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Chapter 1 

Motivation and Objectives 

 

Organic electronics has proven to be a promising technology for 

large-area electronic applications, such as foldable displays
1, 2

, 

electronic papers
2, 3

, identification transponders
4
, smart labels

5
, and 

electronic skins
6
. These applications can hardly be achieved by 

inorganic silicon-based electronic devices, since they require being 

low-cost, light-weight, flexible, and large-area processable. Take 

radio-frequency identification (RFID) tags as an example; a simple 

RFID tag consists of a microchip, which is an integrated circuit and 

communicates with a reader via radio communication to send and 

receive information stored in its memory. The information is 

transferred wirelessly via magnetic or electromagnetic coupling 

between the reader and tag.
7
 RFID tags made in silicon technology are 

already commercially available and are used, e.g., to tag pallets of 

goods or to make access cards to buildings. However, silicon RFID 

tags are not yet suitable to tag individual goods that may be thrown 

away after use, because they are still not cheap enough for this 

application and are prone to mechanical failure if the goods are 

handled harshly during transport.
8
 A route to solve both problems 

could be to fabricate the entire tag with flexible organic materials that 

are processed with low-cost solution-based techniques. 

To go a step further, most of above mentioned applications of 

organic electronics including RFID tags, require memory functionality, 

preferably a non-volatile memory that retains its information when the 

power is turned off, and that can be programmed, erased, and read-out 

electrically. A memory element is an electronic device that can store 

information (binary 1 and 0), and should be fabricated based on 

functional materials with certain physical properties which could 

provide two distinguishable stable states that can be associated as bits 

1 and 0. Among all the possible materials, organic electronic devices 
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based on ferroelectric polymers, e.g., polyvinylidene fluoride (PVDF) 

and its copolymers with trifluoroethylene (P(VDF-TrFE)), have been 

proven to be ideal candidates for organic memory applications.
9-11

 In 

general, memories based on organic ferroelectric polymers should 

meet several basic requirements: (i) in order to write and store the 

information (bits 1 and 0), at least two polarization states should be 

easily obtained by sending a stimulus to the ferroelectric polymer, e.g., 

by applying a poling electric field, and these two polarization states 

should be retained after removing the poling field. This requirement 

actually refers to the switching (polarization and depolarization) 

mechanism and the polarization stability of the ferroelectric polymer. 

(ii) the reading of the information should be achieved by getting two 

distinguishable read-out states, e.g., two current values by applying a 

small electric stimulus corresponding to two polarization states. 

Preferably, the applied small electric stimulus should not alter the 

polarization states of the ferroelectric polymer, giving non-destructive 

data read-out capability of a non-volatile memory. (iii) a proper design 

of the device structure is needed for easy operation of the memory 

devices, including the information storage, writing, and reading 

functionalities. 

Comparing all the types of currently used ferroelectric memory 

devices such as ferroelectric capacitors, ferroelectric diodes, and 

ferroelectric field-effect transistors (FeFETs) (the general working 

principles of these three memory devices are presented in Section 2.2 

of Chapter 2), FeFETs are considered to be one of the best choices as 

memory element, due to their easy processing, excellent memory 

performances, and non-destructive data read-out. Over the last decade, 

intensive efforts have been contributed to the optimization of the 

processing conditions and memory performances, and to the 

understanding of the working mechanism of memory FeFETs.
10, 12-21

 

However, at the beginning of this thesis, a complete explanation on 

working mechanisms was still lacking and the factors governing the 

polarization and depolarization of the ferroelectric polymer were still 

not fully investigated in FeFET devices, due to the complexity of their 

configuration resulting from the coupling of different functional 
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materials, and due to the lack of a proper technique for property 

characterization at the local (hundreds of nanometers) scale. In 

addition, except for the basic working principle, there are several 

parameters evaluating the performance of the memory devices such as 

the operating voltage (the poling voltage), the on/off current ratio, and 

the retention time. Within the framework of scientific and 

technological development and innovation, there are always 

possibilities and room to optimize these parameters and improve the 

memory performance, e.g., by decreasing the operating voltage and 

increasing the on/off current ratio. Moreover, in addition to the three 

types of commonly used ferroelectric memory devices mentioned 

above, people are also seeking for new opportunities and structural 

designs based on ferroelectric materials. It is expected that more 

advanced devices and improved memory performance could be 

obtained from new structural designs and from the use and coupling of 

different functional materials. 

 

Figure 1.1: Gereral scheme of the relationship of ferroelectric memory 

device structure, ferroelectric switching mechanism, and memory 

performance. 

 

 Acturally, the basic requirements of ferroelectric memories 

mentioned above are not independent. As shown in Fig. 1.1, the 

memory device structure, the switching mechanism, and the memory 
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performance are all related to each other, depending on the employed 

materials, on the processing conditions, and on the coupling of 

different functional properties. Therefore, the main objective of this 

thesis is to explore the relationships between these parameters and 

thereby to reach a deeper understanding of coupling effects in 

ferroelectric memory devices. This objective is coupled to the 

effective fabrication of model devices, which are employed to help 

understanding these effects, and which may also be considered as one 

step towards new future devices. 

While working on these objectives, we have also developed 

useful by-products, such as a better control and local characterization 

of material properties, a strong miniaturization of device size, the 

creation of nanopatterned structures and hybrid layers leading to 

multifunctional systems with coupled properties, and the design of 

new device configurations. Thanks to the development of 

nanotechnological tools and techniques, e.g., nanoimprint lithography 

(NIL) and atomic force microscopy-based techniques, now we are 

able to manipulate materials and “see” material properties at the 

nanometer scale. As a consequence, many things which were 

unachievable before become now possible. For example, NIL can 

shape soft materials into nanoarrays or nanowires and simultaneously 

improve the functional properties of (semi)crystalline polymers, and 

atomic force microscopy-based techniques (e.g., piezoresponse force 

microscopy, PFM) can be used to study electrical properties locally. 

NIL and PFM techniques are the basis of all the work presented in this 

thesis. 

In this context, several sub-objectives are focused in this thesis in 

order to reach the main objective: 

1. In Chapter 3, study the working mechanism of organic FeFET 

devices, including mapping the polarization and depolarization of 

ferroelectric P(VDF-TrFE) locally by using PFM, and exploring the 

factors governing ferroelectric polarization and memory performance; 
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2. In Chapter 4, improve the ferroelectric properties of 

P(VDF-TrFE), e.g., decrease its coercive field, by crystallizing it in 

nanotrenches of a NIL mold, which results in well aligned arrays of 

P(VDF-TrFE) nanowires. Then try to reduce the operating voltage of 

memory FeFETs by integrating these nanowires in FeFET devices; 

3. In Chapter 5, design novel transistor-like memory devices 

consisting of a hybrid layer with alternating ferroelectric and 

semiconducting nanowires produced by NIL, study the electrostatic 

coupling between the ferroelectric and semiconducting polymer 

nanowires and the polarization of the ferroelectric polymer in this 

hybrid layer, and demonstrate the memory functionality of this new 

device; 

4. In Chapter 6, fabricate muliferroic layers by electrochemically 

depositing a ferromagnetic material into the nanopores of a 

P(VDF-TrFE) template produced by NIL, and study the 

magnetoelectric coupling between the ferroelectric and ferromagnetic 

phases, which could be potentially used for memory applications. The 

multiferroic system developed in this chapter is still on the stage of 

basic research. The reason why we developed this system is double: 

first, we wanted to study another type of coupling between two 

materials, and show whether the tools we used for the first part of the 

thesis were still efficient; second, on the long term, we want to 

control/switch and detect the polarization of P(VDF-TrFE) (these 

correspond to the writing and reading of the information in a memory 

device) by independent channels, e.g., switching the polarization by a 

magnetic field and detecting it by an electric field. By this way, we 

could obtain even more stable polarization states compared to the ones 

obtained in traditional ferroelectric memories (e.g., FeFETs), in which 

both the switching and detection of the polarization states are done by 

applying electric fields; in this case, there is always a risk to change 

the polarization state of the ferroelectric material during the read-out 

process. By working with two independent channels in the 

multiferroic system, this risk could be effectively avoided. 
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 Before going through this work, Chapter 2 briefly reviews 

background knowledge related to the relevant functional materials 

(with a main focus on ferroelectric P(VDF-TrFE)), as well as on 

memory devices based on ferroelectric P(VDF-TrFE); in addition,  

two techniques, NIL and PFM, are introduced. Finally, Chapter 7 

summarizes the main results and discussions resulting from our work 

and presents some perspectives for future work.  
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Chapter 2 

Background and Methodology 

 

 

 

 

In this chapter, the theoretical background and the practical 

methodology related to the work conducted in this thesis are presented. 

The materials/polymers used in this thesis, which display functional 

properties such as ferroelectricity, semiconductivity and 

ferromagnetism, are first discussed in Section 2.1, with the main focus 

being on ferroelectric P(VDF-TrFE) copolymers, followed by a brief 

review of their applications for organic ferroelectric memory devices 

in Section 2.2. Then, nanoimprint lithography (NIL), the tool 

employed here to shape the ferroelectric polymer, is presented in 

Section 2.3. In this section, the reasons why NIL is integrated in the 

fabrication of memory devices are also discussed. Then scanning 

probe microscopy (SPM), which is the main technique used to 

characterize the memory devices, is described in Section 2.4. Two 

SPM techniques, atomic force microscopy (AFM) and piezoresponse 

force microscopy (PFM), are used to characterize the topography and 

the ferro/piezoelectric response of the samples, respectively. The other 

tools and techniques used to characterize the devices are briefly 

introduced in Section 2.5.
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2.1 Materials 

2.1.1 Ferroelectric Polymers 

Ferroelectricity was discovered in 1921 in Rochelle salt by Valasek. It 

was described as follows: “Rochelle salt shows an electric hysteresis 

in P (polarization) analogous to the magnetic hysteresis in the case of 

iron. The loops obtained are displaced from the origin by an amount 

which gives a measure of the permanent polarization in the natural 

state.”
22

 After that, the discoveries of ferroelectric barium titanate 

(BaTiO3) and lead zirconate titanate (Pb(Zr,Ti)O3, PZT) family of 

ceramics, both with common ABO3 perovskite structure, promoted 

quite a lot of research efforts aiming at understanding and applying 

commercially these inorganic ferroelectric materials. Now, perovskite 

ceramics are widely used in electronic devices, e.g., in transducers, 

thermistors, sensors and memory capacitors.
23, 24

 The typical crystal 

structure of a ABO3 type perovskite material is shown in Fig. 2.1.1. In 

this structure, the application of an electric field or a mechanical force 

can induce the displacement of the central B cation, which is the 

reason for the formation of the dipole moment and spontaneous 

polarization. 

On the other hand, organic ferroelectrics also exist, but are only 

limited to several polymers and few low molar mass compounds.
25-27

 

Different from inorganic ferroelectrics where atoms pack into simple 

ordered crystal lattices, organic ferroelectrics have a more complex 

structure.
26, 28

 In general, ferroelectric polymers are macromolecules 

with a low degree of symmetry, in the solid-state structure of which 

crystalline and amorphous regions coexist. Typical examples are 

polyvinylidene fluoride (PVDF) and its copolymer with 

trifluoroethylene (P(VDF-TrFE)), in which the ferroelectricity 

originates from the strong dipole moment of the CH2-CF2 repeating 

unit. Compared to other organic ferroelectrics such as odd-nylons,
29

 

thiourea,
30

 liquid crystalline polysiloxanes,
31

 and co-crystals of 

nonpolar organic molecules,
32

 PVDF and its copolymer P(VDF-TrFE) 

are the most intensively studied organic ferroelectric materials, due to 

their good chemical and mechanical resistance, large dipole moment 
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and polarization, excellent polarization stability, relatively short 

switching time, low processing temperature and easy solution-based 

processing conditions. Therefore, P(VDF-TrFE) will be employed as 

the ferroelectric polymer in this thesis, and a detailed introduction to 

this polymer and a brief view of recent advances will be presented in a 

subsection. 

 

Figure 2.1.1: Crystal structures of ferroelectric perovskite oxides ABO3 in 

the original (left) and polarized states (middle and right) with upward and 

downward polarization. The central atom B is typically a cation, e.g. Ti
4+

 or 

Zr
4+

, which can be displaced by the application of an electric field or a 

mechanical stress, resulting in the formation of the electric dipole moment 

and spontaneous polarization. Adapted from
33

 

 

2.1.1.1 Ferroelectricity 

Ferroelectricity refers to a spontaneous electric polarization of a 

material that can be reversed by applying an external electric field. 

This polarization can be mathematically defined by the constitutive 

equation: 

D = εdiE + P            (Equation 2.1.1), 

with P the polarization, D the dielectric displacement and E the 

electric field. εdi is the permittivity of the dielectric material, which 

takes into account the induced polarization arising from the 

application of the electric field. This parameter is usually referred to 

the relative permittivity or dielectric constant k by: 

k = εdi/ε0             (Equation 2.1.2), 
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with ε0 the permittivity of vacuum. If we consider a non-ferroelectric 

material or replace the dielectric material by the vacuum, meaning that 

there is no spontaneous polarization, the equation becomes: 

D = εdiE or D = ε0E     (Equation 2.1.3). 

The polarization P originally arises from the internal permanent 

electric dipoles and the direction of these dipoles can be aligned up or 

down depending on the direction of the applied external electric field. 

If two charges +Q and –Q are separated by a distance d in a dipole, an 

electric dipolar moment p forms as: 

p = Qd,             (Equation 2.1.4), 

with d the distance vector connecting the two charges (oriented from 

–Q to +Q). Then the polarization P can be defined as the total electric 

dipolar moment per unit volume: 

P = ∑p/V         (Equation 2.1.5), 

with V the total volume. The definition of the polarization P clearly 

shows that it is determined by the magnitude of the dipolar moments, 

their orientations and their density. It should be noted that the 

polarization P is hysteretic, which means that it depends on the history 

of application of the field, and not only on the instantaneous applied 

field itself. A typical hysteresis curve of D versus E (displacement 

versus external electric field in one dimension) is shown in Fig. 2.1.2, 

where Ps is the saturation polarization when all the dipoles are aligned 

by the external field, Pr is the remnant polarization defined as the 

remaining polarization after removing the external electric field (E = 

0), and Ec is the coercive field which is the field needed to reduce the 

polarization to zero (P = 0). It is worth noting that ferroelectricity is an 

ideal physical property for memories, due to the presence of two 

stable polarization states in ferroelectric materials which can be easily 

detected as electric signals and therefore be associated to bits 1 and 0. 
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Figure 2.1.2: Typical ferroelectric hysteresis loop where Ps, Pr, and Ec are 

indicated. 

 

On the other hand, all ferroelectric materials are piezoelectric, 

even though the reverse is not true. Piezoelectricity only exists in 

certain materials where an applied mechanical stress can change the 

polarization of the material (direct piezoelectric effect) and vice versa 

(converse piezoelectric effect).
34

 These materials do not have 

inversion symmetry, and the applied mechanical stress can modify the 

separation between the positive and negative charge sites in each unit 

cell, or the orientation of the electric dipoles, leading to a net 

polarization appearing at the material surface.
35

 The piezoelectric 

effect is a linear electromechanical interaction between the mechanical 

and the electric states in piezoelectric materials, meaning that the 

change in polarization     varies directly with the applied 

mechanical stress     and can be mathematically expressed as: 

                       (Equation 2.1.6) 

where    is the polarization vector, and      is a third-rank stress 

tensor containing the piezoelectric coefficients. On the other hand, the 

converse piezoelectric effect expresses the linear relationship between 

the strain     and the applied electric field   : 

        
               (Equation 2.1.7) 



12 
 

where     
  are the converse piezoelectric coefficients. 

In most cases, the piezoelectric tensor can be simplified due to 

crystalline symmetry and by making reasonable assumptions. For 

example, in a film of a ferroelectric polymers like P(VDF-TrFE), the 

most important component of the tensor is     which couples 

directly with the vertical electric field normal to the P(VDF-TrFE) 

film (the direction indexed as '3' being along the normal to the film). 

The typical value of     for P(VDF-TrFE) is ca. -35 pm/V, where 

the negative sign means that P(VDF-TrFE) contracts in the direction 

of the applied electric field. Most recently, the origin of this negative 

piezoelectric effect was re-investigated, and it was shown that the 

piezoelectric effect is dominated by the change in lattice constant of 

P(VDF-TrFE) crystals with an additional contribution which 

quantitatively describes the strain for all values of the electric field. 

The origin of this additional contribution is the electromechanical 

coupling between the intermixed crystalline lamellae and amorphous 

regions of the semicrystalline P(VDF-TrFE).
36

 

The piezoelectric effect in ferroelectric materials is important, 

especially for composite multiferroic layers which will be presented in 

Chapter 6, wherein the magnetoelectric coupling results from the 

piezoelectricity and magnetostriction of the ferroelectric and 

ferromagnetic materials, respectively. 

Moreover, ferroelectric materials have a critical temperature 

(called the Curie temperature, Tc), above which the materials change 

from ferroelectric to paraelectric phase and loose their ferro- and 

piezo-electric character. This phase transition results from the packing 

of the molecular chains changing from a more ordered to a more 

disordered state. 



13 
 

 

Figure 2.1.3: Thermodynamic approach for a general ferroelectric material 

with a second-order transition. The graph presents the dependence of free 

energy Ф on polarization P at three different temperatures (Tc is the critical 

Curie temperature). Adapted from
37

 

 

In addition, from a thermodynamic point of view, for a general 

ferroelectric material, the origin for the formation of a ferroelectric 

polarized state is that it corresponds to a stable thermodynamic 

equilibrium state.
37

 As shown in Fig. 2.1.3, the ferroelectric phase, 

when sandwiched between two electrodes, has minimized energy 

levels for two polarizations below Tc. Above Tc, a single lowest 

energy state only exists at P = 0, in which case the material becomes 

paraelectric. 

 

2.1.1.2 P(VDF-TrFE) 

The ferroelectricity of the semicrystalline PVDF originates from the 

dipole moments of the CH2-CF2 dipoles resulting from the different 

electronegativities of F, C, and H atoms. However, it requires more to 

be ferroelectric, i.e., the conformation and packing of the polymer 

chains should be organized in a proper way in the crystalline regions. 

Depending on the chain conformations which involve a succession of 
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trans (T) and gauche (G) torsion angles along the backbone of the 

chain, and the way of the chain packing, PVDF has at least four 

different polymorphs:              phases.
25, 28

  -phase PVDF 

has a TGTG’ conformation consisting of alternating trans (T) and 

gauche (G) carbon bonds packed in an antiparallel way (Fig. 2.1.4, 

top). Due to this configuration, the  -phase PVDF has a 

centro-symmetric packing making it the most stable phase in which 

the dipole moments of each chain cancel each other out; therefore, 

the  -phase is non-polar and paraelectric. In contrast,  -phase PVDF 

is ferroelectric and has an all-trans (TTTT) conformation, as shown in 

Fig. 2.1.4 (middle), which results in the alignment of the dipole 

moments and in a large net spontaneous polarization. In general, 

ferroelectric  -phase films are produced from  -phase PVDF by 

biaxial mechanical stretching, which is not very practical for specific 

applications.
38

 In addition, the fraction of the  -phase in PVDF films 

is limited (max. ca. 50%), even at optimized deposition conditions.
39

 

 -phase PVDF (Fig. 2.1.4, bottom) is intermediate between the 

           phases, and the chains are packed in a polar way; therefore, 

it is ferroelectric but experimentally less accessible, because its 

formation typically requires a very fine temperature control and high 

pressures.
40, 41

  -phase PVDF is a polar version of the  -phase (see 

reference 42 for the detailed molecular packing and crystal structure 

of  -phase PVDF); ferroelectric, neat thin films of this phase were 

recently prepared and re-investigated by Li et al.
42

 Its relatively easy 

preparation process leads to thin films of good quality; hence  -phase 

PVDF was proposed to be a good candidate for applications based on 

ferroelectricity.  
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Figure 2.1.4: Schematic representation of the chain conformation for 

the            phases of PVDF. Adapted from
43

 

 

As mentioned above, there are limitations for practical 

applications of ferroelectric PVDF including its relatively low 

crystallinity and  -phase content. In addition, the stable 

non-ferroelectric  -phase is generally formed when processed from 

the solution or the melt. Several methods have been reported to 

increase the  -phase fraction of PVDF, e.g., by adding small amounts 

of an ionic liquid
44

 or by blending with polymethylmethacrylate 

(PMMA)
45, 46

. In addition to these methods, another specific way is to 

copolymerize VDF with trifluoroethylene (TrFE), forming a random 

P(VDF-TrFE) copolymer, which favors the formation of the all-trans 

polar  -phase directly from the melt or solution.
26, 47, 48

 By 

introducing a certain amount of TrFE units in PVDF (typically 30 

mol%), some smaller hydrogen atoms are randomly replaced by larger 

fluorine atoms, inducing severe instability in the TGTG’ conformation 

( -phase). To relax this instability, the all-trans conformation is 

favored in P(VDF-TrFE); this conformaiton is similar to that in the 

 -phase of PVDF which is polar and ferroelectric. In addition to the 

easy formation of the ferroelectric phase, the crystallinity of the 

polymer can be enhanced from ca. 50% up to 90%. Therefore, a 
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ferroelectric phase with high crystallinity can be obtained directly 

from a P(VDF-TrFE) solution or melt. Moreover, due to the addition 

of TrFE units, P(VDF-TrFE) has a lower Curie transition temperature 

Tc than PVDF, and Tc is smaller than the melting temperature Tm for 

P(VDF-TrFE) (while Tc is larger than Tm for PVDF). Although a 

decreased Tc results in a smaller thermal stability of the ferroelectric 

properties, it also provides several advantages: first, to enhance the 

crystallinity, an annealing process is typically needed in the 

paraelectric phase above the Curie temperature. However, the 

annealing should not be performed above the melting temperature; 

otherwise, a generally unfavorable crystal orientation ensues. In 

contrast, when annealing in the paraelectric phase between the Curie 

and the melting points, a more favorable crystal setting emerges, 

which can thus be easily done for P(VDF-TrFE).
49

 Second, the 

paraelectric phase is a liquid-crystalline state and is soft with a lower 

hardness.
50

 This is particularly interesting for nanoimprint lithography 

(NIL), a main technique used in this thesis to shape P(VDF-TrFE). 

Indeed, NIL can be directly performed in the paraelectric phase of 

P(VDF-TrFE), and the polymer chains can be pushed into the 

openings of NIL molds at reasonable pressures, due to the reduced 

hardness of P(VDF-TrFE).  

The phase diagram of P(VDF-TrFE) is shown in Fig. 2.1.5, in 

which one can see more clearly the dependence of Tc and Tm on the 

content in TrFE or VDF units. The main polymorph phases depending 

on the composition of P(VDF-TrFE) are also indicated in the phase 

diagram. It is clear that, below about 80% VDF, the Curie transition 

temperature is below the melting point, and copolymers in the range 

of 60% and 80% VDF afford the most comprehensive range of 

ferroelectric and related properties. To note, the P(VDF-TrFE) used in 

this thesis has a composition of 30 mol% TrFE with an average molar 

mass of ca. 300 000 g/mol, and the Curie and melting temperatures of 

this grade of P(VDF-TrFE) are 94.5 °C and 146.5 °C, respectively, as 

measured by differential scanning calorimetry (DSC). This specific 

grade of P(VDF-TrFE) is chosen because it has a large temperature 

NIL operating window (NIL is performed in-between the Curie and 



17 
 

melting points, which provides softness without degradation of 

ferroelectric properties after cooling). 

 

Figure 2.1.5: Phase diagram of P(VDF-TrFE) copolymers. Adapted from
51

 

 

Apart from the basic chain conformation, the ferroelectric 

properties of P(VDF-TrFE) are determined by many parameters, e.g., 

the microstructure of the polymer and the operation conditions, which 

have been intensively studied. The microstructure was characterized 

by techniques such as X-ray diffraction,
52-55

 infrared and Raman 

spectroscopy,
55-57

 and atomic force microscopy (AFM).
57, 58

 The 

results show that in the crystals of the β phase P(VDF-TrFE), the 

molecular chains adopt a quasi-hexagonal packing, as shown in Fig. 

2.1.6, where the c-axis is along the carbon backbone direction and the 

b-axis is along the direction of the dipole moments and spontaneous 

polarization. Then, these molecular chains are folded many times to 

form crystalline lamellae, which are generally observed in AFM 
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images (typical AFM images of nanoimprinted P(VDF-TrFE) will be 

shown in the section “Nanoimprint Lithography” of this chapter). The 

β phase crystals are interconnected by molecular chains in the 

amorphous regions, forming semicrystalline P(VDF-TrFE). 

 

Figure 2.1.6: Schematic drawing of the crystal structure of the β phase 

P(VDF-TrFE), (a) in the ab plane (the c axis is practically normal to the ab 

plane), and (b) along the c axis of the all-trans (TTTT) planar conformation 

from the top view. Adapted from
59

 

 

The ferroelectric hysteresis loops at different operation conditions 

(e.g., bias amplitude and frequency, temperature) and the polarization 

stability information (e.g., endurance and retention properties) of 

P(VDF-TrFE) films after different treatments, are measured most 

often in capacitor structures, and will therefore be discussed in the 

“Ferroelectric Capacitors” section of this chapter. In addition, it 

became recently possible to characterize the local ferroelectric 

properties of P(VDF-TrFE) films by means of piezoresponse force 

microscopy (PFM), in which a conductive tip is used to detect the 

local eletromechanical coupling of P(VDF-TrFE). This methodology 

is especially useful for nanostructured P(VDF-TrFE), or P(VDF-TrFE) 

integrated in complex device structures like ferroelectric field-effect 

transistors, since one can perform experiments at the nanometer scale 

and obtain a spatially-resolved information on the ferroelectric 

behaviour of P(VDF-TrFE).
57, 58, 60-62

 Therefore, in this thesis, PFM 
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was employed as the main technique to characterize the ferroelectric 

properties of P(VDF-TrFE). 

 

Figure 2.1.7: Schematic description of a universal polarization switching 

process which involves nucleation, forward domain growth and sideways 

domain growth through kink nucleation, spanning many time scales. 

Adapted from
63

  

 

Another important characteristics of ferroelectric P(VDF-TrFE) is 

its polarization switching behaviour. As illustrated in Fig. 2.1.7, the 

universal polarization switching process of ferroelectric materials 

microscopically involves nucleation, forward domain growth and 

subsequent sideways growth. The time needed for nucleation and 

forward domain growth is typically in the range of nanosecond, while 

for sideways domain growth it ranges from several nanoseconds to 

seconds or even longer depending on various intrinsic and extrinsic 

factors.
64, 65

 Furthermore, defects and structural disorder introduced 

during synthesis and film preparation can significantly influence the 

switching dynamics in P(VDF-TrFE) films, by acting as nucleation 

centers and pinning sites for domain wall motion.
63

 In general, the 

switching mechanism of P(VDF-TrFE) is governed by the rotation of 

the molecular chains in the polycrystalline P(VDF-TrFE) films and 

several models have been proposed to explain the switching 

mechanism of P(VDF-TrFE). To list a few important ones, the 

so-called nucleation-limited-switching (NLS) model developed by 
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Tagantsev et al., in which the switching of each region is 

independently determined by its own nucleation rate and domain 

dimension and the switching of the whole film is controlled by the 

statistics of domain nucleation in each region,
66

 was found to be a 

reasonable description of the ferroelectric switching for P(VDF-TrFE), 

in line with experimental results.
67

 Hu et al. suggested that the 

polarization switching in P(VDF-TrFE) film could be well described 

by the classic Kolmogorov-Avrami-Ishibashi (KAI) model, which 

describes the switching by domain nucleation together with 

unrestricted domain expansion and domain wall motion throughout 

the film.
63

 Recently, our group was involved in the publication of a 

two-step polarization switching mechanism, in which both crystalline 

and amorphous components take part in the polarization switching.
62

 

This mechanism describes the polarization switching by fast domain 

wall flow motion in the crystals, pinned by the amorphous 

components at the crystal boundaries. When increasing the amplitude 

or duration of the voltage pulse, the pinning is overcomed by the 

external driving force and the domain propagates across amorphous 

regions through bridging chains located at the interfaces between 

lamellae and surrounding amorphous components. This process can be 

described by a model of creep motion. This two-step polarization 

switching mechanism can explain very well the recently observed 

fractal domain patterns
68, 69

 and the crossover behaviour of 

frequency-dependent coercivity found in P(VDF-TrFE) thin films.
63

 

This mechanism can also explain why stable polarization states can 

exist in nanostructured P(VDF-TrFE) of very small dimensions, 

despite the possible unstability of very small ferroelectric domains; 

indeed, depolarization would be avoided because creep motion is 

extremely slow at zero poling bias, thanks to the pinning of the 

polarization by the amorphous regions. This possibility is 

tremendously interesting for practical applications such as memory 

devices, because high density memory arrays can be realized, as 

actually demonstrated in early reports.
58, 70

 Decreasing the dimensions 

of ferroelectric P(VDF-TrFE) components to scale down the memory 

size and increase the memory density is also one approach of this 

thesis. 
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2.1.2 Semiconducting Polymers 

Materials can be grouped into insulators, semiconductors, and 

conductors based on their electric conduction which is described by 

band structure theory as illustrated in Fig. 2.1.8. Insulators are 

materials in which the higher lying valence band is completely filled, 

while the lower lying conduction band is empty, i.e., contains no 

electrons; as a result the electrons in an insulator cannot physically 

move in response to an applied electric field. Typically, insulators 

have wide band gaps (e.g., > 9 eV), which describe the energy 

difference between two bands. Metals, on the other hand, have 

overlapped valence and conduction bands and thus contain a partially 

filled conduction band, whose conduction electrons move easily in 

response to an external electric field. Semiconductors are insulators in 

which the band gap between valence and conduction bands is 

sufficiently small that at temperatures of interest, a fraction of the 

electrons in the valence band can be energetically excited to the 

conduction band (leaving behind holes, unoccupied states in the 

valence band); therefore, both the conduction electrons and the holes 

can move in response to an applied electric field. The excitation of 

electrons can be controlled, resulting in the tuning of charge transport 

in semiconductors, which is the basis of modern functional 

electronics. 

Semiconductors are an essential part of electronics. Their 

importance can be seen from the fact that semiconductor industry in 

Year 2015 was a $335 billion market in the world.
71

 Although 

inorganic semiconductor-based electronic devices are already 

cost-effective, people are still seeking for cheaper products with good 

performance. In this respect, organic semiconductors display a niche 

potential for cheap electronic device fabrications, due to their 

advantages such as being easily processed, flexible, low cost and light 

weight. In addition, organic chemistry can help tailor the materials to 

achieve desired properties by modifying functional groups and/or by 

chemical doping.  
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Figure 2.1.8: Band structure of insulators, semiconductors, and conductors.  

 

The structure of all organic semiconductors has a common feature 

of π-conjugated bonds, meaning that the polymer/molecule consists of 

alternating single and double bonds, as typically present in conductive 

polyacetylene that was synthesized in 1977 (Fig. 2.1.9).
72, 73

 The 

discovery of conductive polyacetylene promoted the fast development 

of organic semiconductors for which A. Heeger, A. G. MacDiarmid 

and H. Shirakawa were awarded the Nobel Prize in Chemistry in 

2000.
74

 The π-conjugated bonds structure gives rise to the possibility 

of electron transport over delocalized π-orbitals. However, all 

electrons are paired in π-orbitals of undisturbed conjugated backbones, 

with as a result no charge being free to move although electrons are 

partially delocalized. So, to be electrically (semi)conductive, it is not 

sufficient to have a conjugated structure. The polymer/molecule has 

also to be chemically doped to introduce mobile charges, e.g., by 

oxidizing or reducing the polymer through (electro)chemical reactions, 

or by incorporating cyclic conjugated moieties (e.g., aromatic cycles) 

into the backbone. After these processes, mobile positive or negative 

charges (holes or electrons) are present, which determines the 

conduction origin and the type of the organic semiconductor: p-type or 
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n-type. p-type and n-type mean that charges moving through the 

semiconductor are positive holes and negative electrons, respectively. 

There are also some polymers called ambipolar organic 

semiconductors which are able to conduct both electrons and holes.  

Organic semiconductors must satisfy general criteria to achieve 

acceptable performance
75

: (i) the band gap, defined by the energy 

difference of the highest occupied orbital (HOMO) and the lowest 

unoccupied orbital (LUMO), has to be at a level where electrons 

and/or holes can be accumulated by accessible electric fields; (ii) 

because the most efficient charge transport occurs along the direction 

of intermolecular π-π stacking, the structure of the polymer has to 

supply sufficient overlap of π-orbitals and the molecules have to be 

preferentially oriented with their backbone parallel to the interface 

where mobiles charges are accumulated; (iii) the material should be as 

pure as possible to avoid charge trapping by impurities. For 

semiconductor devices, the performance also depends on device 

parameters, for example, the quality of the semiconductor/dielectric 

interface. 

 

Figure 2.1.9: Chemical structures of (a) polyacetylene and (b) PTAA. 

 

In this thesis, the polymer semiconductor PTAA 

(poly(triarylamine)) is used as the main one to fabricate FeFETs. Its 

structure is shown in Fig. 2.1.9 (b). PTAA is a p-type semiconductor 

and the reasons why it was chosen despite its relatively low carrier 

mobility are that PTAA is an amorphous polymer which can achieve 

very smooth films by spin coating, so that an interface of high quality 
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can be realized for transistors in a top-gate/bottom-contact 

configuration, and that PTAA is stable in air so that its processing 

does not need to control environment (inert atmosphere).
76, 77

  

 

2.1.3 Ferromagnetic Materials
78-82

  

Ferromagnetism is a well-known phenomenon displayed by 

ferromagnetic materials (e.g., transition metals such as Fe, Co, Ni and 

their alloys) that present spontaneous magnetization. According to the 

Pauli exclusion principle, two identical electrons cannot have the same 

quantum state simultaneously, which means two electrons residing in 

the same orbital and having the same magnetic quantum number must 

have opposite half-integer spins, 1/2 and -1/2. However, in some 

materials like ferromagnetic materials in which the outer 3d shell is 

not fully occupied by electrons, two electrons occupying the same 

orbital would be very close to each other and result in a large 

exchange interaction due to repulsive Coulomb forces. This is not 

energetically favourable. Therefore, these two electrons prefer to have 

same spin state and occupy two different orbitals, in which case the 

exchange energy (the energy due to the repulsion between the two 

electrons) is minimised. This results in the parallel alignment of the 

electron spins and a net non-zero spontaneous magnetization (an 

electron has a magnetic dipole moment associated to its spin).  

Ferromagnetism is only present below a critical temperature, Tc, 

called the Curie temperature as for ferroelectrics, above which the 

ferromagnetic material becomes paramagnetic because thermal energy 

is large enough to overcome the cooperative ordering of the magnetic 

moments. This can be described by the Curie-Weiss law, stating that 

the magnetic susceptibility χ, indicating how the magnetization M of 

the material responds to an applied magnetic field H, varies with 

temperature T and becomes infinite when temperature tends to Tc. 

This gives the following equation:     
 

 
  

 

    
, where C is a 

material-dependent constant. Below Tc, the thermal excitation energy 

is low and the magnetic moments of the atoms are aligned leading to 
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spontaneous magnetization. The saturation magnetization of the 

ferromagnetic material decreases with increasing temperature as the 

thermal excitation disorients the magnetic moments, and reaches zero 

at the Curie temperature. 

However, on a macroscopic scale, the ferromagnetic material 

does not have only one domain with all magnetic moments aligned in 

the same direction, but consists of many magnetic domains (within 

each of which magnetic moments are still aligned in the same 

direction) with different magnetization directions. The formation of 

these domains is mainly driven by the minimization of the 

magnetostatic energy (suppressing the demagnetization stray field, 

blue arrows), as shown in Fig. 2.1.10, together with other sources of 

magnetic energy such as the magnetocrystalline energy and the 

magnetostrictive energy. Boundaries between different domains are 

called domain walls where the direction of magnetization changes 

gradually. 

 

Figure 2.1.10: Schematic drawing on how the formation of domains can 

reduce the external demagnetizing field (blue arrows) and therefore 

minimize the magnetostatic energy. Adapted from
82

 

 

In analogy to ferroelectricity, the ferromagnetic material also 

presents magnetic hysteresis in response to the external magnetic field, 

as shown in Fig. 2.1.11 (a). When an external magnetic field H is 
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applied to the ferromagnetic material in its demagnetized state, the 

domain walls move and the energetically favoured domains grow at 

the cost of other domains. When H is high enough, all the magnetic 

moments align in the direction of the applied field and the saturation 

magnetization Ms is reached. When H is decreased to zero, a remnent 

magnetization Mr is achieved. In order to switch the net magnetization 

to zero, an opposite magnetic field, called coercive field Hc, needs to 

be applied. A completed hysteresis loop is formed when the same 

reversed process is finished. 

In general, magnetic anisotropy exists in ferromagnetic materials 

such as magnetocrystalline anisotropy and shape anisotropy. 

Magnetocrystalline anisotropy originates from the atomic lattice 

structure where the magnetization is easier or harder along different 

directions. Shape anisotropy originates from the dimensional 

difference of the ferromagnetic materials, i.e., for long wires, the easy 

axis is along the wire direction and for thin plates, the easy axis is 

in-plane. In general, different hysteresis loops are obtained in different 

directions, i.e., the loop is more squared in the easy axis direction and 

more tilted along the hard axis direction. 

 

Figure 2.1.11: (a) Typical magnetization hysteresis loop and magnetic 

domain morphology of ferromagnetic materials. (b) Typical 

magnetostriction hysteresis loop of ferromagnetic materials whose 

magnetostriction is negative. Adapted from
83

 

Another important phenomenon existing in ferromagnetic 

materials is the magnetostriction effect which describes the 

deformation of the ferromagnetic material when the magnetization 
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changes due to the applied magnetic field. The magnetostriction λ is 

defined as the fractional change of the length L of the material: 

   
  

 
 , which reaches a saturation λs when the ferromagnetic 

material is completely magnetized. A typical magnetostriction curve is 

shown in Fig. 2.1.11 (b), for which λ is negative, meaning that the 

ferroelectric material contracts in the presence of a magnetic field. 

Nickel (Ni) is such a material with a λs of about -10
-5

; it will be used 

in the multiferroic layers made in this thesis. 

Summing up, three types of functional materials, ferroelectric 

polymers, semiconducting polymers, and ferromagnetic materials 

were presented in this section and will be used in this thesis. First, 

ferroelectric devices using a combination of ferroelectric P(VDF-TrFE) 

and semiconducting PTAA will be fabricated and the electrostatic 

coupling between these two materials will be studied in different 

device configurations (Chapters 3-5). Then, multiferroic layers 

employing ferroelectric P(VDF-TrFE) and ferromagnetic Ni will be 

fabricated in order to investigate the strain-mediated magnetoelectric 

coupling in these layers (Chapter 6). 

 

2.2 Organic Ferroelectric Memories 

The ability to store information is essential for many applications of 

electronic devices, e.g., radio frequency identification tags where the 

information is stored and communicated by means of a radio signal. 

With the increasing demanding of light-weight, flexible, and low-cost 

applications, organic electronic and memory devices are considered to 

be able to provide a complementary solution to inorganic electronics. 

To realize the memory functionality, a memory device needs to make 

use of a physical property which can provide at least two stable states 

for bit storage. In addition, this physical property needs to be 

integrated in an electronic device, in which the two stable states can 

be easily written and read out by applying an electrical field. The 

read-out of the memory states is preferably non-destructive, which 

means that the stable states and stored information are not altered by 
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the applied read-out voltage, resulting in non-volatile memories. 

Moreover, the memory device components need to be easily 

integrated in the logic circuits of the functional electronic devices, 

which requires proper design of the memory device configurations, 

preferably similar to the ones which are widely used in currently 

existing electronic devices. Apart from these basic requirements, a 

decent memory device in general has features of low operation voltage, 

short switching time, high on/off ratio, long retention time, and good 

endurance without failure due to fatigue occurring after a large 

number of switching cycles. 

Based on these considerations, ferroelectricity appears to be an 

excellent such physical property, which exhibits two stable 

polarization states in a characteristic hysteresis in response to an 

external electric field. As mentioned in previous sections, the 

ferroelectric P(VDF-TrFE) is the most promising ferroelectric 

polymer for memory applications. The last decade has witnessed 

increasing interest and intensive studies on ferroelectric memory 

devices employing P(VDF-TrFE) as memory storage component. In 

the literature, there are mainly three device configurations that are 

proposed: ferroelectric capacitors, ferroelectric diodes, and 

ferroelectric field-effect transistors. In the subsequent sections, a brief 

overview of these basic memory elements is presented. The working 

principle of each element and their advantages and disadvantages are 

also briefly discussed. 

 

2.2.1 Ferroelectric Capacitors 

A ferroelectric capacitor is the simplest memory element, having a 

ferroelectric layer sandwiched between two electrodes. Information is 

stored by aligning the ferroelectric polarization direction either up or 

down by applying a sufficiently large electric field, as schematically 

shown in Fig. 2.2.1. To read the information, a switching voltage is 

applied to obtain a low or a high charge displacement current response 

depending on whether the polarization is aligned or not with the 
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direction of the applied field. Ferroelectric capacitors therefore have a 

destructive read-out since the information read-out can affect the 

polarization state and the stored information. A reset voltage is needed 

afterwards if the polarization direction was changed during the read 

operation, which is considered to be a main drawback of the 

ferroelectric capacitor memory. 

 

Figure 2.2.1: Schematic view of two stable polarization states (up and down) 

of a ferroelectric layer sandwiched between two electrodes. These two 

polarization states can be used to store information by associating them with 

bits 1 and 0. Arrows indicate the direction of the polarization. The 

polarization charges and the screening charges provided by the electrodes 

are also shown in the graph. 

 

Several issues need to be addressed in order to make ferroelectric 

capacitors as good memory devices. The first one would be the 

operation voltage, which could be high considering the relatively high 

coercive field of P(VDF-TrFE) thin films (50-80 MV/m).
9, 20, 84

 One 

way to achieve lower operation voltages is to decrease the film 

thickness, which, however, could result in an extremely retarded 

ferroelectric response as compared to the bulk material
85, 86

 or even 

shortcuts between two electrodes due to pinholes and defects in the 

film. Efforts have been made in order to decrease the film thickness, 

while retaining a similar ferroelectric response compared to the bulk 

material. One attempt to fabricate ultrathin layers was to use the 

Langmuir–Blodgett (LB) deposition technique, leading to layers down 

to a few monolayers which can still exhibit a ferroelectric response 

similar to thin films and bulk materials. However, the polarization 
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switching times of LB layers are generally longer by orders of 

magnitude compared to thin films obtained from solution spin-coating, 

which prevents them from being used for practical memory 

applications.
87-89

  

The situation started to change when one report was published in 

2004 where the conductive polymer PEDOT:PSS 

(poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)) was 

added as an interfacial layer between the bottom electrode and 

P(VDF-TrFE), while inert gold was used as top electrode. By doing so, 

the P(VDF-TrFE) film could be reduced to 65 nm thickness while 

keeping the same ferroelectric response compared to thicker 

P(VDF-TrFE) films (e.g., 210 nm). This results in a dramatic decrease 

of the operation voltage, down to less than 10 V.
9
 In 2007, another 

report showed that the P(VDF-TrFE) layer thickness could be reduced 

to 50 nm with a ferroelectric response similar to bulk materials, by 

using another conductive polymer Ppy:PSS (polypyrrole-poly(styrene 

sulfonic acid)) sandwiched at the bottom and top interfaces between 

the metal electrodes and the P(VDF-TrFE) layer.
84

 The reason why 

the P(VDF-TrFE) layer can be decreased to sub-100 nm with retained 

ferroelectric response using conductive polymers as interfacial layers 

lies in the fact that any chemical reaction or strong physisorption 

between the electrode and P(VDF-TrFE) is prevented. Aluminum was 

used as the electrode before these two reports
87, 88, 90, 91

 and it interacts 

strongly with P(VDF-TrFE) forming nonferroelectric layers which 

reduce the ferroelectric response.
92, 93

 Based on this observation, when 

using metal as electrode, inert metals like gold are preferred, resulting 

in an improved ferroelectric response of P(VDF-TrFE) thin-film 

capacitors.
94

 In order to have ultra-thin films with retained 

ferroelectric response, another approach is to improve the film quality 

by selecting the proper solvents for P(VDF-TrFE) and controlling the 

spin-coating conditions (e.g., humidity and temperature). It has been 

shown that films deposited at low humidity and at high temperature 

have improved quality.
95
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Another way to decrease the operation voltage of ferroelectric 

capacitors is to decrease the coercive field of P(VDF-TrFE). This can 

be done by crystallizing P(VDF-TrFE) in a confined state, e.g., in 

nanocavities of a nanoimprint mold, which results in preferential 

crystal orientation, thus enhanced coupling with the applied electric 

field.
57, 58, 96-98

 These confined P(VDF-TrFE) nano-arrays are also 

suitable for high density memory applications (in theory, as high as 75 

Gbits per inch
2
). However, they face a technological problem, which 

is that depositing the top electrode is challenging since insulation is 

needed in the openings between the nanoimprinted P(VDF-TrFE) 

features. Insulation of microscale-imprinted P(VDF-TrFE) was 

reported recently, but remains an issue for nanoscale-imprinted 

P(VDF-TrFE).
99

 In addition, the information read-out could also be a 

problem since the charge displacement response (current during 

switching, I) scales with the remnant polarization Pr, capacitor surface 

area As, and switching time t (I = (PrAs)/t), the reading of which could 

be difficult for nanoimprinted P(VDF-TrFE) with a very small surface 

area. 

Another issue which needs to be considered for ferroelectric 

capacitors is their endurance. One report studied this in details and 

showed that a ferroelectric capacitor could loose its ferroelectric 

response after a given number of cycles of switching (e.g., 10
4
), a 

phenomenon called polarization fatigue. This is due to the 

delamination of the electrode and the phase degradation of the 

P(VDF-TrFE), induced by the high internal electric fields that occur 

when the polarization is switched. By carefully selecting the operation 

conditions, these problems could be avoided or significantly reduced, 

and fatigue-free ferroelectric capacitors have thus been reported.
100

  

It is worth noting that the accumulated knowledge on ferroelectric 

capacitors and the improvements of P(VDF-TrFE) film quality and 

ferroelectric properties can be (partially) transferred to other 

ferroelectric memory devices which will be discussed in the following 

sections. 

 



32 
 

2.2.2 Ferroelectric Diodes 

Ferroelectric diodes have the same simple device structure as 

ferroelectric capacitors with the active layer sandwiched between two 

electrodes, except that the ferroelectric layer is replaced by a blend 

layer consisting of a random tiling of ferroelectric and semiconducting 

regions. This difference however results in completely different 

working principles of ferroelectric diodes. The first organic 

ferroelectric diode memory device was demonstrated by Asadi et al. 

in 2008,
11

 of which the device structure and initially-proposed 

working mechanism are shown in Fig. 2.2.2. In this case, a blend layer 

consisting of p-type semiconducting P3HT (poly-3-hexyl thiophene) 

and ferroelectric P(VDF-TrFE) was used. The authors have proposed 

that the upwards polarization of P(VDF-TrFE) induces band bending 

in the semiconductor and enhances the charge injection at the 

electrode/semiconductor interface. This results in a lower resistance 

and a higher current flowing through the semiconductor component 

sandwiched between the two electrodes. Therefore, the working 

principle of ferroelectric diodes could be described like this: the 

writing and storage of the information is realized by applying a 

sufficiently large electric field to pole the P(VDF-TrFE), the 

polarization field of which modulates the injection barrier at the 

semiconductor contact. The read-out of the stored information is done 

by applying a small reading voltage and detecting the current response 

through the semiconducting component, whose value depends on the 

polarization state of the nearby P(VDF-TrFE) regions. This small 

reading voltage does not change the polarization state of P(VDF-TrFE) 

and results in the nondestructive read-out of the information. 

After that, efforts concentrated on a deeper understanding of the 

working mechanism
101, 102

 and on the optimization of device 

fabrication process and memory performances
103, 104

. Notably, our 

group reported a methodology to design low-power high-density 

ferroelectric diode memories on the nanoscale by employing 

nanoimprint lithography to shape P(VDF-TrFE) into highly ordered 

nanodots arrays. In addition to this well controlled morphology, the 
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coercive field of P(VDF-TrFE) was also reduced, resulting in low 

operation voltages.
105

 

 

Figure 2.2.2: (a) Schematic cross-section of a diode based on a blend layer of 

semiconducting P3HT and ferroelectric P(VDF-TrFE) polymers. (b) Band 

diagram of an unpoled diode along the cross section AB. (c) Band diagram 

of a poled diode along the cross section AB. Poling of the ferroelectric 

material yields opposite compensating charges at the 

ferroelectric/semiconductor interface and induces band bending in the 

semiconductor, leading to enhanced charge injection. Adapted from
11

 

 

Except for the non-destructive read-out, the ferroelectric diode 

also benefits from the structure being simple, and from the crosstalk 

problem being avoided by itself. Like ferroelectric capacitors, 

ferroelectric diodes can be fabricated in a crossbar structure with the 

active layer sandwiched between top rows and bottom columns of 

electrodes, which makes them easily fabricated. However, arrays with 

a row-column structure exhibit crosstalk in traditional memory 

devices based on resistive switches, in which case a rectifying diode 

has to be added in each discrete memory element to circumvent the 

crosstalk, unless the active layer is patterned.
106, 107

 Arrays consisting 

of ferroelectric diodes can avoid this problem, because they 

intrinsically integrate a diode element in the memory structure, so that 

the information stored in each individual ferroelectric diode can be 

programmed and read out nondestructively.
108

 Based on this, the 

concept of MEMOLED was later on demonstrated, using a 

light-emitting polymer as semiconducting component. MEMOLED's 
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can be used in passive matrix light emitting diode (LED) displays, 

which can solve issues such as high power consumption and crosstalk 

as normally exist in passive matrix LED displays.
109-111

 With all these 

advantages, ferroelectric diode memories are considered to be one 

type of the most promising organic memory devices. 

 

2.2.3 Ferroelectric Field-Effect Transistors 

Another type of promising organic memory device is the ferroelectric 

field-effect transistor (FeFET), whose typical structure is shown at the 

bottom-left of Fig. 2.2.3, involving source, drain and gate electrodes, a 

semiconducting layer (e.g., p-type PTAA), and a ferroelectric layer 

(P(VDF-TrFE)). Fig. 2.2.3 shows the typical transfer curve of a 

FeFET which exhibits a clear current hysteresis. The two stable 

polarization states of P(VDF-TrFE) corresponding to two current 

values at 0 gate bias are also shown in Fig. 2.2.3. In FeFET memories, 

the information (bits 1 and 0) is stored as the two stable states of a 

P(VDF-TrFE) film (respectively, an upwards polarization state and a 

depolarized state, as shown in the right part of Fig. 2.2.3), obtained by 

applying a sufficiently high gate voltage of proper sign (e.g., -20 V 

and 20 V) on the gate electrode while grounding source and drain 

electrodes. The read-out of the stored information is realized by 

applying a small source-drain voltage (e.g., -5 V) and detecting the 

source-drain current through the semiconducting layer; this current is 

modulated by the polarization state of the P(VDF-TrFE) layer. 

Depending on the polarization state, a higher or a lower current value 

is obtained at 0 gate bias which can be associated with bit 1 or 0. This 

small source-drain voltage does not change the polarization state, thus 

the information read-out is non-destructive. 
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Figure2.2.3: Typical transfer curve of a top-gate bottom-contact organic 

FeFET consisting of three electrode terminals (source, drain, and gate), one 

ferroelectric/dielectric layer (P(VDF-TrFE)), and one organic 

semiconducting layer (PTAA). The polarization states of P(VDF-TrFE) 

corresponding to different current values at 0 gate bias are shown in the right 

of the figure. 

 

Since the demonstration of the high-performance of an all-organic 

FeFET memory by Naber et al. in 2005,
10

 the interest on this type of 

memories has promoted intensive studies on device working 

principles, performance optimization, and device integration, resulting 

in the fast increase of the number of research publications and 

practical applications.
10, 12-16, 18-21, 112-115

 However, the complete 

understanding of the working mechanism of FeFET devices, 

especially the local polarization and depolarization of the 

P(VDF-TrFE) layer in FeFETs, still remains elusive, due to the 

complexity of the device structure. Therefore, there are still possible 

hidden parameters governing the operation of FeFET memories. In 

addition, there are always possibilities to improve the memory 

performance and to design new device configurations driven by 

scientific and technological innovations. Motivated by those, the 

majority of the practical work in this thesis will contribute to these 

issues. As a consequence, we do not discuss details about organic 
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FeFETs here, which will be presented together with the practical work 

in the following chapters for better understanding. 

 

2.2.4 Multiferroics 

Recently, research on multiferroics became a hot topic due to their 

potentially considerable scientific and practical importance.
116

 Since 

the first demonstration of a four-state resistive memory element in a 

tunnel junction with multiferroic barriers in 2007,
117

 it is believed that 

multiferroics might hold the future for ultimate memory devices.
118

 As 

shown in Fig. 2.2.4, multiferroics are materials exhibiting the 

coexistence of different ferroic orders, such as ferroelasticity and 

ferroelectricity, ferromagnetism and ferroelectricity, or ferroelasticity 

and ferromagnetism, resulting in piezoelectric, magnetoelectric and 

magnetic shape memory effects, respectively.
37

 Among these 

materials, magnetoelectric (ME) composites are the most interesting 

ones, because they display a generally larger coupling effect between 

the magnetic and electric ferroic orders compared to intrinsic 

magnetoelectric materials such as perovskites containing magnetic 

atoms, which is of great interest for both fundamental research and 

technological applications.
116

 In these composites, the magnetism can 

be manipulated by an electric field, through the mediation of strains 

and stresses originating from piezoelectricity, which provides an 

additional degree of freedom to control the magnetic properties of a 

material, and vice versa. In short, the application of a magnetic field 

induces a deformation of the magnetic component by magnetostriction, 

which results in a change of electric polarization due to 

piezoelectricity. Conversely, the application of an electric field results 

in the deformation of the piezoelectric material by the converse 

piezoelectric effect, and in a variation of magnetization of the 

ferromagnetic material by the converse magnetostrictive effect. This 

coupling also provides multi-magnetic or electric polarization states 

which form the basis of these materials being used as components for 

memory devices.  
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Figure 2.2.4: Schematic representation of different ferroic properties and 

their multiferroic couplings. Adapted from
119

 

 

When reviewing the literature, however, almost all researches on 

multiferroics are based on inorganic materials,
117, 120-136

 and there is 

not thorough study of local ME effects in multiferroics based on 

organic materials, which would be useful to fit the increasing demand 

of organic electronic applications. Therefore, in the last part of this 

thesis, we propose a first exploration of organic-based multiferroics, 

including a new method of sample preparation and the local 

characterization of ME coupling. 

 

2.3 Nanoimprint Lithography 

Nanoimprint lithography (NIL), also referred to as hot embossing or 

nano-embossing, is a nano-lithography method to pattern soft 

materials by using a rigid master mold with desired nanometer-range 

features.
137-139

 NIL replicates by mechanical deformation a relief 

pattern (possibly down to sub-10 nm ultrahigh resolution) of the rigid 

mold in a heated thermoplastic or in a thermosetting polymer, unlike 

conventional photo- and electron beam lithography for which the 
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chemical structure of the resist is modified by photo- or electron 

irradiation. Its main advantages include high throughput, 

high-resolution, and cost-effectiveness.
137-143

 It can be used at large 

scales, which is particularly interesting for practical applications, e.g., 

when fabricating nanoimprinted organic electronic devices. In 

addition, conventional photo- and electron beam lithography 

techniques expose the resist to radiations and corrosive etchants 

during the pattern transfer process, which could be critical for 

sensitive organic functional materials. This is exactly the case for 

P(VDF-TrFE) used in this thesis, which might loose its ferroelectric 

properties if directly processed with conventional lithography 

techniques. NIL can avoid this problem by patterning directly the 

P(VDF-TrFE) by embossing.  

NIL molds are commonly made of rigid materials such as silicon, 

silicon dioxide, and nickel, with a high strength and durability, and 

should be compatible with the fabrication process. NIL molds are 

prepared by another lithography techniques, e.g., photolithography for 

microscale features, electron beam or interference lithography for 

nano-features. The molds are coated by an anti-sticking agent, in our 

case a perfluoroalkylsilane. 

 

Figure 2.3.1: Schematic description of the NIL process, taking P(VDF-TrFE) 

as an example for the soft resist. 

 

The general working principle of NIL is shown in Fig. 2.3.1, 

taking P(VDF-TrFE) as an example for the resist which is indeed used 
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in this thesis. First, a thin P(VDF-TrFE) layer of desired thickness is 

spin-coated on a substrate from a proper solution, and a hard mold 

with nano-protrusions is placed on top of the P(VDF-TrFE) film. Then 

the mold is pressed into the film at a certain temperature and pressure 

(135°C and 60 bar for P(VDF-TrFE)). The selected imprinting 

temperature is in-between the Curie point and the melting point of 

P(VDF-TrFE) in order to imprint in the soft liquid crystalline 

paraelectric phase. This condition is kept for 10 min in order to allow 

P(VDF-TrFE) to flow and reorganize in the nanotrenches. After that, 

the system is cooled to a lower temperature (60 °C) and the 

P(VDF-TrFE) is solidified during cooling. After removing the mold, 

the nano-features of the protruding mold are transferred to the soft 

P(VDF-TrFE) polymer. Fig. 2.3.2 shows atomic force microscopy 

(AFM) images of a typical nanoimprinted P(VDF-TrFE) sample. Well 

defined nano-line features are clearly seen, proving the excellent 

feasibility of NIL. 

 

Figure 2.3.2: AFM topography (left) and phase (right) images of a 

nanoimprinted P(VDF-TrFE) sample, showing well defined nano-line 

features. In this case, the width and the height of the line structure are both 

ca. 200 nm. 

 

In order to obtain high quality nanoimprinted features on soft 

resists/polymers (e.g., P(VDF-TrFE)), a series of parameters need to 

be well controlled. These parameters include the confinement of the 

imprint, the configuration and the geometry of the mold, the adhesion 

at the polymer/mold and polymer/substrate interfaces. In this thesis, 

we made nanoimprint on P(VDF-TrFE) thin films, and all the above 
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mentioned parameters were adapted in order to have nanopatterned 

P(VDF-TrFE) on large scales for device fabrication. These 

experiments and conclusions are presented in Appendix A1. 

In addition to the production of unique well-controlled 

nanostructures, NIL can also improve the functional properties of 

(semi-)crystalline polymer materials because a preferential crystal 

orientation can be achieved during the crystallization process in the 

cooling stage of the nanoimprinting process. Our group then others 

have reported that NIL can be used to control the microstructure and 

crystal setting of semi-crystalline P(VDF-TrFE), due to graphoepitaxy, 

resulting in improved ferroelectric properties, e.g., decreased coercive 

fields.
57, 58, 96-98

 This gives access to highly ordered ferroelectric 

polymer arrays with potential applications in low-voltage high-density 

non-volatile memory devices. NIL has also been used for producing 

nanowires and improving the functional properties of liquid crystalline 

light emitting and semiconducting polymers, resulting in improved 

device performance.
144

 All these reports prove the versatility and wide 

applicability of NIL and its potential use with functional polymers. 

 

Figure 2.3.3: Two beneficial effects of using NIL to shape P(VDF-TrFE). 

One is that nanoimprinted P(VDF-TrFE) has decreased coercive field (left, 

improved ferroelectric property). The other one is that NIL creates unique 

P(VDF-TrFE) nanostructures, e.g., well aligned nanowires, which in turn 

allows us to fabricate well-controlled hybrid multifunctional layers by filling 
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a second functional component in the trenches of nanoimprinted 

P(VDF-TrFE). 

 

In this thesis, we make use of NIL to shape ferroelectric 

P(VDF-TrFE), which is integrated in the fabrication of ferroelectric 

memory devices and multiferroic layers. It should be again 

emphasized that there are two beneficial effects using this method in 

our case, as summarized in Fig. 2.3.3. The first one is that the 

nanoimprinted P(VDF-TrFE) has decreased coercive field due to the 

preferential crystal orientation, as mentioned above, at least when 

crystallization occurs in nano-cavities. This means that less voltage is 

required to switch the polarization of P(VDF-TrFE), which is an 

essential operation of ferroelectric memory devices. Therefore, 

nanoimprinted P(VDF-TrFE) has the potential to be used in memory 

devices of lower operating voltage, which is explored further in 

Chapters 4 and 5. However, it is worth noting that the coercive field 

should not be unlimitedly decreased in order to retain the stable 

polarization states of P(VDF-TrFE); otherwise, the polarization could 

be easily altered by small voltages and become unstable. The other 

beneficial effect is related to the creation of unique P(VDF-TrFE) 

nanostructures by NIL, separated by an open gap of controlled size, in 

which case a second functional component (e.g., semiconducting 

polymers and ferromagnetic metals) can be added in these openings. 

This leads to the production of well controlled multifunctional hybrid 

layers, allowing us to study the coupling of two functional properties 

at the nanometer scale and to design new device configurations using 

these multifunctional hybrid layers. This approach is attempted in 

Chapters 5 and 6 where we have made ferroelectric/semiconducting 

nanowire hybrid layers and nanopatterned ferroelectric/ferromagnetic 

multiferroic layers. 
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2.4 Scanning Probe Microscopy 

Scanning probe microscopy (SPM) is a family of tools that are used to 

obtain images of nanoscale surfaces and structures using a physical 

probe to scan the surface of a sample. SPM was created in 1981, with 

the invention of the scanning tunneling microscopy (STM) 
145, 146

 by G. 

Binnig and H. Rohrer who won the 1986 Nobel Prize in Physics for 

this invention
147

. STM measures the tunneling current through the 

vacuum between a biased tip and the surface of the sample, which 

depends on the tip position, the applied voltage, and the local density 

of states of the sample. Then information is acquired by monitoring 

the current as the tip position scans across the surface, from which 

images can be extracted. Since then, it becomes possible to see 

individual atoms distinctly, and to arrange the atoms the way we want. 

However, STM can only be used to study conductive samples, and the 

experiment is generally performed in vacuum. To overcome these 

limitations, atomic force microscopy (AFM) was invented by G. 

Binnig in 1986,
148

 in which, the information is acquired by detecting 

the tip deflection resulting from the tip-sample interaction. Based on 

different tip-sample interactions, a series of modified AFM techniques 

were developed, such as piezoresponse force microscopy (PFM) 

detecting the electromechanical interaction, Kelvin probe force 

microscopy (KPFM) detecting the electrical interaction, and magnetic 

force microscopy (MFM) detecting the magnetic interaction, to name 

a few. In this thesis, AFM and PFM are used to characterize the 

topography and the ferroelectric properties of the samples, 

respectively. 
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2.4.1 Atomic Force Microscopy 

 

Figure 2.4.1: Schematic drawing of an AFM equipment. Adapted from
149

 

 

As mentioned above, AFM is one application type of SPM and it has 

demonstrated atomic resolution. As shown in Fig. 2.4.1, an AFM 

equipment contains four main components: the probe (cantilever + tip), 

the piezo scanner, the deflection-detecting system (laser beam + 

photodetector), and the data processor and feedback electronics. The 

basic operation of AFM starts by bringing a sharp probe into close 

proximity with the sample surface, resulting in a deflection of the 

cantilever which can be detected by the detection system. Probe and 

sample are then moved relative to each other in a raster pattern 

controlled by the piezo scanner and the electronics, and an image 

representing a certain property of the sample is formed (measured in a 

serial fashion at discreet locations (pixels)) by analyzing the cantilever 

deflection during the probe motion. 
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As shown in the force-distance curve (Fig. 2.4.2), when the tip is 

brought close to the sample surface, tip-surface interactions occur, in 

which the van der Waals attractive force typically dominates at the 

beginning, resulting in an overall attractive interaction between the tip 

and the surface. This attractive force increases until the electron 

clouds of atoms in the tip and the sample begin to interact and 

electrostatically repel each other. This repulsive force weakens the 

overall attraction until a net force of zero is reached. Starting from this 

point, the tip is considered to be in "contact" with the sample surface. 

Depending on these interactions and the force-distance curve shown in 

Fig. 2.4.2, AFM has three basic operation modes: contact mode, 

non-contact mode, and tapping mode (intermittent mode). 

 

Figure 2.4.2: Force-distance curve between the tip and the sample surface. 

Adapted from
150

 

In contact mode, operation is in the repulsive regime and the tip 

makes physical contact with the sample surface. The cantilever 

deflects to accommodate topography below the probe while a 

user-defined deflection (i.e., a constant contact force) is maintained by 

moving the probe or the sample using the Z-piezoelectric actuator. 

This Z-piezo movement at each pixel location generates a height 

profile image of the surface. However, a limitation of contact mode is 
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that the constant contact with the surface can damage both the sample 

(especially soft samples) and the probe due to the lateral friction force 

during the scanning. Although there are limitations, contact mode is a 

pre-requirement for some modified AFM techniques (e.g., PFM) 

where the probe must be brought into physical contact with the sample 

surface in order to measure specific properties of functional materials 

(e.g., the electromechanical coupling of ferroelectric materials). 

In non-contact mode, the probe does not contact the sample 

surface, but oscillates above the surface. The surface topography can 

be measured by monitoring the changes in the oscillating phase or 

amplitude due to the attractive van der Waals forces. Non-contact 

mode AFM does not suffer from tip and/or sample degradations that 

are sometimes observed with contact AFM, which makes non-contact 

AFM preferable to contact AFM for measuring soft samples, e.g., 

biological samples and organic thin films. However, non-contact AFM 

has generally a lower resolution and the probe oscillation is sensitive 

to contaminations on the sample surface.  

In tapping mode, the cantilever is oscillated close to its resonance 

frequency as the probe is scanned across the surface. The amplitude 

set point of the oscillation is typically 10-100 nm, and the probe 

lightly "taps" the surface during scanning, contacting the surface at the 

bottom of its swing. As the probe interacts with topographic features, 

the oscillation amplitude changes and the feedback loop moves the tip 

or the sample up or down to maintain the amplitude set point. Since 

tapping mode combines the advantages of high resolution with contact 

mode and non-destructive characterization with non-contact mode, it 

is implemented in this thesis to characterize the topography and the 

microstructure of the sample. A typical example of topographic AFM 

image has been shown in Fig. 2.3.2 of Section 2.3. 

 

2.4.2 Piezoresponse Force Microscopy 

Piezoresponse force microscopy (PFM) is a specific application of 

AFM where a conductive tip is used to detect the electromechanical 
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coupling of ferroelectric/piezoelectric materials by applying an ac 

voltage.
151, 152

  

 

PFM Principles 

Piezoelectricity is defined as a phenomenon where the application of 

the pressure or stress on ferroelectric/piezoelectric materials leads to 

the buildup of electrical surface charges or polarization. The inverse 

of this phenomenon is called the converse piezoelectric effect, 

meaning that the application of an electrical field results in a 

deformation of the material. PFM makes use of the principle of this 

converse piezoelectric effect and measures the mechanical response of 

ferroelectric/piezoelectric materials when a periodic electrical field is 

applied to the material.  

 

Figure 2.4.3: Schematic drawing of a typical PFM setup where the ac 

voltage is applied to the tip. 

 

A typical PFM setup is shown in Fig. 2.4.3 where a periodic ac 

voltage is applied to the tip which is in contact with the sample 

surface. Then the tip voltage Vtip is: 

                          (Equation 2.4.1) 

with Vdc the dc voltage applied to the tip (polarization switching 

voltage), Vac the ac voltage (probing voltage), and ω the angular 
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frequency of the ac voltage (driving frequency). When the 

ferroelectric/piezoelectric material contracts or expands in response to 

the external electrical field due to the converse piezoelectric effect, the 

AFM cantilever, which is in contact with the sample, deflects 

simultaneously (Fig. 2.4.4). The deflection is monitored by means of a 

deflection-detecting system (laser beam + photodetector) as described 

in Section 2.4.1, with the first harmonic component of the deflection 

signal detected by a lock-in amplifier (Fig. 2.4.3). Then this 

information is translated into a piezoresponse signal, i.e., PFM 

amplitude response A and PFM phase response φ which, using the 

harmonic oscillator model,
153

 can be quantified as: 

      
      

   

    
         

   

 
  

       (Equation 2.4.2) 

         
   

    
      

         (Equation 2.4.3) 

where Amax is the amplitude at the resonance angular frequency   , 

and Q is a quality factor that describes the energy loss in the system. 

Of note, these two equations are general to all AFM setups and are not 

limited only to PFM. These two equations also indicate 

mathematically that the piezoresponse signal could be enhanced when 

working at a frequency close to the contact resonance. The PFM 

amplitude provides information about the local electromechanical 

coupling (converse piezoelectric coefficient) and the PFM phase 

provides information about the polarization direction (dipole 

orientation) below the tip. 
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Figure 2.4.4: Schematic description of PFM operation. (Left) No voltage is 

applied, resulting in no electromechanical coupling. (Middle and right) The 

contraction and expansion of the ferroelectric material in response to the 

external electrical field result in a cantilever deflection which can be 

measured and interpreted in terms of the piezoelectric properties of the 

sample. Adapted from
154

 

 

PFM Operation Mode 

There are two basic modes in PFM: imaging mode and spectroscopy 

mode. Depending on the purpose of the investigation on  

ferroelectric/piezoelectric materials, the proper mode should be 

selected. 

In PFM imaging mode, the conductive tip is scanned over a 

defined area, while the topography, PFM amplitude, and PFM phase 

images in both vertical and lateral directions (called vertical PFM and 

lateral PFM) can be obtained simultaneously by applying an ac 

voltage on the tip, which excites the electromechanical coupling in the 

ferroelectric material. Apart from getting images, this mode can also 

be used to pole the ferroelectric material over the scanned area by 

applying a sufficient dc voltage (larger than the coercive field of the 

ferroelectric material). Fig. 2.4.5 shows a typical example of PFM 

amplitude image and phase image obtained with a 100 nm-thick 

continuous P(VDF-TrFE) thin film sample. A strong contrast appears 

in both images between poled and unpoled regions, indicating that the 

dipoles are aligned along the direction of the poling field. The 

direction of dipole moments or polarization of P(VDF-TrFE) in 

different regions is shown in Figure 2.4.5 (c). In this thesis, PFM 
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imaging mode was employed to study the local polarization and 

depolarization as well as the switching mechanism of P(VDF-TrFE) 

continuous layers and nanowires in complex electronic devices, e.g., 

in ferroelectric field-effect transistors (Chapters 3-5). 

 

Figure 2.4.5: Typical PFM (a) amplitude and (b) phase images of a 100 

nm-thick P(VDF-TrFE) film deposited on a conductive doped Si substrate. 

Two small regions (2 µm x 2 µm) were poled by applying a 20 V or -20 V 

dc voltage on the PFM tip before taking the images (8 µm x 8 µm). The 

direction of dipole moments or polarization in different regions is shown in 

panel (c). 

 

In PFM spectroscopy mode, the tip is fixed at a specific position 

on the sample and the experiments are performed by sweeping the dc 

voltage in a cyclic manner. In general, hysteresis loops are obtained 

from these experiments for ferroelectric materials due to the 

dependence of the local piezoelectric vibration on applied voltage.
155

 

Measurements of local hysteresis loops in PFM spectroscopy mode 

are of great importance because they enable to quantify ferroelectric 

response and polarization switching on a selected small area of only a 

few tens of nanometers. Fig. 2.4.6 shows a typical example of PFM 

spectroscopy graph (phase and amplitude as a function of applied dc 

voltage) obtained with a 200 nm-thick continuous P(VDF-TrFE) thin 

film on an Au substrate. Clear PFM phase hysteresis loop and 
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butterfly-shaped amplitude curve are observed, indicating the 

ferroelectric nature of P(VDF-TrFE). Of note, the curves are 

off-centred, most probably due to the difference of work function of 

the bottom and top electrodes, and/or the existence of other 

electrostatic couplings in the PFM equipment. In this thesis, the PFM 

spectroscopy mode was employed to characterize the local 

ferroelectric response of P(VDF-TrFE) in multiferroic layers (Chapter 

6). 

 

Figure 2.4.6: PFM phase (left) and PFM amplitude (right) as a function of 

the applied bias on a 340 nm thick P(VDF-TrFE) film using Au as bottom 

electrode and PFM tip (Pt/Ir coated) as top electrode. 

 

Optimization of PFM operation conditions 

In practice, the operation of PFM experiments is more complex than 

in theory because it is also governed by many parameters which need 

to be optimized for specific materials, devices, and equipments. 

Taking P(VDF-TrFE) as an example, it has been shown in our group 

and by others
156

 that the magnitude of the ac driving bias should be in 

the range of 0.5-2.5 V and that the driving frequency should be close 

to the contact resonance in order to amplify the piezoresponse signal 

(Eq. 2.4.2 and Eq. 2.4.3). However, working at close-to-contact 

resonance frequency could be challenging in some cases because the 

contact resonance frequency is not stable especially during scanning a 

rough surface, and it can also be altered by external noise (e.g., a 
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magnetic field). In this case, working at frequencies far away from the 

contact resonance and increasing slightly the driving bias would be a 

better choice. In order to fully eliminate this problem, two more 

advanced methods were proposed: the band excitation method
157

 and 

the dual-frequency resonance-tracking method
158

. We will not discuss 

these two advanced methods here, since the PFM setups we used in 

this thesis are not equipped with them. In addition, the tip scanning 

speed and the poling time also influence the PFM contrast and 

polarization switching.
159

 Apart from the above mentioned parameters, 

there are even more factors governing the PFM acquisition results, 

such as the nature of the conductive tip, the type of bottom electrode, 

and the selection of PFM operation mode. In Appendix A2, we have 

tried to explore the influence of some of these parameters on the 

piezoresponse signal acquisition and the ferroelectric property 

quantification. 

 

2.5 Other techniques 

In addition to using NIL and PFM as two main techniques, some other 

techniques were also employed in this thesis. For sample preparations, 

standard photolithography technique was used to align the source and 

drain electrodes in transistors. An e-gun evaporator was used to 

deposit metal layers or electrodes. Electrochemical deposition was 

used to grow metals (nickel and platinum) in the openings of 

nanoimprinted P(VDF-TrFE) templates from proper electrolytes. For 

sample characterizations, scanning electron microscopy was used to 

characterize the morphology of the multiferroic layers. A profilometer 

and an ellipsometer were used in parallel with AFM to measure the 

thickness of thin layers. A probe station or PFM equipped with a 

semiconductor analyzer were used to measure the current 

characteristics of the transistors. Details are given in the related 

chapters when presenting our practical work. 
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Chapter 3 

Local Maps of the Polarization and Depolarization 

in Organic Ferroelectric Field-Effect Transistors 

 

 

Abstract. In this chapter, we study the local ferroelectric polarization 

and depolarization of poly(vinylidene fluoride-co-trifluoroethylene) 

(P(VDF-TrFE)) in p-type ferroelectric field-effect transistors 

(FeFETs). Piezoresponse force microscopy (PFM) is used to obtain 

local maps of the polarization on model 

metal-semiconductor-ferroelectric stacks, and on FeFETs stripped 

from their top-gate electrode; transfer curves are measured on 

complete FeFETs. The influence of the semiconductor layer thickness 

and of the polarity and amplitude of the poling voltage are 

investigated. In accumulation, the stable "on" state consists of a 

uniform upward-polarized ferroelectric layer, with compensation 

holes accumulating at the ferroelectric/semiconducting interface. In 

depletion, the stable "off" state consists of a depolarized region in the 

center of the transistor channel, surrounded by partially 

downward-polarized regions over the source and drain electrodes and 

neighboring regions. The partial depolarization of these regions is due 

to the incomplete screening of polarization charges by the charges of 

the remote electrodes. Therefore, thinner semiconducting layers 

provide higher downward polarizations, which result in a more 

depleted transistor channel and a higher charge injection barrier 

between the electrodes and the semiconductor, leading to lower 

threshold voltages and higher on/off current values at zero gate bias. 

Clues for optimization of the devices are finally provided.
*
 

 

                                                      
* Results in this chapter were published in Scientific Reports 6, 22116 (2016). 
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3.1 Introduction 

Since the first organic memory ferroelectric field-effect transistor 

(FeFET) was demonstrated by Naber et al. in 2005,
10

 organic 

non-volatile memory FeFETs have become a promising and active 

topic, evidenced by increasing numbers of scientific publications and 

applications.
10, 12-16, 18, 19, 112-114

 The structure of a typical FeFET is 

given in Fig. 3.1 (c). Here, we report for the first time on direct 

microscopic measurements of the spatial distribution of polarization in 

the ferroelectric layer of a real organic FeFET, and on the effect of the 

semiconducting thickness on the stability of the polarized states. 

In organic FeFETs, poly(vinylidene fluoride-co-trifluoroethylene) 

(P(VDF-TrFE)) is the most often used ferroelectric material, due to its 

high remnant polarization, short switching time, and low processing 

temperature (typically 120-140 °C).
93, 160

 As the memory functionality 

of a FeFET uses different polarization states of the ferroelectrics to 

store information, the polarization and depolarization behavior of 

P(VDF-TrFE) has been studied in FeFETs under different conditions, 

e.g., varying device configurations, changing poling conditions, and 

using different organic or inorganic semiconductors.
10, 12, 14, 16, 17, 20, 113, 

161
 A common conclusion from these previously-published studies is 

that, when the semiconductor is in the accumulation regime, the 

accumulation charges compensate the polarization charges of the 

ferroelectric layer in contact with the semiconductor (Fig. 3.1 (c)), 

thereby decreasing the electrostatic energy. After removing the poling 

voltage, the polarization remains stabilized by these mobile 

compensating accumulation charges, leading to high source-drain 

current values. Starting from this polarization state, depolarization 

only occurs when the gate bias exceeds the coercive voltage of 

P(VDF-TrFE).  

In contrast, when the semiconductor is poled in the depleted state, 

different ferroelectric polarization behaviors have been reported and 

the details of the mechanism remain elusive. For instance, Naber et al. 

reported that the polarization switches between a stable polarized state 

and a depolarized state in metal-ferroelectric-semiconductor-metal 
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(MFS) devices with organic poly(3-hexylthiophene) (80 nm layer 

thickness) as semiconductor. These two states correspond to the 

accumulation and depletion regimes of the semiconductor, 

respectively, which means that the depleted semiconductor layer 

prevents the formation of a stable polarization state.
15

 This was 

modeled later on by Brondijk et al. for a FeFET device.
17

 On the other 

hand, Kam et al. showed a close-to-full polarization reversal in MFS 

diodes using a small molecular semiconductor pentacene (30 nm layer 

thickness), and proposed the existence of a stable polarization state 

when the semiconductor is depleted, but only below the source-drain 

electrode regions in a bottom-gate top-contact FeFET.
18

 Most recently, 

Gelinck et al. reported a close-to-full polarization reversal in a 

dual-gate FeFET using 20 nm inorganic indium-gallium-zinc oxide as 

the semiconductor, but only under certain biasing conditions, i.e., by 

applying a second gate bias to introduce a second charge accumulation 

layer. These authors state that this second accumulation layer causes 

the redistribution of electric field lines, which can effectively decrease 

the depolarization field and leads to a stable polarization state.
20

 

Since several polarization states are proposed in FeFET devices 

when the semiconductors are depleted, namely depolarized or partially 

polarized, it is difficult to have a complete understanding of the 

general rules which control polarization and depolarization in FeFETs. 

A complicating factor is that the polarization might depend on the 

semiconductor layer thickness: indeed, analysis of the literature 

suggests that, the thinner the used layer, the more probable it is to 

obtain a stable polarization state in the depleted regime, although 

different semiconductors are employed. A possible reason would be 

that thinner semiconductor layers screen less the charges of the source 

and drain electrodes, which can thus partially compensate the 

polarization charges of the ferroelectric material. Another possibility 

is that, since the depleted semiconductor acts like an insulator which 

shares the poling voltage with the ferroelectrics, larger poling voltages, 

compared to the one applied to obtain the stable polarization when the 

semiconductor is in accumulation, are needed to reach the coercive 

field of P(VDF-TrFE). In addition, the location of P(VDF-TrFE), 
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either over the source or drain regions, or over the channel region (Fig. 

3.1 (c)), may also affect the polarization behavior. These hypotheses 

do not obey the common belief that, in order to obtain a stable 

polarization of the ferroelectric material, a poling field sufficiently 

large compared to the coercive field is needed, together with 

polarization-compensating mobile charges in direct contact with the 

ferroelectric layer.
162

 

These uncertainties largely result from the fact that there is 

currently no direct imaging of the switching of the transistor from its 

stable polarization state to its depolarized state, and more specifically 

of how the poling voltage distributes over the channel and electrode 

regions. In order to progress in theses issues, we therefore study for 

the first time by piezoresponse force microscopy (PFM) the local 

polarization and/or depolarization behavior in 

metal-semiconductor-ferroelectric (MSF) devices and unipolar 

FeFETs, for different semiconductor thicknesses and poling 

conditions. Then we fabricate and characterize unipolar FeFET 

devices, and check the influence of the semiconductor thickness and 

of the poling conditions on the device performance. Our microscopic 

studies reveal the complexity of the polarization state in the FeFET 

structure when the semiconductor is depleted, from which the 

behavior of FeFET devices can be fully explained and therefore 

improved. 

 

3.2 Experimental 

Materials. P(VDF-TrFE) (65 wt% of VDF units and a weight-average 

molar mass of ca. 300 000 g/mol) was provided by Solvay Specialty 

Polymers. Poly(triarylamine) (PTAA, a p-type amorphous organic 

semiconductor) was purchased from Flexink. P(VDF-TrFE) was 

dissolved in acetylacetone (65 g/L). PTAA was dissolved in toluene (2, 

5, and 10 g/L). All solutions were filtered through PTFE filters with 

0.45 µm pore size before spin-coating. 
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Device Fabrication. MSF devices (Fig. 3.1 (a)) were fabricated on a 

Si/SiO2 substrate covered by a 10/100 nm thick Cr/Au layer. PTAA 

layers of 5-45 nm thickness were spin-coated from solutions of 

different concentration using various spin speeds. On top of the PTAA 

layers, ca. 200 nm of P(VDF-TrFE) was spin-coated (5000 rpm, 500 

r/s, 1 min) from a 65 g/L P(VDF-TrFE) solution. We note that 

acetylacetone, used to dissolve P(VDF-TrFE), is an orthogonal solvent 

to the underlying PTAA layer. The resulting samples were annealed at 

135 °C for 10 min in air to improve the crystallinity of P(VDF-TrFE). 

A conductive tip was used as the top electrode when characterizing 

the devices in a PFM setup. For FeFET devices (Fig. 3.1 (b)) and (c)), 

5/30 nm thick Cr/Au source-drain electrodes were defined by standard 

photolithography on a Si (100) substrate covered by 200 nm of 

thermal SiO2. On this substrate, 10-45 nm thick PTAA layers were 

spin-coated from PTAA solutions of different concentration using 

various spin speeds. On top of the PTAA layers, ca. 340 nm of 

P(VDF-TrFE) was spin-coated (2000 rpm, 500 r/s, 1 min) from a 65 

g/L P(VDF-TrFE) solution. The resulting samples were annealed at 

135 °C for 10 min in air. In the case of devices tested in PFM, a 

conductive tip was used as top electrode; in the case of devices for 

current characterization, 70 nm-thick Au top electrodes were 

evaporated through a shadow mask.  

Device Characterization. The piezoresponse of the P(VDF-TrFE) 

films in MSF and FeFET devices was checked by PFM (Bruker Icon 

Dimension) in contact mode. The PFM technique allows to pole 

P(VDF-TrFE) and check the polarization on any desired position. To 

pole the device, a dc bias was applied to the conductive tip during 

scanning, while keeping the bottom electrodes grounded. An ac bias 

(1.5 V peak-to-peak amplitude) was then applied to the bottom 

electrodes to image the piezo/ferroelectric response, while keeping the 

tip grounded. The conductive Si tip was purchased from Nanosensors 

(Boron-doped diamond-coated, force constant of 0.02−0.77 N/m). The 

current characterization of the FeFET devices was performed in air by 

using an Agilent B1500A semiconductor device analyzer equipped 

with a probe station. To obtain the transfer curves of FeFETs, a -5 V 
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source-drain voltage was applied while sweeping the gate voltage 

from a positive value to a negative value, and to a positive value again. 

The devices were operated in the linear regime with these operation 

conditions.
163

 

 

Figure 3.1: Schematic drawing of the device configurations used in this work. 

(a) A MSF sample using a mobile conductive tip as top electrode; (b) A 

top-gate bottom-contact FeFET using a mobile conductive tip as gate 

electrode; (c) A top-gate bottom-contact FeFET device used for current 

characterization.  

 

3.3 Results and Discussion 

3.3.1 PFM studies of Metal-Semiconductor-Ferroelectric devices 

The polarization behavior of a P(VDF-TrFE) film of 200 nm thickness 

was first checked by PFM in MSF samples with a semiconducting 

PTAA layer of variable thickness (Fig. 3.1 (a)). Fig. 3.2 shows PFM 

amplitude images corresponding to samples with PTAA layer 

thicknesses of 0, 5, 15, 25 and 35 nm. In all images, two small regions 

(2 x 2 µm
2
) were first poled by applying 30 V (left-bottom) or -30 V 

(right-top) to the conductive tip, while keeping the bottom electrode 

grounded. The PFM amplitude images were then obtained by scanning 

the tip on a larger area (6 x 6 µm
2
) while applying only an ac bias to 

the bottom electrode (1.5 V peak-to-peak amplitude) while keeping 

the tip grounded. The contrasts of PFM amplitude between the 

positively- or negatively-poled regions and the unpoled background 

are plotted in Fig. 3.2 (f) as a function of PTAA layer thickness. The 

PFM amplitude contrast between poled and unpoled regions indicates 

that P(VDF-TrFE) is well-polarized and that the poled states are stable 
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since the images are taken at zero poling bias well after poling. In 

these PFM amplitude images, a larger contrast indicates that more 

dipoles are aligned, with as a consequence a larger remnant 

polarization. 

When the bias applied to the tip (Vtip) is -30 V, the contrast is 

almost constant from 0 to 35 nm PTAA layer thickness, showing that 

the polarization behavior is hardly affected by the semiconducting 

layer (which is in accumulation state in this case); this is because the 

accumulation charges (holes) have been trapped at the interface and 

stabilize the ferroelectric polarization (Fig. 3.2 (h)). However, the 

polarization behavior is completely different when Vtip is 30 V, in 

which case the PTAA layer is depleted. The contrast then decreases 

with increasing PTAA layer thickness and vanishes for 35 nm PTAA 

layer thickness. This observation is in good agreement with a previous 

result showing that there is no contrast for 45 nm PTAA layer 

thickness.
163

 This decrease may a priori result from two different 

factors. First, the depleted PTAA layer acts like an insulator, which 

shares the poling bias with the P(VDF-TrFE) film; therefore, for a 

sufficiently thick PTAA layer, the electric field in the P(VDF-TrFE) 

layer might be too low to orient the dipoles during poling. Second, the 

PTAA layer increasingly screens the free electrons in the bottom 

metallic electrode, preventing them from fully compensating the 

polarization charges, resulting in depolarization after poling (Fig. 3.2 

(h)). 
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Figure 3.2: PFM amplitude images of MSF samples with a PTAA (S) layer 

thickness of (a) 0 nm, (b) 5 nm, (c) 15 nm, (d) 25 nm, and (e) 35 nm. On 

these samples, one small region (2 x 2 µm
2
, left-bottom) was poled by 

applying a 30 V tip bias and the other one (2 x 2 µm
2
, right top) a -30 V tip 

bias, while keeping the bottom electrode grounded. These two regions are 

boxed in red in (a). The PFM images were subsequently obtained at zero 

poling voltage over larger areas (6 x 6 µm
2
). The PFM amplitude contrasts 

between these two small regions and the unpoled background are shown in 

(f). The contrast is calculated as the difference of the average amplitude of 

the poled region and the unpoled background. Dashed lines are guides to the 

eye. Schematic descriptions of the polarization state after removal of the 

poling voltage are shown in (g) and (h), for zero and 35 nm PTAA layer 

thickness. 

 

It is possible to decide which effect is dominant in our case; 

indeed, the voltage over the ferroelectric layer is VF = VCS/(CS+CF), 
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where V is the poling voltage, and CF (resp. Cs) is the capacitance of 

the ferroelectric (resp. semiconducting) layer. Taking    = 10 for the 

relative permittivity of the ferroelectric material and    = 3 for the 

one of the depleted PTAA layer,
21, 51

 the voltage over the 200 

nm-thick ferroelectric layer when poling at 30 V decreases from 30 to 

17.1 V when the PTAA layer thickness is increased from zero to 45 

nm. This corresponds to an electric field from 150 to 64 MV/m, which 

is in all cases above the coercive field of our P(VDF-TrFE) layer (61.5 

MV/m, see below). Therefore, the loss of polarization observed for the 

higher PTAA thickness does not result from incomplete poling of the 

ferroelectric, but from depolarization after poling due to the improper 

screening of the polarization charges by the too-distant free electrons 

of the metal. Nevertheless, a considerable polarization is still obtained 

when the PTAA layer is below ca. 20 nm, showing that two stable 

polarization states can be obtained in functional electronic devices if 

the semiconductor layer is thin enough not to screen fully the 

compensating charges of the metallic electrode. 

 

3.3.2 PFM studies of FeFET devices 

In FeFET devices, the PTAA and P(VDF-TrFE) stacked layers are not 

always sandwiched between two metallic electrodes (Fig. 3.1 (c)). 

Indeed, in the channel regions, the semiconducting/ferroelectric stack 

lies over an insulating region (SiO2 in our case), which is significantly 

different from a MFS device. Therefore, we further checked by PFM 

the local polarization switching in a FeFET device, using the 

configuration shown in Fig. 3.1 (b), again with different PTAA layer 

thicknesses and poling polarities.  

Fig. 3.3 (a-c) shows the PFM amplitude images of FeFETs with 0 

nm (as a reference), 5 nm, and 25 nm PTAA layer, respectively. 40 V 

poling biases of opposite polarity were applied over two small regions 

before imaging, as indicated; P(VDF-TrFE) is polarized when there is 

a PFM amplitude contrast between a poled region and the background 

– in this context, it is important to note that the contrast may be 
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positive or negative, depending on the specific conditions on 

acquisition. Fig. 3.3 (a-c) shows that the polarization depends on 

location. The source-drain Au electrode regions and the SiO2 channel 

regions, both of 2 µm width, are marked in Fig. 3.3 (a). Over the 

source and drain electrode regions, P(VDF-TrFE) is in a stable 

polarized state having a large contrast with the unpolarized 

background, irrespective of the polarity of the poling voltage and of 

whether a PTAA layer is or not present. This is consistent with the 

results obtained on MFS devices with thin PTAA layers. 

However, the polarization behavior is different over the SiO2 

channel regions. In the case of the reference FeFET without a PTAA 

layer (Fig.3. 3 (a)), a significant portion of P(VDF-TrFE) is not 

polarized due to a dearth of compensation charges at the 

SiO2/P(VDF-TrFE) interface, whatever the polarity. When a PTAA 

layer is added in the device (Fig. 3.3 (b-c)), the polarization over the 

channel regions now depends on the polarity of the poling voltage. For 

a negative bias (-40 V), the P(VDF-TrFE) can be polarized 

everywhere, since the PTAA layer is in accumulation, acting as an 

electrode during poling and providing the holes needed to stabilize the 

polarization after removal of the poling voltage. In contrast, when a 

positive bias (40 V) is applied, the central portion of the channel 

regions is not polarized, because the applied bias is not exceeding the 

coercive voltage of P(VDF-TrFE) in these regions. 

Nevertheless, in the case of the positive poling voltage for all 

PTAA thicknesses, and for the negative poling voltage only for the 

reference device without PTAA, a narrow stripe of P(VDF-TrFE) 

resting over the insulating channel regions is also polarized over a 

width w in the vicinity of the source-drain electrode regions. This can 

be seen from the width of the polarized and unpolarized regions, 

compared to the width of the source-drain electrodes and of the 

channel (both equal to we = 2 µm): for instance, in Fig. 3.3 (b), the 

width of the poled regions is 3.04 µm while the width of the unpoled 

ones is 0.96 µm; hence, there is a stripe of width w=(3.04-2)/2=0.52 
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µm of poled P(VDF-TrFE) lying over both edges of the channel 

region. 

 

Figure 3.3: (a-c) PFM amplitude images of a 340 nm P(VDF-TrFE) film in a 

FeFET configuration with PTAA layers of different thickness. All images 

have two small regions (8 x 8 µm
2
, boxed in red) poled by applying -40 V or 

40 V to the tip while keeping the source-drain electrodes grounded. Then the 

PFM images were obtained over a large region (25 x 25 µm
2
). (a) A 

reference sample with 0 nm PTAA layer. The underlying source-drain Au 

regions and SiO2 regions are indicated by green lines. The width of these two 

regions is 2 µm. (b) A sample with 5 nm PTAA layer. For 40 V tip bias, the 

width of the regions with strong and minor contrast with the background are 

3.04 µm and 0.96 µm, respectively. (c) Same, for a 25 nm thick PTAA layer. 

Points A and B indicate the borders of the poled region with strong contrast. 

A cross section along the black line AB is drawn in the Supporting 

Information for detailed analysis. (d) Schematic cross-section of a FeFET, 

showing the polarization after poling, depending on poling voltage polarity, 

in the absence or presence of a thin PTAA layer. Red arrows indicate the 

dipole moments in poled regions and black arrows are for unpoled regions. 

The compensating charges in the PTAA or electrodes are also indicated. 
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Figure 3.4. Width of the poled stripe at the edge of the electrodes over the 

channel regions, w, versus PTAA layer thickness, tS, for the FeFETs of Fig. 3 

comprising a ferroelectric layer of 340 nm thickness, after positive poling at 

40 V. The closed circles are the experimental data; the continuous line is the 

prediction from the model (Equation 3.1). 

 

The permanently-polarized regions are defined by the regions 

over which the electric field in the ferroelectric layer during poling is 

larger than the coercive field; they are shown schematically in Fig. 3.3 

(d) for the different cases considered here. A detailed analysis of this 

phenomenon needs to take into account the division of the poling 

voltage between the insulating depleted PTAA layer and the 

ferroelectric layer, and allows to obtain the size and shape of the 

polarized regions. From this analysis (in the Supporting Information), 

the coercive field Ec of the P(VDF-TrFE) layer is found to be 61.5 

MV/m, and the broadening of the polarized regions at the edge of the 

electrodes, w, is computed to be: 

                      
    

 
      

  

  

  

  
    (Equation 3.1) 
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with tF and tS the thickness of the ferroelectric and semiconducting 

layers, respectively, V the applied poling voltage, and    (3) and    

(10) the relative permittivities of the semiconducting and ferroelectric 

materials, respectively. This equation represents properly the 

broadening of the poled regions seen by PFM at the top surface of the 

ferroelectric layer (Fig. 3.4). 

During the poling at positive voltages, the depleted PTAA layer 

thus acts as an insulator and voltage divider; therefore, the effective 

voltage on the P(VDF-TrFE) is lower than the total applied poling 

voltage, and the poled regions decrease in size for thicker PTAA 

layers, as Fig. 3.4 clearly shows. This effect defines the shape and size 

of the poled regions. However, after positive poling, the depleted 

PTAA layer plays a second role, which is to screen the compensating 

charges provided by the metallic electrodes, as was seen in the MSF 

devices. Due to incomplete compensation, the poled regions partially 

depolarize, resulting in a lower PFM contrast. This was confirmed by 

checking the polarization of P(VDF-TrFE) after application of 

different poling voltages to a FeFET comprising a 25 nm-thick PTAA 

layer (Fig. 3.5). When the PTAA layer is in accumulation mode and 

plays the role of an electrode, the PFM contrast between poled and 

unpoled regions increases for more negative poling voltages, reaching 

saturation below -30 V poling voltage (the 'coercive voltage' is about 

-21 V for a 340 nm-thick ferroelectric layer). However, when the 

PTAA layer is depleted, the PFM contrast in the poled regions is far 

from saturation at 30 V, which is essentially due to depolarization 

after poling since our previous model shows that the coercive field is 

attained above the electrodes in these conditions. 
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Figure 3.5: PFM response of a P(VDF-TrFE) film in a FeFET configuration 

with a 25 nm-thick PTAA layer, measured for different poling voltages. (a) 

PFM amplitude image with six small regions poled by applying different tip 

voltages (8 x 8 µm
2
). The poled regions are boxed in red and the applied tip 

voltages are marked on top of each red box. The underlying Au and SiO2 

regions are the same as in Fig. 3.3, and are therefore not marked on the 

image. The PFM amplitude contrast between the poled regions and the 

unpoled background region is plotted in panels (b) and (c). 

 

At this stage, we have thus developed a fine understanding of 

polarization in FeFETs during and after poling. When the 

semiconducting PTAA is in accumulation, a stable upward 

polarization state is obtained over the complete device during and 

after poling, because the PTAA layer acts as an electrode during 

poling, and subsequently provides free holes which compensate the 

polarization charges at the P(VDF-TrFE)/PTAA interface. In this case, 

the thickness of PTAA layer has minor influence on the polarization 

behavior and the saturation polarization is obtained for the same 

poling voltage, whatever the PTAA thickness (30 V is enough for 340 

nm P(VDF-TrFE) with our processing conditions). When the 

semiconducting PTAA is depleted, the poling efficiency is reduced, 

because the voltage is divided between the insulating PTAA layer and 

the ferroelectric layer; therefore, poled regions are limited to the 
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regions shown in Fig. 3.3 (d) and described by Eq. 3.1. However, even 

though the internal poling field is high enough in these regions, their 

polarization is partially lost when the poling field is removed, because 

the compensating charges provided by the metallic electrodes are not 

in direct contact with the ferroelectric layer, which corresponds to 

increased electrostatic energy as shown by the study of the MSF 

systems. Therefore, thinner PTAA layers (typically below ca. 20 to 25 

nm) are needed if two stable polarization states of opposite polarity 

are desired. In addition, we also checked these two polarization states 

right after and one day after the poling; no significant decreasing of 

the amplitude contrast was observed, indicating these two polarization 

states are stable over long times (Fig. 3.10 in the Supporting 

Information). 

 

3.3.3 Characterization of complete FeFET devices 

The previous experimental results can now be used to describe the 

behavior of complete FeFET devices (Fig. 3.1 (c)). When the FeFET 

is poled negatively, the ferroelectric layer is completely 

upward-polarized provided the poling voltage corresponds to an 

electric field larger than Ec (Fig. 3.6 (a)). When the poling voltage is 

decreased to zero, the polarization is essentially conserved, 

corresponding to the stable "on"-state with polarization-compensating 

holes accumulated in the semiconducting layer and therefore a high 

channel conductance (Fig. 3.6 (b)). When a positive poling voltage is 

applied onto this stable state, the polarization state of the ferroelectric 

switches downwards at a given switching voltage Vdp, over the 

metallic electrodes and in a narrow edge region over the channel 

described by equation 3.1. The extent of polarization depends on the 

conditions of poling. In the rest of the channel region, the ferroelectric 

depolarizes due to the lack of compensating charges in the 

now-depleted semiconducting channel (Fig. 3.6 (c)). This corresponds 

to a strongly-depleted semiconducting channel, and a low current. 

When the poling voltage is subsequently decreased to zero, the 

ferroelectric polarization in the poled region partially depolarizes 
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depending on the thickness of the PTAA layer. Hence, the stable 

"off"-state is one into which, depending on the thickness of the PTAA 

layer, a partially-polarized region exists over the electrodes and close 

to them, whereas the material is unpolarized in the remaining part of 

the device over the channel (Fig. 3.6 (d)). Depending on the extent of 

depolarization and thus on the PTAA thickness, the semiconducting 

channel will be more or less depleted, with a more or less low channel 

conductance. This description is valid for a p-type semiconducting 

layer such as PTAA; it should be reversed if a n-type semiconductor is 

used. 

 

Figure 3.6. Schematic drawing of the state of a FeFET at different stages of 

its poling (the poling voltage is applied to the gate electrode and the 

source/drain electrodes are grounded (Vds = 0)). The red arrows indicate 

poled regions, black arrows showing the local dipole moments in 

depolarized regions. The degree of the depolarization in the case of positive 

poling depends on the thickness of the PTAA layer. Compensating charges 

are also indicated. 

 

FeFET devices were then fabricated with a P(VDF-TrFE) layer of 

340 nm, while the semiconducting PTAA layer thickness was 

different for each device, ranging from 10 nm to 35 nm. Fig. 3.7 (a) 

shows three series of transfer curves obtained by applying different 
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poling gate voltages of a FeFET with a channel length L = 2 µm, a 

channel width W = 31.5 mm and a 35 nm semiconducting PTAA layer. 

All curves exhibit hysteresis loops which are typical for memory 

FeFETs. 

 

Figure 3.7: Transfer curves of two FeFETs with different source-drain 

configuration and PTAA layer thickness. Both graphs present three transfer 

curves with different gate sweeping voltage ranges of ±20 V, ±30 V, and ±40 

V, by applying a same source-drain voltage Vd of -5 V. A dotted vertical line 

at 0 V is drawn as reference in both graphs. (a) FeFET with a 35 nm-thick 

PTAA layer and a source-drain configuration with L = 2 µm and W = 31.5 

mm. The threshold voltages Vth in the case of different sweeping voltage 

ranges are indicated in the enlarged insertion panel. Black arrows indicate 

the gate voltage sweeping direction. The depolarization voltage (Vdp) from 

the upwards saturated polarization state corresponding to the accumulation 

regime of PTAA is also indicated. (b) FeFET with a 25 nm-thick PTAA layer 

and a source-drain configuration with L = 6 µm and W = 10.5 mm. 

 

Starting from the negatively polarized state, the channel current is 

preserved at a high value when the gate voltage is increased to the 

stable on-state at 0 V, corresponding to moving from (a) to (b) in Fig. 

3.6. When increasing further the gate voltage to positive values, the 

current decreases abruptly at Vdp, at which stage the ferroelectric 

depolarizes in the channel region (Fig. 3.6 (c)), resulting in a low 

channel current. Depolarization occurs for a lower value of voltage 

when the transistor was initially poled at -20 V (red curve), because 

the saturation of the polarization was not reached for this poling 



70 
 

voltage; however, saturation is obtained when poling at -30 and -40 V 

(Fig. 3.5 (b)), with as a result an identical depolarization voltage 

(green and purple curves). 

When sweeping back the gate voltage to zero, the current 

increases again below a threshold voltage Vth, which is due to partial 

depolarization of the ferroelectric over and close to the electrodes (Fig. 

3.6 (d)). Interestingly, as shown in the inset of Fig. 3.7 (a), the 

threshold voltage is lower when using higher poling voltages, which 

results from three effects: first, higher poling voltages correspond to 

larger poled regions in the depletion regime (Fig. 3.5); second, higher 

poling voltages also correspond to more polarized poled regions (Fig. 

3.5 (c)) – at least within the 30-40 V poling voltage range; third, this 

more polarized state makes PTAA more depleted and increases the 

charge injection barrier between the source-drain electrode and PTAA 

(a simplified band diagram of the Au/PTAA/P(VDF-TrFE) structure is 

shown in Fig. 3.11 of the Supporting Information).
11, 101

 

Less positive Vth's are beneficial, because they increase the on/off 

current ratio at zero gate bias which is an important operational 

parameter for FeFET memory devices. For instance, the on/off ratio of 

the FeFET of Fig. 3.7 (a) is increased by a factor of 10 by changing 

the positive poling voltage from 20 V to 40 V. 

Fig. 3.7 (b) shows transfer curves of a FeFET employing a 

different device configuration (L = 6 µm, W = 10.5 mm) and a PTAA 

layer of different thickness (25 nm) compared to that in Fig. 3.7 (a). A 

generally similar behavior as in Fig. 3.7 (a) is observed, indicating that 

our analysis is independent of the FeFET configuration and of the 

semiconducting PTAA layer thickness. The current in the on-state is 

lower due to the lower channel conductance. Importantly, the 

threshold voltage in Figure 7b is less positive (and even negative) than 

in Fig. 3.7 (a); this results from the thinner PTAA layer, leading to a 

wider poled region of lower degree of depolarization, resulting in a 

more depleted PTAA layer and a larger charger injection barrier. The 

importance of the PTAA thickness was also checked by using the 

same device configuration: Fig. 3.8 presents the transfer curves of two 
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FeFETs with L = 6 µm and W = 10.5 mm, but of different PTAA layer 

thickness (10 and 25 nm). The poling voltage sweeping range of the 

two FeFETs was the same (±30 V). As expected, Vth is less positive 

for the device with a 10 nm PTAA layer, because the poled regions 

are larger and more polarized. However, the right part of the curves 

coincides, indicating identical depolarization voltages, because the 

same saturated polarization on-state is obtained by applying a -30 V 

gate poling voltage.  

 

Figure 3.8: Transfer curves of two FeFETs with a 10 and 25 nm PTAA layer, 

respectively. A dotted vertical line at 0 V is drawn as reference 

 

The present results demonstrate that thinner semiconducting 

layers give larger downwards polarizations and therefore better device 

performance. However, the semiconducting layer thickness might also 

affect the film quality and therefore the semiconducting properties. 

Fig. 3.12 in the Supporting Information shows that a flat surface with 

a roughness smaller than 0.2 nm is obtained for a 10 nm PTAA layer. 

In contrast, PTAA films less than 10 nm exhibit a large amount of 

defects, probably due to the fast evaporation of the solvent during the 

spin-coating. Of note, these defects could have a huge influence on the 

conductance of a semiconductor device (e.g., a FeFET), but do not 
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affect the polarization behavior of P(VDF-TrFE) observed in this 

chapter. Therefore, the optimized PTAA layer thickness should be in 

the range of 10 to 20 nm in order to obtain a considerable downwards 

polarization state and a large on/off ratio at zero gate bias. A further 

factor to take into account is that the mobility of the semiconductors 

(especially small molecular ones) strongly depends on the film 

thickness.
164, 165

 

We thus conclude that, when the PTAA layer is depleted, the 

spatial extent and magnitude of the polarization over the source-drain 

electrodes and neighboring regions modulate the position of the 

threshold voltage, resulting in higher or lower on/off current values at 

zero gate bias. The on/off ratio can be increased by up to 2 orders of 

magnitude in our case by carefully choosing the PTAA layer thickness, 

e.g., 10 nm compared to 45 nm. Similar degrees of improvement of 

the on/off ratio were also reported recently;
21

 in that work, a 80 nm 

PTAA layer was used and a second gate was employed to control the 

threshold voltage and the on/off current ratio. Our work shows that 

tuning the PTAA layer thickness affords another handle to control the 

on/off ratio, with the advantage of being intrinsic and not requiring to 

use a second controlling gate.  

 

3.4 Conclusions 

In summary, we have systematically studied the local ferroelectric 

polarization and/or depolarization of P(VDF-TrFE) in MFS and 

unipolar top-gate bottom-contact FeFET devices using p-type 

poly(triarylamine) as organic semiconductor. PFM results show that a 

stable "on" upward-pointing polarization state can be obtained 

irrespective of the location in FeFETs of P(VDF-TrFE) (on channel 

regions or source-drain electrode regions), in which the 

semiconducting layer acts as an electrode during poling and provide 

compensating charges at the PTAA/P(VDF-TrFE) interface after 

removal of the poling voltage. Another stable state is also achievable 

in these devices when the depleted PTAA layer is thin enough and/or 
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the poling voltages are sufficiently large. In this state, the ferroelectric 

is depolarized over the main part of the channel regions, whereas it is 

polarized downwards over the electrodes and neighboring channel 

regions. The size of the polarized regions depends on the thickness of 

the semiconducting layer, because PTAA acts as an insulator dividing 

the applied voltage during poling; in addition, their degree of 

polarization after removal of the poling voltage also depend on the 

thickness of the PTAA layer, which screens the 

polarization-compensating charges accumulated in the source and 

drain electrodes. These polarized regions in the second stable state 

make the PTAA more depleted and modify the charge injection barrier 

between the electrode and the PTAA layer. As a result, FeFET devices 

of thinner PTAA layer have less positive (and even negative) 

threshold voltages, leading to an increase of the on/off current ratio at 

zero gate bias and therefore to an improvement of the memory device 

performance. 

The semiconductor thickness dependence of the ferroelectric 

polarization in a FeFET is likely to be universal, because similar 

polarization behaviors were reported for other organic/inorganic 

semiconductors.
18, 20

 Therefore, our investigation and results provide 

new clues for device design and performance optimization of memory 

FeFETs. In addition, our results give a complete spatial view, and 

thereby understanding, of ferroelectric polarization and depolarization 

in these complex devices, and on the working mechanism of memory 

FeFETs, as summarized in Fig. 3.6. 

 

3.5 Supporting Information 

3.5.1 Computation of the layer thicknesses and fields in the poling 

region in FeFET devices. 

A cross-section of a FeFET device is shown in Fig. 3.9. Previous AFM 

experiments performed for thin PTAA layers (up to 45 nm thick) 

spin-coated over protruding gold electrodes showed that the PTAA 
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layer conformally covers the electrodes;
163

 what is not known, 

however, is the exact profile of the PTAA layer at the edge of the 

electrodes. As for the P(VDF-TrFE) layer, it is thick enough to 

planarize the structure. Points A and B in Fig. 3.9 are the positions 

where the PFM contrast starts to appear, i.e., at which the coercive 

field is reached when a poling voltage of 40 V is applied (Fig. 3.3 (c)). 

Stated otherwise, the electric field in P(VDF-TrFE) is equal to the 

coercive field along the line AC of Fig. 3.9. Based on the geometry of 

the cross-section, on the ferroelectric and semiconducting layer 

thicknesses (tF = 340 nm and tS = 0 to 35 nm, respectively), and on the 

measured value of broadening of the poled region (w, Table 3.1), it is 

possible to compute the voltage drop in the ferroelectric layer along 

the AC line, VAD = tF' Ec, where Ec is the coercive field and tF' is the 

thickness of the ferroelectric layer along the AC line (Fig. 3.9). 

 

Figure 3.9. Schematic drawing of the cross-section of a FeFET device. The 

AC line indicates the boundary of the region beyond which the electric field 

during poling is below the coercive field. 

 

In the absence of a PTAA layer (Fig. 3.3 (a)), the voltage drop 

VAD is the applied voltage (40 V); since w = 555 nm and tS = 0, tF' = 

651 nm, which provides an experimental value for the coercive field 
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Ec = 61.5 MV/m, close to the reported values of coercive field for 

relatively thick P(VDF-TrFE) films.
15, 20

 

 In the presence of a PTAA layer thin enough not to fully screen 

the compensating charges from the electrodes, the following two 

equations may be solved to obtain tF' and tS', which are the thicknesses 

of the ferroelectric and semiconducting layers along the AC line (Fig. 

3.9): 

 and , 

where V is the applied poling voltage (40 V), and    = 3 (resp.    = 

10) is the relative permittivity of the semiconducting (resp. 

ferroelectric) layer. The first equation is purely geometrical, whereas 

the second expresses that the applied poling voltage is shared between 

two series capacitors and that the electric field on the ferroelectric 

layer at the limit of the polarization zone is equal to the coercive field. 

 The resulting thickness values are collected in Table 3.1, from 

which the voltage drops VAD = tF' Ec and VDC = V - VAD can be trivially 

computed. These voltage drops are very close to the values of voltage 

drops in flat MSF devices of same layer thickness, which indicates 

that the voltage division is essentially not perturbed by edge effects in 

the poled region. Therefore, it becomes possible to simplify the 

estimation of the width of the poled region, w. Defining θ as the angle 

between the AC line and the vertical direction (Fig. 3.9), 

 and , 

in which  is the voltage drop in the 

ferroelectric layer over the electrodes, far from their edges (as in a 

MSF device). Therefore,  



76 
 

(Equation 3.2). 

Table 3.1: Different geometrical and electrical parameters obtained from the 

analysis of PFM images of poled FeFET devices. 

tS
(1)

 

(nm) 

w
(2)

 

(nm) 

tF'
 (3)

 

(nm) 

tS'
 (4)

 

(nm) 

VAD
(5)

 

(V) 

VDC
(6)

 

(V) 

wcalc
(7) 

(nm)
 

0 555 651 0 40 0 554 

5 520 615 9 37.8 2.2 526 

10 490 585 17 36.0 4.0 499 

15 470 564 25 34.7 5.3 474 

25 420 518 38 31.9 8.1 426 

35 360 471 49 29.0 11.0 380 

(1) Measured thickness of the PTAA layer; (2) Measured broadening of the 

P(VDF-TrFE)-polarized region on one side of the source or drain electrodes; 

(3) Computed distance DA in Fig. 3.9; (4) Computed distance CD in Fig. 3.9; 

(5) Computed voltage drop over the ferroelectric layer, along the line AC of 

Fig. 3.9; (6) Computed voltage drop over the semiconductor layer, among 

the line AC of Fig. 3.9; (7) Computed broadening of the P(VDF-TrFE) 

region, equation 3.2. 
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 A comparison between the measured and computed values of w is 

given in Table 3.1 and Fig. 3.4. The measured and computed values 

agree very well, within better than 20 nm, confirming the predictive 

ability of equation 3.2 when using Ec=61.5 MV/m,    = 3 and    = 

10. 

 

3.5.2 Stability of the two polarization states 

 

Figure 3.10: PFM amplitude images of a FeFET with 15 nm PTAA and 340 

nm P(VDF-TrFE) which was poled on two small regions by -40 V (left-top) 

and 40 V (right-bottom) tip bias. (a) The image was taken right after the 

poling; (b) The image was taken one day after the poling and no significant 

decreasing of the amplitude contrast is observed compared to that in (a), 

showing that the two polarization states in our FeFET are stable over long 

times. 
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3.5.3 Simplified band diagram of the 

metal/semiconductor/ferroelectrics structure  

 

Figure 3.11. Band diagram of the Au/PTAA/P(VDF-TrFE) 

(M/SC/F)structure, taking 4.8 eV for the work function of Au,
101

 and 5.2-5.6 

eV for the HOMO level of PTAA.
166

 (a) P(VDF-TrFE) is unpoled; (b) 

P(VDF-TrFE) is negatively poled and PTAA is in the accumulation state; (c) 

P(VDF-TrFE) is positively poled and PTAA is in the depletion state. 

3.5.4. AFM images of thin PTAA layers 

 

Figure 3.12: Topography images of two PTAA layers spin-coated on SiO2. 

The PTAA layer thickness is (a) 5 nm and (b) 10 nm. 
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Chapter 4 

An Organic Ferroelectric Field-Effect Transistor 

with P(VDF-TrFE) Nanowires as Gate Dielectric 

 

 

 

 

 

Abstract. In this chapter, we demonstrate the fabrication of an organic 

ferroelectric field-effect transistor (FeFET) incorporating a 

ferroelectric gate dielectric made of nanowires obtained by 

nanoimprinting poly(vinylidene fluoride-co-trifluoroethylene) over a 

layer of semiconducting poly(triarylamine). The imprinting process 

results in a decreased switching voltage for the ferroelectric, by a 

factor of ca. 1.5, resulting in a decreased operating voltage compared 

to a reference FeFET with a continuous ferroelectric layer. The 

transistor consists of a large number of nanowire-gated transistors 

placed in parallel, which also offers interesting possibilities for a 

strong size reduction of organic FeFETs.
*
 

  

                                                      
* Results in this chapter were published in Applied Physics Letters, 105, 113113 (2014) 
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4.1 Introduction 

Organic ferroelectric field-effect transistors (FeFETs) incorporating 

poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) as gate 

dielectric, have been intensively studied for non-volatile memory 

applications over the last decade.
12-16, 18, 19, 112-114, 167-171

 P(VDF-TrFE) 

crystallizes predominantly in a polar ferroelectric phase characterized 

by a remnant polarization of ca. 70 mC/m
2
 (for ~30% TrFE) and a 

coercive field of ca. 50 MV/m. By applying a gate voltage Vgs, the 

P(VDF-TrFE) is permanently polarized, resulting in the accumulation 

of charge carriers in the semiconducting layer at its interface with the 

P(VDF-TrFE) layer even after gate voltage removal, i.e., at Vgs = 0 V. 

The source-drain current Ids, which is measured by applying a small 

source-drain voltage Vds, therefore exhibits two current states, Ion and 

Ioff, depending on the direction of polarization of P(VDF-TrFE) and on 

the semiconductor type. Since FeFET memories typically require 

smaller Vgs and higher ON/OFF current ratios, several methodologies 

have been explored to improve performance, including using high 

mobility semiconductors, improving the ferroelectric properties of 

P(VDF-TrFE), or optimizing the quality of the 

semiconductor/P(VDF-TrFE) interface.
13, 15, 16, 113, 172, 173

 

 Here we focus on exploring the effect of nanoimprinting 

lithography (NIL) on the ferroelectric performance of P(VDF-TrFE) in 

an organic FeFET. We have previously reported that, when 

P(VDF-TrFE) crystallizes in confinement in the nanocavities or 

nanochannels of a NIL mold, preferred crystallographic orientation 

and a significant increase of crystal perfection are observed; as a result, 

the coercive field of the material is significantly decreased.
57, 58

 

Similar improvements were also reported for the crystallization of 

P(VDF-TrFE) in other confined media.
60, 174

 Here, we integrate 

nanoimprinting of P(VDF-TrFE) in the FeFET fabrication process, in 

order to decrease the gate voltage Vgs needed to reach the saturation 

remnant polarization Pr; this concept simultaneously leads to an 

unusual FeFET wherein the gate ferroelectric is in the form of 

nanowires running perpendicular to source and drain (Fig. 4.1). 
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4.2 Experimental 

Materials. P(VDF-TrFE) with 35 weight % of TrFE units and a 

weight-average molar mass of ca. 300 000 g/mol was provided by 

Solvay Specialty Polymers. Poly(triarylamine) (PTAA) was purchased 

from Flexink. P(VDF-TrFE) was dissolved in acetylacetone at 

different concentrations (35 g/L or 60 g/L). PTAA was dissolved in 

toluene (10 g/L). All solutions were filtered by PTFE filters with pore 

size of 0.45 µm before spincoating. 

 

Figure 4.1: Scheme of a FeFET with nanoimprinted ferroelectric. In the case 

of the reference FeFET, the imprinted P(VDF-TrFE) was replaced by a 

continuous film. 

 

FeFET Fabrication. Source and drain electrodes were defined by 

standard photolithography on a Si (100) substrate covered by 200 nm 

of thermally-grown SiO2, followed by the local etching of 30 nm SiO2, 

the deposition of 5/25 nm Cr/Au, and metal lift-off. These processes 

led to buried interdigitated source-drain electrodes in an almost 

perfectly planar substrate. The PTAA solution was spincoated at 2000 

rpm for 1 min on this substrate, resulting in the deposition of ca. 45 

nm PTAA. A 35 g/L P(VDF-TrFE) solution was then spincoated at 

3500 rpm for 1 min on the PTAA layer. Acetylacetone, used to 

dissolve P(VDF-TrFE), is an orthogonal solvent and hence does not 

affect the underlying PTAA layer. The P(VDF-TrFE) film, of ca. 95 

nm initial thickness, was nanoimprinted under 60 bar at 135 °C 

(in-between the Curie transition and the melting point) with an 
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Obducat imprinter. (using mold L400, see its geometry in Appendix 

A1) After 10 min imprinting time, the system was cooled to room 

temperature. During imprinting, the line direction was placed normal 

to the source-drain direction. After imprinting, the resulting 

P(VDF-TrFE) nanowires were of ca. 200 nm width, 200 nm spacing , 

and 185 nm height. They were effectively isolated from each other, 

since the initial thickness of the P(VDF-TrFE) layer was selected to be 

ca. 95 nm in order to ensure nanoimprinting in complete confinement. 

The resulting device is shown in Fig. 4.1. For the reference device, a 

60 g/L P(VDF-TrFE) solution was spincoated at 3500 rpm for 1 min 

on the PTAA layer, resulting in a film of ca. 185 nm thickness, equal 

to the height of the ferroelectric nanowires in the imprinted samples. 

This reference device was annealed at 135 °C for 10 min on a hot 

plate to improve crystallinity. The thicknesses of the PTAA layer and 

of the P(VDF-TrFE) layers were measured by Atomic Force 

Microscopy (AFM). 

 

Characterization of Morphology and Piezoresponse. The 

morphology of the continuous films and nanoimprinted nanowires was 

checked by a Multimode AFM (Nanoscope IV, Bruker) in tapping 

mode with silicon cantilevers from Nanosensors (force constant of 

~40 N/m, apex radius of curvature <7 nm). The piezoresponse of the 

continuous and nanoimprinted P(VDF-TrFE) films was checked by 

Piezoresponse Force Microscopy (PFM) in contact mode. An Agilent 

5500 AFM (Agilent Technologies) system equipped with a Mac III 

Controller lock-in amplifier was adapted to the requirements of the 

PFM technology, in order to apply dc biases larger than 10 V. To make 

PFM measurements, the source-drain electrodes were used as bottom 

electrodes. A conductive Si cantilever from Nanosensors 

(Boron-doped diamond-coated, force constant of 0.02−0.77 N/m) was 

used as a mobile top electrode. The ferroelectric response was 

inspected in PFM image mode with an oscillating voltage of 0.5 V 

amplitude, added to a polarizing dc bias. All PFM measurements were 

done by applying the ac driving bias Vtip on the cantilever, while the 
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poling was done by applying the dc bias Vs&d on the source-drain 

electrodes and setting the ac bias to zero (Fig. 4.2 (a)). Here we define 

the poling voltage Vtip,pol = Vgs = Vtip - Vs&d = -Vs&d. 

 

Figure 4.2: Configuration of the setups for (a) applying Vtip,pol to pole 

P(VDF-TrFE) and (b) applying Vds to measure Ids. The structure of the 

FeFET device here is along the P(VDF-TrFE) nanowire shown in Fig. 4.1 

and normal to the long axis of the S/D electrodes. 

 

FeFET Characterization. P(VDF-TrFE) was first poled by applying 

a poling voltage Vtip,pol. Then the source-drain current Ids was 

measured after the removal of Vtip,pol. As shown in Fig. 4.2 (a), the 

same setup configuration as for PFM measurements was used to pole 

P(VDF-TrFE). Then a Keithley analyzer (Model 6430 with 

femtoampere accuracy) was used to apply a source-drain voltage Vds 

and measure the source-drain current Ids (Fig. 4.2 (b)). 

 

4.3 Results and Discussion 

4.3.1 FeFET fabrication 

Fig. 4.3 shows the topography of the surfaces along the different 

fabrication steps. To avoid contamination and damage to the NIL 

molds, the Au electrodes should not be higher than the SiO2 part. 
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Therefore, the Au electrodes were buried into the substrate as 

mentioned above. Fig. 4.3 (a, e) shows such a substrate with Au 

electrodes at the same level as the SiO2 background. Deposition of the 

PTAA layer flattens further the substrate (Fig. 4.3 (b, f)). A surface 

devoid of any topology of electrodes is obtained after spincoating ca. 

95 nm P(VDF-TrFE) on PTAA (Fig. 4.3 (c, g)): the average roughness 

is 8.0 nm, comparable to the values reported for a P(VDF-TrFE) film 

spin-coated on a flat surface.
14, 168

 NIL applied on this P(VDF-TrFE) 

film produces well-defined nanowires of ca. 185 nm height and 200 

nm width (Fig. 4.3 (d, h)). The nanowires were imprinted 

perpendicularly to the source and drain electrodes. Due to tearing 

during demolding, and mold imperfections, a few defects were 

distributed along the array of nanowires; Fig. 4.3 (d) shows a typical 

image. After optimization, the process led to well-structured 

nanoimprinted FeFETs with a reasonable production yield (> 90%). 

For current characterization, a conductive PFM cantilever was used as 

gate instead of a traditional metal electrode. The schematic diagram of 

such a nanoimprinted FeFET with top-gate bottom-contact 

configuration and a mobile gate is shown in Fig. 4.2 (a). 

 

4.3.2 Piezoresponse of the continuous P(VDF-TrFE) film and of 

the nanoimprinted P(VDF-TrFE) film  

The switching of the continuous and nanoimprinted P(VDF-TrFE) 

films atop PTAA in the FeFET architecture was studied by PFM : a 

series of regions of the sample were poled by scanning the grounded 

tip while applying increasing dc voltages Vs&d to the source and drain 

electrodes; the sample was then imaged in PFM mode at zero dc bias. 

Fig. 4.4 (a, b) shows the resulting amplitude images, (c, d) phase 

images, of the continuous P(VDF-TrFE) film (a, c) and of the 

nanoimprinted P(VDF-TrFE) film (b, d)) For both films, the 

piezoresponse changes depending on the previously-applied Vs&d. 10 

V is insufficient to align the dipoles of P(VDF-TrFE); however, 

starting from 15 V for the continuous film and 12.5 V for the 
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nanoimprinted film, the PFM contrast starts to appear due to partial 

dipole alignment. The contrast increases for larger positive Vs&d and 

reaches a maximum when Vs&d is large enough to permanently align 

most dipoles in one direction. The maximum contrast means that the 

saturation Pr is obtained. 

 

Figure 4.3: AFM morphology of: (a) buried S/D substrate; (b) PTAA layer 

spincoated on (a); (c) P(VDF-TrFE) layer spincoated on (b); (d) 

P(VDF-TrFE) nanowires by making nanoimprint on (c); (e)-(h) height 

profiles of the cross sections of (a)-(d): (e) corresponds to (a), (f) to (b), (g) 

to (c), and (h) to (d). 

 



86 
 

 

Figure 4.4: PFM piezoresponse (a) (b) amplitude images, (c) (d) phase 

images: (a) (c) for the continuous P(VDF-TrFE) in a reference FeFET and (b) 

(d) for the nanoimprinted P(VDF-TrFE) in a nanoimprinted FeFET. In all the 

images the background was polarized initially with a dc voltage of 0 V, and 

the smaller square areas of 8 µm x 8 µm were polarized with increasing 

positive dc voltages Vs&d applied on source-drain electrodes (given in panels 

(a) and (b)). All PFM images were recorded with a 0 V dc voltage; (e) (f) 

PFM piezoresponse phase contrast versus source-drain voltage Vs&d: (e) for 

the continuous P(VDF-TrFE) and (f) for the nanoimprinted P(VDF-TrFE). 
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To determine at which voltage the maximum Pr can be obtained, 

the phase contrast was plotted versus Vs&d in Fig. 4.4 (e, f) for both the 

continuous and nanoimprinted P(VDF-TrFE) films. Here, the phase 

contrast was defined as A0cosφ0 - Acosφ, where A0 and φ0 are the 

average amplitude and the average phase of the background; A and φ 

are the average amplitude and phase of the smaller square areas where 

Vs&d was applied. As shown in Fig. 4.4 (e) and (f), the contrast reaches 

a maximum at 27.5 V and a plateau is obtained for voltages larger than 

27.5 V for the continuous P(VDF-TrFE) film, while this point is 20 V 

for the nanoimprinted P(VDF-TrFE) film. Note that the thickness of 

the continuous film was selected so as to be equivalent to the height of 

the nanowires of the nanoimprinted sample. This means that the 

switching field of the nanoimprinted P(VDF-TrFE) is indeed lower 

than the one of the continuous film. For instance, at 15 V, ca. 5% of 

the maximum polarization contrast is obtained for the continuous film, 

whereas ca. 60% is obtained for the nanoimprinted film. Hence, the 

P(VDF-TrFE) dipoles are more easily aligned in nanowires than in the 

continuous film, with a switching voltage reduced by a factor of about 

1.5. Previously, we showed that the coercive field of P(VDF-TrFE) 

imprinted over Si in nanowires of similar width was reduced by a 

factor of about 2 compared to a continuous film.
57

 The lower effect 

found here might be due to the different nature of the bottom 

electrode. 

 

4.3.3 Current characterization of the FeFETs  

As before, a conductive cantilever was used as gate for the 

characterization of the device. The grounded tip was scanned over a 

defined area of 50 µm x 50 µm while setting Vs&d to a given value, in 

order to pole the system at Vtip,pol = -Vs&d. Then, the 

polarization-induced source-drain current Ipol was measured as 

displayed in Fig. 4.2 (b), for different source-drain voltages Vsd and no 

applied gate voltage. Here, Ipol is defined as Ipol = Ids - Iinitial, where 

Iinitial is the source-drain current Ids measured after the scanning at 
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Vtip,pol = 0 V. This definition of the polarization-induced current rests 

on the fact that the P(VDF-TrFE) cannot be polarized at 0 V poling 

voltage; therefore, Ipol = 0. For both the reference and the 

nanoimprinted FeFET, Ipol is plotted in Fig. 4.5 versus Vds (after 

scanning and removal of Vtip,pol), and in Fig. 4.6 versus the 

previously-applied Vtip,pol at Vds = 10 V. 

 

Figure 4.5: Polarization-induced current Ipol (upon removal of Vtip, pol) versus 

Vds, for a reference and a nanoimprinted FeFET. The tip electrode scanning 

size for both FeFETs was 50 µm x 50 µm. Because the fill factor of the mold 

is 0.5, the equivalent active area is 25 µm x 25 µm for the nanoimprinted 

FeFET.  

 

 Fig. 4.5 shows the output characteristics of a reference and a 

nanoimprinted FeFET. Ipol increases linearly with increasing Vds for 

source-drain voltages lower than 15 V, for both FeFETs. The different 

curves coincide for poling voltages -Vtip, pol larger than 30 V for the 

reference FeFET and larger than 20 V for the nanoimprinted FeFET, 

confirming that the maximum Pr is reached for Vtip,pol = -30 V and -20 

V for the reference and nanoimprinted FeFET, respectively. 
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Figure 4.6: Transfer characteristics of a reference and a nanoimprinted 

FeFET. The polarization-induced current Ipol was measured at Vds = 10 V 

upon removal of Vtip, pol. The tip electrode scanning size for both FeFETs was 

50 µm x 50 µm. Because the fill factor of the mold is 0.5, the equivalent 

active area is 25 µm x 25 µm for the nanoimprinted FeFET. The 

measurement was started at Vtip,pol = 0 V, performed with a clockwise 

sequence, and finished again at Vtip,pol = 0 V. 

 

Fig. 4.6 presents the transfer characteristics with a clear hysteresis 

for both the reference and the nanoimprinted FeFETs. Ipol increases 

with decreasing Vtip,pol starting from 0 V, and saturates below Vtip,pol = 

-30 V and -20 V for the reference and nanoimprinted FeFET, 

respectively. This again confirms that the maximum polarization is 

reached faster for the nanoimprinted FeFET, which is consistent with 

the previous observation : the minimum Vtip,pol needed to obtain the 

saturation value of Ids is decreased by a factor of ca. 1.5 in the 

imprinted FeFET. This reduction is a significant improvement for the 

performance of the FeFET memory. When sweeping back Vtip,pol (Fig. 

4.6), Ipol keeps its saturation until Vtip,pol reaches 15 V for the reference 

FeFET and 10 V for the nanoimprinted FeFET. At this stage, Ipol starts 

to decrease, due to the switching of the direction of the P(VDF-TrFE) 

dipoles. Above Vtip,pol = 25 V and 20 V for the reference and 
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nanoimprinted FeFETs, respectively, Ipol goes back close to its initial 0 

value, corresponding to a random orientation state for the dipoles of 

P(VDF-TrFE). The lack of permanently aligned polarization after the 

application of a positive Vtip,pol is due to the depolarization of the 

ferroelectrics in the absence of stabilizing negative charges in the 

p-type semiconductor layer, resulting in Ipol close to 0. (see Supporting 

Information for the demonstration and comment of the depolarization 

of the ferroelectrics after application of a positive poling voltage, Fig. 

4.7) 

 We noticed that the saturation value of Ipol and the ON/OFF 

current ratio for the reference FeFET are ca. 2.5 times larger than 

those of the nanoimprinted FeFET. This is because the active area of 

the nanoimprinted FeFET is half of that of the reference FeFET, since 

the fill factor of the mold is 0.5 (the defects of nanoimprinted 

P(VDF-TrFE) shown in Fig. 4.3 (d) are probably responsible for a 

supplementary small reduction of current). Therefore, each 

P(VDF-TrFE) nanowire acts more or less in isolation from its 

neighbors, showing that the transistor which we made actually 

consists of a series of nanowire transistors placed in parallel. Hence, 

the system is potentially suited for a reduction of memory size, 

possibly down to one single nanowire. This would however require a 

complex integration of the gate electrodes, which was not attempted 

here. 

Further improvements might be obtained by decreasing the 

thickness of the ferroelectric nanowires, or increasing the confinement 

of the polymer to decrease further the coercive field.
57, 58

 In parallel, 

the fill factor of the mold could be increased for maximizing the 

current; alternatively, selecting a semiconductor of higher mobility 

would also improve the current. For final integration, the deposition of 

an insulating layer in the open grooves of the ferroelectric layer 

should be performed. These possible improvements will be 

investigated in further work. 
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4.4 Conclusions 

We have integrated NIL in the fabrication process of a top-gate 

bottom-contact organic FeFET. A buried source-drain substrate was 

designed for the fabrication process. P(VDF-TrFE) imprinted in 

complete confinement on top of PTAA showed a decreased switching 

field compared to a continuous reference. In addition, the electric field 

needed to maximize the remnant polarization Pr was significantly 

decreased by a factor of ca. 1.5 compared to a continuous film. A 

current characterization was performed by using a conductive PFM 

cantilever as gate electrode. Our results show that the nanoimprinted 

FeFET needs a smaller gate voltage to reach the maximum 

polarization-induced current, compared to the homogeneous reference. 

This leads to a decreased operating voltage for the memory 

application. Since our fabricated transistor consists of a large number 

of nanowire-gated transistors placed in parallel, it also offers 

interesting possibilities for a strong size reduction of organic FeFETs. 
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4.5 Supporting Information 

 

Figure 4.7: PFM piezoresponse (a) amplitude image and (b) phase image of 

the nanoimprinted P(VDF-TrFE) in a nanoimprinted FeFET. In both images 

the background was polarized initially with a dc voltage of 0 V, and the 

smaller square areas of 10 µm x 10 µm were polarized with different dc 

voltages Vs&d (indicated in the amplitude image) applied on source and drain 

electrodes. Both images were recorded with a 0 V dc voltage. These two 

images show that the P(VDF-TrFE) in our device can only be polarized by 

applying a negative poling voltage Vtip,pol (Vtip,pol = Vgs = Vtip - Vs&d = -Vs&d) 

and that this Vtip,pol should be large enough (Vtip,pol = -Vs&d = -20 V ); there is 

only a minor contrast (small squares are not visible) when applying a 

positive Vtip,pol of 20 V and 10 V. This indicates that a positive Vtip,pol cannot 

polarize permanently P(VDF-TrFE) on a PTAA layer: the dipoles go back to 

a depolarized state when the poling voltage is removed, due to the lack of 

negative free carriers in p-type PTAA. 

 

  



93 
 

Chapter 5 

Organic Ferroelectric/Semiconducting Nanowire 

Hybrid Layer for Memory Storage 

 

 

 

 

Abstract. Ferroelectric materials are important components of sensors, 

actuators and non-volatile memories. However, possible device 

configurations are limited due to the need to provide screening 

charges to ferroelectric interfaces to avoid depolarization. In this 

chapter, we show that, by alternating ferroelectric and semiconducting 

nanowires over an insulating substrate, the ferroelectric dipole 

moment can be stabilized by injected free charge carriers 

accumulating laterally in the neighboring semiconducting nanowires. 

This lateral electrostatic coupling between ferroelectric and 

semiconducting nanowires offers new opportunities to design new 

device architectures. As an example, we demonstrate the fabrication of 

an elementary non-volatile memory device in a transistor-like 

configuration, of which the source-drain current exhibits a typical 

hysteretic behavior with respect to the poling voltage. The potential 

for size reduction intrinsic to the nanostructured hybrid layer offers 

opportunities for the development of strongly miniaturized 

ferroelectric and piezoelectric devices.
*
 

  

                                                      
* Results in this chapter were published in Nanoscale, 8, 5968-5976 (2016) 
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5.1 Introduction 

When a ferroelectric material is poled by a sufficiently strong electric 

field, its permanent dipole moments align in the direction of the field, 

thereby creating a surface charge at the ferroelectric interface. 

However, when the poling field is removed, the created surface charge 

must be screened or effectively reduced to decrease polarization 

energy.
162

 In ferroelectric capacitors, screening typically occurs by the 

accumulation of charges of opposite sign in the metallic electrodes 

deposited on the ferroelectric interfaces;
161

 however, in the absence of 

such electrodes, the ferroelectric material depolarizes, resulting in the 

appearance of a large number of very small randomly-oriented 

ferroelectric domains.
18

 This depolarization process limits the possible 

configurations for functional devices, e.g., ferroelectric memory 

devices, since these devices use the orientation of the dipole moment 

to permanently store information. Here, we show that stable 

polarization states can also be obtained in a hybrid 

ferroelectric/semiconducting layer consisting of alternating 

ferroelectric and semiconducting nanowires. We then demonstrate the 

interest of such hybrid layers by integrating them into a basic organic 

non-volatile memory device in a transistor-like architecture having a 

strong potential for size reduction. 

In ferroelectric memories, the storage capability is realized by two 

opposite directions of the remnant polarization of the ferroelectric 

component which are associated to bits 1 and 0. In ferroelectric 

capacitors, reading involves the destructive measurement of the flow 

of screening charges transferred between the bottom and top metallic 

electrodes when the polarization is switched. Organic non-volatile 

memory devices with a non-destructive reading operation have also 

been realized by co-integrating ferroelectric and semiconducting 

polymers, either in stacked layers as in ferroelectric field-effect 

transistors (FeFETs),
10, 12-16, 18, 19, 112-114, 167-169

 or in mixed layers as in 

blend diodes;
11, 101-103, 105, 111, 175

 more recently, the electrostatic 

coupling between co-integrated ferroelectric and semiconducting 
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polymers has even been used to enhance the efficiency of organic 

solar cells.
176-179

 

In a classical FeFET (Fig. 5.1 (a)), a ferroelectric layer is used as 

gate dielectric. In the 'on' state, this layer is polarized by applying a 

proper gate voltage depending on the type of the semiconductor, 

resulting in the presence of negative or positive polarization charges in 

the ferroelectric material at the ferroelectric/semiconductor interface. 

Therefore, charge carriers accumulate in the semiconducting layer to 

screen the polarization charges, leading to a lower channel resistance 

and to a high 'on' value of the source-drain current. In the low-current 

'off' state, the ferroelectric layer is partially depolarized or unpolarized 

due to the dearth of charge carriers of proper sign in the 

semiconductor layer.
20

 In these standard devices, the polarization 

charges are thus screened by injected free charges in contact with the 

planar polarized ferroelectric interface. 

In a ferroelectric diode based on phase-separated 

ferroelectric-semiconductor blends (Fig. 5.1 (b)), the blends are 

sandwiched between the top and bottom electrodes, creating 

semiconducting channels running from bottom to top through the 

continuous phase of the ferroelectric. The permanent polarization of 

the ferroelectric material is achieved by applying a large enough 

electrical field between the two electrodes. Here again, screening 

charges are provided by metal electrodes in direct contact with the 

polarized ferroelectric interface. 
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Figure 5.1: Idealized schemes of the configuration and location of the 

screening charges in different types of non-volatile memory devices based 

on ferroelectric P(VDF-TrFE) and p-type semiconductor. (a) Poled standard 

memory FeFET in its 'on' state. (b) Poled memory blend diode. (c) New 

hybrid transistor in its 'on' state, consisting of alternating ferroelectric 

P(VDF-TrFE) and semiconducting PTAA nanowires. A conductive AFM tip 

is used as mobile top gate electrode. The 'off' state of a FeFET or a 

ferroelectric diode has been shown in previous chapters and the 'off' state of 

the new hybrid transistor will be shown in details afterwards in this chapter. 

 

In the present work, we design a new configuration, based on a 

ferroelectric-semiconductor hybrid layer integrated in the architecture 

of an organic hybrid transistor (Fig. 5.1 (c)). In this hybrid transistor, 

the ferroelectric polymer layer is shaped by nanoimprint lithography 

into nanowires separated by channels of a semiconducting polymer. 

With this new configuration, we demonstrate screening of the 

polarization charges of the ferroelectric material by 
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laterally-accumulated charges in the neighboring semiconducting 

channels. This lateral accumulation results in the formation of 

conducting channels in the semiconducting nanowires, whose 

conductance becomes modulated by the polarization state of the 

ferroelectric nanowires, leading to the fabrication of a new type of 

non-volatile memory configuration. Although presented in the context 

of a memory device for convenience, our aim is first and foremost to 

demonstrate the possibility to generate stable polarization states in a 

lateral nanowire configuration, which opens new perspectives for the 

fabrication of a range of ferroelectrics-based devices. 

 

5.2 Experimental 

Materials. P(VDF-TrFE) copolymer (65 wt% of VDF, Mw = 300 000 

g/mol, Fig. 5.1 (d)) was provided by Solvay Specialty Polymers. 

PTAA was purchased from Flexink. P(VDF-TrFE) was dissolved in 

acetylacetone (35 or 45 g/L) and PTAA was dissolved in toluene (5 

g/L). All solutions were filtered through PTFE filters with pore sizes 

of 0.45 µm before spin-coating. 

Sample Fabrication. A planar substrate with buried interdigitated 

source-drain electrodes was used. Source-drain electrodes were 

defined by standard photolithography on a Si (100) substrate covered 

by 200 nm of thermally-grown SiO2, followed by the local vertical 

etching of 30 nm SiO2, the deposition of 5/25 nm Cr/Au, and metal 

lift-off. The channel length and the channel width are 2 µm and 31 

mm, respectively. The 35 or 45 g/L P(VDF-TrFE) solution was 

spin-coated at proper speeds on this substrate to obtain a P(VDF-TrFE) 

film of ca. 98 nm for the mold with lines of ca. 200 nm width, 400 nm 

period, and 200 nm depth or of ca. 165 nm for the mold with lines of 

ca. 200 nm width, 1200 nm period, and 200 nm depth. These films 

were nanoimprinted with an Obducat imprinter at 60 bar and 135°C 

(in-between the Curie transition and the melting point of 

P(VDF-TrFE)) with the mold line direction placed normal to the 
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source-drain direction. After 10 min imprinting time, the system was 

cooled to room temperature. The initial thickness of the P(VDF-TrFE) 

layer was selected to be ca. 98 nm or ca. 165 nm in order to ensure 

nanoimprinting in complete confinement, resulting in the formation of 

effectively isolated P(VDF-TrFE) nanowires of ca. 200 nm or 1000 

nm width, 200 nm opening and 200 nm height, and fully open 

trenches separating two P(VDF-TrFE) nanowires. The PTAA solution 

in toluene (5 g/L concentration) was spin-coated at proper speeds on 

the nanoimprinted P(VDF-TrFE) layer, resulting in the deposition of 

typically 80-100 nm PTAA between the ferroelectric nanowires and of 

10-15 nm PTAA atop them.  

Sample Characterization. The height profiles of the PTAA layer and 

of the P(VDF-TrFE) layer were characterized by atomic force 

microscopy (AFM) in tapping mode with a silicon cantilever 

(PPP-NCHR from Nanosensors): devices at different stages of the 

fabrication process were scratched down to the SiO2 layer, and the 

topography of the sample was measured taking the bottom of the 

scratch as reference for height. From the obtained topographic profiles 

averaged over a series of stripes, the complete vertical architecture of 

the organic layer was reconstructed. The piezoresponse of the hybrid 

layer was checked by PFM (Piezoresponse Force Microscopy, Bruker 

Icon Dimension) in contact mode. The source-drain electrodes were 

used as bottom electrodes. A Boron-doped diamond-coated conductive 

Si cantilever (CDT-CONTR from Nanosensors) was used as a 

scanning top gate electrode. The ferroelectric response was 

characterized in PFM imaging mode with an oscillating ac voltage of 

1.5 V amplitude, with no added dc bias. All PFM measurements were 

done by applying the ac driving bias Vtip on the cantilever, while the 

poling was done by applying a dc bias Vs&d on the source-drain 

electrodes while scanning the grounded tip. The current 

characterization of the device was performed with a Keithley analyzer 

(Model 6430). The source-drain current Ids was measured upon 

removal of the poling gate voltage for a fixed value of source-drain 

voltage Vds. 
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5.3 Results and discussion 

Well-defined ferroelectric nanowires of 200 nm width and 200 nm 

interwire opening, or 1000 nm width and 200 nm opening, were 

fabricated over a perpendicular array of metallic electrodes buried in 

insulating SiO2, by nanoimprinting P(VDF-TrFE) in its paraelectric 

phase;
57, 58, 163

 the imprinting parameters described in the 

Experimental section were selected so as to open fully the 

P(VDF-TrFE) film between the wires. Subsequently, semiconducting 

poly(triarylamine) (PTAA) was spin-coated over the nanoimprinted 

layer to fill the trenches between P(VDF-TrFE) nanowires; PTAA was 

selected for this work owing to its good stability in air and easy 

processing conditions resulting from its amorphous nature. The 

characterization of the vertical structure of the resulting hybrid layer 

was performed by AFM. Fig. 5.2 (a, b) shows typical topography 

images of the samples with PTAA nanowires of 200 nm width and 

P(VDF-TrFE) nanowires of (a) 200 nm or (b) 1000 nm width. The 

P(VDF-TrFE) lines are not fully continuous due to partial tearing 

upon demolding; however, this issue does not affect the qualitative 

behavior of our system, and we did not attempt to improve it in this 

work. Well-formed nanostructures can still be observed after the 

deposition of the PTAA layer, indicating that P(VDF-TrFE) nanowires 

are preserved upon exposure to the toluene PTAA solution. 
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Figure 5.2: AFM topography and reconstructed height profile of the hybrid 

layer. (a) AFM topography of a sample after spincoating PTAA on 

nanoimprinted P(VDF-TrFE) nanowires of 200 nm width and 200 nm height. 

(b) AFM topography of a sample after spincoating PTAA on nanoimprinted 

P(VDF-TrFE) nanowires of 1000 nm width and 200 nm height. (c) 

Reconstructed average height profile of the hybrid layer for the sample in 

panel a, based on AFM measurements performed with the SiO2 substrate 

taken as absolute height reference. The sample in panel b has a similar height 

profile as in panel a, except that the width of P(VDF-TrFE) nanowires is 

1000 nm.  

 

The complete vertical profile of the hybrid layer was then 

reconstructed from AFM measurements, as described in the 

Experimental section. Fig. 5.2 (c) shows the sample with P(VDF-TrFE) 

and PTAA nanowires of 200 nm width. The PTAA accumulates 

between and onto the nanowires of P(VDF-TrFE). The PTAA layer 

atop P(VDF-TrFE) nanowires plays an important role in the poling of 

P(VDF-TrFE) and in the signal acquisition when imaging the sample 

by PFM. One previous report
180

 (also presented in Fig. 5.10 of 

Supporting Information) shows that a P(VDF-TrFE) layer covered on 
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one side by a PTAA layer can be fully polarized by applying a 

sufficient high poling voltage when the PTAA is in its accumulation 

state, but is partially polarized or unpolarized depending on the PTAA 

layer thickness when PTAA is depleted. Nevertheless, considerably 

large polarization values can still be obtained when the PTAA layer 

thickness is smaller than 20 nm. In addition, Fig. 5.11 (Supporting 

Information) shows that the PFM contrast effectively decreases with 

increasing PTAA layer thickness when the PTAA layer is lying in 

between the P(VDF-TrFE) layer and the conductive PFM tip. 

Therefore, to limit vertical depolarization and contrast dampening, a 5 

g/L PTAA solution was chosen in the fabrication of our device, 

thereby avoiding the formation of a thick semiconducting layer atop 

the ferroelectric nanowires; with this solution and properly selected 

spin-coating conditions, only a very thin PTAA layer of ca. 10-15 nm 

rests on the 200 nm high P(VDF-TrFE) nanowires, while a ca. 80-100 

nm thick PTAA nanowire is formed in the trenches between the 

P(VDF-TrFE) nanowires (Fig. 5.2 (c)). The optimization of the PTAA 

layer thickness atop the P(VDF-TrFE) nanowires under different 

conditions is shown in Fig. 5.14 of the supporting information. 

The switching behavior of the ferroelectric nanowires in the 

hybrid layer resting over an array of perpendicular metal electrodes 

buried into a SiO2 layer was then studied by PFM: small regions of the 

sample were first poled by scanning the grounded tip while applying a 

20 V or -20 V dc voltage simultaneously to the source and drain 

metallic electrodes (Vs&d). The sample was then imaged in PFM mode 

at zero dc bias. When interpreting these images, one should be aware 

that the roughness of the layer, combined with its hybrid 

ferroelectric/semiconducting nature, results in values of PFM 

amplitude and phase which considerably deviate from ideality. The 

PFM contrast is also weaker compared to the one of a pure 

P(VDF-TrFE) film, due to the presence of the thin PTAA layer atop 

the P(VDF-TrFE) nanowires as pointed out before. In the sequel, 

unless mentioned otherwise, all PFM images are obtained on the 

sample having P(VDF-TrFE) and PTAA nanowires both of 200 nm 

width, as shown in Fig. 5.2 (a). 
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Fig. 5.3 (a, c) shows PFM amplitude and phase images of the 

hybrid layer after downward poling at Vs&d = -20 V. The hybrid 

structure consisting of lines oriented perpendicularly to the electrodes 

is clearly seen. A strong contrast is observed both in PFM phase and 

amplitude for P(VDF-TrFE) lying atop the Au electrodes, compared to 

regions that were not poled; however, no contrast appears for poled 

P(VDF-TrFE) lying over the SiO2 regions separating the buried 

electrodes. This indicates that the P(VDF-TrFE) dipoles align during 

poling, and remain aligned upon removal of the poling voltage when 

lying over the conducting metallic electrodes; in contrast, the 

ferroelectric material lying over the insulating SiO2 regions has a 

globally randomly-oriented polarization state after poling. The images 

also confirm that the thin PTAA layer remaining atop the P(VDF-TrFE) 

nanowires does not prevent to pole the ferroelectric material and to 

obtain a sufficiently clear PFM contrast. 

Fig. 5.3 (b, d) shows PFM amplitude and phase images of the 

hybrid layer when a positive 20 V source and drain voltage was 

applied prior to the PFM measurement. A strong contrast can now be 

observed in PFM phase and amplitude for P(VDF-TrFE) irrespective 

of its location over Au electrodes or SiO2 regions. This indicates that 

the P(VDF-TrFE) dipoles are aligned over the full poled area after 

removal of the positive upward poling voltage; hence, the ferroelectric 

material does not depolarize, even when resting over insulating 

regions although they cannot provide screening charges. 
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Figure 5.3: PFM piezoresponse of a hybrid P(VDF-TrFE)/PTAA layer. (a,b) 

are amplitude images, and (c,d) are phase images of the same region of the 

transistor. The buried Au electrodes and interspersing SiO2 regions lying 

below the hybrid layer are indicated in panel (a) by green dashed lines. In all 

the images the background was scanned initially with a dc voltage of 0 V, 

and smaller square areas of 8 µm x 8 µm (red-boxed in the images) were 

polarized by scanning the grounded tip while applying a 20 V (b, d) or -20 V 

(a, c) dc voltage on source and drain electrodes (Vs&d). PFM images were 

subsequently recorded by applying a 1.5 V ac voltage on the tip and a 0 V dc 

voltage on sorce and drain electrodes. 

 

As mentioned above, in order for a ferroelectric material to be 

stable after poling, compensating charges must be provided at its 

interface to suppress the depolarizing field resulting from its 

polarization. When P(VDF-TrFE) is poled over a bottom Au electrode, 

compensating charges are easily provided at the bottom interface by 

the free carriers of the metal (electrons or holes, depending on the sign 

of the polarization). As for the top interface, compensating charges are 



104 
 

probably spurious charged species such as for instance ions from the 

thin water layer present on free surfaces in air, which act through the 

very thin 10-15 nm PTAA layer covering P(VDF-TrFE). As a 

consequence, the P(VDF-TrFE) dipoles remain aligned atop the Au 

electrodes upon removal of positive or negative poling voltages, 

resulting in two stable polarization states of P(VDF-TrFE) over these 

electrodes. 

However, the polarization and the stabilization mechanism is 

different for P(VDF-TrFE) dipoles atop insulating SiO2. 

Compensating charges are still provided at the top interface by the 

same mechanism as in the case of Au; however, because SiO2 is 

insulating and thick, no compensating charges can be provided at the 

bottom interface. Hence, P(VDF-TrFE) should depolarize upon 

removal of the poling field (or does not even polarize upon application 

of the poling field), which is indeed the case when Vs&d = -20 V: the 

P(VDF-TrFE) dipoles are in randomly-oriented domains of very small 

size upon removal of the poling voltage, resulting in a globally 

non-oriented P(VDF-TrFE) polarization state with no PFM contrast 

(Fig. 5.5 (a)). However, for Vs&d = +20 V, the field-aligned 

P(VDF-TrFE) dipoles are stabilized, as demonstrated by the PFM 

contrast which is preserved upon removal of the polarizing field. This 

can only be due to the holes injected in the p-type PTAA accumulating 

laterally at the P(VDF-TrFE)/PTAA interface as drawn schematically 

in Fig. 5.5 (b). This charge injection occurs during poling, and results 

in a stable P(VDF-TrFE) polarization state upon removal of the poling 

voltage.  
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Figure 5.4: PFM phase image of a hybrid P(VDF-TrFE)/PTAA nanowires 

layer. The width of the P(VDF-TrFE) and PTAA nanowires is 1000 nm and 

200 nm, respectively. Four small regions of 8 µm x 8 µm (red-boxed) were 

polarized by scanning the grounded tip while applying a 20 V, 25 V, 30 V, 

and 35 V dc voltage on source and drain electrodes (Vs&d). The PFM phase 

image was subsequently recorded by applying a 1.5 V ac voltage on the tip 

and a 0 V dc voltage on source and drain electrodes. The locations in poled 

regions showing a minor contrast compared to the unpoled region are 

nanoimprinting defects as shown in Fig. 5.2 (b). 

 

To estimate to what extent this lateral charge accumulation can 

screen the polarization charges, we studied at different poling voltages 

a sample with wider P(VDF-TrFE) nanowires (1000 nm instead of 

200 nm, topography shown in Fig. 5.2 (b)). Fig. 5.4 presents the PFM 

phase images of such a sample; unfortunately, the sample suffered 

from increased adhesion problems resulting in larger defects. At 20 V, 

the contrast over SiO2 appears only in a limited region at the edges of 

the P(VDF-TrFE) nanowires, indicating that the stable polarization is 

only obtained at the edges close to the P(VDF-TrFE)/PTAA interface 

where lateral charge accumulation occurs. This is most probably 

because the coercive field of P(VDF-TrFE) is not reached on farther 
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away positions under a 20 V poling voltage. With increasing poling 

voltage, the width of poled regions increases and covers a substantial 

portion of the P(VDF-TrFE) nanowires for voltages larger than 30 V, 

because the coercive field of P(VDF-TrFE) can be reached at a larger 

distance from the P(VDF-TrFE)/PTAA interface with larger poling 

voltages. Hence, we conclude that lateral hole accumulation at the 

P(VDF-TrFE)/PTAA interface is able to stabilize the dipole moments 

of our P(VDF-TrFE) nanowires over a significant distance, even over 

the complete nanowire for the case of sub-micrometer widths, 

provided the amplitude of the poling voltage be large enough. 

Nanowires of 200 nm width are sufficiently narrow to be polarized on 

the whole region by applying a 20 V poling voltage, as indeed 

demonstrated in Fig. 5.3 (b, d).  

 

Figure 5.5: Sketch of P(VDF-TrFE) polarization states atop SiO2 in the 

hybrid nanostriped layer. (a) Depolarized/unpolarized state upon removal of 

a downward-poling voltage (Vtip = 0, Vs&d = -20 V). (b) Laterally-screened 

polarized state upon removal of an upward-poling voltage (Vtip = 0, Vs&d = 20 

V). Arrows indicate the idealized direction of the dipole moments and the 

polarization of P(VDF-TrFE); the lateral accumulation of holes in the PTAA 

to stabilize the polarization charges is also shown in panel b. Screening 

charges at the top of the ferroelectric nanowires are not shown in this sketch; 

they are most probably provided by adsorbed ions as commonly found for 

PFM in air. 

 

Fig. 5.6 shows the operational switching between the two states of 

Fig. 5.5. In Fig. 5.6 (a), the hybrid layer was first poled by a 
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downward-poling voltage (Vtip = 0, Vs&d = -20 V) over a larger region 

boxed in green, in which the PFM phase contrast indicates that the 

P(VDF-TrFE) polarization is in a randomly-oriented state. Then, 

within this larger region, a smaller region boxed in red was poled by 

an upward-poling voltage (Vtip = 0, Vs&d = 20 V) over which the PFM 

phase contrast shows a stable polarization state screened by holes 

accumulating laterally as described above. In Fig. 5.6 (b), the reverse 

poling operations were performed, resulting in a laterally-screened 

polarization state after upward poling over a larger region 

(green-boxed), and in a randomly-oriented polarization state resulting 

from downward poling over a smaller region (red-boxed). Hence, Fig. 

5.6 proves that each polarization state of the P(VDF-TrFE) nanowires 

can be switched into its opposite by proper poling. 

 

Figure 5.6: PFM phase images of the local switching of the ferroelectric 

nanowires in the hybrid layer. (a) The system was first poled at Vs&d = -20 V 

over a larger region (15 µm x 15 µm, green-boxed) and then poled at Vs&d = 

20 V over a smaller region (8 µm x 8 µm, red-boxed); (b) the system was 

first poled at Vs&d = 20 V over a larger region (15 µm x 15 µm, green-boxed) 

and then poled at Vs&d = -20 V over a smaller region (8 µm x 8 µm, 

red-boxed.). 

 

The lateral screening of the polarization charges should only be 

operative if charge carriers of proper polarity are available in the 

neighboring semiconducting nanowires. In the case of the hybrid layer 

discussed so far, it does not happen for negative poling voltages, since 
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it would then require the accumulation of electrons at the 

P(VDF-TrFE)/PTAA interface, which is not possible due to the p-type 

nature of PTAA. To test this hypothesis, PTAA was also replaced in 

the hybrid layer by either p-type 2,7-dioctyl[1]benzothieno[3,2-b][1] 

benzothiophene (C8-BTBT) or n-type 

poly(benzimidazobenzophenanthroline) (BBL) organic 

semiconductors. The results, shown in the Supporting Information 

(Figures 5.12-5.13), fully support this explanation, with the p-type 

C8-BTBT-based hybrid layer behaving exactly like the p-type 

PTAA-based hybrid layer, whereas the n-type BBL-based hybrid layer 

displays an opposite behavior, with depolarization of the ferroelectric 

nanowires occurring over insulating SiO2 regions when Vs&d = +20 V, 

and conservation of the polarization state when Vs&d = -20 V. This 

fully confirms that the screening charges are provided by the 

semiconductor, and are thus acting (during and after poling) by lateral 

accumulation as displayed in Fig. 5.5 (b). 

 

Figure 5.7: Source-drain current for the two polarization states of the hybrid 

layer, measured versus time after removal of the poling voltage. 

 

To further prove this hypothesis, the source-drain current was 

measured at these two polarization states (poling area: 50 µm x 50 

µm). As shown in Fig. 5.7, when the polarization state is screened by 

lateral free charges injected in the PTAA (Vs&d = 20 V), a higher 
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current value is obtained, proving that the lateral accumulation of 

charges results in the formation of a channel of higher conductance. In 

contrast, the depolarized state after poling by Vs&d = -20 V results in a 

lower current value, because no free charges accumulation occurs due 

to the randomly-oriented polarization of the P(VDF-TrFE) nanowires. 

In addition, these two current values keep almost unchanged over one 

day, demonstrating that the two corresponding polarization states are 

stable over a long time. 

 

Figure 5.8: Current characterization of the hybrid transistor. (a) Scheme of 

the polarization and current measurement of the device. The scheme shows 

the size of one standard poling area (50 µm x 50 µm) and one poling 

scenario with Vpol = -20 V. (b) Source-drain current Ids (measured after poling 

one standard area by the application of Vds = 10 V) versus previously-applied 

poling voltage Vpol. Starting from 0 V, the arrows show the time sequence of 

Vpol. The polarization-induced current Ipol for one standard poled area is also 

defined in the graph. (c) Polarization-induced current Ipol versus the total 

poled area. The total poled area is expressed as the number of standard 

poling areas. Each standard area corresponding to a different poling scan in 

the AFM. (d) Source-drain current Ids (measured after poling one standard 

area at Vpol, followed by removal of Vpol and application of Vds = 10 V) for a 

sequence of poling voltages of opposite polarity (Vpol = -20 V and 20 V). 
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This lateral charge screening provides the possibility to design 

new configurations of functional devices, as we now demonstrate by 

fabricating an elementary organic non-volatile memory device. It is 

important to stress that this device was made to illustrate the 

possibilities afforded by lateral screening of polarization charges and 

to characterize further the hybrid layer, rather than to compete against 

state-of-the-art devices made of inorganic ferroelectric materials. 

Here, we used the PFM tip as a mobile top electrode, thereby 

effectively forming a hybrid transistor, which was characterized 

electrically as described in Experimental section (Fig. 5.8 (a)). As 

before, the conductive cantilever was used as gate to pole the 

P(VDF-TrFE). The grounded tip was scanned over a defined area of 

50 µm x 50 µm (which is 1/100th of the complete transistor area) 

while setting Vs&d to a given value, in order to pole the system at Vpol 

(defined as Vpol = Vtip - Vs&d = -Vs&d). Then, the poling tip was 

removed and the source-drain current Ids was measured at a 

source-drain voltage Vds of 10 V. The current measurement was 

performed over the complete transistor area of 500 µm x 500 µm, of 

which only one part of ca 1/100th had been previously polarized by 

the tip (due to limitations in our AFM setup). Fig. 5.8 (b) shows the 

source-drain current Ids versus the value of the previously-applied 

poling voltage Vpol; a clear current hysteresis is observed. The arrows 

in the graph indicate the time sequence of Vpol, starting from 0 V. 

When the previously-applied poling voltage Vpol is larger than -10 V, 

Ids is low and can be considered to be in the 'off' state. This is because 

the P(VDF-TrFE) is not polarized by a small poling field, with as a 

result no electrostatic coupling between P(VDF-TrFE) and PTAA. Ids 

then increases for Vpol = -12.5 V and reaches a maximum Ion when Vpol 

= -20 V. This is due to the progressive polarization of P(VDF-TrFE) 

from -12.5 V on, with the maximum polarization being achieved at 

-20 V. At this stage, charge carriers have accumulated at the 

P(VDF-TrFE)/PTAA interface as shown in Fig. 5.5 (b), opening a 

channel for conduction resulting in a higher current. After reaching 

this maximum, Ids keeps almost unchanged when the 

previously-applied poling voltage Vpol is progressively increased to 5 
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V. This is due to the stable polarization of the P(VDF-TrFE) 

nanowires, with the preservation of the channel of holes accumulated 

at the P(VDF-TrFE)/PTAA interface. From 10 V on, Ids starts to 

decrease and comes back to the initial 'off' current state for Vpol = 20 V. 

This indicates that the polarization direction of P(VDF-TrFE) starts to 

be changed from 10 V on, with the polarization being switched into 

opposite or random directions depending on the P(VDF-TrFE) 

position (atop Au or SiO2) for Vpol = 20 V. In this case, no mobile 

charges accumulate at the P(VDF-TrFE)/PTAA interface, resulting in 

smaller Ids values. Therefore, two source-drain current states Ion and 

Ioff can be obtained depending on the previous polarization direction of 

P(VDF-TrFE), which can be associated to bits 1 and 0 for memory 

applications. 

The larger Ion compared to Ioff is due to the accumulation of holes 

at the P(VDF-TrFE)/PTAA interface to compensate for the permanent 

polarization of P(VDF-TrFE), and we define this current increase as 

the polarization-induced current Ipol = Ion - Ioff. As noted before, the 

source-drain current values in Fig. 5.8 (b) were obtained by measuring 

a hybrid transistor of 500 µm x 500 µm area, whereas the poling area 

is only 50 µm x 50 µm due to the restricted scanning area of the AFM 

conductive tip. Therefore, the active area is only 1/100th of the 

complete transistor area. This explains why the measured Ipol is 

limited (ca. 0.27 µA). Therefore, we have poled a larger area by 

repeating the scanning of the tip over a series of regions of 50 µm x 50 

µm, in order to check the influence of the previously-poled area over 

the polarization-induced current. Fig. 5.8 (c) shows that Ipol increases 

linearly with the total poled area, proving that Ipol, and thus the 'on' 

current, can be increased by poling a larger area. This actually 

provides a methodology to store more than two values in the memory 

device, by poling the hybrid layer over an increasing number of 

standard areas. In Fig. 5.8 (c) for instance, seven different values 

could be stored in the device. In addition, Fig. 5.8 (c) also indicates 

that the ferroelectric/semiconducting nanowires can work 

independently, which provides the potential of strong size reduction of 

memory device, possibly down to one single 
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ferroelectric/semiconducting nanowire. The interest of devices 

including semiconductor nanowires has been shown before,
115, 144, 

181-186
 but not in conmbination with organic ferroelectric nanowires. 

Moreover, the on and off currents are stable within one day as shown 

in Fig. 5.7, which indicates a possible long data storage time. In 

addition, Fig. 5.8 (d) shows that repeated writing and erasing cycles 

are possible, promisingly suggesting that the hybrid transistor has a 

reasonable endurance, although a more extensive characterization 

would be required to conclude definitively on this point. A further 

advantage of the device is its non-destructive reading capability 

resulting from the low values of Vds required for reading. 

 

5.4 Conclusion 

Summing up, we have designed a bifunctional nanostriped organic 

hybrid layer by shaping a ferroelectric polymer into nanowires, 

followed by filling the separating space by a semiconducting polymer. 

The proposed methodology leads to the easy creation of 

well-controlled hybrid nanostructures over intergiditated electrodes 

buried in silicon oxide. When the ferroelectric nanowires are poled 

with the proper polarity, the ferroelectric dipole moment can be 

stabilized by charges accumulating laterally in the semiconducting 

channels, thereby preventing depolarization even though the 

ferroelectric material rests over an insulating substrate. This lateral 

electrostatic coupling between the ferroelectric and the 

semiconducting material is made possible by the reduction in size of 

the ferroelectric material. The charge accumulation only occurs for 

one direction of polarization, due to the p-type nature of the 

semiconductor, and creates a channel for conduction from source to 

drain. Changing the type of the semiconductor from p-type to n-type 

reverses the polarities required for the effect to be obtained. 

This new charge compensation mechanism then allowed us to 

fabricate a new memory device, based on the intrinsic storing/reading 
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capability of the hybrid nanowire layer. We characterized the 

source-drain current versus the previously-applied poling voltage, and 

obtained a current hysteresis with 'on' and 'off' limiting values of the 

current, of direct interest for memory applications. We also showed 

that the on/off current ratio scales with the size of the poled region, 

thereby providing access to a memory containing more than two 

stored states and possibility to scale down the memory size possibly to 

one single ferroelectric/semiconducting nanowire. Given the potential 

for size reduction intrinsic to the nanostriped nature of the hybrid layer, 

the new physical coupling effect reported here is expected to find 

applications in strongly miniaturized ferroelectric and piezoelectric 

devices. 

 

5.5 Supporting Information 

 

5.5.1 Influence of a PTAA layer above or below a P(VDF-TrFE) 

layer on the ferroelectric polarization and on the PFM signal 

acquisition 

Two sample configurations, as shown in Fig. 5.9, were designed in 

order to check the influence of a PTAA layer on the ferroelectric 

polarization and on the PFM signal acquisition. 

 

Figure 5.9: Two sample configurations used for PFM measurements. (a) The 

PTAA layer is below the P(VDF-TrFE) layer. (b) The PTAA layer is atop the 

P(VDF-TrFE) layer. 
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5.5.1.1 The PTAA layer is below the P(VDF-TrFE) layer 

Fig. 5.10 shows PFM amplitude images corresponding to samples 

with PTAA layer thicknesses of 0, 5 and 15 nm below a 200 nm thick 

P(VDF-TrFE) layer. In all images, two small regions (2 x 2 µm
2
) were 

first poled by applying 30 V (left-bottom) or -30 V (right-top) on the 

conductive tip, while keeping the bottom electrode grounded. The 

PFM amplitude images were then obtained by scanning the tip on a 

larger area (6 x 6 µm
2
) while applying only an ac bias to the bottom 

electrode (1.5 V peak-to-peak amplitude) while keeping the tip 

grounded. The contrasts of PFM amplitude between the positively- or 

negatively-poled regions and the unpoled background are plotted in 

Fig. 5.2 (d) as a function of PTAA layer thickness. The PFM 

amplitude contrast between poled and unpoled regions indicates that 

P(VDF-TrFE) is well-polarized and that the poled states are stable 

since the images are taken at zero poling bias well after poling. In 

these PFM amplitude images, a larger contrast indicates that more 

dipoles are aligned, with as a consequence a larger remnant 

polarization. 

When the bias applied to the tip (Vtip) is -30 V, the contrast keeps 

almost constant from 0 to 35 nm PTAA layer thickness, proving that 

the polarization behavior is hardly affected by the semiconducting 

layer (which is in accumulation state in this case); this is because the 

accumulation charges have been trapped at the interface and stabilize 

the ferroelectric polarization. However, the polarization behavior is 

different when Vtip is 30 V, in which case the PTAA layer is depleted. 

The contrast then decreases with increasing PTAA layer thickness and 

vanishes for 35 nm PTAA layer thickness. This is because no 

compensating charges are provided by the depleted PTAA layer; 

however, the free charges in the remote metal electrode can screen the 

polarization charges through the PTAA layer, albeit with increasing 

difficulty as the PTAA layer thickness increases. Nevertheless, 

considerably large PFM contrasts and polarization values can still be 

obtained when the PTAA layer thickness is thinner than 20 nm. 
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Figure 5.10: PFM amplitude images of the samples with a PTAA layer 

thickness of (a) 0 nm, (b) 5 nm, (c) 15 nm. On these samples, one small 

region (2 x 2 µm
2
, left-bottom) was poled by applying a 30 V tip bias and the 

other one (2 x 2 µm
2
, right top) a -30 V tip bias, while keeping the bottom 

electrode grounded. These two regions are boxed in red in (a). The PFM 

images were subsequently obtained at zero poling voltage over larger areas 

(6 x 6 µm
2
). The PFM amplitude contrasts between these two small regions 

and the unpoled background are shown in (d). Dashed and dotted lines are 

guides to the eye. 

 

5.5.1.2 The PTAA layer is above the P(VDF-TrFE) layer 

Fig. 5.11 shows PFM amplitude images corresponding to samples 

with PTAA layer thicknesses of 0, 8 and 15 nm atop P(VDF-TrFE). 

The PFM poling and imaging conditions were the same as described 

above. In this case, irrespective of the polarity of the poling voltages, 

the PFM contrast decreases with increasing PTAA layer thickness and 

vanishes when the PTAA layer thickness is larger than ca 30 nm, even 

when the PTAA layer is in its accumulation state (Vtip = 30 V). By 

comparison with the results of the reverse configuration (Fig. 5.10), 

this proves that the PFM signal – not the polarization - is affected due 

to the presence of the PTAA layer atop the P(VDF-TrFE) layer: 
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thicker PTAA layers clearly considerably dampen the piezoelectric 

oscillation of the P(VDF-TrFE) layer. 

 

Figure 5.11: PFM amplitude images of the samples with a PTAA layer 

thickness of (a) 0 nm, (b) 8 nm, (c) 15 nm atop a P(VDF-TrFE) layer. On 

these samples, one small region (2 x 2 µm
2
, left-bottom) was poled by 

applying a 30 V tip bias and the other one (2 x 2 µm
2
, right top) a -30 V tip 

bias, while keeping the bottom electrode grounded. These two regions are 

boxed in red in (a). The PFM images were subsequently obtained at zero 

poling voltage over larger areas (6 x 6 µm
2
). The PFM amplitude contrasts 

between these two small regions and the unpoled background are shown in 

(d). Dashed and dotted lines are guides to the eye. 

 

5.5.2 PFM measurements performed on nanostriped 

ferroelectric/semiconducting layers with different types of 

semiconducting organic materials 

 

5.5.2.1 C8-BTBT  

Similarly to PTAA 2,7-dioctyl[1]benzothieno[1]benzothiophene 

(C8-BTBT, chemical structure shown in Fig. 5.12 (e) ) is a p-type 

semiconductor.
187

 Therefore, a hybrid P(VDF-TrFE)/C8-BTBT layer 

should display a similar behavior as a P(VDF-TrFE)/PTAA-based one, 
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which is indeed shown in Fig. 5.12. When Vs&d = -20 V, the 

polarization of P(VDF-TrFE) is preserved only atop Au electrodes, not 

atop SiO2 regions due to a lack of compensating electrons in 

C8-BTBT. When Vs&d = 20 V, the polarization of P(VDF-TrFE) is 

preserved atop both Au electrodes and SiO2 regions, because the holes 

provided by Au and C8-BTBT can stabilize the polarization. 

 

Figure 5.12: PFM piezoresponse ((a,b) amplitude images; (c,d) phase images) 

of the hybrid P(VDF-TrFE)/C8-BTBT layer. In all the images the 

background was polarized initially with a dc voltage of 0 V, and smaller 

square areas of 8 µm x 8 µm (red-boxed in the images) were polarized by 

scanning the grounded tip while applying a 20 V (b, d) or -20 V (a, c) dc 

voltage on source-drain electrodes (Vs&d). PFM images were subsequently 

recorded with a 0 V applied dc voltage. The hybrid layer rests over either 

regions of SiO2 or Au, as shown in Fig. 5.3 of the companion article. (e) 

Chemical structure of C8-BTBT. The deposition of the C8-BTBT layer was 

done by spin-coating a 10 g/L C8-BTBT solution in toluene onto the 

nanostriped P(VDF-TrFE) and buried S/D substrate at 1500 rpm for 30 s, 

followed by a subsequent annealing at 120°C for 15 min. 

 



118 
 

5.5.2.2. BBL  

 

Figure 5.13: PFM piezoresponse ((a,b) amplitude images; (c,d) phase images) 

of a hybrid P(VDF-TrFE)/BBL layer. In all the images the background was 

polarized initially with a dc voltage of 0 V, and smaller square areas of 8 µm 

x 8 µm (red-boxed in the images) were polarized by scanning the grounded 

tip while applying a 20 V (b, d) or -20 V (a, c) dc voltage on source-drain 

electrodes (Vs&d). PFM images were subsequently recorded with a 0 V 

applied dc voltage. The hybrid layer rests over either SiO2 or Au, as shown 

in Fig. 5.3 of the companion article. (e) Chemical structure of BBL. The 

deposition of the BBL layer was done by spin-coating a 3 g/L BBL solution 

in methanesulfonic acid (MSA) onto the nanostriped P(VDF-TrFE) and 

buried S/D substrate at 1500 rpm for 30 s. Then the sample was put into 

methanol for 10 min to remove the remaining MSA, followed by a 

subsequent annealing at 110°C for 10 min. 

 

Poly(benzimidazobenzophenanthroline) (BBL) is a n-type 

semiconductor
188

 which can only provide free electrons. Therefore, 

the hybrid P(VDF-TrFE)/BBL layer should have a behavior opposite 
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to the one of a P(VDF-TrFE)/PTAA layer, which is shown in Fig. 5.13. 

When Vs&d = 20 V, the polarization of P(VDF-TrFE) is preserved only 

atop Au electrodes, not atop SiO2 regions due to the lack of 

compensating holes in BBL. When Vs&d = -20 V, the polarization of 

P(VDF-TrFE) is preserved atop both Au electrodes and insulating 

SiO2 regions, because the electrons provided by Au and BBL can 

stabilize the polarization. The behavior is indeed reversed compared to 

the case of a p-type system. 

 

5.5.3 Optimization of the PTAA layer thickness atop P(VDF-TrFE) 

nanowires 

 

Figure 5.14: Reconstructed average height profile of the hybrid layer for 

different PTAA solutions spincoated at the same conditions, based on AFM 

measurements performed with the SiO2 substrate taken as absolute height 

reference. The results shown here were obtained on the sample with 

nanoimprinted P(VDF-TrFE) nanowires of 200 nm width and 200 nm 

height. 
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Chapter 6 

Nanopatterned Organic-Inorganic Multiferroic 

Layers 

 

 

 

 

Abstract. Multiferroics exhibiting the magnetoelectric (ME) effect 

due to the coupling of magnetic and electric ferroic orders are of great 

importance for both fundamental research and technological 

applications. The manipulation by an electric field of the magnetism 

provides an additional degree of freedom to control the magnetic 

properties of a material, and vice versa. Investigations of ME coupling 

have been intensively performed on inorganic multiferroic materials. 

On the other hand, organic multiferroics have been rarely investigated, 

which is opposite to the increasing demand of organic material-based 

applications. In addition, most studies have concentrated on the 

electric control of the magnetism; in contrast, the magnetic control of 

the electric polarization is less reported, even for inorganic 

multiferroics. To make progress on the fabrication and ME coupling 

in organic multiferroics, in this chapter, we set up a methodology to 

fabricate nanopatterned multiferroic layers based on organic 

ferroelectric polymers and study the local ME coupling in these layers. 

We specially focus on the magnetic manipulation of the electric 

polarization of the polymer in the multiferroic layers, and show how it 

can be almost fully reversed with a magnetic field by using proper 

conditions. We also show the importance of relaxation effects in these 

complex systems.
*
 

  

                                                      
* Manuscript submitted 



122 
 

6.1 Introduction 

Multiferroics are materials exhibiting the coexistence of different 

ferroic orders, such as ferroelasticity and ferroelectricity, 

ferromagnetism and ferroelectricity, or ferroelasticity and 

ferromagnetism.
37

 Among these materials, magnetoelectric (ME) 

materials display a coupling between the magnetic and electric ferroic 

orders, which is of great interest for both fundamental research and 

technological applications.
116

 Aside from intrinsic magnetoelectric 

materials such as perovskites containing magnetic atoms, extrinsic 

composite magnetoelectrics have also been proposed and intensively 

studied owing to their possible considerable practical importance; in 

these materials, the ferroic orders are located in different intimately 

mixed phases. Then, the coupling of the magnetic and electric ferroic 

orders is mediated by strains and stresses originating from 

piezoelectricity and magnetostriction.  

The manipulation of magnetism by an electric field provides an 

additional degree of freedom to control the magnetic properties of a 

material, and vice versa. Experimental and theoretical research on this 

topic has been intensively performed on different device structures 

based on inorganic multiferroics.
120-127, 129-131, 133, 136, 189

 Concerning 

organic material-based multiferroics, a nanocomposite consisting of 

ferromagnetic nanoparticles spread in a ferroelectric polymer matrix 

was reported in 2011, and the global ME coefficient was extracted 

from the experimental data.
134

 Theoretically designed multiferroic 

metal-organic frameworks were also reported
190

 and were most 

recently experimentally confirmed
191

. It was also shown that the spin 

state of some materials could be manipulated by the polarization of 

organic ferroelectrics.
135

 However, a local characterization of 

magnetoelectricity in organic-based multiferroics was not reported so 

far. Yet, a local investigation of ME coupling in organic multiferroics 

is important for a detailed understanding of the ME coupling and for a 

fine control of multiferroic devices. In addition, organic multiferroics 

are highly desirable considering the increasing demand of flexible and 

low cost organic electronic applications. 
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Several concerns need to be addressed in order to make progress 

on organic multiferroic materials. First, proper organic materials need 

to be selected. Among all organic ferroelectric materials to date, 

poly(vinylidene fluoride-ran-trifluoroethylene) (P(VDF-TrFE)) is an 

excellent candidate to be used as the ferroelectric component in 

multiferroics, due to its high remnant polarization, short switching 

time, and low processing temperature (typically 120-140°C).
57, 61, 93, 105, 

160, 163, 192-194
 In contrast, organic magnetic materials are rare and need 

further development for large scale applications;
195

 hence, selecting an 

inorganic magnetic material is more sensible at the current stage. 

Second, a proper multiferroic structure needs to be designed, which 

should be easily fabricated and allow sufficient strain/stress transfer 

between ferro/piezoelectric and magnetic components, since the ME 

effect is in most cases generated by electrostriction/magnetostriction 

coupling.
122, 128, 136

 The structure should also be fabricated on a large 

scale for practical applications. There are currently three common 

structures used for ME multiferroics: magnetic particles randomly 

spread in a ferroelectric matrix (Fig. 6.1 (a)), stacked 

ferroelectric/magnetic layers (Fig. 6.1 (b)), and magnetic materials 

embedded in a nanostructured ferroelectric matrix (Fig. 6.1 (c)).
122, 132

 

The first structure might raise problems such as particle aggregation 

and poor control of particle distribution in the matrix; at any rate, the 

degree of control over the regularity of the dispersion is poor and not 

very attractive. The second structure might face the reduction of 

magnetostriction due to the mechanical clamping of the multilayer on 

the substrate. Therefore, among these three structures, the last one is 

most promising for organic multiferroics, potentially avoiding the 

above mentioned problems. In addition, the last structure could also 

maximize the contact area between the ferroelectric and the magnetic 

components, which is favourable for enhanced ME coupling. 

Based on this analysis, we selected P(VDF-TrFE) as the 

ferroelectric component of the multiferroic layers. Then, we designed 

a structure in which ferromagnetic nickel (Ni) nanocylinders are 

embedded in a regularly nanostructured P(VDF-TrFE) matrix 

obtained by nanoimprint lithography (NIL) on centimeter scale 
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surfaces. Ni was selected as the ferromagnetic component for this first 

explorative research because it can conveniently be grown in the 

nanostructured polymer mask by electrodeposition. In addition, Ni has 

a sufficiently large magnetostrictive coefficient at saturation. The 

magnetostriction of bulk nickel specimens with randomly oriented 

grain structure is  = ∆L/L = -3.5 10
-5

.  The negative 

magnetostriction means that the samples contract in the direction of 

the external field and expand in the transverse direction since the 

volume of the sample remains nearly constant. Then, we use 

piezoresponse force microscopy (PFM), a technique widely used to 

characterize inorganic and organic ferroelectric materials,
58, 196-198

 to 

collect the local ferroelectric hysteresis loops of P(VDF-TrFE) in the 

multiferroic layer upon application of a magnetic field acting on the 

Ni nanocylinders. This provides a proof-of-concept experiment of 

local ME coupling in hybrid regular multiferroics. Moreover, only a 

few reports discussed the magnetic control of the ferroelectric 

response of ferroelectric materials in multiferroic materials (intrinsic 

or extrinsic) and even less in extrinsic multiferroics,
120, 121, 123, 125, 199

 

which is the main focus in this work, which will demonstrate the 

possibility to control ferroelectric polarization by a magnetic field. 

 

6.2 Experimental 

Multiferroic layer preparation. Fig. 6.1 (d) shows the preparation 

process of the multiferroic layer. Starting from a Si/SiO2 substrate, a 

100 nm silver (Ag) layer with 5 nm adhesive titanium (Ti) layer was 

deposited by thermal evaporation, followed by spincoating a ca. 75 

nm P(VDF-TrFE) layer from a P(VDF-TrFE)/acetylacetone solution 

(35 g/L, 6500 rpm for 1 min). P(VDF-TrFE) (65 wt% of VDF units 

and a weight-average molar mass of ca. 300 000 g/mol) was provided 

by Solvay Specialty Polymers. Then, nanoimprint was performed on 

the P(VDF-TrFE) layer with an Obducat nanoimprinter (at 135 °C, 60 

bar, for 10 min) using a Si mold with pillars of 65 nm diameter 

arranged over a simple square 2D lattice of 190 nm unit cell 

dimension; the pillar height was 90 nm. After removing the mold, a ca. 
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80 nm thick P(VDF-TrFE) matrix (Fig. 6.2 (a)) with holes of 65 nm 

diameter fully opened down to the Ag electrode was obtained. 

Thereafter, Nickel (Ni) nanocylinders of ca. 65 nm height were grown 

using pulsed electrochemical deposition (-1.05 V for 10 ms and -0.7 V 

for 90 ms) in an electrolyte containing 0.5 M NiSO4·6H2O and 0.4 M 

H3BO3 at room temperature. The potential was controlled by an 

Ag/AgCl reference electrode and a platinum (Pt) counter electrode. 

The packing factor of the Ni nano-arrays is about 9.5 % for the 65 nm 

diameter sample. Of note, chemical interaction might occur at the 

interface of P(VDF-TrFE) and Ni during the electrochemical 

deposition process, but it needs to be confirmed and does not prevent 

the strain/stress transfer in the multiferroic system. For control 

experiments, Ni was replaced in the P(VDF-TrFE) matrix by Pt 

nanocylinders of similar height (C1: P(VDF-TrFE)/Pt control sample). 

Pt was grown by electrochemical deposition at a constant potential of 

-0.3 V from a commercially available Pt-DNS electrolyte 

(METAKEM) at 50°C. Two other control samples were also prepared: 

one consisting of a spincoated ca. 80 nm thick P(VDF-TrFE) layer 

stacked over a continuous 25 nm thick Ni layer which was thermally 

evaporated on the Ag substrate (C2: bilayered P(VDF-TrFE)/Ni 

control sample); the other one having a spincoated ca. 80 nm thick 

P(VDF-TrFE) layer on the Ag substrate (C3: P(VDF-TrFE) control 

sample). These two samples were subsequently annealed at 135 °C for 

10 min in air on a hot plate. 

 

Figure 6.1: Different structures of multiferroic hybrid layer (a-c) and flow 

chart of the multiferroic layer preparation of this work (d). 
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Multiferroic layer characterization. The morphology of the sample 

was checked by atomic force microscopy (AFM) in tapping mode and 

by scanning electron microscopy (SEM) in imaging mode. The 

ferroelectric response of P(VDF-TrFE) was checked by PFM in 

contact mode (under a ca. 50 nN contact force). A conductive 

non-magnetic Pt/Ir coated probe was used (SCM-PIT from Bruker, 

nominal spring constant 2.8 N/m, nominal tip radius 20 nm). In order 

to pole the P(VDF-TrFE), a dc voltage was applied to the scanning tip 

while keeping the bottom electrode (and Ni nanocylinders) grounded. 

PFM images were then obtained by applying an ac voltage to the 

bottom electrode (at contact resonance, ca. 220 kHz) while keeping 

the scanning tip grounded. In the case of PFM spectroscopy mode 

under an applied magnetic field, a non-magnetic tip holder was used 

and working frequencies of 15 kHz or 300 kHz were selected, both far 

away from the contact resonance (ca. 220 kHz). When working at 15 

kHz, all PFM spectroscopy curves were obtained by ramping the tip 

bias from 10 V to -10 V, then back to 10 V (15 V for the bilayered 

P(VDF-TrFE)/Ni control sample); the ramping direction was reversed 

when working at 300 kHz. Prior to attempting to switch the 

polarization of P(VDF-TrFE) by varying the magnetic field on the 

nanopatterned P(VDF-TrFE)/Ni sample, PFM hysteresis loops were 

taken at 0 and 5000 Oe magnetic field (working at 300 kHz and 

ramping the tip bias from -10 V to 10 V, then back to -10 V) in order 

to check the location of the switching voltage. The magnetic field in 

the vertical direction was generated by a home-made magnet equipped 

with a cooling system, which was adapted into the PFM equipment 

below the sample. In the case of applying magnetic fields of both 

polarities, a non-cooled magnet was used, because it allowed an easier 

switching of the current and magnetic field direction; in this case, the 

temperature increased moderately upon the application of the 

magnetic field. The magnetic hysteresis of Ni in the multiferroic layer 

was measured by an alternating gradient field magnetometer (AGFM). 
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6.3 Results and Discussion 

6.3.1 Morphology and dimensional characterization 

Fig. 6.2 (a) shows the AFM topography of the P(VDF-TrFE) template 

after nanoimprinting; the depth of the holes is ca. 80 nm (Fig. 6.2 (c)). 

The topography of the final multiferroic layer is shown in Fig. 6.2 (b) 

and the height difference between the top of the P(VDF-TrFE) matrix 

and the top of the Ni nanocylinders is ca. 15 nm (Fig. 6.2 (d)). 

Therefore, the height of the Ni nanocylinders is ca. 65 nm (80 nm - 15 

nm). Fig. 6.2 (e-g) shows SEM images of the P(VDF-TrFE) template 

(e) and of the P(VDF-TrFE)/Ni multiferroic layer (f-g). It is obvious 

that Ni grew properly in the holes of the P(VDF-TrFE) template. In 

addition, Fig. 6.2 (f) also proves that nanoimprint lithography can 

produce regular nanopatterns on a large scale. 

 

Figure 6.2: Morphology and height characterization of the multiferroic layer. 

(a) AFM topography image of the nanoimprinted P(VDF-TrFE) template. (b) 

AFM topography image of the multiferroic layer after Ni deposition in the 

P(VDF-TrFE) template. The red dot is the position where the PFM tip was 

placed to measure the ferroelectric hysteresis loop of P(VDF-TrFE). Panels 

(c) and (d) are height profiles corresponding to the lines in panels (a) and (b). 

Panels (e-g) are SEM images of (e) the P(VDF-TrFE) template and (f-g) the 

P(VDF-TrFE)/Ni multiferroic layer. (g) is the enlarged image of the 

red-boxed area in (f). The scale bar in panels (e-g) is 100 nm. 
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6.3.2 Ferroelectric/magnetic characterization of P(VDF-TrFE)/Ni 

in the multiferroic layer 

Fig. 6.3 (a) shows a vertical PFM amplitude image of P(VDF-TrFE) 

in the multiferroic layer where two small regions (boxed in red) were 

previously poled by applying 12.5 V or -12.5 V on the scanning tip 

while keeping the sample bottom electrode grounded. Both poled 

regions show a strong contrast compared to the unpoled region, 

indicating that P(VDF-TrFE) can be poled by the application of a 

sufficiently strong electrical field. However, it is worth noting here 

that the roughness of the multiferroic layer, combined with its 

ferroelectric/conducting nature, results in values of PFM amplitude 

considerably deviating from ideality. 

 

Figure 6.3: (a) PFM amplitude image of P(VDF-TrFE) in the multiferroic 

layer. Two small regions (1.5 µm x 1.5 µm, boxed in red) were 

previously-poled by applying dc voltages of 12.5 V and -12.5 V before 

taking the PFM image. (b) Magnetic hysteresis loops of Ni in the 

multiferroic layer measured by an AGFM at room temperature in the 

out-of-plane and in-plane directions.  

 

Fig. 6.3 (b) shows macroscopic magnetic hysteresis loops of Ni in 

both out-of-plane and in-plane directions, confirming the 

ferromagnetic character of the Ni nanocylinders. There exists a 

considerable difference between the two loops, meaning that the Ni 

nanocylinders grown in the multiferroic layer are magnetically 

anisotropic with the in-plane direction being the easy axis. The 
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magnetization configuration of such low aspect ratio cylindrical Ni 

particles with diameter of 65 nm in the remanent state forms a closed 

vortex structure within the nanopillar.
200

 The vortex structure consists 

of circumferential magnetization in the plane of the cylinder with an 

out-of-plane component near the central position. 

 

6.3.3 Ferroelectric characterization of P(VDF-TrFE) in the 

multiferroic layer under application of a magnetic field 

The PFM amplitude and phase signals were first checked on the 

P(VDF-TrFE) control sample (C3) with and without the application of 

a magnetic field in order to verify the lack of interaction between the 

PFM build-in electronics and the magnetic field. As shown in Fig. 

6.10 of the supporting information, the PFM signals remain 

unchanged upon the application of the magnetic field, proving the 

absence of spurious coupling of the magnetic field with the PFM setup. 

Then, the ferroelectric response of P(VDF-TrFE) in the multiferroic 

layer under the application of a vertical magnetic field was checked by 

PFM at a position equivalent to the one marked by the red dot in Fig. 

6.2 (b). 

Vertical PFM phase hysteresis loops (obtained at both 15 kHz and 

300 kHz) at two different magnetic fields are presented in Fig. 6.4 

(a,b), clearly showing that the width of the hysteresis decreases with 

increasing magnetic field. We note that the centers of the hysteresis 

loops are shifted compared to the ideal situation, most probably due to 

the relatively large amplitude of the ac voltage (2-2.5 V) and/or the 

existence of other electrostatic couplings in the PFM equipment.
197, 201

 

Nevertheless, this shift does not change the qualitative evolution of 

the hysteresis nor influence the analysis of the width of the hysteresis 

loops. In addition, the hysteresis loops are reversed depending on 

whether they are measured above or below the resonance frequency, 

as expected (Fig. 6.4 a and b); furthermore, their width depends on the 

frequency of the measurement, as is also the case for a pure 

P(VDF-TrFE) layer (Fig. A2.5 of Appendix A2).  
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Figure 6.4: PFM characterization of P(VDF-TrFE) in the multiferroic layer 

under external out-of-plane magnetic fields. (a) and (b) PFM phase 

hysteresis loops of P(VDF-TrFE) obtained at 15 kHz and 300 kHz under two 

different magnetic fields. (c) Width of the ferroelectric hysteresis loop versus 

applied magnetic field (15 kHz PFM working frequency). The magnetic 

hysteresis loop of Ni (extracted from Fig. 6.3 (b)) is also shown here as a 

reference. The vertical dashed line in panel (b) indicates the approximate 

value of the voltage used for switching experiments by the magnetic field 

(see below). 

 

The width of the hysteresis loop is displayed versus the applied 

positive magnetic field in Fig. 6.4 (c), which also presents the 

magnetic hysteresis of Ni as a comparative reference. We found that 

the width decreases significantly with increasing magnetic field in 

both polarities of positive and negative magnetic fields; the 

experiment was repeated at several other positions and provided 

identical behavior. A second, independently-prepared sample was also 

checked and exhibited the same behaviour. Hysteresis loops obtained 
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at more magnetic field values, and the width of the loops versus the 

complete (positive and negative) range of applied magnetic field, are 

shown in Fig. 6.9 of the supporting information; in this case, a 

non-cooled magnet was used for the switching of the magnetic field 

direction, resulting in a more noisy curve due to the variations of 

temperature. In addition, a sample prepared with a 2.5 times larger 

supracrystalline unit cell and a smaller Ni volume fraction (7% 

packing factor) exhibited a weaker effect, indicating the importance of 

dimensional parameters (Fig. 6.13 in the supporting information). 

The same experiment was also performed on several control 

samples. In the P(VDF-TrFE)/Pt control sample (C1, shown in the 

inset of Fig. 6.5 (a)), ferromagnetic Ni was replaced by non-magnetic 

Pt. As shown in Fig. 6.5 (a), the width of the ferroelectric hysteresis, 

measured with the non-cooled magnet, decreases slightly with 

increasing magnetic field, most probably due to the temperature 

variation induced by the magnet. However, this slight decrease is 

negligible compared to the one of the P(VDF-TrFE)/Ni sample, 

suggesting that the significant change of ferroelectric response shown 

in Fig. 6.4 upon application of the magnetic field is indeed due to the 

ferromagnetic nature of Ni, and most probably results from its 

magnetostriction.  

To further support the role of magnetostriction in the magnetic 

field dependence of ferroelectric loops, another control sample 

consisting of a continuous Ni layer and overcast P(VDF-TrFE) layer 

(C2, shown in the inset of Fig. 6.5 (c,d)) was tested by PFM under an 

applied magnetic field. In this case, the dimensional change of the Ni 

layer is prevented or at least strongly reduced due to its clamping to 

the substrate, and no or negligible strain should thus be transferred to 

the P(VDF-TrFE) layer. This is supported by previous observations 

made on inorganic muliferroics, in which it was theoretically 

predicted and experimentally confirmed that nanostructured 

multiferroics have larger ME coupling effect compared to stacked 

continuous layers.
122, 123

 Therefore, the ferroelectric response under 

different magnetic fields should be unchanged, which is precisely 
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observed in Fig. 6.5 (c,d). The slight effect detected in Fig. 6.5 (c) is 

again most probably due to temperature variations associated to the 

heating of the magnet, as it is known that the coercive field of 

P(VDF-TrFE) decreases with temperature.
202

 When eliminating the 

temperature variation by using a cooled magnet, as shown in Fig. 6.5 

(d), the hysteresis width keeps unchanged for all applied magnetic 

fields, confirming that the slight change of width when using a 

non-cooled magnet is indeed due to temperature variations. In addition, 

the width variation is also smaller for the same magnetic field when 

using the cooled magnet compared to the non-cooled magnet, which is 

also most probably due to the better controlled temperature. The width 

of hysteresis loops obtained with the last control sample (C3, 

continuous P(VDF-TrFE) layer on Ag substrate, shown in the inset of 

Fig. 6.5 (b)) is also the same for different magnetic fields, as shown in 

Fig. 6.5 (b).  

 

Figure 6.5: Width of the ferroelectric hysteresis versus applied magnetic 

field, or hysteresis loops at different magnetic fields, for (a) a 

P(VDF-TrFE)/Pt control sample, (b) a continuous P(VDF-TrFE) control 

sample, and (c) (d) a bilayered P(VDF-TrFE)/Ni control sample. 
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A potential issue of our local measurements is that the distribution 

of electric field lines in the metallic/insulating hybrid layer might 

unduly increase the PFM sensitivity to specific features of the layer. 

That this is not so is shown in Fig. 6.6, where the field existing in the 

sample below the PFM tip is displayed, based on finite element 

modeling (COMSOL) : the electric field concentrates below the PFM 

tip, not close to the Ni nanocylinders, except when the PFM tip is 

strongly off-centered compared to the unit cell. This indicates that 

PFM feels the response in a small volume of the polymer just below 

the tip, away from the Ni edges, indicating that the influence of the 

magnetic material propagates over distances as large as 100 nm. 

 

Figure 6.6: COMSOL simulation of the electric field distribution through the 

P(VDF-TrFE) layer. (a) Schematic view of the sample which is taken into 

account in the simulation. The cross section is taken along the dashed line. 

Panels (b-c) show the magnitude of the electrical field (color code) and its 

direction (white arrows) in the plane shown by the dashed line in (a) at 

position 1 (b, tip in center of unit cell) and 2 (c, tip off center). The 

simulation was done by keeping Ag and Ni grounded and applying 10 V on 

the tip. 

 

The previous observations thus confirm that hybrid organic 

multiferroics can exhibit a very strong ME effect, presumably due to 
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magnetostrictive/piezoelectric coupling. This change of ferroelectric 

response should thus be directly linked to the magnetostriction of 

Ni.
203,81

 The Ni nanocylinders contract in length in the presence of a 

magnetic field of either polarity, and swell slightly in diameter, 

resulting in a strain being transferred to the softer ferroelectric 

P(VDF-TrFE). Stronger effects are expected in the range where the 

magnetization of Ni varies strongly with the magnetic field, which is 

indeed the case (Fig. 6.4 (c)). Because magnetostriction is an even 

function of the magnetic field, positive and negative polarities of the 

magnetic field should lead to the same effect on the ferroelectric 

hysteresis loop, as indeed observed (Fig. 6.9 of the supporting 

information). It should be stressed that the magnitude of the 

magnetostriction coefficients in ferromagnetic nanoparticules can be 

quite different from those of bulk materials.
204, 205

 In our case, 

application of the external magnetic field in the out-of-plane direction 

may produce quite large magnetostriction because of the in-plane 

vortex structure. 

The strain is applied to a complex semicrystalline microstructure, 

consisting of crystalline lamellae separated by amorphous 

interlamellar regions made of chain folds, loose loops, dangling chain 

ends, and tie segments. Because the glass transition temperature of 

amorphous P(VDF-TrFE) is below room temperature,
206

 strains will 

dominantly affect the softer amorphous interlamellar regions, resulting 

in a significant storage of mechanical energy in these regions. 

Relaxation of this energy can occur through localized segmental 

motion in the amorphous regions. Ferroelectric switching actually 

involves a combination of rapid flow motion of domain walls in 

crystals, and slower creeping in the intervening amorphous regions, as 

was recently demonstrated.
62

 The mechanical energy stored in the 

amorphous regions might thus contribute to ease segmental relaxation 

and therefore creeping of domain walls through the amorphous 

regions, resulting in an easier polarization switching and therefore a 

lower coercive field. 
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Figure 6.7: Variation of the width of ferroelectric hysteresis loops upon 

repeated probing at a given value of applied magnetic field. All data were 

acquired at the very same position and 15 kHz PFM working frequency. 

Closed symbols refer to experiments in which the magnetic field was ramped 

up, starting from 0 Oe; open symbols to experiments in which the field was 

ramped down from 5000 Oe; the color code for the magnetic field is given in 

the legend of panel (b). Panel (a) is for the patterned sample; the inset shows 

the variation of the width of the hysteresis loops extrapolated to zero probing 

cycle, versus applied magnetic field. Panel (b) is for the reference bilayer 

sample. 

 

If this mechanism is true, repeated switching should progressively 

relax the strain in the amorphous region, with as a result a decreased 

effect of the magnetic field on the ferroelectric hysteresis. 

Experiments were thus performed, during which the ferroelectric 

hysteresis was repeatedly probed for a given magnetic field; the field 

was then increased or decreased, and the measurements performed 

again. A limited set of hysteresis loops is presented in Fig. 6.11 of the 

supporting information, from which the width of the loops was 

obtained. Fig. 6.7 (a) shows that the width of the ferroelectric 

hysteresis loop increases upon repeated probing at a given value of 

magnetic field, for the patterned sample. In contrast, the width of the 
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hysteresis loop is independent of cycle number and magnetic field for 

the bilayered reference sample (Fig. 6.7 (b)). This confirms that, for 

the patterned sample, the strain in the ferroelectric polymer is 

progressively relaxed by the segmental motions resulting from the 

ferroelectric switching; as a result, the switching becomes more 

difficult and the coercive electric field increases. 

Experiments performed at the same location, upon ramping the 

magnetic field up or down, led to identical results (closed and open 

symbols in Fig. 6.7 (a)), indicating that each new application of the 

magnetic field resets the strain in the system. The complete set of 

relaxation data could be fit by lines of common slope (0.21 V/cycle) 

and varying ordinates at the origin, W0. The inset of Fig. 6.7 (a) shows 

the variation of W0 with the magnetic field: again, this variation 

parallels fairly well the variation of the magnetization of Ni with 

magnetic field, as shown in Figs 6.3 (b) and 6.4 (c). 

The dependence of the width of the hysteresis loops on magnetic 

field is very strong in our patterned samples. Therefore, we attempted 

to reverse the polarization of the ferroelectric material by varying the 

magnetic field (using the cooled magnet), at a constant value of 

electric field defined by ca. 0.5 V set on the PFM tip, as indicated by 

the dashed line in Fig. 6.4 (b). With 5000 Oe of applied magnetic field, 

this electric field is higher than the coercive field; in the absence of 

applied magnetic field, this electric field is lower than the coercive 

field. This experiment was done with the PFM ac bias frequency set to 

300 kHz,since this high frequency provides more stable PFM signals 

(Fig. 6.10 of the supporting information). 

When the magnetic field was switched repeatedly between 0 and 

5000 Oe, as shown in Fig. 6.8 (left), the PFM phase was found to 

change between two values of ca. -90° and ca. 50°, corresponding to a 

whooping 140° phase change, close to a full reversal of the electric 

dipole moment direction (180° phase change, in theory). This 

indicates that the electric dipole moment is reoriented by the magnetic 

field. In addition, the phase difference was found to slightly decrease 

upon repeated application of the magnetic field, confirming that a 
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relaxation of the stored mechanical energy generated by the 

magnetostrictive/piezoelectric coupling happens. When the same 

reversal test was performed on the bilayered P(VDF-TrFE)/Ni control 

sample (Fig. 6.8, right), the PFM phase was found to be insensitive to 

the magnetic field. However, it is worth noting that the selection of the 

value of the static voltage used for the polarization reversal by the 

magnetic field is very critical, due to the narrow operation window 

shown in Fig. 6.4 (b) and/or the possible unstable PFM phase signal 

during the experiment. Fig. 6.12 of the supporting information shows 

the PFM phase for a static voltage of ca. 1 V, in which case, the phase 

change introduced by the magnetic field is less than 50°. 

 

Figure 6.8: Ferroelectric polarization reversal by the application of a 

magnetic field. The dashed line in Fig. 6.4 (b) shows the value of applied 

voltage at which polarization reversal upon application of a magnetic field 

was performed. The graph shows the PFM phase (modulo 180°) of the 

ferroelectric polymer measured by PFM upon on/off switching of the 

magnetic field for (left) the P(VDF-TrFE)/Ni patterned multiferroic sample 

and (right) the bilayered P(VDF-TrFE)/Ni control sample. The PFM phase 

was binomially-averaged with 20 passes. 

 

These experiments fully confirm the possibility to act 

magnetically upon the electric dipole moment of the patterned 
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ferroelectric material, and to almost fully reverse its orientation. 

However, the magnetic switching of the electric dipole moment does 

not exhibit hysteresis, indicating that the magnetic field does not 

switch permanently the electric dipole moment in our sample. This 

might be due to the fact that the magnetic field acts reversibly on the 

electric dipole moment because of the reversibility of the 

magnetically-induced mechanical deformation; or the reversibility 

might arise from the incomplete reversal of the electrical polarization, 

due to the narrowness of the window for magnetic actuation (Fig. 6.4 

(b)). Complementary experiments on samples of different pattern 

geometry are required to progress further in this issue.  

 

6.4 Conclusion 

Summing up, we have set up a methodology to fabricate regular 

nanopatterns of a magnetic material within a soft ferroelectric polymer. 

Experiments performed on these and control systems indicate a strong 

effect of the magnetic field on the ferroelectric hysteresis loop of the 

polymer, most probably provided by the coupling of the 

magnetostriction of Ni and the ferroelectricity of P(VDF-TrFE). Due 

to this effect, it becomes possible to almost reverse the polarization of 

the ferroelectric material by applying a magnetic field, while 

simultaneously applying an appropriate voltage on the sample. 

Experiments indicate the importance of relaxation in these complex 

materials, most probably due to segmental motion in the amorphous 

regions of the ferroelectric polymer. Our organic-based multiferroic 

material displays an unprecedented high sensitivity of the electric 

polarization on magnetic field, and offers a new direction for future 

possible applications in organic electronics (e.g., organic memory 

devices). Future work should aim at amplifying the effect further, in 

order to reach complete electrical polarization switching by a 

magnetic field; this might possibly be attained by increasing the strain 

in the ferroelectric material, e.g., by using a magnetic material with 

larger magnetostriction, or by decreasing further the size of the 
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ferroelectric material while increasing the one of the ferromagnetic 

regions. 

 

6.5 Supporting Information 

 

Figure 6.9: PFM characterization of P(VDF-TrFE) in the multiferroic layer 

under application of an external out-of-plane magnetic field of both 

polarities, using a non-cooled magnet. (a) PFM phase and (b) amplitude 

hysteresis loops of P(VDF-TrFE) under four different values of magnetic 

field. (c) Width of the ferroelectric hysteresis loop versus applied magnetic 

field. The magnetic hysteresis loop of Ni (extracted from Fig. 6.3 (b)) is also 

shown here as a reference. 

 

The vertical PFM phase and amplitude hysteresis loops obtained at 

four different magnetic fields (non-cooled magnet) are presented in 

Fig. 6.9 (a,b), clearly showing that the width of the hysteresis 

decreases with increasing magnetic field. This width is displayed 
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versus the applied magnetic field in Fig. 6.9 (c), which also presents 

the magnetic hysteresis of Ni as reference. The width decreases 

significantly with increasing magnetic fields in both polarities of 

positive and negative magnetic fields (ca. 3 V at 5000 Oe). 

It is worth noting that the width of ferroelectric hysteresis is in 

general smaller than that in the case of using a cooled magnet whose 

temperature was kept constant during the application of the magnetic 

field (e.g., 7 V versus 5V at 0 Oe at 15 kHz PFM working frequency). 

This results most probably from the coercive field of P(VDF-TrFE) 

decreasing with increasing temperature.
202

 In addition, the width 

variation is also larger, which is also most probably due to 

temperature effects. 

 

 

Figure 6.10: PFM (a) amplitude and (b) phase versus the frequency of the 

applied ac bias (2 V amplitude) obtained with the P(VDF-TrFE) control 

sample (C3, 80 nm thick P(VDF-TrFE) layer on Ag substrate) at different 

magnetic fields. Below the contact resonance frequency (ca. 220 kHz), the 

PFM phase signal was rather noisy; in contrast, the PFM signal was more 

stable above the contact resonance frequency. These results are consistent 

with the previous observations.
158
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Figure 6.11: Evolution of ferroelectric hysteresis loops of the nanopatterned 

P(VDF-TrFE)/Ni sample upon repeated measurements (the index of the 

measurement is shown in the legend). 

 

Figure 6.12: Ferroelectric polarization tuning by the application of a 

magnetic field at a static voltage of ca. 1 V performed on the nanopatterned 

multiferroic P(VDF-TrFE)/Ni sample. These conditions do not lead to the 

optimal coupling between polarization and magnetic field, in contrast with 

Fig. 6.8. 
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Figure 6.13: PFM hysteresis loops of a patterned sample of 500 nm unit cell 

size, 150 nm Ni diameter, 70 nm Ni height, and 90 nm PVDF-TrFE 

thickness (15 kHz PFM acquisition frequency), in the absence (blue) and in 

the presence (red) of a magnetic field (5000 Oe).  
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Chapter 7 

Summary and Perspectives 

 

The last decade has witnessed the increasing interest and demand for 

fundamental research and practical applications of organic electronics, 

including organic memory devices based on ferroelectric polymers. In 

addition, the fast development of nanotechnological tools and 

techniques such as nanoimprint lithography (NIL) and scanning probe 

microscopy (SPM, including piezoresponse force microscopy, PFM) 

has brought research and applications to a new level. Now it becomes 

possible and reliable at the nanometer scale to manipulate and 

characterize organic materials and functional devices, to improve 

material properties and device performance through the fine control of 

the material nano- or micro-structure, and to design new functional 

layers and device structures. In this context, this thesis contributes 

directly to all these aspects and provides information to promote 

organic ferroelectric memories and multiferroic materials a step 

further. The main achievements of this thesis and some perspectives 

are summarized here: 

In Chapter 3, we have systematically studied by PFM the local 

ferroelectric polarization and/or depolarization of P(VDF-TrFE) in 

FeFET devices using p-type PTAA as organic semiconductor. PFM 

results show that a stable polarization state can be obtained 

irrespective of the location of P(VDF-TrFE) in FeFETs, in which the 

semiconducting layer is in the accumulation state and provides 

compensating charges at the PTAA/P(VDF-TrFE) interface after 

removal of the poling voltage. Surprisingly, another stable state of 

opposite direction is also achievable when the depleted PTAA layer is 

thin enough and/or the poling voltages are sufficiently large. In this 

state, the ferroelectric is depolarized over the main part of the channel 

regions, whereas it is polarized over the electrodes and neighboring 

channel regions. The size of the polarized regions depends on the 

thickness of the semiconducting layer, because PTAA acts as an 
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insulator dividing the applied voltage during poling; in addition, the 

degree of polarization after removal of the poling voltage also depends 

on the thickness of the PTAA layer, which screens the 

polarization-compensating charges accumulated in the source and 

drain electrodes. These polarized regions in the second stable state 

make the PTAA more depleted and modify the charge injection barrier 

between the electrodes and the PTAA layer. As a result, FeFET 

devices of thinner PTAA layer have less positive (and even negative) 

threshold voltages, leading to an increase of the on/off current ratio at 

zero gate bias and therefore to an improvement of the memory device 

performance. These unexpected results provide new clues for device 

design and performance optimization of memory FeFETs. Moreover, 

our results give a complete spatial view of ferroelectric polarization 

and depolarization in these complex devices, and on the working 

mechanism of memory FeFETs. 

In Chapter 4, we have integrated NIL in the fabrication process of 

a top-gate bottom-contact organic FeFET. P(VDF-TrFE) imprinted in 

complete confinement on top of PTAA shows a decreased switching 

field compared to a continuous reference, and thereby, the electric 

field needed to maximize the remnant polarization is significantly 

decreased by a factor of ca. 1.5 compared to a continuous film. 

Current characterizations on FeFETs show that the nanoimprinted one 

needs a smaller poling voltage to reach the maximum 

polarization-induced current, compared to the continuous reference. 

This leads to a decreased operating voltage for the memory 

application. In addition, since our fabricated transistor consists of a 

large number of nanowire-gated transistors placed in parallel, it also 

offers potential possibilities for a strong size reduction of organic 

FeFETs. 

In Chapter 5, we have designed a novel organic hybrid layer 

consisting of alternating ferroelectric/semiconducting polymer 

nanowires, fabricated by shaping P(VDF-TrFE) into nanowires by 

NIL, followed by filling the separating spaces by semiconducting 

PTAA polymer. This methodology leads to the easy creation of 
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well-controlled hybrid nanostructures over intergiditated electrodes. In 

this hybrid layer, when the ferroelectric nanowires are poled with the 

proper polarity, the ferroelectric dipole moment can be stabilized by 

charges accumulating laterally in the semiconducting channels, 

thereby preventing depolarization even though the ferroelectric 

material rests over an insulating substrate. This lateral electrostatic 

coupling between the ferroelectric and the semiconducting material is 

made possible by the reduction in size of the ferroelectric material. 

The charge accumulation only occurs for one direction of polarization, 

due to the p-type nature of the semiconductor, and creates a channel 

for conduction from source to drain due to this new charge 

compensation mechanism, which can be directly used for memory 

applications. The characterization of the source-drain current versus 

the previously-applied poling voltage shows clearly a current 

hysteresis as typically observed in traditional FeFET memory devices. 

In addition, the on/off current ratio scales with the size of the poled 

region, thereby providing access to a memory containing more than 

two stored states and possibility to scale down the memory size 

possibly to one single ferroelectric/semiconducting nanowire. 

 For the nanoimprinted memory devices presented in Chapters 4 

and 5, the conductive PFM tip is used as the mobile top gate. A 

remaining technological problem for integrated memory circuits is 

addressing real electrodes on the nanoimprinted P(VDF-TrFE) 

nanowires. Therefore, properly filling the openings between 

P(VDF-TrFE) nanowires for insulation, before depositing the 

electrode, would be a must. To do so, we have developed a 

methodology to put the insulating polymer polycaprolactone into the 

trenches to form a hybrid layer consisting of alternating 

P(VDF-TrFE)/polycaprolactone nanowires. Then the local 

ferroelectric properties of P(VDF-TrFE) in this hybrid layer were 

characterized by PFM. These results are presented in Appendix A3. 

Although a hybrid layer consisting of P(VDF-TrFE) nanowires with 

proper filling of polycaprolactone is obtained, further work is still 

needed to optimize the filling conditions and to characterize the 

macroscopic ferroelectric properties of P(VDF-TrFE) nanowires in the 
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hybrid layer, as well as the performance of memory devices 

employing this hybrid layer. 

In Chapter 6, we have developed a methodology to fabricate 

regular nanopatterns of a magnetic material within a soft ferroelectric 

polymer. Experimental results indicate a strong effect of the magnetic 

field on the ferroelectric hysteresis loop of the polymer, most probably 

due to the coupling of the magnetostriction of Ni and the 

ferroelectricity of P(VDF-TrFE). Due to this effect, it becomes 

possible to almost reverse the polarization of the ferroelectric material 

by applying a magnetic field with proper conditions Experiments also 

show the importance of relaxation in these complex materials, most 

probably due to segmental motion in the amorphous regions of the 

ferroelectric polymer. Our organic-based multiferroic layer offers a 

new direction for future possible applications in organic electronics 

(e.g., organic memory devices). Future work should aim at amplifying 

the effect further, in order to reach complete electrical polarization 

switching by a magnetic field; this might possibly be attained by 

increasing the strain in the ferroelectric material, e.g., by using a 

magnetic material with larger magnetostriction, and/or by decreasing 

further the size of the ferroelectric material while increasing the one of 

the ferromagnetic regions, and/or by designing new layer 

configurations (e.g. with alternating ferroelectric/ferromagnetic 

nanowires) having possibly optimized magnetostrictive/piezoelectric 

coupling. Our results also suggest that the pressure has significant 

influence on ferroelectric properties of P(VDF-TrFE); therefore, a 

detailed study of the effect of pressure on the ferroelectric properties 

of P(VDF-TrFE) should be done in the future. In addition, this chapter 

only focuses on the magnetic control of the electric response in the 

multiferroic layer; the reversed effect, i.e., the electric control of the 

magnetic response, should be future investigated. Moreover, for future 

macroscopic applications, it is also required to insolate the bottom and 

top electrodes by putting another insulating polymer on top of the 

ferromagnetic metal or by using non-conductive/insulating 

ferromagnetic materials instead of ferromagnetic metals. 
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In summary, nanoimprinted ferroelectric P(VDF-TrFE) with well 

controlled nanopatterns is of great interest for practical applications of 

organic electronics, e.g., organic memories. As demonstrated in this 

thesis, the operating voltage of the nanoimprinted memory devices is 

significantly reduced; the well-controlled nanostructures allow us to 

control precisely the material properties and their couplings, and to 

design new memory device configurations in combination with other 

functional materials, e.g., semiconducting polymers and ferromagnetic 

materials; in addition, nanoimprinted P(VDF-TrFE) nanostructures 

offer great potential to reduce the size of organic memory devices, 

possibly down to the tens of nanometers scale. 

Going beyond this thesis, other functional materials could be 

conbined with nanoimprinted ferroelectric P(VDF-TrFE) to form new 

functional layers and devices. For example, light sensitive materials 

could be used to fabricate nanoimprinted solar photovoltaics with the 

possibility to have enhanced efficiency controlled by the ferroelectric 

polarization, light emitting materials could be combined to fabricate 

nanoimprinted light emitting devices with coexistent memory 

functionality, and the polarization of the light might be controlled in 

devices employing magnetic materials with nanoimprinted 

P(VDF-TrFE). In addition, bio-materials and bio-objects like bacteria 

could be grown in the openings or on the top of the nanoimprinted 

P(VDF-TrFE) and their properties and activities might be controlled 

by the polarization charges of the ferroelectric P(VDF-TrFE).  

More broadly, NIL provides capabilities to shape any soft 

amorphous or (semi)crystalline material, to control the crystalline 

orientation and improve the functional properties of functional 

materials, and to produce well ordered nanostructures for patterning 

and designing new device configurations; it is thus expected to find 

more advanced applications in the future.  
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Figure 7.1: General scheme and strategy to fabricate and characterize a 

functional device. 

 

As has been proven by the realization of the objectives of this thesis, 

nanoscale tools and equipments, like NIL and AFM-based techniques, 

allow us to obtain new advanced memory devices by incorporating 

proper functional materials and conceiving new device structures; it 

also provides a new view of these devices through a very local 

characterization of the working mechanism and device performance. It 

is expected that this strategy could be extended to fabricate and 

characterize any new functional devices in the future, as shown in Fig. 

7.1.  
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Appendix 

A1: Nanoimprint of P(VDF-TrFE) on Different 

Surfaces 

 

Since we aim to fabricate nanoimprinted devices, imprinting 

P(VDF-TrFE) of good quality on a large scale is needed. In general, 

the nanoimprint quality mainly depends on the following issues: the 

confinement of the imprint; the configuration and the geometry of the 

mold; the adhesion between P(VDF-TrFE) and the mold; the adhesion 

between P(VDF-TrFE) and the underlying substrate surface. Here, we 

discuss all these issues and try to figure out the best imprinting 

conditions which we can use in the device fabrication process. 

A1.1 The confinement of the imprint 

The imprint confinement is categorized in three types as specified in 

Figure A1.1: the complete confinement, the limiting state, and the 

partial confinement. When the to-be-imprinted film is thick enough, 

the mold cannot penetrate through the entire film and reach the 

substrate surface; in this case, there is a continuous residual layer 

remaining on the substrate, leading to partial confinement. When the 

film thickness decreases to a critical value tc, the mold can make direct 

contact with the substrate through the film and there is no residual 

layer left, while the soft material can still fully fill the mold cavities; 

this situation leads to the limiting state of the imprinting. Further 

decreasing the film thickness results in the partial filling of the mold 

cavities, leading to the complete confinement of the imprint.  

 

Figure A1.1: Scheme of different cases of imprinting confinement 
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It can be seen that, in the case of the limiting state, we obtain a 

relatively large contact area between the mold and the imprinted film 

(Amold) but the smallest contact area between the substrate and the 

imprinted film (Asub) among all three imprinting cases. Clearly, the 

complete confinement or the limiting state of Figure A1.1 are more 

demanding with respect to the adhesion of P(VDF-TrFE) onto the 

substrate than the case of partial confinement, due to the differences of 

surface of contact between polymer and substrate. In practice, device 

fabrication requires the limiting state or the complete confinement. 

Therefore, we need to make sure that the adhesion of the 

mold/P(VDF-TrFE) interface should be much smaller than that of the 

substrate/film interface. 

A1.2 The configuration and the geometry of the mold 

In this thesis, three mold configurations are employed as drawn in 

Figure A1.2: a mold with square holes (H), a mold with lines (L), and 

a mold with pillars (P). Five molds with these three configurations are 

used. The designed geometrical parameters of these five molds 

including the width w or the diameter d, the pitch p, and the height h 

of the nano-features are listed in Table A1.1. The molds are named as 

follows: taking H280 as an example, ‘H’ stands for the configuration 

of the mold (square holes) and ‘280’ stands for the pitch of the 

nano-features. 

The configuration and the geometry of the mold determine the 

contact areas of two interfaces, the mold/P(VDF-TrFE) interface and 

the substrate/P(VDF-TrFE) interface. This information together with 

the ratio of two contact areas are calculated and summarized in Table 

A1.2. As we can see, the mold H280 and the mold L180 have the 

smallest and similar Asub/Amold ratios compared to other molds in the 

case of the limiting imprint state. This means that imprinting with 

these two molds is more difficult compared to the others. Therefore, 

we choose these two molds for the imprinting tests in this chapter and 

we assume that, when the imprinting quality is acceptable with these 

two molds, the other molds can work well to obtain good imprinting 

nano-structures of P(VDF-TrFE). 
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In addition, the theoretical values of the critical film thickness tc 

of P(VDF-TrFE) for different molds can also be calculated according 

to the configuration and the geometry of the mold. Taking mold H280 

as an example, the volume of the material before the imprinting 

should be equivalent to that after the imprinting within in a unit cell of 

the mold, giving the equation tc x p x p = w x w x h, resulting in tc = 

(200 x 200 x 200)/(280 x 280) nm= 102 nm. The critical values for 

different molds are listed in Table A1.1 and provide a reference in 

order to make imprinting in the limiting state or in the complete 

confinement in the previous chapters. 

 

Figure A1.2: Geometrical scheme of different mold configurations 
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Table A1.1: Summary of geometrical parameters for different molds and the 

critical film thickness (tc) in the case of the limiting imprint state. 

 w or d (nm) p (nm) h (nm) tc (nm) 

H280 (holes) 200 280 200 102 

L180 (lines) 115 180 200 128 

L400 (lines) 200 280 200 100 

P190 (pillars) 65 190 100 91 

P500 (pillars) 150 500 100 93 

 

Table A1.2: Summary of the contact area between imprinted P(VDF-TrFE) 

and the bottom substrate (Asub), the contact area between imprinted 

P(VDF-TrFE) and the top mold (Amold), and the Asub/Amold ratio for different 

mold configurations, all in the limiting imprinting state. 

 Asub (nm
2
) Amold (nm

2
) Asub/Amold 

H280 200
2
 5x200

2
 0.20 

L180 115 x Length (200+200+115) x Length 0.22 

L400 200 x Length (200+200+200) x Length 0.33 

P190 190
2
-Π x 32.5

2
 190

2
 - Π x 32.5

2
 +Π x 65 x 100 0.62 

P500 500
2
- Π x 75

2
 500

2
 - Π x 75

2
 + Π x 150 x 100 0.83 
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A1.3 The adhesion between P(VDF-TrFE) and the mold 

In order to remove the mold after the imprinting without P(VDF-TrFE) 

sticking on it, the adhesion between P(VDF-TrFE) and the mold 

should be minimized. Therefore, the mold was immersed into a 

(Heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane 

toluene solution (in a glove box) in order to form an anti-adhesion 

mono-layer and to reduce its surface energy and the adhesion between 

P(VDF-TrFE) and the mold. 

 

A1.4 The adhesion between P(VDF-TrFE) and the 

underlying substrate surface 

The adhesion between P(VDF-TrFE) and the underlying substrate 

surface should be large enough in order to make sure that 

nanoimprinted P(VDF-TrFE) is not torn off upon demolding. In this 

thesis, four substrates (PTAA, gold (Au), SiO2, and silver (Ag)) on 

which P(VDF-TrFE) is imprinted are used: (1) imprinting 

P(VDF-TrFE) on a PTAA layer to fabricate nanoimprinted traditional 

FeFETs; (2) imprinting P(VDF-TrFE) on a Au/SiO2 substrate to 

fabricate nanoimprinted hybrid FeFETs; and (3) imprinting 

P(VDF-TrFE) on a Ag substrate to fabricate multiferroic systems. As 

mentioned above, the imprinting quality of P(VDF-TrFE) on these 

substrates is tested with either mold H280 or L180 to make sure that 

we can obtain good imprinted nano-structures even with the hard 

molds. In practice, the critical thickness tc, with which the limiting 

imprinting state is reached, is 95-100 nm for mold H280 and 125-130 

nm for mold L180. The imprinting quality was checked by AFM in 

tapping mode. 

 

A1.4.1 Imprinting on a PTAA layer 

Figure A1.3 shows AFM topographic images of imprinted 

P(VDF-TrFE) on a continuous PTAA layer in the case of the complete 
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confinement, the limiting state, and the partial confinement. Good 

nano-structures with minor defects were obtained for all cases, 

indicating sufficient adhesion between P(VDF-TrFE) and PTAA. This 

is most probably because a very thin inter-mixed layer of 

P(VDF-TrFE) and PTAA was formed when spin-coating the 

P(VDF-TrFE) solution on the PTAA layer, which enhances the 

adhesion. 

 

Figure A1.3: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 85 nm initial thickness imprinted in complete 

confinement over a 45 nm PTAA layer; Middle image: a P(VDF-TrFE) layer 

of 95 nm initial thickness imprinted in the limiting state over a 45 nm PTAA 

layer; Right image: a P(VDF-TrFE) layer of 105 nm initial thickness 

imprinted in partial confinement over a 45 nm PTAA layer. A standard grade 

of P(VDF-TrFE) was used in this case. 

 

A1.4.2 Imprinting on gold 

Gold is a noble and inert metal and no polar bond could be easily 

formed at the surface in ambient conditions, resulting in poor adhesion 

between Au and P(VDF-TrFE). Therefore, we directly used a special 

grade of P(VDF-TrFE) modified by carboxylic acid moieties along the 

polymer backbone. This grade is in general expected to have 

improved adhesion on wide range of substrates. 

The imprinting result of this modified P(VDF-TrFE) on gold is 

shown in Figure A1.4. In general, lots of defects were obtain in both 

complete confinement and partial confinement. We can count that 

there are 35 defects out of 225 nano dots (15.6% defects) in the case 
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of partial confinement, and 103 defects out of 225 nano dots (45% 

defects) in the case of complete confinement. This reflects the weak 

adhesion of the polymer onto the gold surface. Similar results were 

actually obtained with a standard grade of P(VDF-TrFE), illustrating 

that no improvement of adhesion results from the introduction of 

carboxylic acid groups in the polymer. This is logical, since the 

surface of a noble, inert metal such as gold is not expected to engage 

into specific interactions with carboxylic acids. 

 

Figure A1.4: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 85 nm initial thickness imprinted in complete 

confinement over Au; Right image: a P(VDF-TrFE) layer of 110 nm initial 

thickness imprinted in partial confinement over Au. A modified grade of 

P(VDF-TrFE) was used in this case. 

 

To improve the adhesion of modified P(VDF-TrFE) on gold, we 

modified the gold surface by 11-mercaptoundecanoic acid. Indeed, 

H-bonding between the carboxylic acid groups of P(VDF-TrFE) and 

the carboxylic acid-ended thiol should increase adhesion. The 

imprinting result is shown in Figure A1.5. There are 72 defects out of 

225 nano dots (32% defects) in the case of partial confinement, and 78 

defects out of 225 nano dots (35% defects) in the case of complete 

confinement. The percentage of the defects is similar in the case of 

partial confinement or of complete confinement; in addition, the 

proportion of defects is slightly decreased compared to the previous 

case. Therefore, the adhesion can be slightly improved by modifying 
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the gold surface with 11-mercaptoundecanoic acid, although 

significant defects were still obtained. 

 

Figure A1.5: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 95 nm initial thickness imprinted in the limiting state 

over Au modified by 11-mercaptoundecanoic acid; Right image: a 

P(VDF-TrFE) layer of 120 nm initial thickness imprinted in partial 

confinement over Au modified by 11-mercaptoundecanoic acid. A modified 

grade of P(VDF-TrFE) was used in this case. 

 

A1.4.3 Imprinting on SiO2 

 

Figure A1.6: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 105 nm initial thickness imprinted in the complete 

confinement over SiO2; Right image: a P(VDF-TrFE) layer of 105 nm initial 

thickness imprinted in complete confinement on SiO2 modified by 

3-aminopropyldimethylethoxysilane. A standard grade of P(VDF-TrFE) was 

used in this case. 
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Mold L180 was used in this case and imprinting was performed in the 

case of complete confinement. As shown in the left image of Figure 

3-6, well-defined line patterns with only approximately 1 line defect 

were obtained. Then we checked the imprinted quality on SiO2 

modified by amino-groups with similar results obtained compared to 

the case of the unmodified SiO2 surface, as shown in the right image 

of Figure A1.6. This indicates that the adhesion is sufficient between 

P(VDF-TrFE) and SiO2 due to the presence of the hydroxyl groups on 

the surface. Amino-groups play similar roles when the modified SiO2 

substrate was used. 

 

A1.4.3 Imprinting on silver 

Because the surface of silver is oxidized, a stronger adhesion with 

P(VDF-TrFE) is to be expected. The imprinting result of P(VDF-TrFE) 

on silver is shown in Figure A1.7. There is only 1 defect out of 225 

nano dots (0.4% defects) in the case of partial confinement, but 41 

defects (18% defects) in the case of complete confinement. Although 

the proportion of defects in complete confinement is still larger than in 

partial confinement, the overall adhesion of P(VDF-TrFE) on silver is 

clearly much better than on gold, modified or not with 

11-mercaptoundecanoic acid. 

 

Figure A1.7: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 95 nm initial thickness imprinted in the limiting state 

over Ag; Right image: a P(VDF-TrFE) layer of 120 nm initial thickness 

imprinted in partial confinement over Ag. A standard grade of P(VDF-TrFE) 

was used in this case. 
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To check whether we can future improve the adhesion, the 

P(VDF-TrFE) grade containing by carboxylic acid moieties along the 

polymer backbone was tested. As shown in Figure A1.8, there is only 

1 defect out of 225 nano dots (0.4% defects) in the case of partial 

confinement, and 11 defects (5% defects) in the case of complete 

confinement. Therefore, in the case of complete confinement, the 

chemically-modified P(VDF-TrFE) has a better adhesion on silver (5% 

defects) than the standard grade of P(VDF-TrFE) (18% defects), 

confirming the interest of the chemical modification. 

 

Figure A1.8: AFM topographic images (tapping mode) of, Left image: a 

P(VDF-TrFE) layer of 95 nm initial thickness imprinted in the limiting state 

over Ag; Right image: a P(VDF-TrFE) layer of 120 nm initial thickness 

imprinted in partial confinement over Ag. A modified grade of P(VDF-TrFE) 

was used in this case. 

 

A1.5 Summary 

In summary, an adhesion problem remains between P(VDF-TrFE) and 

gold in the case of complete confinement, independent of whether or 

not the gold surface is treated with 11-mercaptoundecanoic acid (even 

though the thiol treatment decreases slightly the issue). This hints to 

the fact that the adhesion between P(VDF-TrFE) and gold is not much 

larger than that between P(VDF-TrFE) and the fluorinated mold; this 

conclusion holds true for the modified P(VDF-TrFE) grade. Therefore, 

the silanization of the mold is extremely critical when using gold as 

substrate, and we have to make sure that no defect in the 
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perfluorosilane coating of the mold remains, to be able to imprint the 

P(VDF-TrFE) in the complete confinement. However, this adhesion 

issue is somehow helpful in some cases, since we need large openings 

on the part of Au electrodes for conduction in nanoimprinted hybrid 

FeFETs, which was discussed in Chapter 5, and this adhesion issue 

ensures that Au electrodes have a direct contact with the 

semiconducting PTAA. 

In the case of using a PTAA polymer layer as substrate, the 

adhesion is sufficient with minor defects, most probably due to the 

formation of an inter-mixied layer of P(VDF-TrFE) and PTAA. 

In the case of using SiO2 as a substrate, the adhesion is also 

sufficient with acceptable defects, because the hydroxyl groups on the 

unmodified surface and the amino-groups on the modified surface 

increase the interaction between the substrate and P(VDF-TrFE). 

In the case of using silver as substrate, due to the presence of a native 

oxide layer, the adhesion between the silver and P(VDF-TrFE) is also 

improved, with as a result a smaller amount of defects. Moreover, the 

carboxylic acid-modified P(VDF-TrFE) further improves the adhesion 

with a very small content in defects obtained, even in the case of 

complete confinement. Therefore, metals that bear a native layer of 

oxide like silver are of great interest for direct imprinting on their 

surfaces due to the strong bonding between the oxide and 

P(VDF-TrFE). 
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Appendix 

A2: Piezoresponse Force Microscopy Investigation 

on Polymer Ferroelectrics: Choice of Probes and 

Experimental Conditions 

 

As presented in Chapter 2 (Section 2.4), PFM has been proven to be a 

powerful equipment to study the local ferroelectric properties of 

ferroelectric polymers like P(VDF-TrFE). However, PFM is an 

extremely sensitive equipment, the output of which can be altered by 

many parameters. In this appendix, except for the parameters 

described in Chapter 2, we try to explore the influence of some other 

parameters such as the nature of the tip, the selection of the PFM 

operation mode, and the use of different bottom electrodes. Then we 

try to find optimized PFM conditions for characterizing the 

ferroelectric properties of P(VDF-TrFE). 

 

A2.1 Experimental 

Sample preparation. Interdigitated electrodes (2 µm width, separated 

by 2 µm spacing) were defined by standard photolithography on a 

Si/SiO2(200nm) substrate, followed by the deposition of 5/25 nm 

Cr/Au and metal lift-off (Figure A2.1 (a)). On this substrate, ca. 340 

nm of P(VDF-TrFE) was spin-coated (2000 rpm, 500 rpm/s, 1 min) 

from a 65 g/L P(VDF-TrFE)/acetylacetone solution. The resulting 

samples were annealed at 135 °C for 10 min in air. A cross section of 

the final sample is shown in Figure A2.1 (b). In the following, all the 

experiments are performed on this sample, except mentioned 

otherwise. 
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Figure A2.1: Schematic drawing of the sample structure. (a) Top view of the 

electrode substrate. (b) Cross section of the final sample along the dashed 

line in panel (a).   

 

Sample characterization. A PFM equipment (Bruker Icon Dimension) 

was used to characterize the ferroelectric behavior of P(VDF-TrFE) in 

contact mode. Both PFM imaging mode and spectroscopy mode were 

employed for the characterization. Five types of conductive probes 

were used to investigate the influence of the probe parameters on the 

PFM results. The characteristic parameters of these tips are listed in 

Table A2.1. The spring constant k was calibrated using the thermal 

noise method (The photodectetor sensitivity was calibrated on a rigid 

Si substrate) and the contact resonance frequency was calibrated on 

the above mentioned P(VDF-TrFE) sample, both with the PFM 

equipment. All the other parameters were provided by the probe 

providers. During the PFM experiment, the contact force between the 

probe and the sample was controlled to be small (ca. 50 nN), in order 

to avoid the P(VDF-TrFE) layer being mechanically damaged by the 

probe. The PFM worked at (close to) the contact resonance frequency 

for all the probes, unless stated otherwise. 
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Table A2.1: Characteristic parameters of different probes. 

 Spring 

constant 

k (N/m) 

Tip 

radius r 

(nm) 

Conductive 

coating 

Contact 

resonance 

frequency 

(kHz) 

SCM-PIC 

(Bruker) 

0.22 20 PtIr 11-14 

SCM-PIT 

(Bruker) 

3.22 20 PtIr 310-330 

MESP-LM 

(Bruker) 

2.81 25 CoCr 370-400 

MESP-HM 

(Bruker) 

3.07 80 CoCr 300-320 

CDT-CONTR 

(Nanosensors) 

0.31 150 Conductive 

diamond 

80-100 

 

A2.2 Results and discussion 

The PFM imaging mode was firstly used to check the ferroelectric 

response of P(VDF-TrFE) using different probes. As typically shown 

in Fig. A2.2 (a, b), when working at contact resonance frequencies, a 

clear contrast is observed in all PFM amplitude images on the regions 

above Au electrodes within the poled regions (red-boxed), irrespective 

of the type of the used probe. However, when working at low 
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frequencies (e.g., 15 kHz), PFM images with acceptable contrast can 

only be obtained by using SCM-PIT probes. This indicates that 

working at the contact resonance enhances the piezoresponse signal 

(as described in Section 2.4.2 of Chapter 2) which can be well 

detected using all the tested conductive probes, irrespective of their 

different characteristics detailed in Table A2.1. However, the 

piezoreponse signal is very weak when working at low frequencies, 

which requires using a high quality probe to detect this signal. 

Apparently, the SCM-PIT probe is a good choice for working at low 

frequencies, since it leads to a clear contrast in PFM amplitude images 

as shown in Fig. A2.2 (c).  

As also described in Chapter 3, with these PFM amplitude images, 

the coercive field Ec of P(VDF-TrFE) can be calculated according to 

the geometrical parameters shown in Fig. A2.2 (d) together with the 

poling conditions: 

                                 
 

   
  

 

       
  

 ,                   (Equation A2.1) 

                           ,             (Equation A2.2) 

where   is the poling voltage (30 V),    is the P(VDF-TrFE) layer 

thickness (340 nm),    is the width of the electrode (2 µm), and    

is the width of the poled region (shown as AB in Fig. A2.2 (a)) which 

can be measured from the images. The calculated Ec in the case of 

using different probes is shown in Fig. A2.2 (e), the value of which 

has very small variations. The average value is ca. 67 MV/m, which is 

typical for P(VDF-TrFE) thin films and comparable to the results 

reported in the literature as indicated in Chapter 3. 
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Figure A2.2: PFM amplitude images obtained with different probes (a) 

CDT-CONTR probe at contact resonance frequency; (b) SCM-PIT probe at 

contact resonance frequency; (c) SCM-PIT probe at low frequency; (d) Cross 

section of the sample along the solid line AB in panel (a). (e) Calculated 

coercive field Ec using Equations A2.1 and A2.2 for different probes 

according to the PFM amplitude images and the geometrical configuration of 

the sample. The solid line in panel (e) presents the averaged Ec. 

 

Then the PFM spectroscopy mode was used to obtain the 

ferroelectric hysteresis loops of P(VDF-TrFE) in the same sample 

using different probes, which gave more surprising results. As shown 

in Fig. A2.3 (a, b), the PFM hysteresis loops have completely different 

widths with different probes, indicating that the measured apparent 

coercive field Ec (the half width of the loop divided by the film 

thickness) of P(VDF-TrFE) appears to be different, which is not true 

since the same P(VDF-TrFE) film is used in all cases. Therefore, this 

difference in the measured apparent Ec's must result from the fact that 

different probes have different characteristics as, e.g., their conductive 

coating, their spring constant k and their tip radius r, as summarized in 

Table A2.1. The apparent Ec versus k and Ec versus r graphs are shown 

in Fig. A2.3 (b) and (c), respectively, where the averaged Ec value 
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calculated from the PFM amplitude images is also added (red dashed 

lines) as reference. These two graphs show that using probes with 

moderate spring constants and small tip radiuses, e.g. SCM-PIT with k 

= 3.22 N/m and r = 20 nm, results in larger apparent coercive field 

values of ca. 25 MV/m. However, these larger values are still far away 

from the reference 67 MV/m which is closer to the true Ec of 

P(VDF-TrFE) as mentioned above.  

 

Figure A2.3: PFM phase graphs (a) (b) and calculated coercive field Ec for 

different probes (c) (d) according to the width of the phase hysteresis loops. 

Panel (b) is the enlarged graph of panel (a) (-17 V to 4 V applied voltage 

range). Panel (c) and (d) illustrate Ec versus the spring constant k and Ec 

versus the tip radius r of the probes, where the averaged Ec value obtained 

from the PFM imaging mode is also added (red dashed lines) as reference. 

 

The reasons why the apparent Ec extracted from the hysteresis 

loops differs dramatically from the one extracted from the PFM image 

might due to the electrostatic coupling present during the experiment, 

because the piezoresponse signal was recorded with the poling field 
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on in the spectroscopy mode, but off in the imaging mode. To check 

this point, the so-called switching field spectroscopy was performed 

on a sample of ca. 100 nm P(VDF-TrFE) spin-coated over an Ag 

substrate. With the switching field spectroscopy, the piezoresponse 

signal, i.e., phase, is recorded when the dc field is switched off, 

resulting in a minimized electrostatic coupling. The PFM amplitude 

and phase curves obtained by this method are presented in Fig. A2.4, 

in which clear butterfly-shaped amplitude curves and phase hysteresis 

loops are observed. Due to the minimization of the electrostatic 

coupling, the maximum amplitude value is smaller and the width of 

the hysteresis loop is wider compared to ones obtained with the poling 

field on. This proves that the poling field does result in considerably 

large electrostatic coupling and has a significant influence on the 

acquisition of the piezoresponse signal. In addition, the apparent 

coercive field obtained on this sample according to the phase 

hysteresis loops ranges from ca. 40 to 60 MV/m, which is larger than 

the ones on the sample using Au as electrode. This is probably due to 

the presence of a thin oxidation layer on Ag, which shares the poling 

voltage with the P(VDF-TrFE) layer. However, the exact reason why 

PFM imaging mode and spectroscopy mode give different results 

remains unclear. 

 

Figure A2.4: PFM amplitude (a) and phase (b) graphs obtained with the 

electrical field on or off at the contact resonance frequency and 2.5 V ac bias 

using a SCM-PIT probe. In this case, a ca. 100 nm P(VDF-TrFE) layer 

deposited over an Ag substrate was used. 
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Another parameter that might have influence on the PFM 

spectroscopy mode is the PFM working frequency, which is shown in 

Fig. A2.5. The width of the hysteresis loop obtained at a low 

frequency is wider than that at the contact resonance frequency. This 

indicates that working at contact resonance probably adds another 

source to the electrostatic coupling which can influence the 

piezoresponse signal acquisition; alternatively, this might be due to the 

effect of frequency on ferroelectric hysteresis.  

 

Figure A2.5: PFM amplitude (a) and phase (b) graphs obtained at the contact 

resonance frequency and at a low frequency using a SCM-PIT probe. 

 

Finally, one should also be aware that the static electric field in 

the film is not homogeneous, and varies abruptly when going away 

from the tip. This effect was simulated in Fig. 6.6 of Chapter 6, where 

it can be seen that the field is much stronger close to the tip; hence, the 

average coercive field computed by dividing the switching voltage by 

the film thickness provides a very rough image of the real coercive 

field. In contrast, when the tip is scanned over a region to pole the film, 

a given point of the film experiences a wide range of poling fields 

depending on the moving tip position, which leads to a proper 

averaging of the field as judged by the much more accurate of 

coercive field obtained subsequently.  
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A2.3 Summary 

Summing up, we tested several parameters which can influence the 

practical PFM operation and data acquisition. It seems that the PFM 

imaging mode is a more stable and compatible operation mode 

compared to the spectroscopy mode. Therefore, this mode is employed 

in most parts of the work (Chapters 3-5) in this thesis to study the 

ferroelectric properties of P(VDF-TrFE). In the case of using the 

spectroscopy mode, SCM-PIT probes with Pt/Ir conductive coating, a 

moderate spring constant (3.22 N/m), and a small tip radius (20 nm) 

seem the best choice among all the tested probes. Therefore, this type 

of probes is used to take PFM phase hysteresis loops and amplitude 

curves in Chapter 6. In addition, the spectroscopy mode with the 

poling field on is used due to the fast data acquisition and the 

easy-to-see experiment results which are preferred considering the 

characterization conditions of multiferroic samples. The problem of 

the electrostatic coupling induced by the poling field in this case could 

be neglected since all the experiments are performed and all the 

results are analyzed based on the same PFM conditions; one should 

however be aware that the values of field obtained are relative, and 

can only be compared provided the same conditions of acquisition are 

used (which is indeed the case in Chapter 6). 
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Appendix 

A3: Filling the Openings Between Nanoimprinted 

P(VDF-TrFE) Nanowires 

 

As has been shown in this thesis, nanoimprinted P(VDF-TrFE) has a 

great potential for organic memory and multiferroism applications. 

However, insulating the openings between nanoimprinted 

P(VDF-TrFE), i.e., the trenches between nanowires, is still a 

remaining technological issue and is essential for obtaining fully 

functional electronic devices. Therefore, in this appendix, we try to 

explore a way to fill the openings between P(VDF-TrFE) nanowires 

by another insulating polymer. The strategy used for this purpose is 

schematically described in Fig. A3.1.  

 

Figure A3.1: Schematic description of the strategy of filling the openings 

between nanoimprinted P(VDF-TrFE) nanowires by polycaprolactone. 

 

First, the P(VDF-TrFE) nanowires were produced by NIL from a 

ca. 95 nm thick film over a Au substrate, using mold L400 (135 °C, 

60 bar, 10 min). The resulting P(VDF-TrFE) nanowires are of ca. 200 

nm width and height, and ca. 200 nm spacing. An AFM height image 

and a height profile of this imprinted sample are shown in Fig. A3.2 (a, 

c) indicating that well defined P(VDF-TrFE) nanowires are obtained. 

Of course, imprinting defects can be seen (not shown here) at larger 
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scales due to the adhesion problem between Au and P(VDF-TrFE) 

which has been discussed in Appendix A1. However, these defects do 

not influence significantly the filling of the openings. 

Then this imprinted sample with P(VDF-TrFE) nanowires was 

used as a second mold to perform NIL (75°C, 60 bar, 5 min) on a 

polycaprolactone (ca. 100 nm thick) layer deposited on a ca. 80 nm 

thick PSS:PEDOT layer (Fig. A3.1 (b)). This step was performed to 

push the insulating polycaprolactone polymer into the trenches 

between P(VDF-TrFE) nanowires. At this stage, polycaprolactone 

(PCL) was used because it has a low melting point (ca. 65 °C) which 

is well below the Curie temperature of P(VDF-TrFE) (ca. 94.5 °C). In 

this case, NIL could be done at a properly low temperature (75 °C) 

between the melting point of polycaprolactone and the Curie point of 

P(VDF-TrFE), while P(VDF-TrFE) is still in its ferroelectric phase 

and keeps rigid, and polycaprolactone is softened for mold penetration. 

The thickness of polycaprolactone was selected as ca. 100 nm to make 

sure NIL is performed in complete confinement, in which case there is 

no residual layer of polycaprolactone left on top of P(VDF-TrFE) 

nanowires, at least ideally.  

After that, the sample was kept in water for one night in order to 

dissolve the PSS:PEDOT sacrificial layer and release the sample with 

alternating P(VDF-TrFE)/polycaprolactone nanowires on the Au 

electrode. This final sample was annealed at 75°C on a hot plate in 

order to have a better organization of polycaprolactone in the trenches 

(Fig. A3.1 (c)). An AFM height image and a height profile of this final 

sample are shown in Fig. A3.2 (b, d). It is clear that the trenches were 

properly filled by polycaprolactone and that the polycaprolactone is 

on average 10-20 nm lower than the P(VDF-TrFE). The sample was 

also tested by ToF-SIMS and the signal of F element only present in 

P(VDF-TrFE) appeared clearly, indicating that the remaining 

polycaprolactone layer over P(VDF-TrFE) is very thin, if there is any.  
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Figure A3.2: AFM height images of (a) nanoimprinted P(VDF-TrFE) sample 

and (b) same sample in (a) filled by polycaprolactone. (c) and (d) are height 

profiles of samples in (a) and (b) along the lines presented in the height 

images.  

 

Then, the local ferroelectric property of P(VDF-TrFE) nanowires 

in this hybrid sample consisting of alternating 

P(VDF-TrFE)/polycaprolactone nanowires was checked by PFM 

using a diamond coated conductive probe (CDT-CONTR from 

Nanosensors). As shown in Fig. A3.3, clear PFM phase hysteresis 

loops and butterfly-shaped amplitude curves are observed, indicating 

that P(VDF-TrFE) still remains ferroelectric. This also confirms again 

that there is minor polycaprolactone remaining atop the P(VDF-TrFE) 

nanowires; otherwise, it would prevent the ferroelectric switching of 

P(VDF-TrFE). 
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Figure A3.3: PFM phase and amplitude as a function of the applied bias on a 

nanoimprinted P(VDF-TrFE) nanowire in the hybrid PCL-filled sample. A 

clear PFM phase hysteresis loop and a butterfly-shaped amplitude curve are 

obtained. 

 

Recently, another similar strategy, called solution micromolding, 

was reported (Phys. Status Solidi A 212, 2124-2132 (2015)), where an 

imprinted sample consisting of P(VDF-TrFE) stripes was used as the 

mold and the imprinting was performed on an insulating polymer 

solution. With this strategy, the imprint could be done at room 

temperature and there were no limitations related to the melting point 

of the polymer. Therefore, it could also be a possible route to fill the 

openings of nanoimprinted P(VDF-TrFE). However, this strategy was 

demonstrated at the micrometer scale, and further investigations are 

needed to do it at the nanometer scale. 

Nevertheless, we have demonstrated a strategy to insulate 

nanoimprinted P(VDF-TrFE) openings. This was done by NIL, in 

which another insulating polymer (polycaprolactone) was pushed to 

fill these openings. This finally resulted in a nice sample consisting of 
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alternating P(VDF-TrFE)/polycaprolactone nanowires. The next step 

would be to evaporate a top electrode on this sample and characterize 

the macroscopic ferroelectric properties of P(VDF-TrFE) nanowires in 

this hybrid sample.  
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