, with preferential (200) and
(110) contacts to the substrate surface [51, 58].

“specified in section 2.3.7.1
8In this work a slightly different composition of 70/30 mol% is used, see section 4.1.3. The ferro-
electric to paraelectric transition temperatures depend on the composition [67].
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FIGURE 2.4: Macro-, meso- and microscopic structure(s) of /within
the sample. The P(VDF-TrFE) film is spin-cast and thermally an-
nealed.

2.3.9.2 Degree in crystallinity

At room temperature and for the sample preparation process used in this work the
co-polymer is semi-crystalline. The degree of crystallinity increases by thermal an-
nealing between T and T}, (melting temperature) [48, 74], as was discussed in sec-
tion 2.3.7.1. By variation of the maximum annealing temperature T;,;,.,;, where usu-
ally Tc < Tapnear < T, the degree in crystallinity can be altered, whereas the achie-
veable remanent polarization remains almost constant for annealing in this temper-
ature range [74]. The crystallinity reaches a maximum at Tj;,,,0,; ~ 144 °C [74]. Ty
equals approximately 146 °C [74].

2.3.9.3 Grains and surface roughness

The co-polymer film exhibits randomly oriented grains, which can be detected with
atomic force microscopes (AFM), scanning electron microscopes (SEM) and lateral-
modulation friction force microscopes (LM-FEM) [50, 74, 77, 117]. By increasing the
maximum annealing temperature T;,,,,.,;, the grain size increases (60 nm at T};,,0q =
120°C, 130nm at T,,,.,; = 135 °C ) and the shape of grains changes from ellipsoid-like
(Tannear = 120 °C) to rod-like (T};,,¢q1 > 140 °C), which is accompained by an increase
of surface roughness [74, 77]. The grain size after thermal annealing is decreased for
thin polymer films [74]. Under high pressure and constriction of the co-polymer sur-
face by PTFE templates, the increase of surface roughness with increasing annealing
temperature can be prevented [117].

In literature the terms grain and crystallite are not clearly differenciated. It seems not
clear if a grain exhibits several ferroelectric crystallites or if a grain confines only one
ferroelectric crystallite. While the latter is evidenced by the uniform friction force
along the surface of a grain [50], the former is based on the value of the long period
(see section 2.3.7.1), which is almost an order of magnitude smaller than the aver-
age grain size. A detailed analysis concerning the matter is presented by Lee et al.
[58] suggesting an average grain to consist out of 12 lamellae (lamella = ferroelectric
crystallite).
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2.3.10 Ferroelectric polarization reversal in P(VDF-TrFE)

The microscopic mechanism of ferroelectric polarization reversal, which inevitably
includes a dipole reorientation or dipole flipping motion, is controversially dis-
cussed. The involved dipoles are illustrated in FIG. 2.2. The most recent model
proposed includes a 120° or a 180° dipole rotation about the molecular chain [101].
The rotations can be achieved in two different ways: (1) solitonic propagation of a
kink wave and (2) simultaneous rotation of all the dipoles in a chain. The solitonic
propagation of a kink wave is accepted as more plausible [25].

The ferroelectric polarization switching time 7 is defined as the duration required to
flip the orientation of the ferroelectric polarization by application of an externally
applied electric field pulse of certain amplitude E.y;. The ferroelectric polarization
switching transient P(t) can be approximately described by a stretched exponential
function [24, 69]

0
P(t) = Pswitch<Eext) <1 — exp <’i’> ) (2.7)

where 6 is a stretching factor with values between 0 and 1. Py, is the amount of
switchable polarization. If not stated differently, equation (2.7) is used to determine
T from the best fit to an experimental ferroelectric polarization switching transient.
Studies on ferroelectric polarization switching processes in several ferroelectric ma-
terials have shown, that the ferroelectric polarization switching time 7 follows either
a power law (at high field strength [59])

T = T0,power * Epyt (2.8)

ext

or an exponential law (at low field strength [59])

E
T = Toexp - €XP (E at> (2.9)
ex

T0,power, To,exp and E, are constants, n is close to 1 and E,; is the amplitude of the elec-
tric field step applied. Equation (2.8) and (2.9) were found empirically by Merz [76].
Phenomenological models of nucleation and growth have been proposed, which
give the forms in equation (2.8) and (2.9) [23, 24]. The ferroelectric polarization
switching process speeds up with increasing temperature Arrhenius like:

S ppp— (,f:;) 2.10)
In P(VDF-TrFE) 70/30 the constants 1y 4,4 and W, are found to be 5 x 107195 and
0.54 eV, respectively [69].

The coercive field E; and T are closely related. In this work, E, is found by applica-
tion of an alternating triangular electric field signal. E; depends on the frequency of
the applied field signal and on the temperature. E; increases linearly as a logarith-
mic function of the frequency [70]. E. is piecewise, between 30° to 80° and between
—20° to 10°, a linear function of the temperature, with differing slope in these two
temperature regimes [69, 123]. Table 2.1 lists some exemplary values of T and E..
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TABLE 2.1: Basic ferroelectric polarization switching properties of
P(VDF-TrFE) 70/30

Ferroelectric polarization 30us at 25°C; step E.=100MV m!
switching time T [106]
Coercive field E, ~60MVm! at 30 °C; frequency of E.;: 1 Hz [74]

2.3.11 Pyroelectric response in PVDF and P(VDEF-TrFE)

In PVDF polymers the in plane linear thermal expansion coefficients (7 and a in
equation (2.6)) are of the order 10~* K~! [112]. Thus p;ymﬁ can be around 50 % higher

than ppy.3 °. The pyroelectric coefficient ppyro3 increases piecewise linearly in each
of the following regimes for temperatures between —100°C and 50°C: T < T,
Ty < T < Tgu and Ty, < T, where Te1, Tou and T, are the glass-, upper glass-
and a.-relaxation transition temperature, respectively [112]. Variations in p3(T) are
not linear above T, (see section 2.3.11.2). The transition temperatures are given in
table 2.2. In the glassy state (T < Tj;) primary pyroelectricity seems to play a major

TABLE 2.2: Transition temperatures determined by DSC and pyro-
electric measurements for P(VDF-TrFE) 75/25 [40]

Method Ty Tou T,
DSC -36°C  5°C 46 °C
pyrocurrent —38°C 10°C 60°C

role [110, 112]. Primary pyroelectricity can in its most simplified representation be
understood as the reversible change in average dipole orientation with changing
temperature;

N equation(2.4) N d < cosO >
Pro = —mg <cos > ———— Pprimpyro = megT

v 2.11)

In equation (2.11) N, V and m, are the number of ferroelectric dipoles, the sample
volume and the elementary ferroelectric dipole moment and < cosf > is the aver-
aged cosine of the angle between the individual ferroelectric dipoles and the 3-axis
(axis perpendicular to the electrode plane) [110]. More complex models on primary
pyroelectricity in PVDF polymers include that the dipole moment is dependent on
the local field, dipole libration and other effects [47, 110]. Throughout the glass tran-
sition range (Ty; < T < Tgy,), the observed increase in pyroelectricity can be mainly
attributed to secondary pyroelectricity [110]. Secondary pyroelectricity appears to
be well described by the rigid dipole model, which assumes dimensional variations
(thermal expansion) coupled with the polarization of crystallites [110, 112]. These
dimensional variations arise mainly from the amorphous phase [110]. The pyroelec-
tric coefficient due to secondary pyroelectricity along the 3-axis is in the rigid dipole
model is given by:

psechro,S = _Pfe t 3 (212)

9p;ym 3 and ppy3 are defined in section 2.2. Note also the discussion on in plane thermal expan-
sion, regarding unsymmetric top- and bottom side sample structure, given in section 2.2.1
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a3 is the thermal expansion coefficient in direction perpendicular to the electrode
plane. Besides, it was shown that the total experimental pyroelectric coefficient in
PVDF is proportional to the remanent polarization Py, [11, 47].

Ppyro3 ~ —Prem (2.13)

Some values of Ppyro3 at certain temperatures are given in table 2.3. The pyro-

TABLE 2.3: ppyro3 at different temperatures in P(VDF-TrFE) 75/25

[40]
T [OC] -60 -30 0 20 40
Ppyro,3 [}JA sm~2 Kil] -11.5 -14 -18.5 -23 _38

electric coefficient is usually measured in short circuit conditions while measuring
the exchanged charge between the two electrodes when the sample temperature is
changed by a known amount. Two conventional techniques are then applied: A
dynamic method consisting of measuring the current when sinusoidally modulated
thermal radiation is applied. A more direct method consists in measuring the short
circuit current by changing the temperature with constant rate. The latter method is
used in this work.

2.3.11.1 Ppyroelectric response of poled and un-poled samples

The pyroelectric (current) response of a poled sample is found to be several orders
of magnitude higher compared to that of an un-poled sample [103]. It is assumed
that the ferroelectric polarization vectors of ferroelectric crystallites (P, c.s;) point
in random directions in an un-poled sample. In this work, un-poled samples are
those which have never been subjected to a high electric field (E.xt << E.). A similar
pyroelectric current response as for un-poled samples is expected for samples, which
have been annealed in the paraelectric state (i.e. de-aged above T¢ see section 5.2.3)
initial to the measurement, since annealing above T is known to delete the thermal
and electrical history [3] 1. Assuming the ferroelectric polarization (Pf.) to be the
only polarization present in the polymer film, the current density due to primary
and secondary pyroelectric effect (see section 2.2.1) can be written as

dPy, dT

Tpyro = T dt (2.14)

where ‘Z—f and is the rate of change in temperature T with respect to time t. Assum-
ing, that Pr, 0, equals the value of the ferroelectric polarization in the case that
all Py, crys¢ point straight towards the same electrode, then equation (2.14) can be
rewritten as

dpfe—max dl

jpyro =7 dTi ar (215)

where 7 is a dimensionless factor, which takes the spatial distribution of Pr,crst
into account [10].

Pyroelectricity is per definition defined only for reversible changes in polariza-
tion brought about by a change in temperature (see section 2.2). Thus, irreversible

1011 the course of this work this assumption is found to hold, see section 6.2.3.
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changes of the ferroelectric polarization due to irreversible reorientation of P, s
or incorporation of thermal defects into the DFE phase in the broad Curie transition
temperature range (see section 2.3.8.2 and [3]) are in this definition not included. Be-
sides, structural changes, such as transformations from orthorhombic to hexagonal
crystal cells at the Curie transition (see section 2.3.8.2), as well as reversible changes
in crystallinity do not belong to primary nor secondary pyroelectricity. Kepler and
Anderson [47] established a thermodynamic formalism for the latter. In the case of
PVDE, the prediction of the formalism and experimental observation were however
not found to match really up [47]. Integration of jp,., in equation (2.14) respective
to time across the Curie transition range yields the ferroelectric polarization, which
had decayed /built-up while heating/cooling, even if structural changes occur. This
is because the integral effectively considers only the difference in polarization be-
tween the initial and final state.

2.3.11.2 «. - relaxation

The a. relaxation is a not-well understood process described in literature which con-
tributes to the pyroelectric response. It occurs dependent on the thermal history at
temperatures between 20 °C to 100 °C [82]. The a. process appears not only in py-
roelectric currents [82, 96, 112], but also in differential scanning calorimetry traces
as a small endotherm [65, 112, 113], in storage and loss tensile moduli [95] and in
the electric permittivity [95]. The «, relaxation is connected to pyroelectric [113] and
piezoelectric [56] aging. Both, for the pyroelectric [40, 82] and the piezoelectric [56]
aging a logarithmic dependence on the storage time is observed. For temperatures
just above the a. relaxation, relaxation processes are found to follow a specific tem-
perature dependence known as the compensation law ! [113].

HThe compensation law is given in equation (6.6) and discussed in section 6.9.3 seqq.






17

Chapter 3

Theoretical basis II: Ferroelectric
Imprinting

3.1 Introduction to ferroelectric imprint

Imprinting often addresses the phenomenon that the ferroelectric polarization hys-
teresis shifts along the electric field axis over time. The process depends on the
duration ¢, which is the time waited in a certain ferroelectric polarization state (e.g.
=+ Pren). Imprint is observed in several ferroelectric materials like PZT ceramics [13],
BaTiO3 [2], BNAT ceramics [121], SBT ceramics [1] and also in P(VDF-TrFE) [41].
Various models have been proposed to explain imprinting and it seems that the un-
derlying mechanism also varies with the ferroelectric material under investigation.
This work deals solely with the imprint mechanism in the co-polymer P(VDF-TrFE),
whereas it is possible that the New Imprint Model presented in section 3.3 can be
transferred to other ferroelectric materials.

3.2 Imprint models literature review: Imprinting in P(VDE-
TrFE)

Several attempts were made to understand the imprint mechanism in P(VDF-TrFE).
The models used to understand imprinting are now presented in chronological order
of appearance in literature.

3.2.1 Definition of the waiting time t,,

The waiting time is defined as the time elapsed since introducing a non-zero ferro-
electric polarization. Experimentally, that definition is impractical, since the ferro-
electric polarization is present at all times below the Curie Temperature. The exper-
imental waiting time is defined in section 4.3.3. In the results section the literature
model are revised in the light of our experimental findings.

3.2.2 Space Charge Model

To the authors knowledge, the first model to explain imprinting in P(VDF-TrFE) was
presented by Ikeda et al. [41]. They suggested space charges, mobile in the amor-
phous phase, to accumulate at the edges of ferroelectric crystallites during t,,. The
accumulated space charges collectively generate a field within the crystallite. This
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field stabilizes the ferroelectric polarization state and hinders ferroelectric polariza-
tion reversal. The mechanism described by the Space Charge Model is illustrated in

FIG. 3.1.

FIGURE 3.1: Space Charge Model.

3.2.3 Dead Layer Model

The dead layer model was first used to explain imprinting in PZT ceramics [30] and
was then adapted for P(VDF-TrFE) [57, 125]. The model is outlined in FIG. 3.2. In
the model charges are injected from the electrode into an electrode adjacent non-
ferroelectric "dead layer" during t,,. The driving force for charge injection is the field
Eg (see equation 3.2) , which is generated by the ferroelectric polarization Py, in the
bulk.

top electrode

[
N e S
In short circuit condition: E - P. 5z
Predgy
Edepor = (3.1)

e 80(€dldbu + Sbuddl) E e ol
di inj $ >
A2 o8

I

dbu
E; = —E -— (3.2
di depol " (3.2)

bottom electrode

FIGURE 3.2: Dead Layer
Model.

In equation (3.1) and (3.2), dy,,, da, €41 and g, are the thicknesses and the permit-
tivities of the ferroelectric bulk (bu) and the dead layer (dl), respectively. ¢ is the
vacuum permittivity. Injected charges accumulate during t;, in the dead layer and
progressively screen the ferroelectric polarization. As a consequence, the remanent
polarization decays as a function of t,,. Additionally, the injected charges hinder
the ferroelectric polarization reversal (in the beginning of the ferroelectric switching
process) by reducing the depolarization field Eg,,. In literature this model is often
used to explain imprinting in ferroelectrics [30, 31, 105].

3.24 Deep Traps Model

Lew et al. presented the Deep Traps Model to explain imprinting in P(VDF-TrFE)
[60, 61]. The proposed mechanism was designed to give reason to the huge time
span over which imprinting evolves: E.(t,) was shown to steadly increase over at
least 10 decades (10~*s to 10°s) of t,, without any indication of reaching an end
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value [61]. The model assumes electronic trap states to be filled and emptied by
thermal excitation. “Based on the logarithmic behavior ... these charge trap states
are distributed approximately uniformly in energy and stabilized by the orientation
of the polymer dipoles [61]”. Lew et al. presented, that imprinting can be monitored
in the short circuit while heating [60, 61].

3.3 The New Imprint Model

This imprint model [52, 86, 87] was designed in the course of this work. It will be
used to explain several experimental results associated to imprinting. The model is
based on previous imprint models, but overcomes disagreements to experimental
observations, some of which are presented in sections 5.6 and 5.7. In this model the
mesoscopic structures present in the co-polymer film, which are in detail discussed
in section 2.3 play an important role. The mesoscopic structures in the co-polymer
can briefly be described as, the co-polymer material consists of ferroelectric crys-
tallites which are embedded in a non-ferroelectric amorphous phase. A ferroelec-
tric crystallite is composed of two different ferroelectric phases, denoted as FE and
DFE phase (see section 2.3.9). The FE, DFE and amorphous phase exhibit perma-
nent dipoles with the repeat formula (CH; + CF,), (see FIG. 2.4). Still these dipoles
are differentiated, depending on their location. Permanent dipoles in the ferroelec-
tric crystallite are denoted as ferroelectric dipoles (fd) and dipoles in the amorphous
phase are denoted as relaxational dipoles (rd). While the fd remain fixed with the fer-
roelectric polarization state (due to dipole-dipole coupling, which can conveniently
be described by the Weiss mean field) the rd reorient in time. A detailed description
of fd and rd is given in section 3.3.2.

b)

deaged sample; t=t, start imprinted sample; t=t,
of the imprint process

electrode |
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FIGURE 3.3: The New Imprint Model: a) No imprint. b) Imprinted
state. Reproduced from [87], with the permission of AIP Publishing.
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FIG. 3.3 outlines the mechanism of imprinting in the New Imprint Model. Note,
the co-polymer structures shown in FIG. 3.3 are in more detail presented in FIG. 2.4.
Lets assume that at t = 0 all fd point perpendicular to the electrode surface and
all rd point statistically in random directions. The aligned fd jointly build up the
ferroelectric polarization in the crystallite, denoted as Py, yst- As long as the sample
remains in the remanent ferroelectric polarization state (Py;;) the fd are assumed to
be immobile, that means that Py, s remains constant during t,. Py .yt generates
an electric stray field in the surrounding of the ferroelectric crystallite, illustrated
in dashed red lines in FIG. 3.3. This stray field acts on the rd and forces them to
reorient. After reorientation the rd point in the direction of the stray field. The rd
are assumed to relax independently from each other and to exhibit a distribution
of relaxation times (see section 3.3.3). fy is the shortest relaxation time of rd, thus
in the time period 0 < t < ty the rd remain to point in random directions and
imprint is zero !. The zero imprint situation is illustrated in FIG. 3.3 a). In the time
period ty < t < ty, imprinting progresses: the rd reorient gradually, according to
their relaxation time. As soon as some rd have aligned a feedback comes into play:
The aligned rd evoke themselves jointly a stray field. This stray field is denoted as
electric imprint field E;yyprins at the location of Pr, st (see FIG. 3.3 b)). Note, Eiyprint
points in the direction of Pf, ;. Consequently, Ejyprint stabilizes Pr, st and also
the overall ferroelectric polarization Py, 2. Thus, Eimprint obviously acts as hindrance
to ferroelectric polarization reversal.

3.3.1 Experimental observations leading to the New Imprint Model

There are crucial experimental observations which led to the New Imprint Model
and which conversely can be explained by the model. These observations are:

e imprinting is coupled to the ferroelectric polarization: The effects of imprinting
(Ec(tw), T(tw), Prem(tw) and €(ty), see also section 5.1) evolve symmetrically
with respect to both (positive and negative) remanent polarization states (see
section 5.1).

e all imprint effects evolve independent of the co-polymer film thickness (see
section 5.3). Thus, imprinting is not an interface related effect as assumed in
the Dead Layer Model (see section 3.2.3).

¢ achange in the degree in crystallinity of the co-polymer, impacts on the speed
of which imprint effects proceed — amount of non crystalline phase plays a
role in the imprinting mechanism (see section 5.11).

e imprinting evolves over several decades in time — several concurrent pro-
cesses involved, which proceed on different time scales — broad distribution
of relaxation times (see section 5.8).

e imprint impacts on the ferroelectric polarization switching processes in a man-
ner as if the external electric field applied is reduced — existence of an inherent
imprinting field (denoted as Ej;yint) which superimposes with the externally
applied electric field (see section 5.8).

e the imprint current density (j,,;) behaves like: j,,; ~ t,* with « ~ 1 (see section
5.9). Such a relation between short circuit current density and time is typically

1Side note: t; also appears in equation (5.3)
Zsee the definition of Pfe and Pf,¢pyst in section 3.3.4



3.3. The New Imprint Model 21

found for a system of independently relaxing polarization processes with a
broad distribution of relaxation times (see section 3.4).

e the irreversible current density (ji.+,) which is observed in pyroelectric exper-
iments is identified as the imprint current density j,.; (see section 6.8). Using
the New Imprint Model, in particular by assuming a system of independently
relaxing polarization processes with a broad distribution of relaxation times,
described by a uniform energy barrier distribution, j,,; while heating is suc-
cessfully 3 calculated (see section 6.9).

3.3.2 fd and rd - Dipoles in the New Imprint Model

P(VDF-TrFE) contains a strong permanent dipole moment that points from the fluo-
rine atoms to the hydrogen atoms, as indicated by a red arrow in FIG. 2.2 and FIG.
2.4. In the New Imprint Model, these permanent dipole moments belong to two
types of dipoles:

o ferroelectric dipoles (fd), are located in the ferroelectric crystallites. In the fer-
roelectric crystallites the TTTT conformation prevails (see section 2.3.9). The
fd are stably aligned and build up P, ¢pyst-

e relaxational dipoles (rd) are dipoles in the amorphous phase. The amorphous
phase is not ferroelectric and initially (t,, =0) not polarized. The rd point in
random direction at t,=0. The rd exhibit a broad distribution of relaxation
times for dipole reorientation which is reasoned in section 3.3.3. Besides, in the
New Imprint Model it is assumed that the rd reorient independently from each
other. During the waiting time t,, the rd reorient in the stray field generated

by Pfefcryst-

3.3.3 Dipole reorientation in the amorphous phase - origin of the distri-
bution of relaxation times

Reorientation of a permanent dipole occurs through sequential rotation of monomer
units. A calculation of the maximum energy barrier along such a pathway predicts
a value of 0.9 eV for pure PVDF in the amorphous phase, while local maxima differ
in a range 0.1eV < W; < 0.9eV [122]. The sequential rotation of monomer units
depends on the local field generated by neighboring dipoles. For example, the se-
quential rotation of monomer units is easier adjacent to TrFE monomers [122]. It
is assumed that, once kicked off, the sequential rotation of monomer units is very
fast, compared to the (actual) relaxation time which elapses to commence the kick
off. A small range of energy barriers such as 0.1eV < W; < 0.9eV, leads to relax-
ation times, which are distributed over 13 decades at room temperature calculated
by Boltzmann’s factor for thermally activated relaxation processes (e.g. Arrhenius
equation (2.10)).

3.3.4 The polarizations Pr,_cryst, Pres Pre and Prep

Four types of polarizations are differentiated in the New Imprint Model. For clarity
and comprehensibility they are listed in the following;:

3Successful, in the sense that the calculated short circuit currents while heating fit well to the exper-
imental counterparts.
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e ferroelectric polarization in a ferroelectric crystallite Pr,ys:: This polarization
exists inside the ferroelectric crystallites and is build-up by the alignment of fd.

e ferroelectric polarization Pr.: This polarization exists in the total volume V
between the electrode plates and is caused by aligned fd.

e relaxational polarization P,,: This polarization exists in the total volume be-
tween the electrode plates and is caused by aligned rd.

e remanent ferroelectric polarization Py,: This is the total polarization mea-
sured on the electrode plates at zero external field. Considering Pr, and Py
to be the prevalent polarizations in the sample gives Py = Pre + P 4

3.4 Mathematical derivation of j,; ~ ¢!

In this section the #~! behavior of the short circuit current density is derived, which
is a characteristic of imprint, as presented in the result sections 5.1 and 5.9. In the
following it will be shown that the ¢! behavior can be derived assuming a distri-
bution of relaxation times. As stated in section 3.3.3, the rd exhibit a distribution of
energy barriers 0.1eV< W <0.9eV for dipole reorientation which results in a broad
distribution of relaxation times. Assuming the distribution density function

g(W)=go for W <W<W, (3.3)

where Wi=0.1eV and W,=0.9eV [87]. From the energy barrier W; the relaxation
times of relaxational dipoles 7,;; can be calculated, e.g. using the Arrhenius equa-
tion (6.7). For convenience instead of 1,4; simply 7; is written. In the following the
continuous counterpart to T; is used:

continuous
- N
Ti — Tl’ d (3 4)
discrete

The distribution density function f(t,;) of 7,4 is related to g(W) by:
f(ta)dtg = g(W)dW (3.5)

Inserting equation (3.3) in equation (3.5) and assuming an Arrhenius temperature
dependence for the relaxation frequencies yields

1 kgT
g(W) = g0 = —=Tuf (Tur) = f(Ta) = 52~ (36)
k BT Trd
Let Py, 4 be the equilibrium polarization in a system of relaxational dipoles. To an
interval dt,; belongs

APy = Prel,eqf(Trd)dTrd (3.7)

“In the New Imprint Model Pf and P are usually oriented in anti-parallel fashion. In the New
Imprint Model Pf, remains constant during f,, and | P, | increases as a function of t,, thus | Pren| decays
as a function of f, (see section 5.1).
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The time dependent polarization dP,,; is a solution of the relaxation equation (3.8).
Py relaxes towards dPy ., and equals d P 4 in the limit of infinite time.

d
Trdgdprel + dprel - dprel,eq (38)
Lets start in dPye; = 0 with dP,,; = 0. The presence of an homogeneous electric

field which is switched on at t = 0 (e.g. application of an electric field step) results
in dPy ¢, # 0. Equation (3.8) is then solved by

APy = dPrel,eq (1 - e_t/w) 3.9)

The time dependent current density dj,.; in the outer circuit can be calculated via
derivation of dP,, respective to time

) 1 _ (3.7) 1
d]rel<t) = dprel,eq : ?de it rel,eqf(T)dTrd . ?de t/ T (3-10)
T T

Integration over relaxation times within the range 7,51 < T,y < T4, yields

. Trd,2 ]_ _
]rel(t) - Prel,eq/ f(Trd> - —¢€ H dTrd (311)
Trd,1 Trd
(3.6) T2 1 .
= Prel,eq 'gOkBT — € rd . dTrd (3.12)
Trd,l Trd
e rel,eq . gOkBT (e—t/Trd,Z _ e—t/Tde) . t—l (313)

Thus, jye (t) ~ t71.

Note, the following normalization applies:

8§(W)=go o 1

/0 gW)dW =1 —— go = Wy =W (3.14)
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Chapter 4

Experimental details

This chapter describes the procedures of P(VDF-TrFE) film preparation and the used
measurement setups.

4.1 Sample preparation

The sample structures illustrated in FIG. 4.1 are processed. The list below enumer-
ates the steps followed while sample preparation in the chronological order:

e Cleaning the substrate

e Formation of bottom electrodes

P(VDE-TrFE) film preparation

Annealing
e Formation of top electrodes
v" Sample ready for testing

The active area of the P(VDE-TrFE) co-polymer film is after sample preparation con-
fined by two electrically conducting electrodes, forming a plate capacitor structure
(see FIG. 4.1). Each sample component and procedure during sample preparation is
in the following discussed in detail.

4.1.1 Substrate

The substrate is the bottommost component in the plate capacitor stack. As substrate
serve thin glass plates (see FIG. 4.1 a)), highly doped silicon wavers (see FIG. 4.1 b))
and failure wavers (see FIG. 4.1 c)) kindly provided for free by Siltronic AG. Since the
thickness of the glass substrate plays a role in pyroelectric- and related experiments,
its thickness is given here: 1mm. Highly doped silicon functions at the same time
as substrate as well as bottom electrode (see FIG. 4.1 b)). Highly doped silicon sub-
strates are used if it comes to a comparative study between epitaxial grown P(VDE-
TrFF) films and casually processed P(VDF-TrFE) films. This includes the samples
which are processed to study the dependence of imprinting on the degree of crys-
tallinity, presented in section 5.11. Failure wavers exhibit a very smooth surface. A
smooth substrate surface is a precondition for processing large area films with low
film-thickness variation e.g. for IR investigation.
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FIGURE 4.1: Sample structures. a) Standard sample. b) Sample for
investigating the crystallinity dependence. c) Sample with IR trans-
parent top electrode.

The first step in the sample preparation process is cleaning the substrate. The
cleaning process follows the below-mentioned steps in chronological order:

e mechanical cleaning of the substrates surface with a fuzz-free tissue soaked
with isopropanol.

e ultra-sonic bath in isopropanol at 50 °C for 15 min

e drying the substrate in a nitrogen stream

e ultra-sonic bath in distilled water at 50 °C for 15min
e drying the substrate in a nitrogen stream

After cleaning, the glass plates and silicon failure wavers (not the highly doped sil-
icon waver) are put into an oven for approximately 1h at 200 °C. This process re-
moves solvent (water and isopropanol) residues from the substrate surface. Addi-
tionally, oven baking reduces the background current (see section 4.5) when using
glass substrates.

4.1.2 Formation of bottom electrodes

The bottom electrodes are deposited through a shadow mask on the substrates sur-
face via a thermal evaporation process. As electrode material aluminum (Al) is used
if not stated differently. Al is often used as electrode material due to its low de-
position temperature, its chemical passivation feature and suppression of charge
injection from the metal electrode [73]. The pressure in the evaporation chamber is
controlled by a EDWARDS Active Gauge. At the start of the evaporation process
the pressure is below 8 x 10~® mbar. The thickness and the deposition rate during
thermal evaporation is displayed by a EDWARDS FIM7 unit. This unit is based
on a quartz crystal and an oscillator unit. It calculates the film thickness and the
deposition rate from a given material density and acoustic impedance.
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4.1.3 P(VDEF-TYFE) film preparation

P(VDE-TrFE) in a composition of 70/30 mol% bought from Piezotech ®), France is
used. The P(VDF-TrFE) films are cast from solution (spin-coating) on the substrate
and the bottom electrodes. Directly after spin-coating the polymer films are ther-
mally annealed.

4.1.3.1 Spin coating

Spin coating is a fast method to produce P(VDF-TrFE) films in a thickness range
between 50nm and several microns. A variation of the thickness of the polymer
film can be achieved by controlling the spin speed and the concentration of poly-
mer in solution [69]. Polymer power provided by Piezotech, France is dissolved in
2-butanone in a concentration range of 1 weight% to 6 weight%. The boiling point of
2-butanone is at 80 °C. A spin coater, KW-4A from Chemat Technology, in a speed
range of 1000 to 5000krpm is used in this work. The polymer film adheres to the sub-
strate and the bottom electrodes upon which it had been cast. The film is preferably
smooth and dense (without holes) and exhibits low thickness variation. Spin-coating
is an art: The solvent evaporates while spinning, when centrifugal forces and viscous
forces are in the balance of forces [43].

The viscosity of the so-
lution depends on various
parameters and it is often
a game of try and error to
find a set of parameters lead-
ing to good films. In this
work best films in terms
of utmost homogeneous film
thickness are produced us-
ing elevated environmental
temperatures (~ 50 °C), ele-
vated solution temperatures
(= 50°C) and by preheating
(= 50°C) the substrate with k3
bottom electrodes just before i § ’"
spin-coating. The film qual- i -
ity increases by a lot by us- i % J
ing a PTFE chuck instead of ~ pi;yrg 4.2: Glass substrate with aluminum bottom elec-
the metal (standard) chuck rode tracks mounted on a) the standard chuck, b) the
(see photographs in FIG.4.2 PTFE chuck. c) Inference pattern on the polymer film.

a) and b)). Using the metal d) Top electrode attached to the polymer film. The zone
chuck to spin-cast polymer where electrode tracks intersect mark the active area.

films results in co-polymer

films with thickness variations, apparent in interference patterns with a shape alike
the shape of the metal chuck. It is hypothesized that at positions at which the metal
touches the substrate at the bottom side, the substrates top side is comparatively
cooler than at other positions, which effectively results in polymer film thickness
variations, since the viscosity of the solution depends on the temperature. These
interference pattern disappear by using the PTFE chuck. Furthermore another kind
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of interference pattern appear (FIG.4.2 ¢)), which can be spotted with the bare eye if
the polymer film is tilted against the incident light. FIG.4.2 d) depicts a microscopic
top view photograph of a polymer film with interference pattern packed between
bottom- and top electrode. Hilly surface structures can clearly be spotted. All in-
terference patterns almost disappear by using the PTFE chuck, by conducting spin-
coating at elevated environmental temperatures and by using preheated solutions.
A recently better understood phenomenon is the formation of so called “pores” or
“pin holes” [34, 62]. These holes in polymer films down to the substrate form during
spin-coating and are a result of the difference in boiling point between the solvent
and water residues in the solvent. The tendency of a solvent to absorb water is
called hygroscopy. The formation of pin holes can be prevented by using a solvent
with low hygroscopy and by processing spin-coating in water free atmosphere [62].
In the later stages of this work a glovebox was designed to make best spin coating
conditions possible, like high environmental temperatures and a dry (=~ 3% rela-
tive humidity) nitrogen-enriched environmental atmosphere. Besides, for samples
produced with low water contamination the background current contributions in
pyroelectric measurements are reduced to a great extent. Experimental results re-
garding the background current are presented in section 6.2.1. Additionally to the
features provided by the glovebox, water contamination is especially prevented by
using 2-butanone (which exhibits low hygroscopy) with extra low water content!
An easy and fast method for a first quality check directly after spin coating is an
optic investigation with the bare eye: Dense polymer films (i.e. absence of pinholes)
with uniform film thickness are transparent and do not exhibit interference patters.
On the contrary, milky polymer films exhibit pin holes ([62, 73]) and polymer films
with variable film thickness exhibit interference pattern.

4.1.3.2 Thermal annealing

Directly after spin-coating the sample is placed on a heating plate for thermal an-
nealing. Annealing proceeds also in the glovebox. In the annealing process the
sample is heated from the environmental temperature of spin-coating to the max-
imum annealing temperature T,,,.,;, kept at this temperature for 2h and is then
cooled down to room temperature. A heating and cooling rate of 0.25 m—?n is used. It
seems essential to use a low heating and cooling rate to obtain high quality polymer
films. The temperature T, is above the Curie temperature T but below the melt-
ing temperature T, of the co-polymer, if not stated differently. Thermal annealing
results in evaporation of residual solvent, increased adhesion between co-polymer
film and substrate and increased degree in crystallinity by transforming amorphous
phase to the FE and DFE phase (see section 2.3.7.1). By variation of T, in the
range Tc < Tyuneat < Ty the degree in crystallinity and the surface roughness can
be altered (see section 2.3.9.2). Samples with varying degree in crystallinity are dis-
cussed in section 4.1.3.3. An important note: The annealing temperature T, is
after sample preparation never exceeded.

4.1.3.3 Co-polymer films with variable degree in crystallinity

In section 5.11 three samples with low, middle, and high crystallinity are compared.
The samples with low, middle crystallinity differ only by T, with 116 °C and
133 °C, respectively. The increase in crystallinity with increasing T}, is discussed
in section 2.3.9. The high crystallinity sample exhibits an epitaxially grown film (see



4.1. Sample preparation 29

section 4.1.6). Note, in the comparative study with different degrees in crystallinity
all samples exhibit the same sample structure, which is presented FIG. 4.1 b).

414 Formation of top electrodes

After thermal annealing metal top electrodes are deposited by thermal evaporation
through a shadow mask on the polymer surface. The evaporation process parame-
ters correspond to those used for the bottom electrode formation (see section 4.1.2).

4.14.1 Infrared-transparent top electrode

Here, the top electrode is made of two parts: an aluminum conduction ring and
an infrared transparent ultra-thin aluminum layer. First, an aluminum conduction
ring of around 100 nm thickness is thermally evaporated on the co-polymer surface.
This conduction ring can be electrically connected via silver conductive paint and a
strip of gold leaf without damaging the sample. Second, directly after the Al con-
duction ring an ultra-thin aluminum layer is evaporated on top of the co-polymer
surface and the conduction ring. This ultra-thin aluminum layer functions simul-
taneously as electrode and as infrared (IR) window to the co-polymer film. 11nm
aluminum was tested out as trade-off satisfying sufficient electrical conductance and
IR transparency. A sketch of the sample structure is shown in FIG. 4.1 c). The evap-
oration process for the ultra-thin Al electrode is conducted in extra low pressure ~
1 x 10~® mbar.

The functionality of the ultra-thin aluminum layer deteriorates by exposure to at-
mospheric humidity: Storing the sample in free air results in an increase of the elec-
tric resistance over time. Furthermore the ultra thin films losses its IR transparency
after long time storage. It is hypothesized that aluminum hydroxide is formed over
time. In the IR measurement chamber (which is kept dry (see section 7.2)) the sample
remains functional.

4.1.5 Determination of the co-polymer film thickness and roughness

The surface roughness and the thickness of the polymer film are determined us-
ing an atomic force microscope (AFM, Veeco ® dilnnova). The surface roughness
(root mean square) is determined by the AFM software from a surface topography
measurement. The co-polymer film thickness is determined via scratching a trench
into the co-polymer film down to the substrate. The height difference between co-
polymer surface and substrate determines the thickness of the co-polymer film.

4.1.6 Sample with epitaxially grown P(VDF-TrFE) film

These samples are provided by the group of Professor Dr. Guodong Zhu from the
Fudan University, China. The sample structure is shown in FIG. 4.1 b). The P(VDF-
TrFE) films are processed under high pressure and epitaxially grow on removable
PTFE templates [117]. These co-polymer films are characterized by a high degree
in crystallinity. FIG. 4.3 compares X-ray diffraction spectra of two co-polymer films
(on a silicon substrate): One co-polymer film is prepared as explained in section
4.1.3 and using T, = 133°C, the other sample exhibits an epitaxially grown
co-polymer film as mentioned above. The peak at 20 is assigned to the (110) and
(200) orientations which are attributed to the ferroelectric all-trans phase (see sec-
tion 2.3.7).
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FIGURE 4.3: Comparison of XRD spectra belonging to an epitaxial

grown co-polymer film and a co-polymer film which has been an-

nealed at T;;,;,0,; = 133°C: The degree in crystallinity is higher for the

epitaxial grown film. Reproduced from [87], with the permission of
AIP Publishing.

4.2 Measurement setup

4.2.1 Measurement environment

If not stated differently, all electrical measurements are conducted in an electrically
shielded measurement cell made of steel and in low pressure conditions (pressure ~
1 x 102 mbar).

4.2.2 Electrical contacting

The sample is connected via spring mounted metal needles, which are attached at
the forefront of so called manipulators. If temperature dependent measurements are
conducted, the electrical contact might disrupt due to different extent of thermal ex-
pansion/contraction of various involved components. A weak point, even if spring
mounted, is the connection between the electrode tracks and the contacting needles.
For that reason longish pieces are cut from gold leaf and glued with silver conduct-
ing paint on one side to an electrode track and on other other side to the contacting
needle to bridge this weak spot. A photograph of an electrically connected sample
ready for testing is shown in FIG. 4.4.

4.2.3 DPolarization measurement

The polarization is measured with an institute-made Sawyer-Tower-Setup [69]. Two
different data acquisition cards with different time resolution and different input
impedance make this setup able to monitor fast and slow polarization and depolar-
ization processes in one run.
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FIGURE 4.4: Electrically contacted sample in measurement chamber.

4.2.4 Current measurement

Several devices are used to monitor currents. In the short time range ( < 1077 s) the
current is calculated from the voltage drop across a known resistor. In the interme-
diate time range (10~7's < t < 1s) the before mentioned method, a current amplifier
(Keithley 428 Current Amplifier) or the Sawyer-Tower-Setup (see section 4.2.3) is
used. When using the Sawyer-Tower-Setup, the current density is determined via
differentiation of the polarization respective to time. For times above 1s mostly an
electrometer is used (Keithley 6514 System Electrometer).

4.2.5 Permittivity measurement

Real- and imaginary part of the permittivity are determined from capacitance -, tan §
measurements using a 4 point LCR - meter (Agilent 4294A). The maximum ampli-
tude applied in permittivity measurements is between 0.1V to 0.5 V1.

4.3 Field signals applied in imprint measurements

Imprint affects several material properties. As will be shown in section 5.1. Before

the measurement of imprint effects, the sample is de-aged by switching, see section
5222

4.3.1 Field signals and determination of T and E,

The field signals applied to determine the coercive fields E; and the ferroelectric po-
larization switching times T as functions of the waiting time are depicted in FIG.
4.5 a) and b), respectively. First the sample is de-aged by switching (see section
5.2.2). The subsequent measurement signal consists of triangular or rectangular

here: V = Volt
2The exception are pyroelectric- and related measurements presented in chapter 6, where the sam-
ples are initially de-aged above T¢.
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pulses with increasing waiting interval in between. The time interval between the
pulses is denoted as the waiting time ¢, which increases subsequently with the law:
(tw)n+1 = 2"(tw)n, where n is the number of the pulse in the pulse sequence. The du-
ration in the inverted ferroelectric polarization state is kept short (< 5ms) to avoid
de-aging. The impact of de-aging within the measurement sequence was tested out
and was found to be negligible (not shown). The ferroelectric polarization switching
time 7T is determined from a best fit to a stretched exponential function (see section
2.3.10) if not stated differently. The coercive fields (positive E. and negative E.) are
determined from symmetrized hysteresis loops: The measured hysteresis is shifted
along the D axis, so that |[D(E,)| = |D(E,)|, where D is the dielectric displacement
and E, and E, are the maximum electric field amplitudes applied in positive and
negative direction, respectively.

ext

¢ ) —p' !

deaging t

—>

deaging t

FIGURE 4.5: Electric field signals applied to the sample to determine

a) coercive fields E; and b) ferroelectric switching times 7 as a func-

tion of the waiting time ¢;. Reproduced from [88], with the permis-
sion of AIP Publishing.

4.3.2 Field signals to determine ¢ and j,;

After de-aging by switching, the sample is in a remanent polarization state. The
measurement of the permittivity e proceeds while waiting in the remanent polariza-
tion state.

After de-aging by switching an electric field pulse is applied to switch the ferro-
electric polarization state. After switching off the field the depolarization current
density jg,po is measured in the outer short circuit. The imprinting current density
Jrel is determined from jgpe, for details see section 5.9. The system remains during
the complete measurement period in a remanent polarization state.

4.3.3 Definition of the experimental waiting time £,

The waiting time t,, stated when presenting experimental results is defined as the
time elapsed since last ferroelectric polarization reversal °. Note, while measuring
the T and E the system changes the polarization state in the measurement sequence
(see section 4.3.1). In contrast during the measurement of ¢ and j,,; the polarization
state is never changed (see section 4.3.2).

4.4 Temperature measurement

In all experiments the temperature is continuously monitored by two PT-100 sensors
(HERAEUS®). One sensor measures the temperature of the heating/cooling stage.

3See section 3.2.1 to compare with definition of t;, in the imprint models.
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The other is glued (Arctic® thermal adhesive glue) directly on top of the polymer
film (see FIG. 4.4). In FIG. 4.6 a) the temperature difference AT between co-polymer
surface and heating/cooling stage is depicted. To FIG. 4.6 a) corresponds the tem-
perature loop measured at the co-polymer surface shown in FIG. 4.6 b). The absolute
value of temperature difference | AT | is at max in the beginning of the heating- and
in the beginning of the cooling process and can there be as much as 2.2 °C (see FIG.
4.6 a)) for a heating/cooling rate of 3°C min~!, which is the maximum rate used in
the work. This difference in temperature limits the temperature measurement ac-
curacy. Additionally, that indicates that a small temperature gradient is present in
the co-polymer film when performing temperatures cycles. All temperature infor-
mation stated in the results section is measured at the polymer surface, if not stated
differently.

140
a) ‘ heating/cooling rate: 3°C/min . b)
O
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FIGURE 4.6: a) AT = Temperature difference between the co-polymer
surface and the heating stage. b) Temperature loop with heat-
ing/cooling rate of 3 °C min~!; measured at the co-polymer surface.
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FIGURE 4.7: Pyroelectric measurement setup: a) top connection (tc).
b) bottom connection (bc).

4.5 Current measurement while thermal cycling

The heating/cooling cycles in chapter 6 are performed with constant rate. FIG. 4.6 b)
depicts an exemplary temperature loop. In the early stages of conducting measure-
ments during such cycles, the sample (Al/P(VDF-TrFE)/Al/Glas) was glued with
thermal paste (Amasan T12, produced by Juergen Armack GmbH) directly on the
heating/cooling stage. Later, a stack of following components was formed: start-
ing with sample at the top, thermal pad (Arctic ® ACTPD00004A) with thickness
1mm, Al,O3 platelet with thickness 1 mm, thermal paste which makes contact with
the stage (see FIG. 4.4). Both, thermal pad and Al,Os platelet exhibit low electric-
but high thermal conductivity. This stack guarantees uniform heat transfer between
stage and sample.

The heating/cooling stage is made of brass and functions also as electric ground (see
FIG. 4.4). The stage is electrically heated and cooled by pouring cool gaseous nitro-
gen into the tubular system within the stage.

Background (bg) current: Since not all currents in pyroelectric measurements could
be assigned to an underlying physical process, various origins of current sources
contributing to the short circuit current were explored. A sketch of the measurement
setup is illustrated in FIG. 4.7. The sample is either connected in top-connection (tc)
as shown in FIG. 4.7 a) or in bottom connection (bc) as shown in FIG. 4.7 b). If not
stated differently the measurement circuit consists of the sample which is connected
in series with an electrometer. Let’s assume a current to originate from charge move-
ments in the polymer to be positive if measured in tc. The current which originates
from the same charge movements is then negative if measured in bc. In contrast, a
current which originates from charge movements outside the polymer (e.g. charge
movements in the glass-substrate, the thermal pad and the top electrode-atmosphere
interface) which is positive in tc is also positive in bc *. Consequently by conducting
measurements in tc and bc one can differentiate current sources from outside and
inside the polymer.

Experimentally it is found that a certain current contribution originates from charge
movements the glass substrate. Note, other sources to the bg current are discussed
in section 4.1.3.1.

4Currents, which origin from charge movements in the cable isolation or other parts of the con-
nection setup cannot be differentiated with this method from the current which originates from the
co-polymer film. Such contributions were however never observed in the numerous measurements
conducted.
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Chapter 5

Experimental Results and
Discussion I: Imprinteffects

5.1 Imprint effects and their characteristics

Imprinting affects several material properties, as will be presented in the following.
Probably most prominent for imprinting is the time dependent shift of the polar-
ization hysteresis along the electric field axis. This shift is symmetric, as shown in
FIG. 5.1 a) and b): Waiting in — Py, results in a shift of the hysteresis to the right
and waiting in + Py, results in a shift of the hysteresis to the left. The values of the
coercive field that is passed first (i.e. E and E_ in FIG. 5.1 a) and b), respectively),
lie on a straight line, when plotted against log(f,), as shown in FIG. 5.1 ¢). E, that is
passed second changes only little with ¢, which is discussed in section 5.2.

waiting in -Prem waiting in +Prem
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FIGURE 5.1: Effect of imprinting; shift of the polarization hysteresis

with t,: a) waiting in — Py, b) waiting in +Pyey. ¢) Coercive field,

that is passed first, as a function of the waiting time (ty,). Reproduced
from [87], with the permission of AIP Publishing.
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Its plausible that an increase of the coercive field E. implies an increase in the
ferroelectric switching time 7. In contrast to E., the values of log(7) lie on a straight
line as a function of log(t;,) [41], see also FIG.5.12.

Furthermore, the permittivity ¢ and the remanent polarization P, are also affected
by imprinting, which becomes apparent by taking a closer look at FIG. 5.1 a) and b):

e the slope close to the starting point of the loops becomes the flatter, the longer
the waiting time. For small electric field signal amplitudes applied by a LCR
meter, the system remains close to Py,;,. The permittivity in the remanent po-
larization state can be expressed as

dD

S(tw) - dE t =P,
ext '~Lrem

(5.1)

o the hysteresis shrinks in vertical direction with increasing t, (see FIG. 5.1 a)
and b)). But more conclusive is the observation that the imprint current density
Jret(tw) is registered during ¢, in the short circuit (see section 5.9.1). From a
technical point of view, more important is the related decay of the remanent
polarization during t,:

tw

jrel dt (5.2)

t=ty to

Prem(tw) - Prem

The effects of imprinting are altogether found to be dependent log(t):

i=1: E,.
i=2: log(T) tw)

=a;+b;-1 — 5.3
i=3: Do % b °g<to 53)
i=4: ¢

a; and b; in equation 5.3 are constants for the value of the material property at zero
imprint (t < tp) and the speed of which an imprint effect progresses, respectively.
b; is positive for i=1 and i=2 and negative for i=3 and i=4. Consequently, T(t,) and
E.(tw) increase and Py (t,) and () decrease with increasing t;,. The time tj is a
normalization constant, which marks the begin of imprinting as explained in section
3.3.

Characteristic for an imprint effect is:
e alogarithmic dependence on ty, as presented in equation (5.3)
e a symmetric behavior regarding waiting in + Py, and — Py, (see FIG. 5.1)

e to evolve independent of the thickness of the co-polymer film, as discussed in
section 5.3

¢ a dependence on the co-polymers crystallinity (see section 5.11)

e to evolve over a huge time span (see section 5.8)
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5.2 De-aging

De-aging is a procedure with the aim to delete imprint. In this work two kinds
of de-aging procedures are used, termed “de-aging by switching” and “de-aging
above T¢”. The latter procedure is more effective, but also more laborious and was
discovered in a later stage of this work. If not stated otherwise, before an imprint
experiment L the sample is always de-aged by switching, whereas in chapter 6 the
samples are initially de-aged above Tc.

5.2.1 De-aging in the view of the New Imprint Model

In the view of the New Imprint Model presented in section 3.3, de-aging can be
understood as the process to randomize the orientations of rd. A description of both
de-aging procedures on behalf of the New Imprint Model is given in the following:

e de-aging by switching: switching P, s is connected to the reversal of the
stray field of Pf,_.rs; and thus both, the applied field and the stray field alter-
nate and both act on the rd. Thereby, the rd are switched back and forth, which
diminishes their alignment.

e de-aging above Tc: Pf,_cys €quals zero, at temperatures above Tc. Conse-
quently, the stray field of Pr,_ st is zero also. In this “zero” field environment
the orientations of the rd randomize due to the disordering force of the tem-
perature.

5.2.2 De-aging by switching

De-aging can be accomplished by subsequent ferroelectric polarization switching
processes [41]. Such a de-aging process is depicted in FIG. 5.2 a): Initially the sample
was left for t, = 24h in —Py;,. Then, the ferroelectric polarization hysteresis is
continuously traversed with a frequency of the applied field of 10Hz. The legend
in FIG. 5.2 a) states the cycle of the loop. FIG. 5.2 b) depicts the coercive fields that
are passed first (i.e. here +E;) in a loop as a function of the duration of the de-
aging process, whereas the parameter is the frequency of the continuous triangular
electric field signal applied. Note, the coercive fields that are passed second in a
loop change only slightly as can be seen in FIG. 5.2 a). This can be understood by
considering that rd with long (compared to the amplied frequency) relaxation times
tend to remain in the imprinted position while those with short relaxation times are
switched every time when travering the loop. In FIG. 5.2 b), E, that is passed first
enters a plateau after around five cycles at a frequency of 0.01Hz. Reconsidering that
numerous switching events affect the imprint rate 2 [124], this plateau seems the best
compromise between fast and gentle de-aging.

"De-aging by switching" - procedure: The ferroelectric polarization hysteresis loop
is traversed five times with a frequency of the applied triangular field of 0.01 Hz.

5.2.3 De-aging above T

De-aging can be accomplished by heating the sample to a sufficiently high tempera-
ture. It is believed that the temperature T;; (subscript means disorientation) above

nan imprint experiment, effects of imprint are measured as a function of t;,. Effects of imprint are
listed in equation (5.3)
2b; in equation (5.3)
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FIGURE 5.2: De-aging by switching. a) Frequency of the applied field signal is

10Hz. b) E. that is passed first as a function of the de-aging time at various fre-

quencies of the applied field. Sample thickness: 260nm. b) is reproduced from [88],
with the permission of AIP Publishing.

which the sample de-ages completely ? is approximately identical to Tc. In the high
temperature range there are some current contributions which could not be assigned
to the underlying physical process , so de-aging above T¢

"De-aging above T¢" - procedure: Heating the short circuited sample above the Curie
Temperature T¢, keeping it there for at least 10 min and cooling it to the temperature
at which a measurement is in the following conducted. If not mentioned differently
a heating and cooling rate of 3 °C min ! is used.

After de-aging above T¢ the ferroelectric polarization vector in a ferroelectric crys-
tallite (P cyst) is assumed to point in a random direction at room temperature,
since the pyroelectric response of an un-poled sample at room temperature is weak
(see section 6.2) compared to that of a poled sample (see section 6.6 but also [103]).
At high temperatures imprint builds up comparatively fast 4. The imprint situation
after de-aging above T¢ and subsequent cooling to 30 °C might be as illustrated in
FIG. 5.3 b). rd in close vicinity to the ferroelectric crystallites are aligned with the
stray fields of Pr, st The stray fields of Pr, s further away from the crystal-
lites are statistically canceled out and there the rd point in a random direction. FIG.
5.3 a) depicts two poling processes at 30 °C. In the course of poling the ferroelec-
tric polarization hysteresis loop is traversed in total three times. One poling process
is conducted directly after de-aging above T (solid line), the other after de-aging
above T¢ and subsequent waiting for around 24 h at 30 °C (dashed line). As can be
seen, the field strength necessary to pole the sample is in both cases very high, thus
much imprint is initially present. The effect of waiting 24 h is further a aggravation
of the poling process. The loops of the second and the third cycle are symmetric
with regard to the electric field axis. This symmetry indicates that the rd point on
the large scale in random direction, after de-aging above T and subsequent poling.

Note, thematically related are the experimental results presented in section 6.3.

3De—aging by heating is accompanied by short circuit currents, see section 6.5)
“The temperature dependence of relaxation times is in detail discussed in section 6.9.
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FIGURE 5.3: a) Poling a sample at 30 °C after de-aging above T¢: directly after de-aging

(solid line) and after de-aging and waiting for 24 h at 30 °C. b) The illustration is based on

the New Imprint Model (see also section 3.3). Imprint situation at 30 °C after de-aging above
Tc.

5.2.4 Comparing the effectiveness of both de-aging processes

FIG. 5.4 b) compares E.(t;,) after de-aging by switching with E.(t,) after de-aging
above Tc. In both cases an electric field pulse of 1220MV m~! amplitude and 10s
duration was applied between de-aging and the measurement of E () (see FIG.
5.4 a)). This field pulse exceeds the high field necessary to pole an un-poled sample
after cooling from above T¢ (see section 5.2.3). For the reason of comparability after
de-aging by switching the field pulse is applied also. According to FIG. 5.4 b) de-
aging above T is more effective than de-aging by switching, because +E.(t;) is
especially at short t,, lower after de-aging above T¢ compared to after de-aging by
switching.
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FIGURE 5.4: Comparison of “de-aging by switching” with “de-aging above T". a) Field
signal applied. b) Coercive field as a function of the waiting time, measured after de-aging.
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5.3 Polymer film thickness variation

Polymer films covered by aluminum electrodes below a critical thickness of 100 nm
are affected by thin films effects [71]. Below 100nm, the ferroelectric polarization
switching time 7 °> and the coercive field E, increase and the permittivity ¢ and re-
manent polarization Py, decrease with decreasing polymer film thickness. The fol-
lowing thickness independent expressions are introduced to compare the effects of
imprint over a wide thickness range:

norm _ VC(tw) _ EC(tw)
Ve (k) = V.(10s)  E.(10s)

C(tw) _ e(tw)
C(100s)  €(100s)

CVlOVm (tu)) —

(5.4)

FIG. 5.5 and FIG. 5.6 depict effects of imprint with the polymer film thickness as
parameter. As can been seen the impact of imprinting on material properties is inde-
pendent of the polymer film thickness. The Dead Layer Model presented in section
3.2.3 is not consistent with this experimental finding as discussed in detail in section
5.6.
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FIGURE 5.5: Evolution of imprint for various co-polymer thicknesses: (a) 7(ty). (b)
V1" (). Reproduced from [88], with the permission of AIP Publishing.
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FIGURE 5.6: Evolution of imprint for various co-polymer thicknesses : (a) C"™""(t,) at a

frequency of 10kHz. (b) depolarization currents after a field step of 130MVm~! and 10s

duration. Note, for j(t > 10s) the current density is solely related to imprinting for details
see section 5.9. Reproduced from [88], with the permission of AIP Publishing.

57 is here defined as the duration since application of the field pulse and the point in time at which
the amount of switched polarization reaches 75% of the saturation polarization. For details see [88].

The time in a) equals the waiting time as defined in section 4.3.3. In b) the relation between the
time and f, is more complex, for details see section 5.9.
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5.4 Electric field offset during the ¢,

Applying an external electric field in the direction of the ferroelectric polarization
vector during the waiting time f,, results in a slowdown of the imprinting process.
This is shown in FIG. 5.7 for the coercive field E] and the ferroelectric switching
time 7. FIG. 5.7 a) and b) depict the electric field signals applied in this experiment
for measuring E/(t,) and 7(t,), respectively. E. denotes the electric field at the
current maximum when passing through the hysteresis loop. The switching times T
in FIG. 5.7 b) were determined by a best fit of a stretched exponential function to the
polarization transient (see equation (2.7)).
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FIGURE 5.7: Electric field offset during t,: (a) and (b) electric field sig-

nals for measuring E.(t;) and 7(t;) with field offset, respectively. (c)

and (d) E/(ty) and 7(ty), respectively, with and without field offset.
() is reproduced from [87], with the permission of AIP Publishing.

FIG. 5.8 depicts the New Imprint Model for the scenario with an field offset ap-
plied during t,,. As reasoned also in section 5.9 it can be assumed that most of the rd
are located in the interstitial space between the crystallites. In the interstitial space,
the stray electric fields of Pfe—cryst and E,,; point in opposite direction. Thus, Eey;
hinders the rd from aligning in the stray field’s direction. As a consequence, Ejy;print
is decreased in the case with field offset, compared to the case without field offset.
Other imprinting models as those presented in section 3.2 don’t provide such an easy
interpretation of this experimental finding, or predict even a contradictive behavior,
as discussed in detail in section 5.6.3.
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a) deaged sample b) Eext # 0 during t,,
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FIGURE 5.8: New Imprint Model (see section 3.3) if during f,, an external electric field E,y; is
applied. (a) No imprint. (b) Imprinted sample. Reproduced from [87], with the permission
of AIP Publishing.

5.5 Temperature dependence of E.(f)

FIG. 5.9 depicts E.(t,,) measured at different temperatures. The initial de-aging pro-
cess, the imprinting process (waiting for a duration f,,) and the measurement of the
coercive field take place at the stated temperature. In FIG. 5.9 E.(t,,) evolves in the
whole temperature range investigated continuously according to the law stated in
equation (5.3). Additionally, it seems that the speed of which imprinting proceeds
doesn’t depend much on the temperature. A corresponding experimental result is
found for the ferroelectric switching time [124]. Still, waiting for a certain time pe-
riod t, at a high temperature results in more imprint than waiting the same time
period at a cooler temperature, because the rd-relaxation times generally decrease
with increasing temperature (for details see section 6.9). It needs to be stressed that
measuring the coercive field includes partial de-aging by switching. The experi-
mental results shown in FIG. 5.9 is again discussed in section 6.10 in the light of new
findings. In a future investigation one could monitor &(t;) to determine the tem-
perature dependence of imprinting, since the measurement of (t,,) doesn’t include
disturbing the imprinting process by partial de-aging.
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FIGURE 5.9: Coercive field (that is passed first in the hysteresis loop) as a function of the
waiting time t;, at various temperatures. Lines are guides for the eye.

5.6 Revisiting the Dead Layer Model

The Dead Layer Model is explained in section 3.2.3. In the following, the Dead Layer
Model is revised in the light of present experimental findings.

5.6.1 Thickness independence of C""" (t,):

Let’s assume the imprint mechanism takes place in an electrode adjacent non-ferro-
electric layer. Lets consider the sample as two capacitors in series as illustrated in
section 3.2.3. One capacitor represents the ferroelectric bulk and the other the dead
layer in which the imprint mechanism takes place. Ey,,, Ej;, Py, 7, Pa1, €pur €41, Apy, and
dg are the electric fields, the polarizations, the permittivities, and the thicknesses
of /in the bulk (bu) and of/in the dead layer (dl), respectively. Then the two capaci-
tors in series yield for the normalized capacitance

o (g,) = dai n dpy, dar n dy, O\ (55)
¢ e41(100s)  €4,(100s) J \ &g (tw) =~ €pu(tw) '

Derivation of C"”"" respective to the bulk thickness is non zero:

acnorm
ody,

£0 (5.6)

Experimentally, C""™ (t,,) is however found to be independent of d;,,. Thus, the pre-
diction of the Dead Layer Model doesn’t comply with the experimental finding.

5.6.2 Thickness independence of j(t;):

The two capacitors in series are now assumed to remain in short circuit condition
during the waiting time (t,). The imprint process is again assumed to take place in

7Pbu :Pfe



44 Chapter 5. Experimental Results and Discussion I: Imprinteffects

the dead layer, thus e4(t,) and Py (t,) ® are dependent on t,. The continuity con-
ditions for the dielectric displacement D in equation (5.7) and the Maxwell equation
(5.8) yield equation (5.9).

D(tuJ> = Pdl(tw) + gdl(tw)Edl(tuJ) = Pbu + EbuEbu(tw) (5-7)
—Egi(tw)dar = Epu(tw)dpy (5.8)

eq1(tw) dpy -1
D(tw) = Py + (Pa(tw) — Ppu) (‘Zi))dl;l + 1) (5.9)

Differentiating equation (5.9) respective to time yields the imprint current density:

j(tw)’= ZTZ/ presented in equation (5.10). Note, ¢ = % and P = ;% .

. R dbu <8dl(tw) dbu ) - <8dl(tw) dbu ) ! 5
tw) = €1 (t —+1 Py(ty) — Py,) + —+1 Py (t
j(tw) = €ar( W)ddlsbu — (Par(tw) — Pou) — il (tw)
(5.10)

In the present sample structure an electrode adjacent Al,O3 layer of around 4nm
thickness [98]) is known to exist, which is held responsible to some extent for thin
film effects in P(VDF-TrFE) [69]. Let the dead layer be 4 nm thick, thus d;; << d,
and lets additionally assume that ¢4 () and ¢, are of the same order of magnitude,
then “+1” in equation (5.10) can be neglected, which yields:

oy da e (talta .
(ta) ~ 2SS0 By (1) = Bo) + Pa(t)) 611

The ratio of two imprint current densities originating from samples with different
thicknesses A1) = d; + dl(;i) and d® =dy + dl(;i) is:

(5.12)

The ratio of the current densities originating from polymer thicknesses of 245nm
and 958 nm, respectively, is in FIG. 5.6 b) over the full time range always below 1.5,
whereas equation (5.12) predicts 958nm/245nm = 3.9. Consequently, the origin of
the current in FIG. 5.6 b), especially for t > 10s, cannot be explained with the Dead
Layer Model.

In conclusion, the Dead Layer Model predicts thickness dependent C"""(t,,) and
Jrel (tw), which is in contradiction to the experimental finding.

5.6.3 Field offset experiment

The Dead Layer Model with field offset (E.y:) is outlined in FIG. 5.10. The model
predicts a speed up of the imprint process when applying E.,:, because E;; and E,y;
point into the same direction. But the opposite is found in the experiment, where
imprinting is slowed down by the field offset (see section 5.4).

In conclusion, the Dead Layer Model predicts a thickness dependent C,or, a
thickness dependent imprinting current and a speed up of imprint due to the exter-
nal field offset. All these predictions are in contradiction to the experimental find-
ings.

8P, equals the injected electron charge density.
gj(tw) = Jrel (tw)
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FIGURE 5.11: (a) Ferroelectric polarization switching transient. b)
Currents during ferroelectric polarization switching in the Space
Charge Model.

5.7 Revisiting the Space Charge Model

The Space Charge Model is explained in section 3.2.2. In the following its validity
is discussed in the light of present experimental findings. FIG. 5.11 a) depicts a fer-
roelectric polarization switching transient when applying an electric field step. In
the retarded stages the polarization increases linearly on a logarithmic time scale
(lift-off from the dashed line in FIG. 5.11 a)). Space charges, which are assumed to
redistribute after polarization reversal within seconds [41], would result in a decay
of the ferroelectric polarization switching transient in these retarded stages as out-
lined in FIG. 5.11 b). For simplicity only one charge species is depicted in FIG. 5.11
b) without loss of generality. The current associated to the change in ferroelectric
polarization (Ir,) and that associated to redistributing space charges (Is), flow in
opposite direction. Thus, the experimental result and the prediction of the Space
Charge Model are in contradiction. But it needs to be stressed that an external field
induced polarizing of the amorphous phase could cover the current sourced by the
redistribution of space charges. Consequently, the increase of the ferroelectric polar-
ization switching transient in the retarded stages is not evidence enough to discredit
the Space Charge Model.

There is another experimental observation which isn’t consistent with the pre-
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dictions of the space charge model as discussed in the following. The time con-
stant for the redistribution of space charges is given by the Maxwell relaxation time
Tse = €:€09/0, with estimations for the relative permittivity ¢, = 10 — 15 and the
conductivity ¢ = 1001PAV Im 1 to0 10012AV-1m~! [41]. From these values, T
is estimated to be between 10s to 100s. Lew and Thompson demonstrated that the
coercive field E.(t,) evolves according to equation (5.3) at minimum over a range of
t, between 10~ % s to 10° s. Besides, in section 5.5 it is presented that E.(t;,) evolves at
temperatures between —20 °C to 100 °C continuously with a logaritmic dependence
on t,. Thus, to explain imprinting solely by the Space Charge Model, the existence
of several space charge species exhibiting different mobilities is indispensable. The
space charge relaxation process in P(VDF-TrFE) observed up to now is described by
using a single relaxation time Ty, [72]. Measurements at various temperatures re-
vealed, that 7. follows an Arrhenius law, with 7, &~ 1s at 70 °C [72]. In conclusion,
the Space Charge Model cannot explain imprinting as a whole, but it is possible that
space charges play a (minor) role in imprinting.
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5.8 Imprint stretches over several decades in time

The imprint process stretches over several decades of t;,. Lew et al. demonstrated
that the coercive field E.(t) follows the functional behavior stated in equation (5.3)
over a huge time span of at least 1074%s < t,, < 10° [61]. A similar result is found
in this work. FIG. 5.12 depicts the evolution of T(t,) over several decades of fy.
To gain data of t(ty) over such a wide range of t, three different experimental
methods were applied, which are illustrated in FIG. 5.12 on the right. Next to the
conventional de-aging by switching process described in section 5.2, an alternative
de-aging process denoted as “alt. de-aging” is used. The alt. de-aging process con-
sists in a continuous application of bipolar field pulses until T resulting from two
subsequent pulses is found to be the same. Note, in contrast to the measurement
technique to gain red data points, the technique to gain blue data points includes a
field offset during t,,. Besides, all techniques neglect the duration the system takes
to switch in negative polarization direction (=~ 3 ms). This duration is included in t,.
While that is negligible for gaining red points, for blue data points that duration can
be in the order of magnitude of t,,. Blue data points shall mainly be seen as evidence
that imprint effects evolve even for very small values of t,.
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FIGURE 5.12: Evolution of imprint over a broad time scale. The inset shows the same data
in a log-log plot. The amplitude of the applied electric field steps is &= 80MV m 1.

5.8.1 First evidence for E;ypyint

Ikeda et al. demonstrated that if the polarization transients for different t,, are scaled
by 7, all polarization transients collapse to one master polarization transient [41].
Since this is also true for polarization transients for different applied fields, the effect
of waiting and that of the applied field satisfy the same scaling rule over time. Thus,
it seems reasonable to assume that the effect of waiting is due to the decrease of the
effective field [41]. Substituting the external field E,.; by the effective field E.,; —
Eimprint which includes the imprint field Ejyprint, yields in the empirical law for the
external field dependence of the ferroelectric switching time 7 1°.

E,
) . E, 5.13
T = To,Arrh €XP <Eext — Eimprint> ( |

10see equation 2.9 for the unmodified law
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For Ea >>Eext >>Eimprint equation (5.13) results for log(7) in a straight line as a
function of Ejypin;. Comparison with the experimental result depicted in the inset
of FIG. 5.12, where log(7) is a linear function of log(t;), leads to the suggestion
that Ejyprins ~ log(tw). This relation between Ejy,yin and log(ty,) is also deduced in
section 5.9.1.

5.9 Imprinting current density j,;

After ferroelectric switching with an electric field pulse of 80 MV m~! amplitude
and 10s duration, the short ciruit current density jg,p, is measured. jg.po is depicted
in FIG. 5.13. In a linear time invariant (LTI) system jgz.po flows approximately as
long as the poling pulse has been. This implies that for times >> 10, jzepo in FIG.
5.13 originates either from a non-LTI system or there exists another source causing
Jaepot 7 0 for times >> 10s. In fact, jg.po1 behaves as expected for a LTI system [75]
at temperatures above T¢ as was shown by means of the field reversal experiment.
Thus the non-LTI behavior is coupled to ferroelectricity.

Besides, it was found that an electric field pulse applied in opposite direction of
the ferroelectric polarization vector without ferroelectric switching results in a short
circuit current which flows for around the pulse duration [72]. A more detailed
analysis (not shown) reveals, that this current changes sign at that point in time.
Anticipating the explanation for the imprinting current, the change in sign of this
current is caused by j,,; which flows in this case in opposite direction to the current
which is caused by relaxation of pulse activated dipoles.

Integration of jgpo respective to the time elapsed since poling yields the time
dependent decay of the remanent polarization Py,,,. Note, for times much longer
than the pulse duration, the time t equals approximately t;, !*. According to the inset
in FIG. 5.13, Py, decays per decade elapsed t;, by the amount AP = 49nAscm 2.

5.9.1 Origin of j,.; and estimate for E;y,in (t)

Using the New Imprint Model from section 3.3 the flow of jz o for times > 10s
can be explained. For simplification some rd are omitted in FIG. 5.14 compared
to the picture in FIG. 3.3. Hence, only rd located in the interstitial space between
the crystallites are considered. These rd reorient during ¢, in anti-parallel fashion
to Pre—¢yst- This simplification can be reasoned by the outcome of the field offset
experiment (see section 5.4) and on the experimentally observed flow-direction of
jrel (see later). The charges drawn in the electrodes in FIG. 5.14 are caused by electric
influence. The red charges correspond to Py, and the green charges to Py 12.p.;
and the imprint are zero in FIG. 5.14 a). In the time period ty < t < ty, the rd
align gradually, causing the build up of P, and the flow of j,;. Red and green
charges have opposite signs, because Pr, and Py, point in opposite direction. Since
P,.; increases as a function of t,, the remanent polarization P,.,, decays as a function
of ty.

Jaepol (t) or rather j,(t,) can be used to estimate Ejyprint(tw) as presented in the
following. P, can be calculated via the integral given in equation (5.14), whereas

1t s the time elapsed since switching off the external field (E.x; = 0). ty is defined in section 4.3.3.
Switching the polarization state at this field strength takes a fraction of a second. Consequently, one
has t =~ t;, — 10s, thus for t >> 10s one has t = ty,.

12Definitions for Ps and P, are given in section 3.3.4
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FIGURE 5.13: Short circuit current density jqepos after a ferroelectric
polarization switching pulse of 80MV/m and 10s duration. Repro-
duced from [87], with the permission of AIP Publishing.
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jret (tw) is approximately proportional to t,', as can be seen in FIG. 5.13.

tw
. _ . t
for jyg~ty': P = / jret (th,) dt,, = —AP -log <tw) (5.14)
to 0
t
Prem(tw) = Pfe + Prel(ta;) = PfE - AP log (;g) (5.15)

Equation (5.15) presumes that the ferroelectric polarization Ps, and the relaxational
polarization P, are the only contributions to the remanent polarization Py,,. In gen-
eral other charge distributions like compensation charges (see section 6.5) contribute
to Py also. In equation (5.15) and in the inset of FIG. 5.13, Py (t,) decays by the
same amount AP in each decade t,,. That means that in each decade of t,, the same
amount of rd align anti-parallel to Pr, ¢yt 13 A linear relationship between P,,; and
Eimprint is hypothesized:

Eimprint ~ number of aligned rd ~ Py (5.16)
tw

= Eimprint ~ AP - log <> (5.17)
to

Equation 5.17 gives the time dependence of the imprint field. This results will be
used in section 5.12 to calculate the effects of imprint.

510 Independence of imprinting from the electrode area

FIG. 5.15 depicts, that imprinting dosen’t depend on the electrode area A,;. FIG. 5.15
on the left shows the ferroelectric switching time T as a function of the waiting time
tw. FIG. 5.15 on the right shows C"*"" which is defined in equation (5.4) as a function
of the waiting time t.
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FIGURE 5.15: Imprinting is independent of the electrode area.

BThis view is simplified, because the material exhibits at least two sorts of rd with different dipole
moment, reconsidering the molecular dipoles of VDF and TrFE.
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511 Dependence of imprinting on the crystallinity

P(VDE-TrFE) is a semi-crystalline co-polymer, as discussed in detail in section 2.3.
The degree of crystallinity is altered using different sample preparation procedures
(see section 2.3.9.2). FIG. 5.16 a) to d) depict imprinting effects for different degrees
of crystallinity of the co-polymer. Depicted are the ferroelectric switching time T
(FIG. 5.16 a) and b)), the depolarization current density jepor (FIG. 5.16 ¢)) and the
(relative change in) permittivity ((FIG. 5.16 d)). A fact to inform about when dis-
cussing FIG. 5.16 d) is, that the same trend which is observed for ¢(t,,) /€(100s) with
changing the crystallinity, is also observed for &(t,). From these figures it can be
concluded that imprint is slowed down for increased crystallinity.

For the reason of completeness, the absolute values of ¢ at measurement fre-
quency of 10kHz are depicted in FIG. 5.16 f) as a function of the applied bias field.
Interestingly, Py, dosen’t markedly change comparing samples with different crys-
tallinity (FIG. 5.16 e)). This is surprising, because the crystallinity is related to the
amount of FE phase in the material. Thus, one would expect an increase in Py,
with increasing crystallinity. A rather constant value of Py, for samples of various
degree in crystallinity was also observed by another group [74]. Nevertheless, im-
printing proceeds the slower the higher the co-polymers crystallinity. Conversely,
the higher amorphous material content the faster proceeds imprint. In the view of
the New Imprint Model, this experimental results are interpreted as follows: The
higher the amorphous material content the more rd there are, which can align in di-
rection of the stray field of Pf,_ s during t,. The more rd align the higher j,.;(t)
and Eimp,int(tw), which causes the change in 7, E. and ¢ as a function of ¢;, (see sec-
tion 5.12). A final note: Irrespective of the degree in crystallinity, the imprint effects
depicted in FIG. 5.16 proceed all as functions of log(t,). This evidences that the
crystallinity doesn’t affect the distribution of energy barriers 4 / relaxation times of
rd.

4the existence of an energy barrier distribution for reorientation of rd is reasoned in section 3.3.3.
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5.12 Calculation of the effects of imprint - The extended Weiss
model

The impact of the imprint field Ejjrins on the coercive field E, the ferroelectric
switching time 7T and the permittivity ¢ is calculated using an extended Weiss model
[53, 87]. The model only considers the ferroelectric phase but includes the imprint
field in the local field present at the location of ferroelectric dipoles (fd).

The model is essentially a feedback-model: The ferroelectric polarization P !> feeds
back on the local electric field Ej,., as can be seen by the Weiss field (see also equation
(2.3)) contribution in equation (5.18). The local electric field at a ferroelectric dipole
site can then be written as

Ejoe = ﬁP +Eimprint + Eext (5.18)
~—~—
Weiss field

where B and BP is a coupling constant and the so called Weiss field, respectively.
The external electric field (E.y:) is applied to induce ferroelectric polarization switch-
ing. Note, the polarization, which changes in time during ferroelectric polarization
switching, acts via the Weiss field first as hindrance to ferroelectric polarization re-
versal but as soon as the polarization changes sign, the new polarization state is
endorsed.

Considering positive charges representative for fd, the process of ferroelectric po-
larization switching can be described by charges fluctuating in double well (dw)
potentials. The dw potentials are depicted in FIG. 5.17. The number of charges oc-
cupying either the right or the left well depends on Ej,..

The transient polarization is described by a first order rate equation () microscopic
relaxation time, Wy barrier height of the double well potentials, m dipole moment,
n dipole density and kg Boltzmann constant).

dP - mEloC
TE + P = nmtanh ( kT ) (5.19)

. T0 WO mElOC
T= 5 eXPp (kBT)/cosh ( kT > (5.20)

Einprint is set constant during ferroelectric switching which includes the time pe-
riod while traversing a hysteresis loop. The differential equation (5.19) is numeri-
cally solved using a forth order Runge Kutta algorithm.

FIG. 5.17 illustrates how the fields act on a double well (dw) potential system.
The dw’s are symmetrical if the local field is zero. A charge q occupies the left and
the right well with same probability (FIG. 5.17 a)). A non-zero ferroelectric polariza-
tion results in a Weiss field with the potential contribution Wy;ss = mpBP. According
to the direction of the Weiss field, more charges occupy the left well and the ferro-
electric polarization stabilizes itself via the Weiss field (FIG. 5.17 b)). The imprint
field with a potential contribution of Wiyprint = MEjyprin: stabilizes the ferroelectric
polarization state furthermore (FIG. 5.17 c)). Now, switching the ferroelectric polar-
ization by application of an external field E,; is hindered by E;jss 16 and Eimprint as

15P is not Py,, because the model neglects the amorphous material content.
16 E_ iss hinders ferroelectric polarization switching only in the beginning of the ferroelectric switch-
ing process. After passing P = 0 the Weiss field enhances ferroelectric switching.
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depicted in FIG. 5.17 d). Ejyprins increases according to the equation 5.17 with ¢, thus
the ferroelectric polarization switching processes is the more delayed/hindered the
longer t;,. In equation (5.17), Ejyprins increases linearly on a logarithmic time scale.

E

imprint+ ext

FIGURE 5.17: Double well (dw) potentials. The electric dipole mo-

ment m equals gR/2, where R is the distance between the wells. (a)

Symmetric dw. (b) Ej,. equals the Weiss field that stabilizes the fer-

roelectric polarization P. (c) Ejjpyint stabilizes the polarization state

as does the Weiss field. (d) E.x; is applied to switch the polarization

state; g tends now to jump to the right well. Reproduced from [87],
with the permission of AIP Publishing.

Thus a linear increase of Ejpyins in the model corresponds to imprint effects which
evolve as a function of log(t,). The model based calculations are carried out with
the following set of parameters: B = 0.05/¢g (gp...vacuum permittivity), Wo=4.5 -
107%°], 2m=qR=1.5 - 10~ Ccm, n=1.85 - 10?> cm 3, 1p=10""1s.

In FIG. 5.18 a) and b) model-based hysteresis loops and polarization switching
transients are depicted. In the Weiss calculation, Wiy, rins is set to remain constant
while traversing a hysteresis loop. As a consequence, the whole hysteresis loop shifts
to the right, and both coercive fields change with equal magnitude. This equal shift
of —E. and +E; is not observed experimentally, which is reasoned in section 5.2.2.
From FIG. 5.18 a) the coercive fields and the relative permittivities are determined.
In contrast to the experiment, where ¢, is determined by a LCR meter measurement
at 10kHz, the model based values of ¢, are found by using equation (5.1) 17 Note, the
model based ¢, neglects the amorphous phase and the high frequency polarization.
From FIG. 5.18 b) the ferroelectric switching times are determined by a best fit of a

7D is substituted by P
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FIGURE 5.18: a) Calculated ferroelectric polarization hysteresis loops.

b) Calculated ferroelectric polarization switching transients. The leg-

end in b) also applies to a). Reproduced from [87], with the permis-
sion of AIP Publishing.

stretched exponential function to the calculated polarization transient (see equation
(2.7)).

FIG. 5.19 compares model to experiment based values of E., ¢, an T. While the model
based values are plotted as a function of Wiyprins, whereas Wiyprint ~ Eimprint ~
log(tw), the experimental values are plotted as a function of log(t,). As shown in
FIG. 5.19, model and experimental based values of E, ¢, and 7 follow the same func-
tional trends. Note, the applied field Eey in the model at Ejyprins = 0 was adjusted
to equal the experimental value of 7(t, = 25).

Going more into detail, becomes difficult, because the model fails to predict the
experimentally observed absolute value of E; and ¢, for the used set of parameters,
which is often a complication in calculations [59, 80]. Still it’s tried to answer the
question if the same Wiy,int causes E. and ¢, to change. Comparing the relative
change of E. and ¢, over 3 decades of t,,: The experimental E; changes by 18.7% in
FIG. 5.19 b). 18.7% change in E. correspond to a change of 1.64 meV in Wiy yin in
FIG. 5.19 a). The case is more complex for ¢,, since at first the omission of the amor-
phous phase needs to be recondsidered. That is done by using the Maxwell-Garnett
approximation [102] for the following assumptions: the permittivity of the amor-
phous phase does not change with imprint, the permittivity of the ferroelectric phase
equals the permittivity of the amorphous phase at Wiypyins = 0, the crystalline inclu-
sions (ferroelectric crystallites) are spheres, and the degree of crystallinity is approx-
imately 60% [3]. The Maxwell-Garnett approximation is given by the red dashed
line in FIG. 5.19 c). Second, the curves ¢, (t,) as well as &, (Wiyrint) are not entirely
straight thus the relative change calculated depends on the decades of t,, considered.
In the 3 decades of t,, between 1 x 10?s and 1 x 10° s ¢, decreases by 9.7% in the ex-
periment. Starting for the calculated values of ¢, at sr(Wimprint = 0) and decreasing
this value by 9.7%, then the corresponding value is found at 1.65 meV, under consid-
eration of the Maxwell Garnett approximation. Thus in this rough estimation with
relative changes, the magnitude of change resulting from the same Wiy is com-
parable for E. and ;.

Note, the behavior of Py (fy) is included in the model, since equation (5.17) was
deduced from j,,(t,), which is connected to Py, (t,) via equation (5.2).

In summary, introducing the imprint field from equation (5.17) as local field con-
tribution in the Weiss mean field approach yields for all in equation 5.3 stated effects
of imprint a correct description of the functional time behavior.
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Chapter 6

Results and Discussion II:
Imprinting and Pyroelectricity

6.1 Introduction

The main goal in this chapter is a describtion of the temperature dependence of im-
printing. Therefore the current flowing in the outher circuit is monitored when the
samples temperature is changed with constant rate. The investigation is restricted
to temperatures between —20 °C to 135 °C, which is above the lower glass transition
(see section 2.3.11) and below the melting temperature T, !.

According to section 4.4 there exists a small temperature gradient across the sample,
which limits the accuracy of the temperature measurement. The term background
(bg) current (see section 6.2.1) is used to summarize all short circuit current contri-
butions, which origin form subsidiary effects. In the later stages of this work the
amplitude of the bg current could be reduced to a great extent by measures listed
in section 6.2.3. Still, data of before and intermediate stages of bg current reduction
are discussed, since some interesting results were found before some factors influ-
encing the bg current were discovered. The data presented for poled samples were
gained from experiments in which all in section 6.2.3 listed measures were applied
to reduce the bg current.

Due to varying sample preparation parameters and measurement setups, relevant
experimental details are stated using in a smaller font size.

At first un-poled samples are investigated. A ferroelectric polarization versus tem-

perature hysteresis is found by thermal cycling across the Curie transition 2. In un-
poled samples these hysteresis loops are closed.

In contrast for poled samples, these hysteresis loops are not closed. Besides, for
poled samples it is shown that the short circuit current under thermal cycling is com-
posed of a reversible and an irreversible current contribution, at temperatures below
the ferroelectric to paraelectric phase transition temperature range. It is shown that
the origin of the reversible and irreversible current contribution is pyroelectricity
and imprinting, respectively. Using the New Imprint Model and assuming Debye-
like polarization processes in the imprinting mechanism the imprinting current j,.
while heating with constant rate is calculated. Finally, in section 6.11 and 6.11.1 the
location of imprint related relaxation processes is rediscussed.

T, equals approximately 148 °C [74].
Note, the definition of the Curie Temperature Tc given in section 2.1.
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6.2 Un-poled samples

Samples directly after sample preparation or after de-aging above T (see section
5.2.3) are investigated. Short circuit currents are monitored while heating and cool-
ing with constant rate. Except in the end of this section the current while external
field application is measured in the outer circuit while cooling. The temperature
range investigated is 25°C to 135°C. The only phase transitions expected in this
temperature range are the transition from the ferroelectric to the paraelectric state
and the transition from the paraelectric to the ferroelectric state. These transitions
occur between 80 °C to 110 °C and between 80 °C to 50 °C while heating and cool-
ing, respectively [3]. A literature review on the structural changes taking place in
heating-cooling cycles in the temperature range 25 °C to 135 °C is given in section
2.3.8.2. Note, the discussion on pyroelectricity for un-poled and poled samples in
section 2.3.11.1.

6.2.1 Background (bg) current

Details on sample preparation and the measurement setup: The sample is annealed above
Ty, and the co-polymer film is approximately 460 nm thick. No measures are taken to re-
duce the bg current (see section 6.2.3). A heating/cooling rate of 1°Cmin~! is used. The
temperature is determined from the sensor in the heating stage (see section 4.4).

FIG. 6.1 a) depicts the short circuit current density measured during a heating - cool-
ing cycle directly after sample preparation (I1st temperature loop). At temperatures
above T¢, thus in the paraelectric phase (Tc < T < Tj) 3 neither a pyroelectric
current, an imprinting related current nor any other current associated with the fer-
roelectric polarization is expected and consequently the measured current equals
the so called background (bg) current. A measurement conducted thereafter (3rd
temperature loop), is depicted in FIG. 6.1 b). The bg current has declined and re-
mains now rather constant at the maximum temperature. It is observed, that the bg
current declines fast at elevated temperatures and is decreased in subsequent mea-
surements. FIG. 6.2 compares short circuit current densities measured in bc and tc *.
FIG. 6.2 a) and b) depict the heating- and cooling process, respectively °>. Charge
movements located in the space between the electrodes generate current densities
with j,. = —ji. The complement are charge movements located outside the plate
capacitor structure, which generate current densities with the same sign for j,. and
jte. Comparing jic just before the start of the cooling process with j,. in the end of
the heating process, thus at the maximum temperature, where the bg current is the
only contribution to the measured current, it can be concluded that a certain part of
the bg current originates from between the electrode plates ¢ and another part from
outside. The current density peaks at temperatures around 100 °C while heating
and 50 °C while cooling, can be associated to the decay and build-up of the sponta-
neous ferroelectric polarization, respectively as discussed in detail in the following
sections.

3The Curie Temperature T marks the lowest temperature above which ferroelectricity has com-
pletely vanished (see section 2.1). For un-poled standard annealed samples T equals around 113 °C,
see also FIG. 6.4 a).

“Details on the experimental setup regarding bottom connection (bc) and top connection (tc) are
given in section 4.5.

5The measurement in bc was conducted after the measurement in tc.

bsee the discussion in section 4.5
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FIGURE 6.2: Comparison of the short circuit current density mea-
sured in tc and bc. a) Heating process. b) Cooling process. Sample
with Tyye01 > Tin-

6.2.2 Fit-function for the bg current

FIG. 6.3 depicts the current density from FIG. 6.2 in tc as a function of the temper-
ature. The functions j4 7 are best-guess functions for the bg current contribution
present while heating and cooling. j is the average of j4 while heating and j4 while
cooling (see equation 6.2). Subtraction of jp from the measured current density j in
FIG. 6.3 a) results in the current density depicted in FIG. 6.3 b). Integration of the
current density depicted in FIG. 6.3 b) respective to time and considering that the
ferroelectric polarization is zero above T¢ results in the polarization versus temper-
ature hysteresis shown in FIG. 6.3 b). Note, the vector of the polarization depicted

in FIG. 6.3 b) points towards the top electrode.
ja(T) = jo+jr - exp(T/To) 6.1)

’ (jA,heating(T) +jA,cooling(T)) (62)

N[ =

jB=

"The time dependence of j, is neglected. This is reasoned by the small difference (1pAcm™!) in
j which results by waiting 1h at the maximum temperature (see FIG. 6.2 b)). Such a small difference
results if the sample is annealed at high temperature for many hours before the measurement (for
details see section 6.2.1).
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FIGURE 6.3: a) Exponential function fit to the bg current. The sam-

ple has been annealed above Tj,. b) Current density after bg current

density correction and polarization versus temperature hysteresis (in
red) determined after bg current density correction.

6.2.3 Samples prepared in water-free environment

Details on sample preparation and the measurement setup: The sample is prepared with T;;;,,.,; =130 °C

(Te < Tapnear < Ti) and de-aged above T¢ before all measurements. A heating and cooling
1

rate of 3°Cmin~
plied.

is used. All below mentioned measures for bg current reduction are ap-

The bg current can be reduced by taking following measures:

e sample preparation in dry atmosphere and using a solvent with low water
content (for details see section 4.1.3.1).

e preheating the glass-substrate before sample preparation (for details see sec-
tion 4.1.1).

e inserting a stack of Al,O3 and thermal pad between sample and heating stage
(for details see section 4.5).

FIG. 6.4 a) and b) depict short circuit current densities measured during heating-
cooling cycles in tc and bc 8. The bg current contribution is low, as is best seen
at the maximum temperature. The residual bg current density is symmetric with
Jbe = —jte, consequently the measured short circuit current density origins almost
completely from the polymer and/or its interfaces with the electrodes (for details
see section 6.2.1).

6.2.3.1 Spontaneous ferroelectic polarization versus temperature hystereses

The temperatures denoted in FIG. 6.4 a) mark the peak and the end of the ferroelec-
tric to paraelectric (PE) phase transition and vice versa. The ferroelectric to para-
electric phase transition while heating is completed at 113 °C and the paraelectric to

8Details on the experimental setup regarding bottom connection (bc) and top connection (tc) are
given in section 4.5.
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ferroelectric phase transition is completed at 48 °C, as it is similarly found in DSC
and X-ray diffraction measurements [3]. These current peaks indicate that not all
Pfecryst ? are randomly oriented in un-poled samples, as stated in section 2.3.11.1.
This might be the consequence of a certain amount of pinned dipoles in the electrode
adjacent layers [32]. | P| depicted in FIG. 6.4 c) is calculated from the current densities
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FIGURE 6.4: a) and b) Short circuit current densities measured once in

tc and once in bc during a heating-cooling-cycle. ¢) Spontaneous de-

cay and build up of the ferroelectric polarization. d) Effect of poling.
Sample with T,,,,.01 =135 °C.

depicted in FIG. 6.4 a), by taking the absolute value of the integral respective to time
in the limits of the heating/cooling duration and subsequent shift to equal zero at
around 120 °C. This integral is based on equation (2.14) and theoretically discussed
in section 2.3.11.1 . The polarization in FIG. 6.4 c) points towards the top electrode.
This polarization arises and decays spontaneously by a change in temperature. The
polarization versus temperature hysteresis presented in FIG. 6.3 b) and FIG. 6.4 c)
originate from samples with different T;,,,.,;. Clearly apparent is the difference in
current peak pattern and the difference in amount of spontaneous ferroelectric po-
larization present at room temperature. This severe change in behavior is caused by
the permanent structural change that takes place by thermal annealing above T, °.
FIG. 6.4 compares current densities measured before the sample has ever been poled
with thereafter. Poling appararently affects the amplitude of the current density
related to decay and build-up of the ferroelectric polarization even after de-aging
above Tc. Besides, the temperatures at the current density peaks are slightly shifted.

9Pfe,cryst is the vector of the ferroelectric polarization in a ferroelectric crystallite.
19Further information is given in section 2.3.9.2.
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A corresponding temperature shift is also seen in DSC measurements [3]. Neverthe-
less, according to FIG. 6.4 c), the impact of a poling history is rather low. Thus, in
the following it is taken as confirmed, that by de-aging above T¢ the electric history
is deleted as suggested by Bargain et al. [3].

6.3 Cooling with different rates from above T¢;
temperature shift of the phase transition

Details on sample preparation and the measurement setup: The sample is annealed with T,;,,001 =
135 °C, which is between T¢ and T},. The co-polymer film is approximately 400 nm thick. The
measurement is conducted in tc (see section 4.5). The temperature is determined from the
sensor in the heating stage (see section 4.4). Following bg current reduction measures (see
section 6.2.3) are applied: Al,O3 platelet between sample and stage and the glass-substrate
is heated before sample preparation. A small background current is present, as can be seen
in FIG. 6.5 a) at the maximum temperature, where the bg current density is the only contri-
bution to the measured current density (for details see section 6.2.1).

FIG. 6.5 a) depicts the short circuit current measured while cooling for different cool-
ing rates. It can be seen, that the current peaks which mark the climax of the para-
electric to ferroelectric phase transition while cooling are shifted to cooler tempera-
tures with increasing cooling rate 1. This can be explained as follows. An un-poled
sample or a sample which has been de-aged above T¢ is imprinted at room tem-
perature, but imprint free above T, as discussed in section 5.2.3. The ferroelectric
polarization in crystallites (Pr. st (see section 3.3.4) starts to build up at the onset
temperature of the paraelectric to ferroelectric phase transition. A bit later imprint
starts to build up too: The rd, which are initially randomly oriented, align with the
stray fields of Pge_cryst- This reorientation process of rd is fast at elevated tempera-

tures 12, but still dependent on the time !*. Consequently, with decreasing cooling
rate an increased imprint field Ejjpins is present at any temperature just below the
onset temperature of the paraelectric to ferroelectric phase transition. The imprint
field points in direction of Pge ¢ryst and promotes the build-up of Ps.yst- Thus, the
slower the cooling process the higher the temperature at which a certain amount of
ferroelectric polarization is built up. Moreover, the additional Pge crys¢ enhances the
stray field. Thus, the shift of the above mentioned climax is self-reinforcing on the
one hand by the temperature dependence of the rd reorientation process and on the
other hand by the presence of higher stray fields the slower the cooling process.

For the counterpart, the heating process, additionally a shift of the Curie Tempera-
ture 4 is expected, since it can be assumed that Ej;;ins enhances the temperature
stability of the ferroelectric polarization/phase. To measure this effect, care has to
be taken, not to conduct the initial cooling process with different rates.

The same experiment is conducted but with the sample discussed above with
Tannear > Tw. The short circuit current density measured while cooling is depicted
in FIG. 6.5 b). Again a shift of the temperature which marks the climax of the para-
electric to ferroelectric phase transition is observed in the same manner as in the

1 A shift is also observed in high precision DSC measurements conducted for a broad range of cool-
ing (and heating) rates using melt crystalized samples [14], which are comparable to the sample with
Tanneat > Tm

12The rd reorientation processes are faster the higher temperature

13due to the broad distribution of relaxation times, for details see section 3.3.3.

4Note, the definition of the Curie Temperature T¢ given in section 2.1.
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above mentioned case, but the magnitude of the shift is smaller: Comparing the
temperatures at the highest current density peak for cooling rates of 0.1 °C min~!
and 1°Cmin ! in FIG. 6.5 b) reveals a shift of 1.5 °C. For the above sample annealed
with T,0a = 135 °C that shift amounts to 8 °C, as can be seen in FIG. 6.5 a). Fol-
lowing the reasoning from above, the temperature shift is caused by the positive
feedback between the building-up of ferroelectric polarization and the building-up
of imprint. The smaller temperature shift observed for the above T}, annealed sam-
ple (FIG. 6.5 b)) compared to the sample with T,,,,,.,; =135°C (FIG. 6.5 a)) might be
a consequence of the difference in ferroelectric polarization present. The remanent
polarization determined from the polarization hysteresis at room temperature equal
6pnAscm 2 and 3pAscm =2 for the at 135°C and above T, annealed sample, re-
spectively. The spontaneous polarization at around 30 °C determined from FIG. 6.4
c) and FIG. 6.3 b) equal 0.28 1A s cm 2 and 0.08 pA s cm 2 for the at 135 °C and above
T, annealed sample, respectively 1°.
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FIGURE 6.5: Short circuit currents densities while cooling from above
Tc for different cooling rates. a) Sample with T,,,..; =135°C. b)
Sample with T,5601 > Tin-

15A discussion on the impact various T, on the ferroelectric response and the amount of present
ferroelectric phase is given in section 2.3.9.2.
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6.4 Electric field offset while cooling from above T

Details on sample preparation and the measurement setup: The sample is annealed with T;;;,,001 =

135 °C and the co-polymer film is approximately 400 nm thick. The following measures are
applied to reduce the bg current (see section 6.2.3): Preheating the glass-substrate before
sample preparation. The temperature is determined from the sensor in the heating stage
(see section 4.4).

A constant electric field E.y is applied while cooling with a rate of 1 °Cmin~!. The
amplitudes of E,;; = 13MV m ! and E,;y = 17MVm~! correspond to E;/3 and
E./4, respectively '¢. The value of the remanent polarization of the hysteresis might
be of interest and is therefore given here: P, = 7.2 pAscm—2. The external elec-
tric field E.y is applied at 133 °C, which is above T¢, and after letting the current
response decline at this temperature for 30 min, the sample is cooled down to room
temperature with the field still applied. FIG. 6.6 a) depicts current density, measured
in the outer circuit while cooling. |P|, depicted in FIG. 6.6 b), is calculated via inte-
gration of the current densities depicted in FIG. 6.6 a) respective to time. For E,,; # 0
a part of the measured current is caused by dc conduction. It is assumed that dipoles
located in the amorphous phase orient mainly at 133 °C during the time period of the
current decline. The dipoles are frozen in'” while cooling. The current density peaks
occurring in FIG. 6.6 are associated to the build-up of the ferroelectric polarization
and mark the climax of paraelectric to ferroelectric phase transition. The higher E.;
the higher the current (peak). Note, only the ferroelectric polarization vector com-
ponent perpendicular to the electrode plane contributes to the current (see section
2.3.11.1). E.x promotes this orientation while cooling.

Explaining the temperature shift of the current peaks: The current peaks are shift-
ed with increasing E.,; to higher temperatures. The external field applied while
cooling eases the build-up of the ferroelectric polarization by inducing order into
the system. Ferroelectricity is coupled to dipole order. In the dynamic process of the
paraelectric to ferroelectric phase transition the system intents to reach equilibrium.

16The coercive field E. is determined from a ferroelectric polarization hysteresis at room tempera-
ture. The hysteresis is traversed with a frequency of 0.1 Hz.
7in the sense that, the dipoles maintain mostly their orientation
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The equilibrium exists between the ordering forces, ferroelectric dipole (fd) interac-
tion and E,,, and the disordering force of the temperature. The system moves with
increased deviation from equilibrium with increased speed towards the equilibrium
and remains thereby dynamically balanced. To remain dynamically balanced, a cer-
tain ferroelectric polarization appears at higher temperatures with increasing ampli-
tude of E.,;. Note, it can be assumed that the effect of E.,; (see also section 5.4) on
the shift towards higher transition temperatures is diminished by the dipoles which
orient in the applied field before cooling. These field oriented dipoles in the amor-
phous phase generate a field similar to E;;;rint, which is in contrast to Ejyprin in the
short circuited case oriented anti-parallel to Pr, ;- That might be the reason why
the temperature shift seen in the present experiment is smaller compared to that,
that results when using different cooling rates (see section 6.3 and FIG. 6.5 a)).
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6.5 Poled samples in the Curie transition temperature range

Sample parameters and measurement conditions: The co-polymer film is prepared with

Tonneas = 130 °C and the co-polymer film is approximately 350 nm thick. The sample is ini-
tially de-aged above T and then poled by traversing the ferroelectric polarization hysteresis
three times with a frequency of 10 Hz at a temperature of 30 °C. 240 s after poling, the sample
is heated to 130 °C kept at this temperature for 30 min and is then cooled back to 30°C. A
heating - / cooling rate of 3 °C min !

is used.

FIG. 6.7 a) depicts the short circuit current density and the temperature measured
while heating. FIG. 6.7 b) depicts the polarization, which is calculated from the
current densities measured while heating and cooling via integration respective to
time.

Start in — Pyep,:1® Lets start with the description of the short circuit current density
depicted in FIG. 6.7 a), for the case that the heating process starts at 30 °C in — Py,p,.
In the very beginning, right after poling, the temperature doesn’t change much and
remains for around 240 s between 30 °C to 31 °C. The current density declines in this
time periode. This declining current density corresponds to the imprinting current
density which flows after poling at constant temperature, as discussed section 5.9.
In the temperature range between 32 °C to 80 °C the measured current exhibits two
main contributions, which originate from pyroelectricity (see section 6.6 and 6.7) and
imprinting (see section 6.8). Before reading the following paragraph it is advised to
read section 2.3.8.2 first. The ferroelectric to paraelectric phase transition proceeds at
temperatures exceeding 80 °C (see section 2.3.8.2). The DFE phase transforms in the
approximate temperature range 80 °C to 100 °C continuously to the PE phase. The
FE to PE phase transition occurs in the temperature range 100 °C to 112 °C. The com-
pletion of the ferroelectric to paraelectric phase transition can also be seen in FIG. 6.7
a), where the current density is almost zero above 115°C. P depicted in FIG. 6.7 b),
equals the integral of the current density respective to time while heating/cooling
with subsequent shift along the vertical axis to equal zero at 130 °C. For a start of
the heating process in — Py, the value of P equals 5.41As cm 2 at 30°C. A similar
value is found for the remanent polarization Py, =6 nA's cm 2 determined from the
polarization hysteresis loop mentioned above. Thus, its reasonable to assume that
the major contribution to the short circuit current density measured while heating
originates from the decay of the ferroelectric polarization (and imprint). Annealing
the sample above T¢ by waiting for 30 min at 130 °C, deletes the complete thermal
and electrical history of the sample [3] °. Consequently, the current density mea-
sured in the cooling process equals approximately that of an un-poled sample (for
details see FIG. 6.4 and especially FIG. 6.4 d)). FIG. 6.7 b) depicts P for the complete
heating and cooling cycle. The cooling processes are magnified in the inset.

Start in 4-Pr,: The short circuit current density j while heating discussed above
differs significatly from that, which results if the heating process starts in + Py, at
30 °C. One would expect the following symmetry: jstat in -prem (T) = —Jstart in +prem(T)-
However an asymmetry is observed. To visualize the asymmetry, the orange dotted-
dashed line which equals the on the time axis mirror imaged curve of jstart in +prem (T)
is plotted into FIG. 6.7 a). It can be seen that jstin-prem = —Jstart in +Prem DelOW
80 °C (dotted line), but above 80 °C (dashed line) the curves diverge. Thus, the

18In the negative remanent polarization state the vector of the ferroelectric polarization points to-
wards the top electrode.
Ysee also section 5.2.3.
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onset temperature for the asymmetric behavior equals the onset temperature (see
section 2.3.8.2) of the DFE to PE phase transition. To the present moment no satis-
factory explanation for the asymmetric behavior of j regarding a start in — Py, and
+Pren, can be given, but it seems likely that compensation charges [15, 17, 20, 21,
92, 93] , polarization in the non-ferroelectric phase(s) [20, 21] and asymmetric elec-
trode interfaces [104] and interphases [32] regarding top- and bottom side play a
role, which will be reasoned in the following. Fedosov et al. [21] demonstrate ex-
perimentally and theoretically, that only that amount of ferroelectric polarization is
stable at zero applied field, for which the depolarizing field in the ferroelectric (crys-
tallites) is sufficiently compensated by compensation charges 2° and/or polarization
in the non-ferroelectric phase 2!. In the ferroelectric to paraelectric transition tem-
perature range both happens, the compensation charges are released from the polar
ends of ferroelectric crystallites and the polarization in the non-ferroelectric phase
decays. Assuming that the released compensation charges move towards the clos-
est electrode for recombination results in a current which positively superimposes
with the current due to the decay of the ferroelectric polarization. In contrast the
current due to the decay of the polarization in the non-ferroelectric phase superim-
poses negatively 22 with the current due to the decay of the ferroelectric polarization.
The compensation charges can be assumed to stick to the polar ends of ferroelectric
crystallites, thus to the DFE phase. The onset temperature of their release might co-
incide with the onset temperature for the decay of the DFE phase which coincides
with the onset temperature for the asymmetric behavior of js¢ i -premy cOmpared to
Jstart in +Prem- 1he temperature stability of P, i.e. an polarization in the amorphous
phase, is assumed to be at least 100 °C, since imprinting increases over time at this
temperature as presented in section 5.5.
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FIGURE 6.7: a) Short circuit current while heating starting at 30 °C in either —Pyey o1 +Prey.
b) P equals the current densities depicted in a) integrated respective to time.

Due to the sample preparation process, bottom- and top side electrode polymer
interface and interphase differ. This is because the aluminum (Al) bottom electrode
surface which faces towards the polymer film has during sample preparation for a
certain time periode contact to free air. Additionally the polymer film and the bottom
electrode are annealed in direct contact. In contrast, the top electrode is directly ap-
plied via thermal evaporation to the already annealed polymer film. Consequently

20FIG.3.1 on the right might serve as illustration. Compensation charges are to be confused with the
compensation law.

21p,,; is the consequence of such a polarization

2pecause P, is anti-parallel to Py, in the New Imprint Model
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it can be assumed that only at the bottom side exists an aluminum oxide layer 2.

Additionally at the bottom side exists an interphase, built by laying down H-C-F
dipoles in the electrode adjacent layer [32]. The interface / interphase at the top-
side is almost unexplored but electrical investigations with various electrode mate-
rials revealed that Al top electrodes deteriorate a ferroelectric polarization reversal
process stronger than Al bottom electrodes [33], which implies an interphase at the
top-side also. The exact role which play the interfaces and interphases is unclear,
but interfaces and interphases are the only asymmetry in the sample which can to
the present level of knowledge be imagined to cause the asymmetry of j regarding
a start in —Py,;; and +Py,;,. Note, in section 7 an experimental method is presented,
which could elucidate the presence and the role of interfaces and interphases in fu-
ture investigations.

6.6 Poling and subsequent heating: Imprinting and pyroelec-
tricity in the range 30 °C to 72 °C

Sample parameters and measurement conditions: The co-polymer film is prepared with
Tonnear =120 °C and is approximately 660 nm thick. The sample is initially de-aged above T,
poled to — Py, with a pulse of 10s duration and amplitude of 75MV m~! at a temperature
of 30 °C and then left in short circuited condition for t,, = 1180s.

The short circuit current density j is measured while passing through repeated heat-
ing cooling ramps. The temperature and j are depicted in FIG. 6.8 a) as a function
of time. The maximum temperature in the 1st, 2nd and 3rd heating-cooling cycle is
72°C, which is according to section 6.7.1 below the onset temperature of the ferro-
electric to paraelectric phase transition. Thus, all changes in the ferroelectric polar-
ization brought about by a change in temperature are reversible and the associated
current density j,y, can be assigned to pyroelectricity. jpyr is shown in FIG. 6.8 c).

FIG. 6.8 d) demonstrates the proportionality * between j = Jpyro and the heating
rate in accordance to the definition of pyroelectricity as expressed by equation (2.5),
whereas the proportionality factor equals here —pyro3 .

FIG. 6.8 b) depicts j as a function of the temperature. It can be seen that a certain
current contribution is present only while first heating. FIG. 6.8 c) highlights this
"irreversible" contribution to j, which is for now denoted as ji..,. In the next sections
it will be shown that jj,,., can be identified as the imprinting current density j,,
in a certain temperature range. A side note: the current experimental findings are
discussed in the following section 6.6.1 on the basis of the New Imprint Model. The
identification jiren=jr. fails when entering the ferroelectric to paraelectric transition
temperature range as it is done in the 4th heating process, where the sample is heated
to 119.5°C > T¢. Jirrer is in the 4th heating process above a certain temperature,
which is determined in section 6.7.1, a composition of j,,; and (among others, see
section 6.5 for details) the current density associated to the irreversible decay of the
ferroelectric polarization. Irreversible in the sense that the ferroelectric polarization
is not recovered in the end of the temperature loop. Thus, by approaching T > T¢
in the 4th loop, the ferroelectric polarization decays completely and irreversibly and

23 Al does form a 4nm thick Al,O3 layer at ambient temperatures [98].

24The data in FIG. 6.8 d) is taken from the 4th heating process. Since p pyro,3 depends on the temper-
ature (see FIG. 6.11 and section 2.3.11) the temperature range was chosen narrow.

2The minus sign expresses that the system is in the negative remanent polarization state. In P(VDF-
TrFE) the pyroelectric coefficient p, 3 is negative (see FIG. 6.11 and section 2.3.11).
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30°Cto72°C

consequently j while cooling is very low. j while cooling from above T¢ is discussed

in section 6.5.
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6.6.1 New Imprinting Model while thermal cycling far below T

The temperatures discussed here are below the onset temperature of the ferroelectric
to paraelectric phase transition. The behavior of j while thermal cycling in the tem-
perature range between 30 °C to 72 °C shown in FIG. 6.8 a)-c) can be explained using
the New Imprint Model. Lets assume that there are only two current contributions:

e The imprint related current density j,;: The rd dipoles reorient only once.
Then they remain in this (imprinted) position. Some rd reorient during t,
at constant temperature (FIG. 6.9 a) -> b)). Others reorient in the first heating
run (FIG. 6.9 b) -> ¢)). All rd with a relaxation time at 72 °C shorter than a
few seconds, complete the reorientation process in the first heating run. Note,
the relaxation time of rd decreases with increasing temperature, for details see
section 6.9. During cooling and subsequent heating runs (FIG. 6.9 d) -> e))
only a few very slow rd reorientation processes proceed and consequently the
amplitude of j,; is low.

e The pyroelectric current density ju,: This current density is linearly depen-
dent on the heating rate (see equation (2.5)) and thus, flows while heating with
same amplitude but in opposite direction as while cooling. jy, is discussed in
more detail in section 6.7.
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FIGURE 6.9: Illustration based on the New Imprint Model (see also section 3.3) to explain

the behavior of j while thermal cycling at temperatures below the ferroelectric to paraelec-

tric phase transition with the New Imprint Model. Corresponding experimental data is pre-
sented in FIG. 6.8.



6.7. Poling and subsequent cooling: Imprinting and pyroelectricity in the range

—25°C to 80°C 71

6.7 Poling and subsequent cooling: Imprinting and pyroelec-
tricity in the range —25 °C to 80 °C

Sample parameters and measurement preconditions: The co-polymer film is prepared with
Tanneat = 120°C and is 660nm thick. The sample is initially de-aged above T¢, poled to
— Prery with a pulse of 10s duration and amplitude of 75MV m~! and then left in short cir-
cuit condition for ¢, = 1180 's at the poling temperature of 10 °C.

The aim is here to extend the investigation from section 6.6: On the one hand the
temperature stability of Py, 26 is investigated, thus determining the onset tempera-
ture of the ferroelectric to paraelectric phase transition, which is known to proceed
over a broad temperature range (see section 6.5). On the other hand the behavior of
Jirrew >/ while heating and cooling is studied.

In FIG. 6.10 a), b) and c) j is measured in cooling heating cycles, whereas the max-
imum temperature is subsequently increased (40 °C, 71°C and 119 °C). The mini-
mum temperature is always —30°C. A cooling/heating rate of 1°Cmin ! is used.
The strong current response in the beginning of cooling processes is of pyroelectric
nature and is a consequence of excessive cooling when the cooling system steps in.
This excessive cooling stops the flow of ji.., immediately. While cooling and sub-
sequent heating only j,,,, flows in the short circuit provided that the temperature
is sufficiently below the maximum temperature approached in a previous cooling-
heating cycle. While heating j;;.., increases by approaching this maximum temper-
ature and its amplitude is high when exceeding this temperature. This behavior of
Jirrev can be understood on the basis of the New Imprint Model while thermal cycling
as presented in section 6.6.1.

For the curve “new start 1. heating” in FIG. 6.10 d) the measurement is started
anew under the same preconditions. The sample is this time directly heated up. As
can be seen the “new start: 1. heating” curve overlaps piecewise with “2.heating”-,
“4 heating”- and “6.heating”- curves. Thus, the process which generates j;,., pauses
as long as the temperature is sufficiently below the maximum temperature approached
in a previous cooling heating cycle.

The measurement is started again anew under the same preconditions. The sam-
ple is then heated to 75 °C and then cooled to 40 °C (not shown). The maximum tem-
perature increases thereupon in subsequent heating-cooling-cycles (76.4 °C, 78 °C,
79.8°C, 80°C, 82°C and 84 °C) in order to advance in small temperature steps to-
wards and into the ferroelectric to paraelectric phase transition temperature range.
The resulting short current densities are depicted in FIG. 6.10 e) along with two
measurements which have already been depicted in FIG. 6.10 d). The temperatures
at which j is zero (or very close to zero) mark the start temperatures of the heating
processes (FIG. 6.10 e)). The linear increase of j,,,, in FIG. 6.10 e) can be seen ex-
tended to temperatures as high as around 73 °C. The red dashed line in FIG. 6.10
f) is a linear extrapolation (T >73°C) of j,yr. Subtracting the red dashed line from
the curve labeled “new start 1. heating” yields j;;.,, which is depicted in FIG. 6.10
g). Integration of ji,., respective to time yields Pjep - Pgm depicted in FIG. 6.10 h),
which will be discussed in detail in the following sections (section 6.8 ff).

26Recollect the relation between Ppyro3 and the ferroelectric polarization described in section 2.3.11.
27n section 6.8 it will be shown that Jirreo = Jrel, at least in the temperature range 30 °C to 67 °C
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6.7.1 The pyroelectric coefficient and pyroelectric aging

The experimental pyroelectric coefficient p,;.3(T) depicted in FIG. 6.11 is calcu-
lated from j in FIG. 6.10, where j can be identified as j,,, as discussed in section 6.7.
Ppyro3(T) is given by multiplication of j,,,, with the heating rate (see equation 2.5).
Ppyro3(T) depends on the thermal history, as can be seen in FIG. 6.11. This is known
in literature as pyroelectric aging [11, 20]. In the following it will be shown that im-
print doesn’t really impact on pyroelectric aging. It’s rather presumed that pyroelec-
tric aging is a consequence of the irreversible decay of the ferroelectric polarization
when entering the ferroelectric to paraelectric phase transition temperature range.
In FIG. 6.11, ppyms(T) has declined after heating to 82.7 °C by around 5% (compar-
ing values before and after at 50 °C). Such a decay in ppy,3(T) is not observed in
heating loops with cooler maximum temperatures, like when heating to 71 °C.
Equation (2.13) relates ppyro,3 and Prey, in a proportional manner. Referring to equa-
tion (5.17), the two major constituents to P, are the imprint polarization P,,; and
the ferroelectric polarization Py,. Thus, the change in pyy, related to pyroelectric
aging is due to an increase in P, and/or a (irreversible) decrease in Py, 2. Pireo(T)
in FIG. 6.10 h) can be interpreted as the decay in P, when heating to a certain
temperature T. Below the onset temperature of the ferroelectric to paraelectric phase
transition (= 80 °C, for details see section 2.3.8.2), the decay in Py, is most proba-
bly completely (see section 6.8) due to the building-up of P,,;, which increases by
Piyren(71°C) — Piyrep(40°C) = 0.4 pA scm 2 when heating from 40 °C to 71°C %°. Re-
considering that Py, equals around 6 pA scm ™2, a decrease by 0.4 pA scm 2 means
a decay in Py by 6.6%, which should equally be observed in ppy,. However, the
decay in ppy is only around 1%, which is in the limit of noise. Consequently, P,
doesn’t impact on pyroelectric aging. In contrast, heating to temperatures exceeding
the onset temperature of the ferroelectric to paraelectric phase transition, results ap-
parently in pyroelectric aging, as can be seen in the decay in pp,,, when heating to
82.7 °Cin FIG. 6.11. Thus, it can be concluded that pyroelectric aging is due to the ir-
reversible decay of Py, that occurs in the ferroelectric to paraelectric phase transition
temperature range.

2The decrease of Py, is two fold. The reversible part, that recovers in the end of a temperature loop,
causes the pyroelectric current (see section 2.2). The other part doesn’t recover in the end of a tem-
perature loop. It is believed that this irreversible part displays a loss in alignment of the ferroelectric
dipoles which occurs within the ferroelectric to paraelectric transition temperature range (see sections
6.2.3 to 6.5). (The dipole alignment can be reestablished by poling.)

2IThe short circuit current density while cooling equals approximately jpyro. Thus, the increase in
P,,; happens for the most part while heating in a temperature loop such as from 40 °C to 71 °C and
back to 40 °C. While cooling P,,; remains almost constant (for details see section 6.7)
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FIGURE 6.11: Pyroelectric coefficient (determined from FIG. 6.10).

6.8 Imprinting current (j,;) while heating after imprinting at
30°C

Sample parameters and measurement preconditions: The co-polymer film is prepared with
Tonnear = 135°C and is 480 nm thick. The sample is initially de-aged above T¢ and then
poled by traversing the polarization hysteresis three times with a frequency of 10Hz and a
maximum amplitude of the applied field of 94MV m~!. The sample is after poling in the
negative remanent polarization state.

Directly after poling the sample is short circuited for various time periods t;, and
then heated up with a rate of 3°Cmin~!. The temperature at poling and waiting
is 30 °C. FIG. 6.12 illustrates the temperature as a function of time, in the course of
the j measurement. FIG. 6.12 a) shows the time periods of deaging, poling, waiting
and heating up with the start of the j measurement. FIG. 6.12 b) shows the complete
temperature cycle (heating and cooling).

FIG. 6.13 a) depicts the short circuit current densities ] measured during the com-
plete temperature cycle. Integration of the short circuit current densities respective
to time throughout the whole heating run yields around 5.8 uA s cm 2, which equals
approximately the remanent polarization Py, =6.251A s cm ™2 determined from the
hysteresis of initial poling. The cooling curves do not markedly differ for different
tw and correspond approximately to those presented in FIG. 6.4 a). FIG. 6.13 b) and
¢) depict the short circuit current densities while heating for a limited temperature
range as a function of temperature and time, respectively. The j - curves in FIG.
6.13 b) and c) will in the following be addressed as jjeting curves. The dashed line
in FIG. 6.13 b) denoted as j,, is an estimation for the pyroelectric current density
assuming a constant heating rate of 3°Cmin~! 3. In the temperature range 30 °C to
36 °C, which is in the beginning of the heating processes, the heating rate isn’t stable
(region with gray background in FIG. 6.13 b)).

30The data for the pyroelectric current density is calculated from the dashed line in FIG. 6.10 f) via
multiplication by three to suit the present heating rate.
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FIGURE 6.12: Schema of the experiment. Temperature T versus time ¢. a) Start of the mea-
surement with details. b) Complete temperature cycle.

Assigning jiyren tO jrer in the temperature range 30 °C to 67 °C: In FIG. 6.13 b) and
)it can be seen, that the longer the initial waiting time t,, the less current flows in
the beginning of the heating process. This behavior was also observed by another
research group investigating imprinting [60, 61]. Their measurements were however
polluted by the bg current 3!. The dashed line in FIG. 6.13 b) shows the pyroelec-
tric contribution to jpeasing. The other contribution to juesring Named jiyre, in sections
6.6 and 6.7 will be now identified as the imprinting current density j,.; in the tem-
perature range 30 °C to 67 °C 2, as will be reasoned in the following on the basis
of the New Imprint Model 3. j,,; at constant temperature is discussed in section
5.9.1. While heating from 30 °C towards higher temperature the rd relaxation times
shorten continuously 3. The temperature at which Jheating lifts clearly off the jpyr,
base line is indicative for a shortening of the relaxation time, which had been t,, at
30°C, to the minutes or seconds range. In FIG. 6.13 b) and c) it can be observed
that, with increasing temperature and depending on fy one jpeuing curve after an-
other merges into a single curve. Eventually at 67 °C this single curve includes all
curves. It is thereof concluded (with respect to the New Imprint Model), that above
67 °C and for each case depicted in FIG. 6.13 b), differing in t,, the same amount
of rd reorientation processes proceed, the same amount of rd have already aligned
with the stray fields of Pf,_crs; and the same Py, and Ejyy,print are present. To check
if really the same imprint is present at a temperature of 67 °C (and above), the same
experiment is conducted again (with similar t,, values), but this time the heating
processes are stopped at 67 °C, the sample is cooled back to 30 °C (imprinting stops
while cooling and imprint is frozen in, for details see section 6.7) and the imprint
state is determined: A ferroelectric polarization hysteresis loop is subsequently tra-
versed three times (see FIG. 6.13 f)). The values of E, that is passed first > are quasi
identical for different initial ¢, (see FIG. 6.13 e)). Thus, indeed the same E;pyiy; is
present before the hysteresis is traversed. Thus, imprinting which takes days 3¢ at
30 °C, takes seconds or minutes at a temperature of 67 °C.

Integration of jjeuing respective to time in the limits of the two dashed vertical lines
(at 250 s and 910s) in FIG. 6.13 ¢), yield the values of Pyeying at 67 °C depicted in FIG.
6.13 d). The data points in FIG. 6.13 d) differ by the amount of P,,; built-up during t,,
at constant temperature. The linear relationship between P,,; and t,, can be seen in

31The bg (background) current is discussed in section 6.2.1.

32Within this temperature range no significant pyroelectric aging is detected (see section 6.7.1) and
thus the ferroelectric polarization (Pf,) recovers in the end of a temperature loop.

3 Details on the New Imprint Model are presented in section 3.3.

34for details see section 6.9.3

%The E, that is passed first reflects the imprint state as discussed in section 5.1.

364, =430 620 s equal approximately 5 days
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FIG. 6.13 d) ¥ as well as in section 5.9 where P, (t;) is investigated at constant tem-
perature. The slope —AP’ in FIG. 6.13 d) equals —62nA scm ™ the equivalent value
presented in section 5.9 equals only 80% of the value AP’. To the present moment
the best explanation for the 20% error is the error made when assuming « equals 1.

In summary there are three key observations which substantiate that j;..., equals
Jrel in the temperature range 30 °C to 67 °C:

1. The longer the waiting time, the smaller the amplitude of ji,.,. We presume
that jiyrep = 0 for tyy — 00: The jieating curve in FIG. 6.13 b) is reduced to the jjyro
base line when waiting long enough.

2. jirrep is related to imprinting effects (E.=const. in FIG. 6.13 e)).

3. AP = AP’ : The current which flows during t;, is missing in Jheating-

= |jirew = jrr (atleast for: 30°C < T< 67°C) | (6.3)

In summary the short circuit current density while heating (jieating) in the tem-
perature range 30 °C to 67 °C is composed of j,;; and jpy0, which are associated to
imprinting and pyroelectricity, respectively. Besides, it was also shown in this sec-
tion that imprinting speeds up vigorously with increasing temperature, which is
further investigated in section 6.9. It is believed that jjeing is basically the sum of j,
and jpy also at cooler temperatures as 30 °C, since there is no evidence of anything
obviously contradicting that. Note, the data presented in section 6.7 had already
been discussed on the basis of these conclusions.

37The first point in FIG. 6.13 at t;, = 2405, doesn’t strictly lie on the straight line, which is probably
a consequence of an inaccuracy in ty, caused by the non constant heating rate in the beginning of the
heating processes.
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FIGURE 6.13: a) - ¢) Short circuit current densities measured in heating-cooling cycles. Before
the cycles it is waited various time periods (t,). d) Respective to time integrated current
densities while heating in the limits: time at the start of the heating process, time when
reaching 67 °C. e) Coercive field E. measured at 30 °C after heating to 67 °C. Ferroelectric
polarization hysteresis loops measured at 30 °C after heating to 67 °C - E. values in e) are
gained from these loops.
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6.8.1 Detailed comparison with section 5.9

In FIG. 6.14 the remanent polarization Py, (t,) from section 5.9 is plotted against
Phreating(tw) from the previous section 6.8 at specific times ty. Prem(tw) decays dur-
ing t,, due to the build up of P, (t,), which is accompanied by the flow of j ().
The aim is here to show that, P, (ty) is that part of polarization that is missing in
Pheating(tw) by waiting a time period t, at constant temperature of 30 °C before heat-
ing up.

FIG. 6.14 can be understood as follows. If the points lay on a 45° straight, then
the polarizations on the x and y axis changed by the same amount by waiting a time
period t,,. FIG. 6.14 b) shows the values of FIG. 6.14 a) with respect to the reference
value found at t;, =240s. Since the points, in both graphs, lay approximately on
the 45° straight it can be concluded, that Pjuting is reduced by P, (ty) when wait-
ing t,, before heating up. In principle that match-up was already demonstrated in
the previous section by pointing out that AP ~ AP’. In the next section it will be
shown that j,,; ~ ;! is not only found at 30 °C but also at other temperatures. That
can be exploited to calculate jjting and finally to determine the factual temperature
dependence of imprinting related dipole relaxation.
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FIGURE 6.14: Comparing the polarization Py, (t) with the polariza-

tion Pheating(tw)- Both polarizations change by t;, due to the build up

of P,y (ty). The 45° straight symbolizes equality in change of Prey ()
and Prem (t) by waiting a time period t,.
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6.9 Calculation of the current associated to imprinting (j,.;)
while heating

The aim in this section is to calculate jjesing. The model experimental result is pre-
sented in FIG. 6.13 b). As reasoned in section 6.8, jieuing €xhibits two contributions.
These are the imprinting current density j,,; and the pyroelectric current density
Jpyro- The latter is estimated from the experimental pyroelectric coefficient. The cal-
culation of the j, is described in the following.

6.9.1 Simplifications in g(W) when calculating j,;

The imprinting current density j,; is calculated based on relaxation kinetics. Based
on the experimental observation that j,.; follows experimentally approximately the
law j,; = A -t,% with « ~ 1, at any constant temperature in the range —20°C to
70°C, see FIG. 6.15 a) 3, a distribution density ¢(W) of energy barriers W as de-
picted in FIG. 6.15 b) is assumed. In section 3.4 it is shown that a distribution of
energy barriers such as g(W, T) = g yields current densities j,,; ~ t; across a lim-
ited temperature and time range . These temperature and time limits are known to
be wide (see section 5.8) but their value is yet unknown. Thus, the limits W; and
W,, are chosen so wide, that a further increase in W,, or a decrease in W; wouldn’t
noticeable change the result. In other words, there are ongoing relaxation processes
for all temperatures and times investigated and the calculated j,,; is at constant tem-
perature proportional to t;,'. In the numerical calculation, neighboring values W;
and Wiy differ by AW =0.01eV. A further decrease in AW does not result in any
noticeable difference in the calculated j,;.
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FIGURE 6.15: a) Current density (jgepo) at various constant tempera-
tures. b) Energy barrier distribution function g(W) used in the calcu-
lation of j,. 3

3BFor times exceeding the pulse duration of 10, it can be assumed that Jdepor and the time in FIG. 6.15
equal j,,; and t,, respectively, for details see section 5.13.

% Jdepo! is measured after application of a ferroelectric switching pulse of 10 s duration and amplitude
of 103MVm~1.
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6.9.2 Calculation of j,;

The starting point for the calculation of j,,; are Debye-like relaxation processes. An

individual polarization process p; relaxes with an individual relaxation time 7;. The

p; are solutions of the differential equation °:

(1) 20 1 i) = o (64

For the used heating ramp, the temperature T () changes linear in time. pg equals
the polarization in the limit of infinite time. pg is assumed to be a constant in the
considered temperature range *!. The sum of all p; at any moment in time equals
the calculated relaxational polarization P,,;. Differentiation of P, respective to time
yields the calculated j,,.

Scaling the calculated j,.,; and P,,;: At constant temperature, the calculated j,.; curves

follow the law j,,; = A(T) - t;,! atall considered times and temperatures. Experimen-
tally that is approximately found also (see FIG. 6.15). The experimental value of A
at 30 °C and t,, =100s (see FIG. 6.16) is taken as input for the calculation of j,,, 42,
Numerical calculation method: The relaxation times 7; are dependent on the temper-
ature (see sections 6.9.3 and 6.9.4) and the temperature is dependent on time (due to
the heating ramp). Besides, the heating process starts after waiting for a duration
of t,, at constant temperature. Consequently, the individual polarizations p; don’t
equal zero in the beginning of the heating process. To this end equation (6.4) is
solved numerically, with the aid of a 4th order Runge Kutta algorithm.
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FIGURE 6.16: A(T) determined from jg, 0, shown in FIG. 6.15, via
A(T) = jdepol(Tr tW) 2

40Equa’cion (6.4) corresponds to equation (3.8), whereas T1;, p; and py and are discrete in contrast to
1
v APy and dPyy .

41 A more elaborate calculation would consider that pg is dependent on temperature.

42 A, AP (see section 5.9) and AP’ (see section 6.8) are related. Using equation (5.14) and j,,; = A - t3
yields for log(tw /tg) = 1 (waiting for one decade):

AP' = AP = A -log (i—w) - (log(e)) ' = 745nAscm 2 (6.5)
0
=1

where A(t, =100s, T = 30°C) = 3.23 nAscm™2 and e is the Euler’s number. AP’ is also seen in FIG.
6.17 ).
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6.9.3 Results using the compensation law

A good match between calculated and experimental jjting curves in the tempera-
ture range 30 °C to 80 °C is found if 7;(T) obeys the compensation law, presented in
equation (6.6).

T(T) = T.exp [Z\: (71, — ]}(,:)} (6.6)

7. and T/ are a time constant and the Compensation Temperature 3, respectively

[112]. Both, 7. and T/ are used as fitting parameter. FIG. 6.17 a) depicts j,, calcu-
lated for the best fitting parameters 7. =3 x 10~*s and T =381 K~ 108°C. The
pyroelectric current density jpyr, is determined from the straight dashed line shown
in FIG. 6.10 f) via multiplication of a factor in order to adjust to the present heating
rate. jpyr is depicted in FIG. 6.17 b). The sum of the calculated j,,; and jpys, is de-
picted in FIG. 6.17 c) along with the experimental jjtinq curves taken from FIG. 6.13
b). The calculated curves fit well to the experimental curves up to temperatures as
high as 90 °C (see inset in FIG. 6.17 c)). FIG. 6.17 d) depicts the calculated relaxational
polarization that builds up while heating as function of the temperature relative to
the value of P, at t,=240s and 30 °C. As has experimentally already been deduced
in section 6.8, at temperatures exceeding 67 °C the same P,,; is present for different
values of t;, < 430620s. The linear dependence of Pjqing on log(ty) originates from
the fact that P,,; exhibits a log(t,,) dependence at constant temperature. In conclu-
sion, calculated and experimental jjeqring match quite well and the experimentally
determined characteristics of imprinting while heating presented and discussed in
section 6.8 could also be reproduced by the calculation. Note, only for temperatures
in the range 30 °C to 71 °C (see section 6.7.1) it has been shown that pyroelectricity
and imprinting are the only contributors to jyeafing-

#3The definition of the Curie Temperature T in the compensation law doesn’t coincide with the
definition of the Curie Temperature T¢ given in section 2.1
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FIGURE 6.17: Calculation results using for 7; the compensation law.

a) Calculated j,,; while heating. b) Pyroelectric current density. c)

Comparison of experimental and calculated short circuit current den-

sity while heating. d) Built-up P,,; respective to the value at t;, =240s.

e) Integral of calculated jjeqring respective to time, in the limits time at
the start of the heating process and time at 67 °C.
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6.9.4 Results using the Vogel-Tammann-Fulcher (VTF) law and Arrhe-
nius law

Again equation (6.4) is solved, but in contrast to section 6.9.3 7; follows here either
the Arrhenius law (equation (6.7)) or the VTF law (equation (6.8)).

W;
Ti = T0,Arrh * €XP [ kBT] (6.7)

W‘
T = ToyTE - €Xp | —e 6.8
0,VTF P [kB(T — TVTF)] (6.8)

Here, 1) arm, To,vrr and Tyrr are constants, which are used as fitting parameters.
Best fit parameters are determined as such that the calculated j,,; curves lift off from
the zero line at that temperature at which the experimental jjing curves (see FIG.
6.13 b)) lift off from the pyroelectric current density base line. FIG. 6.18 a) and b)
depict calculated j,.; curves for best fitting parameters, whereas for 1y 4,44 a parame-
ter study is presented in a). Best fit parameters are 7y yrr =1 X 10719, Tyrr =215K
#and 19 arn =1 x 107%'s 5. The j,, curves for Arrhenius- and VTF law are very
similar (see FIG. 6.18 b)), which is surprising because their individual polarization
processes p;(t) differ (not shown). FIG. 6.18 ¢) and d) compares experimental and
calculated jpeqting curves. Calculated P,.i(T) curves are depicted in FIG. 6.18 e) and
f). Again all curves of P, (T) collapse above 67 °C to a single curve (see also section
6.9.3). Integration of the calculated jjeqsing respective to time in the limits time in the
beginning of the heating process and time at 67 °C yields Pjing presented in FIG.
6.18 g) and h)). The experimentally observed linear dependence of Pjeuing On the
logarithm of t,, is observed, as it is also observed when using for 7; the compensa-
tion law.

In summary, it is unquestionable that the calculated jjqting curves presented in sec-
tion 6.9.3 fit better to the experimental jjting curves than those presented in this
section in the temperature range 30 °C to 71°C. Still, the calculated jpesing curves
presented here feature some to imprinting associated characteristics which were dis-
cussed in section 6.8. It is concluded that one could probably compose the calculated
Jheating curves of contributions which originate from relaxation processes governed
by the Arrhenius-, VTF- and compensation law to achieve a good fit to the experi-
mental jjeqring curves at temperatures below 50 °C. In the next section, the matter is
further elucidated by investigating short circuit current densities over a wider tem-
perature range.

#Note, similar values for these fitting parameteres are repoted in literature [5].
A value of 9 =1 x 107! s has no physical sense, but similar values for 7y are observed also in
other polymers [89, 114].
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FIGURE 6.18: Calculation results using for 7; Arrhenius- and VTF law.

a) and b) Comparison of j,,; calculated by using compensation-, VTF-

, and Arrhenius law. c¢) and d) Comparison of the experimental (see

also FIG.6.17 c) and FIG.6.13 b)) and calculated (with best fitting pa-

rameters) jueqting curves. e) and f) Calculated built-up Py,;. €) and f)

Respective to time integrated jpesing in the limits: time at the begin-
ning of the heating run and time when reaching 67 °C.
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6.9.5 j,; while heating, for different start temperatures

Sample parameters and measurement (pre-)conditions: The co-polymer film is prepared with
Tanneal = 120 °C and is 660 nm thick. The sample is initially de-aged above T and then poled
with a pulse of 10s duration and amplitude of 75 MV m™~! at various temperatures between
—10°C to 60 °C. After poling the sample is short circuited for a duration ¢, = 1180's at the
poling temperature. Thereafter the sample is heated with a rate of 3°C min~! and the short
circuit current density jpeqing is measured.

FIG. 6.20 a) depicts the experimental jje4ing curves. In section 6.8 it is shown, that the
calculated jeqting matches well to experimental jieqsing in the temperature range 30 °C
to 71°C. The aim is here to calculate jjeq1g additionally to cooler temperatures. For
the calculation it is assumed that jyeting is composed solely of j,yr and jy also in
the broader temperature range —20 °C to 80 °C, as indicated by the results presented
section 6.7.

Details on the calculation of jieaing: jpyro is calculated from the polynomial fit to the

pyroelectric coefficient given in FIG. 6.11 multiplied with the present heating rate.
Jrel is calculated as explained in section 6.9.3 and 6.9.4 using best fit parameters
stated therein. Here, the experimental heating rate is used. and the input AP’ equals
64nAscm 2.

Discussion: The calculated jjeqring curves fit to the experimental jjeq1ing curves in the
high temperature regime presented in FIG. 6.20 b), if 7; follows the compensation
law. Starting the experiment at lower temperatures and using the same calculation
method, no good fit can be achieved as presented in FIG. 6.20 c). Changing the cal-
culation method so that 7; follows an Arrhenius - or a VTF temperature dependence
than a good fit between calculated jyeuting and experimental jpeqing is found at low
temperatures (see FIG. 6.20 d) and FIG. 6.20 e)), but no good fit can be achieved at
high temperatures.

Conclusion: From the results of the calculation presented here, in section 6.9.3 and
6.9.4 it can be concluded that imprinting related polarization relaxation processes
follow a VFT- (or an Arrhenius-) behavior at low temperatures, a compensation tem-
perature dependence at high temperatures and at intermediate temperatures both
laws can be applied.

A final note: In FIG. 6.20 a) in can be seen that jj.tig tends to be the more decreased
at high temperatures the cooler the start temperature. The reason therefore is not
well investigated but it is assumed that it is a consequence of the initial poling pro-
cess, which is performed at different temperatures. Poling at a temperature as cool
as —20°C results in lower ferroelectricity than poling at a temperature as high as
60 °C for a constant maximum amplitude of the applied poling field [70]. Conse-
quently, the calculated jjeqting curves using the compensation law do not fit to the
experimental curves in the high temperature region in FIG. 6.20 d) and FIG. 6.20 e).
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6.10 Reviewing the temperature (in-)dependence of E.(¢,,)

FIG. 6.20 depicts the change in coercive fields at different temperatures. FIG. 6.20 a)
shows experimental values and FIG. 6.20 b) shows values calculated with a Weiss
Model approach (see section 5.12). Note, according to equation (5.17) and the dis-
cussion in section 5.12, the following proportionalities apply at constant tempera-
ture: Wipprint ~ Eimprint ~ Pret ~ log(tw/to). From FIG. 6.20 a) it could be falsely
concluded, that imprinting is independent of temperature. In fact, in section 6.8
it was experimentally shown that and j,,; depends on the temperature. Further-
more, in section 3.4 it was shown that j,.(ty)|7 ~ T, for relaxation times that fol-
low a temperature dependence described by Arrhenius law. Similarly, relaxation
times that follow the VFT- and compensation law result in j,o(ty)|7 ~ (T — TyTE)

and o (tw)|T ~ (%), respectively. This dilemma can be resolved by reconsid-

ering that the measurement of the experimental E. impacts on the imprint state.
The external field applied while E. determination induces dipole reorientation (see
de-aging, in section 5.2). Thus, it seems that imprinting and de-aging exhibit a
similar temperature dependence. At cool temperatures like T< 0°C and —20°C
the slope d(E.(ty) — E;(20s)/dt, decreases with decreasing temperature. This in-
dicates a change in physics of imprinting, which is probably related to the glass-
transitions (see section 2.3.11). The increase of A-values in FIG. 6.16 towards cooler
temperatures, indicates also that something new is about to happen across the glass-
transitions. In a future investigation, next to j,.j, €(f,) could be measured at different
temperatures to study the temperature dependent imprint rate. Both measurements,
that of &(t,)) and that of jeper (tw), do not de-age the sample while measuring.
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FIGURE 6.20: Comparison of experimental and computed normal-
ized E.. a) Experiment, the values of E.(t,) are taken from FIG. 5.9.
b) Computed by the Weiss model.
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6.11 Reviewing the location of imprint related polarization
processes

The following discussions in this chapter are of speculative nature and shell be seen
mainly as a stimulus for future investigations. The results of the calculation de-
scribed in section 6.9 indicate that the relaxation times 7; of imprinting related po-
larization processes follow in the high temperature regime (30 °C to 71 °C, or even
30 °C to 90 °C) the compensation law and in the low temperature regime (—10°C to
50 °C) the VFT-law (or the Arrhenius law).

The compensation law in detail: The compensation law exhibits an upper tempera-
ture limit, the Compensation Temperature, (T() for its validity. This upper temper-
ature limit coincides approximately with the phase transition temperature, which
is here the Curie Temperature (see section 6.9.3 and [89, 112]). The compensation
law is also applicable in the vicinity of other thermodynamical transitions, like the
glass transition, where the critical compensation temperature is close to the glass
transition temperature [111]. Attempts have been made to theoretically justify the
compensation law [39, 55, 78, 89, 90, 97]: The deviation of the compensation law is
either based on some kind of internal rearrangements in the system renewing the
environment, the change in entropy that is neglected in the Arrhenius law and/or
the existence of a multi-step relaxation or reaction process. The compensation tem-
perature can be assigned to the point where a cooperative transition, takes place. On
the other hand some authors pointed out that compensation of relaxation data has
almost no physical meaning [78].

Lets just speculate: Based on the observations that,

o the validity of compensation law [109] and the increased linear thermal expan-
sion (increase of the interplanar distance) of the DFE phase (see section 2.3.8.2)
are restricted to about the same temperature regime of approximately 50 °C to
100°C

e both, the compensation law and the DFE phase exhibit as critical temperature
the Curie Temperature

it can be speculated that the relaxation processes which follow the temperature de-
pendence described by the compensation law are also located in the DFE phase.

Location of the imprint mechanism: At cool temperatures (T < 30 °C) imprinting
is connected to dipole relaxation processes in the amorphous phase. The tempera-
ture dependence of these processes follow the VTF law (or the Arrhenius-law). At
high temperatures (T > 50 °C) imprinting is connected to dipole relaxation processes
in the amorphous phase and the DFE phase, that follow the temperature dependence
described by the compensation law. In the temperature range 30 °C to 50 °C both
laws can be applied (see section 6.9.5) indicating a transition from pure amorphous
rd relaxations to rd relaxations that take place in both amorphous phase and the DFE
phase.

In future investigations further evidence regarding the location of the imprint
mechanism could be collected by conducting the experiment from section 6.8 at
various temperatures in the range 20°C to 80°C. Indeed, further studies on the
irreversible current density (jiep “°) over a broader temperature range would be

46 Jirrev is discussed in the sections 6.6 - 6.8.
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interesting, in order to study pyroelectric ageing and the impact of the glass transi-
tions that take place at low temperatures (see section 2.3.11). It was shown in ther-
mal stimulated discharge measurements that increased depolarization currents are
recorded across the glass transitions [112]. Furthermore, it would be interesting to
conduct imprint measurements in dependence of variously consecutively annealed
samples [3, 49, 54]. By consecutive annealing the DFE phase is altered [3] as dis-
cussed in more detail in section 6.11.2.

6.11.1 Further Discussions: The a.- relaxation

In section 2.3.11.2 a literature review on the a. relaxation is given, including its char-
acteristic features. The a, relaxation manifests in P(VDF-TrFE) in pyroelectric mea-
surements as irreversible current contribution, which depends on the storage time
[40, 82]. In two subsequently conducted pyroelectric measurements, a certain part
doesn’t contribute in the second run [112]. Since in such studies commonly non-
deaged samples are used, these pattern seem random. In this work however, the
short circuit current density while heating was found to be composed only of Jpyro
and j,. at least in the temperature range 30°C to 71°C. Whereas the imprinting
current density j,.;, depends on the time (t,) elapsed since poling, starting from a
de-aged sample. There are some striking parallels in the behavior of the a. relax-
ation and the imprinting current density j,,;. Both, a. relaxation and j,,; appear in
pyroelectric measurements and for both a logarithmic dependence on the storage
time (waiting time £,,) is observed.

The «, relaxation appears also in other polycrystalline but non-ferroelectric ma-
terials, whereas imprinting is restricted to the existence of a ferroelectric phase. The
logarithmic time dependence of the a. relaxation might be a consequence of the
broad distribution of relaxation times and its manifestation at different temperatures
an expression of a meta-stable (DFE-like) phase nature.

6.11.2 Further Discussions: The effect of consecutive annealing

The co-polymer exhibits two ferroelectric phases, the defect ferroelectric phase (DFE)
and the ferroelectric (FE) phase which transform at the Curie transition both to the
paraelectric (PE) phase (see section 2.3.8.2). The Curie Temperature can be altered
by a process denoted as consecutive annealing [3, 49, 54]. Consecutive annealing
consists in waiting at temperatures close to the Curie transition, before starting a
heating run from room temperature. After consecutive annealing two peaks appear
in the Curie endotherm [3, 49, 54], whereas the peak at lower temperature can be
assigned to the DFE to PE phase transition and the peak at the higher temperature
to the FE to PE phase transition [3]. In both transitions a structural transformation
from an orthorhombic to hexagonal crystal symmetry takes place [3]. The reason
for the lower transition temperature of DFE to PE phase is the existence of a rea-
sonable amount of defects in the crystal structure of the DFE phase [3], whereas the
FE phase becomes more stable. That is confirmed by Kim et al. [49] who observed
that the ferroelectric phase having the higher Curie transition point exhibits more
trans sequences and less gauche defects, closer packing order, shorter intermolecu-
lar spacing, larger thickness of the crystallites along the chain axis and an increased
transition enthalpy.

The New Imprint Model can provide an explanation for the increase of the FE to
PE phase transition temperature which occurs after consecutive annealing. In this
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context its worth mentioning that imprinting can explain a paraelectric to ferroelec-
tric phase transition temperature shift as presented in section 6.3. The imprinting
process speeds up with increasing temperature (see section 6.8) resulting in a high
imprint field by waiting at elevated temperatures. A high imprint field not only
stabilizes the ferroelectric polarization but can also induce healing of defects, since
Eimprint and Pre_¢yst point into the same direction. Lets assume that some dipoles
which generate Ejypin; are located in the DFE phase, as discussed in section 6.11.
These dipoles reorient in the course of imprinting in anti-parallel fashion to the ferro-
electric dipoles, acting effectively as defects ¥/. These defects reduce the temperature
stability of the phase. Consequently, while the FE phase becomes more temperature
stable the DFE becomes less temperature stable by consecutive annealing, which ef-
fectively results in the (temperature) separation of the FE to PE and DFE to PE phase
transition.

47The orientation of aligned rd is discussed in section 5.9
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Chapter 7

In situ infrared spectroscopy

In the course of this work an IR-transparent aluminum top electrode (see section
4.1.4.1) is designed which allows in-situ IR characterization while simultaneously
executing electrical measurements. This work was carried out in cooperation with
the institute of "Adhédsion und Interphasen in Polymeren" headed by Prof. Wulff
Possart from the University of Saarland. Christophe Nies was involved in all stages
of this work, including planning and design, sample preparation, conduction of ex-
periments, interpretation of results and preparing a publishable manuscript.

7.1 Introduction

Ultra-thin metal electrodes can provide an infrared (IR) transparent window to the
ferroelectric while simultaneously an electric field can be applied and polarization
measurements can be conducted. IR spectroscopy is sensitive to structural changes
in P(VDF-TrFE). Structural changes can be reorientation processes of molecular dipole
moments by application of an electric field [36, 42, 81, 94], phase transformations
from a crystalline phase to another [44, 108] or a change in crystallinity [48, 91,
94]. Such investigations have been conducted in transmission mode using ultra-
thin metal films as IR transparent frontside and backside electrodes and polymer
film thicknesses in the micrometer range. In contrast, reflection absorption fourier
transform infrared spectroscopy (RA-FTIR) with a high incidence angle features for
thin (< 1pm) co-polymer films an increased signal-to-noise ratio [44, 58]. To in-
vestigate poled films or the effect of field application, RA-FTIR is used in combina-
tion with corona poling [44]. However, corona poling doesn’t allow exact control
of the applied field [8] neither its possible to measure simultaneously currents nor
polarizations originating from the sample using such a measurement setup. In non-
volatile memory devices ultra-thin polymer films are packed in (MFM) capacitor
structures. Such samples are seriously effected by thin film effects [33], which slow
down the ferroelectric polarization switching process. This slowing down deterio-
rates the writing performance of such devices. A structural investigation of such
samples is pending. Additionally, imprinting is related to polarization processes
ought to be visible in dynamic IR spectroscopic measurements.

7.2 Infrared measurement setup

IR-detection: In FIG. 7.1 a) the sample is fixed on a sample holder and electrically
connected. FIG. 7.1 b) shows the sample and sample holder in the open IR spec-
trometer (Bruker IFS 66v/S IR spectrometer). During the IR measurement the sam-
ple chamber of the IR-spectrometer is purged with dry air (dew point = —55°C),
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absolute water concentration 13 ng (H>O) \g(air)), one the on hand to decrease the
spectroscopic absorption of water and on the other hand to preserve the samples
integrity (see section 4.1.4.1). In this work reflection absorption fourier transform
infrared spectroscopy (RA-FTIR) with incident angle of 80° and p-polarized IR irra-
diation is used. The IR beam illuminates an area of around 1.5cm? (ellipse: d; =
lem, dp =2cm). 500 IR scans are accumulated to one a IR spectrum, which takes
111.5s . The IR spectra are recorded with a resolution of 4cm~!. Electrical and IR
spectroscopic measurements are carried out in situ, in the sample chamber of the
IR-spectrometer at 23 °C.

FIGURE 7.1: IR-measurement setup: a) Sample holder and electrically
connected sample. b) Sample holder and electrically connected sam-
ple in the opened IR-spectrometer.

Electrical measurements during IR spectroscopy: The polarization measurements
are carried out by a home made Sawyer Tower system (see section 4.2.3). The volt-
age drop across the reference capacitor of 10 uF is below < 5% of the total voltage
applied. Thus, the voltage applied to the co-polymer film is > 95% of the stated total
voltage.

7.3 Results and Discussion

FIG. 7.2 depicts a poling process detected electrically via the sawyer tower method
in a) and via IR spectroscopy in b). The IR spectra are recorded at zero applied
tield. Poling affects specific bands in the IR spectrum. These bands are stated in FIG.
7.2 b). IR-spectra recorded in the poled states (+Py.;) and while application of an
electric field (+ 78 MV m™1!) are depicted in FIG. 7.3 a). FIG. 7.3 b) and c) shows IR-
spectra in the range of wavenumbers at which the IR spectra change the most. The
IR-spectra differ if an electric field is applied compared to if no field is applied, but
they are alike regarding the +Py.;; and — Py, states and regarding applying positive
78 MV m ™! and negative 78 MV m ™.
With this setup it might by possible in future investigations

e to investigate the role of interphases at the top and bottom electrode. There-
fore, it seems feasible to simultaneously determine the change in the ferroelec-
tric polarization switching properties with decreasing co-polymer film thick-
ness electrically and structurally.
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D [As/cm?]

to observe the structural changes taking place in the course of the imprinting
process at constant temperature, with simultaneous monitoring of (electrical)
imprinting effects. The effect of imprinting on j,.; () and e(t,) (see section
5.1) can be measured without disturbing the imprinting process.

to observe the structural changes taking place in the imprinting process as a
function of the temperature with simultaneous determination of the imprint-
ing current j,,; while heating. Here it might be of special interest to compare
IR spectra before with those after a heating process. As shown in section 6.8
heating speeds up the imprinting process rigorously.

heating the poled sample above the Curie Temperature, while measuring the
short circuit current. This might elucidate the reason why the short circuit
current while heating (see section 6.5) is so different if starting the heating
process in — Py, compared to a start in +Pyey,.
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FIGURE 7.2: Poling process of an “as cast” sample. a) Ferroelectric
polarization hysteresis. b) IR-spectra at zero applied field, at different
stages of poling.

Furthermore, this methode is not restricted to Al electrodes, since also other ma-
terials such as ultra-thin Au, Cr, Ni and Cu films, as well as In,O3 (for near IR) and

CNT

are IR transparent and simultaneously electrically conducting [28, 29, 37, 68,

116, 119]. Thus, the role of the interface and interphase adjacent to the electrodes
can also be investigated by using different electrode materials.
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Chapter 8

Summary and Outlook

This work presents an integral investigation of the imprint process in P(VDF-TrFE).
First, two procedures to delete imprint are investigated, denoted as "de-aging by
switching" and "de-aging above T¢", which consist in repeated ferroelectric polar-
ization switching and heating the sample above the Curie Temperature (T¢), respec-
tively. It is found that de-aging by switching is faster but less effective than de-aging
above Tc. Imprinting is always investigated after imprint has initially been deleted
by either one of the two just mentioned de-aging procedures. Following changes
in the material properties were found to be caused by imprinting, which are there-
fore called imprint effects: increase of the ferroelectric polarization switching time
T(tw), increase of coercive field E.(t, ), decay of the remanent polarization Py, (t)
and decay of the permittivity e(t,). All imprint effects are in one way or another
dependent on log(t,,), whereas the waiting time f,, denotes the duration waiting in
a poled state (e.g. a remanent polarization state).

Imprint models presented in literature are discussed in the light of (new) experi-
mental findings. Based on success and fail predictions of these models, a new im-
print model is designed, which can explain the following experimental findings: an
increased co-polymer crystallinity reduces the building up of imprint, the imprint
process is independent of the co-polymer film thickness, all imprint effects exhibit
in one way or another a log(t,) dependence and imprint evolves (with unvarying
log(t,) dependence of the imprint effects) over huge time span of at least 10 decades
in time (107*s < t;, < 10°s). The new imprint model is in its nature a feedback
model, where the ferroelectric polarization present in the crystallites Py, s and
the polarization in the amorphous phase P,,; act on each other via stray fields.

The new imprint model is now briefly outlined. The co-polymer material is as-
sumed to exhibit (edge-on) ferroelectric crystallites which are embedded in a non-
ferroelectric amorphous matrix. In this model, the polymer can be imagined as a
"Raisin Bread": the crystallites are scattered in the amorphous phase, like the raisins
in the bread. Pr, st generates a stray field which acts on the dipoles in the amor-
phous phase. The dipoles in the amorphous phase reorient in this stray field and
thereby P, is built-up. P, increases as a function of log(t, ), due to a distribution
of energy barriers for dipole reorientation. Now a feedback comes into play: The
aligned dipoles in the amorphous phase generate themselves stray fields, which sum
up to the imprint field Eimprint(tw) in the crystallites, thus at the location of Py, st
The vectors Ejyprins and Pg,_ ¢y point into the same direction. Thus, Ejypyin: stabi-
lizes the ferroelectric polarization state and e.g. a ferroelectric polarization switching
process is aggravated.

The impact of imprinting is calculated introducing Eimpm-nt(tw) as local field con-
tribution in a mean field model based on a Weiss field approach. Calculated and
experimental imprint effects follow the same functional time (¢,,) dependence, how-
ever the calculated absolute values of T, E;, Py, and e don’t match their experimental
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counterparts. Nonetheless, quantitative reflections based on relative changes under-
line the validity of the calculation and likewise the quality of the new imprint model.

With the eventual aim to investigate the temperature dependence of imprinting,
short circuit currents while heating and cooling with constant rate in the temperature
range —20 °C to 140 °C are recorded. Integration of these currents respective to time
yield polarization versus temperature hysteresis loops, which are presented using
un-poled (spontaneous polarization hysteresis) and poled samples. It is shown that
the spontaneous ferroelectric polarization is much smaller than the field induced re-
manent polarization. A change in the Curie transition temperature is observed when
varying the cooling rate or the strength of an externally applied field. These shifts
in the Curie transition temperature are discussed qualitatively in the view of the
New Imprint Model. Samples poled to positive and negative remanent polarization
state (£ Pyer) were found to exhibit short circuit currents which fundamentally differ
from each other in the temperature range of the ferroelectric to paraelectric phase
transition. It is speculated that an oxidized electrode layer at the samples bottom
side, interphases between electrode and polymer at top and bottom side, the release
of compensation charges and the decay of the polarization in the amorphous phase
play a role in causing this asymmetry.

At temperatures below the ferroelectric to paraelectric phase transition temperature
range the short circuit current density is found to be composed of the pyroelectric
current density (j,,r) and the imprinting current density (jy.;). The temperature de-
pendent pyroelectric coefficient, which is calculated from jpym, is found to be stable
under thermal cycling below 71 °C. Exceeding this temperature results in a decay
of the pyroelectric coefficient, which is known in literature as pyroelectric aging.
We gathered evidence that pyroelectric aging is connected to the decay of the ferro-
electric polarization when entering the ferroelectric to paraelectric phase transition
temperature range. Pyroelectric aging is on the other hand found to be independent
on imprint, which is surprising, since P,,; opposes Pf,.

The imprinting current while heating j,,; is calculated. This is done via summation
of Debye-like polarization processes which exhibit a broad distribution of relaxation
times. The distribution of relaxation times is based on an uniform energy barrier
distribution, which is reasoned by the experimentally observed log(t,,) dependence
of imprint effects. Good fits to the experimental curves are found if the tempera-
ture dependence of relaxation times is governed by the Vogel-Tammann-Fulcher (or
Arrhenius -) law at low temperatures (—10 °C to 50 °C) and a compensation law at
high temperatures (30 °C to 71 °C). Based on these temperature dependencies and
structural investigations done by other research groups it is speculated, that at high
temperatures also dipoles in the so called defect ferroelectric (DFE) phase, next to
those in the amorphous phase, reorient in the course of the imprinting process. The
DEFE phase is assumed to be an interphase at the boundary crystalline-amorphous.
At the end of the work about imprinting, the «, relaxation process and the effect of
consecutive annealing are discussed in the light of new experimental findings.

In the last chapter a new experimental method is presented, which uses an ultra-
thin metal top electrode that provides an infrared (IR) transparent window to the
ferroelectric co-polymer while simultaneously an electric field can be applied and
polarization measurements can be conducted.

A future investigation could study the short circuit current density while heating
and cooling for differently consecutively annealed samples. This might provide fur-
ther insights into imprinting at high temperatures and the meta-stable states of /in
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the crystalline-amorphous interphase. The crystalline-amorphous interphase is nowa-
days intensively discussed in the scientific community. The in-situ IR spectroscopic
measurement method presented, might be a suitable tool to resolve simultaneous to
the electrical investigation the structural changes taking place in these interphases.
Imprinting across the glass transition ranges would also be an interesting spot to
look at.
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Publications

A.1 Articles

¢ "Imprint in Poly(vinylidenfluoride-trifluoroethylene)", C. Peter and H. Kliem,
IEEE International Conference on Dielectrics (ICD), Proc. IEEE, Vol. 2, pp. 14,
Montpellier (2016)

e "Characteristic time dependence of imprint properties in P(VDF-TrFE)",
C. Peter, A. Leschhorn and H. Kliem, J. Appl. Phys. 120, 124105 (2016)

e "Epitaxy of ferroelectric P(VDF-TrFE) films via removable PTFE templates and
its application in semiconducting/ferroelectric blend resistivity memory", Wei
Xia, Christian Peter, Junhui Weng, Jian Zhang, Herbert Kliem, Yulong Jiang
and Guodong Zhu, ACS Applied Materials and Interfaces 9, 12130 (2017)

e "Feedback of the amorphous phase on the ferroelectric phase: Imprint effects
in P(VDF-TrFE)", C. Peter and H. Kliem, IEEE 2nd International Conference on
Dielectrics (ICD), pp. 1-4, Budapest, Hungary (2018)

e "Ferroelectricimprint and polarization in the amorphous phase in P(VDF-TrFE)",
C. Peter and H. Kliem, J. Appl. Phys. 125, 174107 (2019)

A.2 Conference contributions

e Poster contribution: "Dependence of the switching speed on the prepolariza-
tion in PVDF copolymers", C. Peter and H. Kliem, European Meeting on Fer-
roelectricity 13, P7_1 Porto, Portugal (2015)

e Poster contribution: "Imprint in Poly(vinylidenfluoride-trifluoroethylene)", C.
Peter and H. Kliem, International Conferences on Dielectrics (ICD), P701, Mont-
pellier, France (2016)

e "Dielectric relaxation and ferroelectric switching in PVDF copolymers" einge-
ladener Vortrag beim 3. Chinesisch-Deutschen Symposium iiber Ladungen
und Electrete, C. Peter O. Elshehy, M. Mai, B. Martin, A. Leschhorn and H.
Kliem, Shanghai, China (2018)

e Talk: "Feedback of the amorphous phase on the ferroelectric phase: imprint
effects in PVDF-TrFE", C. Peter and H. Kliem, International Conferences on
Dielectrics (ICD), oral session 5, 119, Budapest, Hungary (2018)

e "Ferroelectric imprint and dielectric relaxation in P(VDF-TrFE)", C. Peter and
H. Kliem, IEEE EMEF, page 315, Lausanne, Switzerland (2019)
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"A novel model for ferroelectric imprint in P(VDF-TrFE)" H. Kliem and C. Pe-
ter, Plenarvortrag bei: 2nd Int. Conf. on Nanomat. Sci. and Mech. Engineer-
ing, Book of Abstracts, S. 40, Aveiro, Portugal (2019)

"Dielectric relaxation, ferroelectric switching and imprint in PVDF copolymers"
C. Peter and H. Kliem, ISNPFDADM, Bonifacio, France (2019)

Talk: "Reversible and irreversible pyroelectricity — thermal expansion and fer-
roelectric imprinting in P(VDFE-TrFE)" C. Peter, H. Kliem, MRS Fall Meeting,
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