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ABSTRACT 

Transport and Fatigue Properties of Ferroelectric Polymer P(VDF-TrFE) for Nonvolatile 

Memory Applications 

Amir Hanna 

Organic ferroelectrics polymers have recently received much interest for use in 

nonvolatile memory devices. The ferroelectric copolymer poly(vinylidene fluoride- 

trifluoroethylene) , P(VDF-TrFE), is a promising candidatedue to its relatively high 

remnant polarization, low coercive field, fast switching times, easy processability, and 

low Curie transition. However, no detailed study of charge injectionand current transport 

properties in P(VDF-TrFE) have been reported in the literature yet. Charge injection and 

transport are believed to affect various properties of ferroelectric films such as remnant 

polarization values and polarization fatigue behavior.. Thus, this thesis aims to study 

charge injection in P(VDF-TrFE) and its transport properties as a function of electrode 

material. Injection was studied for Al, Ag, Au and Pt electrodes. Higher work function 

metals such as Pt have shown less leakage current compared to lower work function 

metals such as Al for more than an order of magnitude. That implied n-type conduction 

behavior for P(VDF-TrFE), as well as electrons being the dominant injected carrier type. 

Charge transport was also studied as a function of temperature, and two major transport 

regimes were identified: 

1) Thermionic emission over a Schottky barrier for low fields (E < 25 MV/m). 

2)  Space-Charge-Limited regime at higher fields (25 < E <120 MV/m).  
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We have also studied the optical imprint phenomenon, the polarization fatigue resulting 

from a combination of broad band optical illumination and DC bias near the switching 

field. A setup was designed for the experiment, and validated by reproducing the reported 

effect in polycrystalline Pb(Zr,Ti)O3 , PZT, film. On the other hand, P(VDF-TrFE) film 

showed no polarization fatigue as a result of optical imprint test, which could be 

attributed to the large band gap of the material, and the low intensity of the UV portion of 

the arc lamp white light used for the experiment. Results suggest using high work 

function metals for a memory application, as lower leakage would enhance fatigue 

endurance for P(VDF-TrFE) film. 
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Chapter 1 

1.1 Introduction 

Poly(vinylidene fluoride- trifluoroethylene), P(VDF-TrFE), is a promising candidate for 

flexible non-volatile memory applications [1].  The principle of nonvolatile ferroelectric 

random access memories (FRAM) is based on the polarization reversal of the dipoles in 

the polymer by an external applied electric field. The computational “0” and “1” are 

represented by the nonvolatile storage of the negative or positive remnant polarization 

state, respectively. Reading of the memory state is done by measuring the current through 

the ferroelectric material, which exhibits a high conductance state and a low conductance 

state[2].  

 Among the common device configurations of nonvolatile FRAM is the one transistor 

one capacitor (1T1C) configuration. In this configuration, the ferroelectric thin film is 

sandwiched between two metal electrodes, and the state of the memory is being sensed 

through the controlling transistor as shown in Fig 1.1(a)[3].  This is a main building block 

in Radio Frequency Identification tags, RFID, where organic ferroelectrics are good 

candidates due to flexibility and low cost, as shown for the RFID tag shown in Fig1.1 

(b)[4].   

However, there are two major problems facing this type of memory. The first is 

polarization fatigue, defined as the reduction or the loss of the remnant polarization under 

electric field cycling. The second is data retention time which is believed to be affected 

by two factors: 1) the depolarization field inside the film and 2) the leakage current 

through the film[5]. Polarization fatigue is believed to depend strongly on charge 

injection into the ferroelectric film, which is a very-well studied phenomenon in the 



15 
 

literature for inorganic ferroelectrics such as Pb(Zrx,Ti1-x)O3 (PZT) and SrBi2Ta2O9 

(SBT). However, only a few reports on charge injection behavior in ferroelectric 

polymers are reported. That motivated doing a study on charge injection in P(VDF-TrFE) 

as an excellent candidate for nonvolatile FRAM[6, 7].  

 

 

 

 

 

 (a) 

 

 

 

 

 

               

                       

      

 

   

                                               (b) 

Figure1.1: (a) Memory architecture for a 1T1C FRAM [3](b) RFID tag on plastic substrate[4]. 
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In this chapter, an introduction about the origin of the polarization in both inorganic and 

organic ferroelectrics will be presented. Then, a discussion about how the structure of the 

organic ferroelectric affects it’s band structure, and the different leakage mechanism in 

ferroelectrics. After that, a discussion about how interfacial properties affect charge 

injection for both the general metal-polymer interface, and the metal-ferroelectric 

interface. Finally, a discussion of the physics of polarization fatigue will be presented, 

and background about the optical imprint test. 
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1.2 Origin of polarization in ferroelectric materials 

1.2.1 Polarization concept in general ferroelectrics capacitor 

Ferroelectricity was first observed in Rochelle salt (KNa(C4H4O6)•4H2O) in 1921[8]. 

Ferroelectric properties were discovered in 1944 in barium titanate and later in ceramics 

like lead zirconate titanate PZT (Pb(Zrx,Ti1-x)O3). Eventual widespread applications 

include memories, acoustic sensors and transducers[9]. 

In these materials, electrical properties like dielectric displacement (D) and polarization 

(P) showed changes with external electric field (E) in the same manner that magnetic 

field (B) and magnetization (M) vary with magnetizing field (H). Specifically, 

ferroelectric materials show a non-linear dependence of the polarization (P) on the 

applied field (E) which gives rise to the hysteresis behavior comparable to that of 

ferromagnetic materials’ hysteresis behavior of the magnetization (M) when varied with 

respect to the applied magnetizing field (H). Ferroelectrics are also similar to 

ferromagnets in the sense that they transition from the ferroelectric phase, to a 

paraelectric phase at temperatures greater than their Curie temperature, Tc. 

The Electric field value, E, for two parallel metal plates separated by a distance d in 

vacuum, where a voltage source of value V volts is applied across the two plates is 

expressed as equation 1.1, shown below[10]: 

 E= 
  

 
 (1.1) 
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An applied voltage V accumulates positive charge +Q on one plate, and negative charge 

–Q on the opposite plate, and C is the capacitance of the parallel plates. Dielectric 

displacement (D) is the surface charge density on electrodes, and it is equal to: 

         (1.2) 

Where, εo is the permittivity constant of vacuum. For a general dielectric medium 

permittivity of the film is, εi = εrεo, where εr is the relative permittivity of the dielectric. 

So, when the dielectric is inserted between the two metal plates the displacement, D, 

becomes       . 

For a ferroelectric capacitor, the net displacement becomes[10]: 

           (1.3) 

Where, P is an additional polarization which arises due to the material having dipole 

moments that could align in one direction or the opposite depending on the direction of 

the applied field. The macroscopic polarization P is determined by the size of the dipole 

moments, their orientation and their surface area density. Polarization P is hysteretic, 

which means that it does not depend only on the instantaneous applied field, but on the 

history of the applied field as well. After being poled by an electric field, the material 

would still have a net dipole moment after the removal of the electric field.  The net 

dipole moment is called remnant polarization, Pr, and is bistable for ferroelectric 

materials, i.e. it could be aligned in one direction or the opposite. Another important 

parameter when dealing with ferroelectric materials is the coercive field, Ec, the field at 

which the net polarization is zero. At high applied fields, polarization P saturates because 
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the finite number of dipole moments are all aligned. The remnant polarization Pr and the 

coercive field Ec are measured in the saturated regime.  

 A standard method for measuring Pr and Ec is with a Sawyer-Tower circuit. The 

measurement occurs as following: a sinusoidal voltage signal is applied to one of the 

electrodes of the ferroelectric capacitor and the amount of charge displacement in the 

other electrode is measured using the voltage it creates over a reference capacitor 

connected in series. The Sawyer-Tower circuit is shown in Fig1.2(a) and Fig1.2(b) shows 

the hysteresis behavior when we apply different scanning voltages, we notes that 

maximum remnant polarization is attained when the scanning voltage is well above the 

coercive voltage, which is the case for 15, 20 V, as the coercive voltage ~10 V[10].  

 

 

 

 

 

Figure 1.2: (a) Sawyer-Tower circuit in which a sinusoidal voltage signal is applied to a 

ferroelectric capacitor. The displacement charge is measured using the voltage buildup on a 

reference capacitor that is connected in series. The voltage drop over the reference capacitor is 

minimized by using a large reference capacitor.  (b) The voltage drop over the reference capacitor 

is minimized by using a large reference capacitor. b, Displacement D vs. applied voltage V 

hysteresis loop measurements using a Sawyer-Tower circuit. Scanning voltage levels of 5 V, 10 

V, 15 V and 20 V are included to show that the ferroelectric polarization first appears and then 

saturate[10] 
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1.2.1  Origin of ferroelectricity in inorganic ferroelectrics 

 

 

 

 

 

Figure 1.3: Perovskite unit cell[11] 

 

 

 

Figure1.4: The two polarization states of PbTiO3 indicating atoms movement directions[12] 

Lead Zirconate Titanate (Pb(Zrx,Ti1-x)O3). has long been the leading material considered 

for ferroelectric memories, though Strontium Bismuth Tantalate (SBT) is also a popular 

choice due to its superior fatigue resistance and the fact that it is lead-free. The crystalline 

structure of both materials is the Perovskite crystal structure as shown in Figure 1.3 

which has a tetragonal unit cell. The motif of this unit cell is the ABO3 where A,B and C 

have an oxidation/Reduction states of +2, +4 and -2 respectively.  For the case of Lead 

Titanate(PbTiO3), it has the Perovskite crystal structure ABO3,as shown in Figure 1.4,  

the Ti
4+

 ions occupy the centers of each cube; the Pb
2+

 ions are located at the comers; and 

O
2-

 ions are centered on each face of the undistorted lattice. In the distorted ferroelectric 
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phase that is stable at room temperature, there is a net dipole (spontaneous polarization, 

Ps) of a few tens μC/cm
2
produced primarily by the displacement up or down of the Ti

4+
 

ions with respect to the other O
-2

 ions.   In Fig 1.5, the distortion that happens in the 

perovskite structure due to applying a field upwards, in case of Figure 1.5 (a), and a 

downwards, in case of Figure 1.5(b)[11]. 

 

 

   

(a)                                          (b) 

Figure 1.5:  Crystalline structure under an applied field in upward direction (a) and downward 

direction (b)[9] 

 

1.2.2 Origin of ferroelectricity in organic ferroelectrics 

The nature of the ferroelectric polymers is different than that inorganic pervoskites. 

Polymer are generally either amorphous or what is called “semi-crystalline” polymer[13, 

14]. P(VDF-TrFE) is considered a semi-crystalline polymer, since its’ morphology 

consists of crystallites dispersed within amorphous regions as shown in Figure1.6(a) .The 

crystallites, themselves, should contain one polar phase that has net dipole moment (non-

centrosymmetric phase). The degree of crystallinity present in such polymers depends on 

their method of preparation and thermal history. Most semicrystalline polymers have 

several polymorphic phases, some of which may be polar.  Mechanical orientation, 

thermal annealing and high voltage treatment have all been shown to be effective in 
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inducing crystalline phase transformations. Electrical poling is accomplished by applying 

an electric field across the thickness of the polymer as depicted in Figure 1.6(c), and this 

is the method we chose for poling films used in this study[13].   

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic illustration showing random stacks of amorphous and crystal lamellae in 

PVDF polymer.  Figure 1.6 (a) represents the morphology after the film is melt cast; 1.6(b) is 

after orientation of the film by mechanically stretching to several times its original length; 1.6(c) 

is after depositing metal electrodes and poling through the film thickness[13]. 

As for the ferroelectric desired phase of the crystallites, the molecular formula of P(VDF-

TrFE), a copolymer of a)    P(VDF) and     b) P(TrFE) is shown in Fig1.7[15], where we 

have P(VDF)n Co P(TrFE)m. P(VDF) or (CF2CH2)n, crystallize typically in 4 well 

identified phases: α, β,γ and δ phases[1].  The one desired for the ferroelectric properties 

as having the largest dipole moment is the β-phase. This phase is in the all-trans 

confirmation, achieving the largest dipole moment , since all F atoms are aligned in one 
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direction, and all H atoms are aligned in the opposite, thus achieving the largest 

separation and hence the largest dipole moment[14].  

 

 

 

Figure 1.7: Molecular structure of P(VDF-TrFE)[15] 

 

Table 1.1: The Different Phases of P(VDF-TrFE)[1] 

Conformation Phase Unit cell 

Distorted 

(TG+TG-) 

 

α  

(non-

polar) 
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TTTT β  

TTTG+ 

TTTG- 

 

γ 

 

(TG+TG-) 

 

δ 
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Figure 1.8:  Schematic cartoon of how ferroelectric switching occurs in P(VDF-TrFE)[2] 

To understand how polarization switching mechanism P(VDF-TrFE), a cartoon showing 

the backbone of the molecular chain, the dipole moment direction is changed by rotation 

of the whole molecular chain as shown in Figure 1.8. This rotation is facilitated by the 

single carbon-carbon bonds that allow for some flexibility. We notice that on the left that 

the larger F atoms are directed upwards, and the smaller H atoms are directed 

downwards, giving a net dipole direction upwards. The situation is the exact opposite on 

the right hand side, where the net dipole is directed downwards. So, after some switching 

time tsw, the whole molecular chain should be directed in one direction[2]. 

If we compare P(VDF-TrFE) to an inorganic ferroelectric like PZT, we will find that PZT 

typically has lower coercive field, smaller switching time; however, it does have higher 

annealing temperature, typically higher than 500 
o
C, which limits its’ application to 

certain substrates. For example, plastic substrates melting points are typically well below 

500 
o
C. P(VDF-TrFE) is processed at temperatures < 150 

o
C, and it also has another 

advantage as a higher bandgap insulator with lower leakage current compared to PZT 

values. Also, P(VDF-TrFE) is cheaper than PZT, as well as environmentally 

friendly(lead-free)[13]. 
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1.2.3 Electronic Structure of Organic Semiconductors and Insulators 

Most of organic semiconductors are conjugated polymers. Conjugation means the 

alternation of single and double bond along polymer backbone. Such a structure enables 

conductivity along conjugated polymer. In these materials, carbon Pz orbitals overlap and 

the π electrons become delocalized on the molecule, forming the so-called π-conjugated 

system. Among these organic polymers are polyacetylene, which show the carbon 

backbone with the alternating single and double bonds, as shown in Figure1.9. Such 

structure enables conductivity along conjugated polymer[16]. 

 

 

Figure 1.9: polyacetylene structure[17] 

 

 

 

 

 

 

Figure 1.10: An overview of energy levels with increasing chain length, from ethylene to the 

conjugated polymer polyacetylene[16] 
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“The alternation of single and double bond is a result of chemical bonding 

behavior of the carbon atoms. The carbon atom has four valence electrons. Therefore, 

it has four half-filled orbital by valence electrons.  In conjugated polymers, sp2-

hybridisation with three orbital will be formed for each carbon atom to make three σ-

bonds, two with neighboring carbon atoms and one with hydrogen. One electron in 

the Pz orbital remains for each carbon atom. These electrons make a π-bond due to 

overlap of neighboring Pz orbitals. These electrons can be delocalized over large 

distances along the polymer backbone. As σ-bonds are quite rigid and localized, π-

bond are responsible for electric conduction in conjugated polymers. The highest 

occupied molecular orbital in organic materials is called HOMO and the lowest 

unoccupied molecular orbital is called LUMO. The energy difference between these 

two levels gives the band gap of materials .With longer polymer chain, the number of 

π-bond and therefore delocalization length increases. As a result, the band gap of the 

semiconductor decreases due to greater delocalization lengths, as shown in 

Figure1.10. In conjugated polymers, charge transport via hopping between conjugated 

parts is phonon-assisted.”[15]  

P(VDF-TrFE) is however a non-conjugated polymer, with experimentally reported 

bandgap of 6.5 eV of β-phase crystalline, Langmuir-Blodgett, films[18]. Also, 

computational studies of the electronic structure based on Density Functional Theory 

(DFT), of the 2-monomer units in the all-trans configuration has given information about 

all-trans β-phase crystalline chains. The study showed that the model has it has a bandgap 

of 7.742 eV, with electron affinity of  3.988 eV, and a polarization of about 10.2 

μC/cm
2[19]

. Also, the study showed that the bandgap value converges for chains of unit 
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number greater than three units. These results agree with other DFT calculations as well 

in terms of the band gap, LUMO and HOMO levels values [20, 21].That is unlike the 

case of conjugated system where convergence happens after a larger number of monomer 

units due to high delocalization lengths of Pz orbitals.  So, in P(VDF-TrFE), we expect 

low charge delocalization and low band-dispersion, from a band diagram point of view. 

1.2.5 Disorder effect on band structure 

Disorder has an effect on the band structure of polymers, and hence on charge transport. 

Since, P(VDF-TrFE) is composed of crystallites dispersed within amorphous regions, it is 

important to understand how the band structure is affected by these regions. Amorphous 

regions lead to the creation of trap states whose energy level lie in the band gap of the 

semiconductor/insulator. The charge carriers occupy and transport between these states 

by temperature activated hopping process. That’s why mobility in organic 

semiconductors is highly temperature dependent as will be shown later[15]. 

 

 

 

 

 

Figure 1.11: Band diagram after incorporation of defect states due to amorphous regions[15] 
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The localized states are expected to have a distribution of states with different energies. 

This distribution or density of states (DOS) is usually approximated by a Gaussian[10], 

which is represented schematically in the band diagram in Figure 1.11. We will discuss in 

the following sections about charge transport how the amorphous regions affect charge 

transport.  

1.3 Mechanism of charge transport in ferroelectrics 

Organic ferroelectric, specially the one in this study, have generally wide bandgap, so 

they are considered as good insulators. But, in order to model conduction, leakage 

current, we need to view conduction from a semiconductor’s perspective. So, we tried to 

study conduction mechanism in them in a similar way to the studies of inorganic 

ferroelectrics like (PZT) and (SBT) which obviously have lower band gaps, and higher 

concentration of free charges. Also, when dealing with ferroelectric polymers, the 

semicrystalline nature of the polymers has a significant impact on the charge transfer, 

which we need to account for. So, in this section we will encompass the common charge 

transport mechanisms in ferroelectrics/semiconductors. We will then speak about how 

polarization affects the band structure at the metal-ferroelectric interface.  Following that, 

we will speak about the interfacial phenomenon in the case of the metal-polymer 

interface. Finally, we will speak about conduction mechanisms in the amorphous regions, 

and how is it expected to affect charge transport. 
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1.3.1 Charge transport in ferroelectrics/insulators  

1.3.1.1 Injection limited mechanisms 

Figure 1.12: Energy band diagram showing conduction mechanisms of (a) direct tunneling, (b) 

Fowler-Nordheim tunneling, (c) Thermionic emission, and (d) Frenkel-Poole emission[22]. 

1.3.1.1.1 Schottky injection 

When a metal is attached to a ferroelectric material, a potential barrier is formed if the 

metal work function, φm, is greater than the electron affinity of the ferroelectric, χsc. On 

the other hand, if the electron affinity is greater than the work function, then an Ohmic 

contact is formed. In the case of a Schottky contact the barrier height for charge injection, 

for the case of n-type semiconductor, when surface states do not arise is: 

 φb= φm- χsc (1.4) 

This can be visualized on the band diagram for a metal-insulator-semiconductor junction 

shown in Figure 1.12(c).  The current equation corresponding to Thermionic emission 

over a Schottky barrier (Schottky injection) is shown in Table 1.2. The term subtracted 

from the barrier height, φb, is attributed to the image-force-lowering, a phenomenon 
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identified as the lowering of the Schottky barrier due to existence image opposite 

charges, to that of the metal, in the semiconductor(insulator) under the application of an 

electric field, Ei , inside the semiconductor (insulator)[22].   

One of the standard ways of identifying a Schottky regime is to plot ln(J/T
2
) against V

1/2
, 

and the plot will be linear if the current injection mechanism is Schottky injection[11]. 

Also, there is a significant temperature dependence of this mechanism, so measuring the 

injection behavior as a function of temperature would verify whether Schottky injection 

behavior is the dominant behavior, as will be shown from the experimental results in 

chapter 2. It is important to note that Schottky effect and image-force lowering is 

observed for both organic and inorganic semiconductors , and it typically discussed for 

organic semiconductors used for  Light Emitting Diodes, OLED, like OPPV, oligo(p-

phenylene vinylene), in the literature[23]. In case of organic semi-conductors, the band 

offset between the metal work function and the HOMO or LUMO level in the OSC 

(depending on whether the transport is p- or n-type) is one important factor in 

determining the type of contact at the interface. 

1.3.1.1.2 Ohmic Conduction 

Ohmic conduction happens when the work function of the metal, φm, is less than the 

electron affinity of the semiconductor, χsc. The current equation is mentioned in Table1.2 

for Ohmic conduction. It is identified in if a linear fit is found for the I-V curve[22].  
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1.3.1.1.3- Frenkel-Poole emission 

This mechanism arises from the emission of the trapped electrons from trap states, whose 

energy levels lie inside the forbidden gap, into the conduction band of the insulator. 

Electrons are supplied through thermal excitation. We could treat this mechanism in a 

similar way to that of Schottky injection, by treating the depth of the columbic potential 

well of the trap similarly to the Schottky barrier, which is evident from the form of the 

Frenkel-Poole current equation in Table1.2. Barrier reduction in this case is twice as 

much as that of Schottky injection, due to the immobility of the positive charge. The 

positive charged traps are due to immobile ions which trap free charges. The mechanism 

is shown schematically in Figure 1.12(d). It is identified if a linear fit is found for the 

ln(I/V) vs V
1/2

 graph[22]. 

1.3.1.1.4 Tunneling 

Tunneling typically at high electric fields, it results from quantum mechanics treatment of 

the electron as a wave function which penetrates through a potential barrier. Tunneling 

depends strongly on the applied voltage, the potential barrier width, and is essentially 

independent of temperature as shown in the relationship in Table.2. Tunneling is divided 

into two types: Direct tunneling which is shown in Figure 1.12(a), where the electron 

tunnels through the whole width of the potential barrier. While for the Fowler-Nordheim 

tunneling, the electron tunnels through only a partial width of the potential barrier as 

shown in Figure 1.12(b)[22]. 



33 
 

Table 1.2: Basic Conduction Processes in Insulators, adapted from[22] 

1.3.1.2 Bulk-limited mechanisms 

When the contact between the metal and the insulator/semiconductor is Ohmic, meaning 

that the contact resistance is less than the bulk resistance, then the current transport will 

be dominated by the bulk of the material. So, if transport inside the materials is subject to 

the following assumptions[24]: 

1- The free carrier concentration in the insulator/semiconductor is lower than that of the 

injected charge, thus screening effects are neglected. 

2- Having one dominant type of injected charge, either electrons or holes, in order to 

eliminate the possibility of including recombination contribution to the total current. 
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3- Free charges move due to drifting under an electric field, thus neglecting any 

contribution of diffusion to the total current.  

4- Having at least one Ohmic contact. 

Under these assumptions, we get what is called a Space-Charge-Limited Current(SCLC) 

transport, since the free (non trapped) portion of the injected charges  sets up the electric 

field inside the material effectively screening it the external applied field, and hence 

limiting the amount of injected current in the material. In other words, a feedback process 

occurs, where the injected charge sets the electric field profile inside the material, and 

that in turn limits the total charge that could be injected. For a general semiconductor the 

charge density, due to both immobile and free charges, is equal to: 

               (1.5) 

Where p, n, ND, NA, are the densities of electrons, holes, donor ions and acceptor ions, 

respectively.  

It is worth to mention that in case of organic semiconductors/insulators, the SCLC is 

more readily maintained because of: the poor mobility, having a large concentration of 

highly localized states (i.e., traps, defects etc) that trap mobile charges temporarily or 

permanently (immobile charges).  All these factors make the organic semiconductors, and 

specially insulators for having lower free carrier concentrations, the perfect environment 

for maintaining SCLC[25]. The expression for SCLC in the case of a trap free insulator is 

shown in Table1.2. However, there are three more important cases which we need to 

discuss without going through the derivation of any of them. So, the general formulas for 

SCLC under the following cases are[26]: 
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1- In a Trap-free insulator is: 

          
    

     Amperes/cm2 (1.6) 

where μ is the carrier mobility, k is the relative dielectric constant, and d is the sample 

thickness[26]. 

2- Single level of shallow traps, only a fraction θ of the total injected charge, the 

non-trapped, contribute to the total current.  

          
      

   
   Amperes/cm2   (1.7) 

 If there is a single level of shallow traps whose density is Nt cm
-3

 and whose distance 

from the conduction band is E eV, the fraction θ is given at room temperature by the 

approximate relation: 

 
    

  

  
    

  
    

(1.8) 

Where Nc is the effective density of states in the conduction band,and K is the boltzmann 

constant. The band diagram is shown schematically in Figure 1.12, where Ec,Ev, and Et 

are the conduction band edge, valence band edge and the trap energy level[26].  

 

 

 

 

Figure 1.13:  Insulator having shallow traps in thermal equilibrium with electrons in the 

conduction band[26] 

 

3- Traps distributed uniformly across the band gap: 

In that case the incoming charge is distributed in three major parts: 

a) Free charge in the conduction band. 

E 
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b) Trapped charge above the newly determined Fermi level, quasi Fermi level, EqF 

,at a certain electric field. 

c) trapped charge condensed in the states between the original Fermi level and the 

quasi Fermi level, EqF.  

 

 

 

 

 

 

Figure 1.14: Insulators having a distribution of traps in energy and showing   the shift in 

Fermi level due to the injected charge at an applied field[26]. 

 

So, the expersision of the SCLC in this case is: 

                                                             
    

    
     

 
                                            (1.9) 

and the free carrier density is 

                                                       
   

   
  

   =    
   cm

-
3                                  (1.10) 

                                                              
 

    
 

  

    
                                       (1.11) 

                   
 

      
       (1.12) 

     

where Nc, is the number of states in the bottom KT slice of the Conduction Band. Ef is the 

original distance of the Fermi level from the conduction band and ΔE is the shift in 

position of the Fermi level owing to the injected charge Q. C  is the capacitance of the 

ΔE 
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film, V is the applied voltage, nt is the number of traps per unit volume per unit energy 

(cm
3
eV)

-1
. The band diagram is shown in Figure 1.14[26].  

4- Traps non-uniformly distributed in the band gap, steepness of the trap distribution 

be approximated by a characteristic temperature Tc such that: 

      
  

                                                 (1.13) 

where E is measured from the bottom of the conduction band. For deep traps Tc>T, where 

T is the absolute temperature at which the measurement is done, and the current voltage 

relation would be: 

                                                               
  
 
   

                                                        (1.14) 

 For T<Tc, this reduces to the case of shallow traps where the exponent of V is 2[26].  

 

 

 

 

 

 

Figure 1.15: SCL current-voltage characteristics for single set of traps on log-log plot[24]. 

In all of the above cases transition typically occur from an Ohmic behavior to a Space-

Charge-Limited behavior. The way the transition happens is with a steep slope in the 

log(I)-Log(V) curve in case of deep traps, while the slope is less steep and typically has 
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value between 1 and 2 in the case of shallow traps. This is show in Figure 1.15 as 

transition occurs from the linear Ohm’s law to the Trap-Free Square law[24].  

1.3.1.3 Transport in the amorphous regions of organic semiconductors 

In the amorphous part of the film, transport is believed to be dominated by charge 

hopping between localized states with a temperature-activated hopping process. That 

explains why mobility in these devices is believed to be highly voltage and temperature 

dependent. This is different from the case of inorganic semiconductors, where we have 

high crystallinity and long range order. That results in “wave-like propagation of carriers 

in well-established conduction or valance bands, with occasional scattering of carriers at 

impurity sites, lattice dislocations or interactions with phonons”[27] . It also explains the 

high mobility values exceeding 100 cm
2
/V.sec. On the other hand, we don’t have high 

crystalline order in case of organic semiconductor, since we have weakly bound 

molecular chains through van der Waals forces. So, we do not get a well-defined valence 

band or conduction band for the case of organic semiconductor, and band width is 

expected to be less than KBT eV, the thermal activation energy at some temperature T, 

since the electronic overlap between polymer chains is very limited due to their high 

degree of disorder.  

Modeling the band diagram of the highly disordered parts of the film is not 

straightforward, but one of the models of charge that describe the charge transport in 

disordered organic semiconductors quantitatively is the Vissenberg model, described in 

details in[28] . It pictures the band diagram of these materials, as well as their physical 

picture  as shown in Figure1.16[10].  
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Figure 1.16: a) A random mesh of polymer chains in which charge carriers hop between localized 

states. B) The HOMO and LUMO levels of the localized states have a Gaussian distribution. C) 

Transport occurs in the upper tail of HOMO. The shape is approximated by an exponential. Here 

the gate voltage and the charge carrier density is low, which means that the energy barrier for 

hopping transport is relatively high. D) A high gate voltage and charge carrier density lowers the 

energy barrier for hopping transport[10]. 

The disordered polymer chains form a spaghetti-like mesh which results in a 

discontinuous energy landscape for a charge carrier, as shown in Figure 1.16(a). The 

localized states due to the disorder have a distribution of states with respect to the 

different energy levels, which is non-necessarily uniform. This distribution or density of 

states (DOS) is usually approximated by a Gaussian distribution, as presented in Figure 

1.16(b). The distribution of localized states is centered around the HOMO and LUMO 

levels defined by the crystalline region.  Hole transport is expected to occur in the upper 

tail of the Gaussian DOS of the HOMO level, and electron transfer in the lower tail of 

Gaussian DOS of the LUMO level. In the Vissenberg model, the shape of this tail is 

approximated by an exponential DOS, like in Figure1.16(c) and (d). Figures1.16(c),(d) 

show that the energy barrier for charge hopping to occur depends on the applied voltage, 

as lower voltage results in a lower charge carrier density which means higher barrier for 

hopping as carriers occupy energy levels in the upper tail of the HOMO distribution 
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where the value of  DOS per unit energy is low. But as the carrier density increases as a 

function of applied voltage, the new charges carrier occupy localized stated closer to the 

mean energy level of the Gaussian distribution where we have a higher density of 

localized states per unit energy, making the barrier for transfer lower between states 

closely distributed in energy lower. 

In the light of this, charge carriers need activation energy in order to overcome energy 

barrier, between two states adjacent in energy, for hopping to occur. That makes charge 

mobility in organic semiconductor to be proportional to: 

            
   

   
      (1.15) 

where EA is the activation energy, and kB is the Boltzmann constant[27]. 

The hopping process is shown schematically in Figure 1.17. It shows that charge hopping 

could happen by two mechanisms from one localized state j to another localized state i. 

The first mechanism, A,   is overcoming the potential barrier by getting enough thermal 

energy; this is called thermally assisted hopping, and it is the dominant mechanism of 

transport in organic semiconducting materials. This becomes experimentally evident 

since mobility increases with temperature in organic semiconductors. The second 

mechanism, B, is direct quantum mechanical tunneling through the potential barrier, and 

is depends on the barrier width, the applied field, and the effective electron mass, and the 

overlap of the two electronic states. Tunneling relation is shown in Table.2. 
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Figure 1.17: Two mechanisms of charge transfer between two localized states: A) Hopping of a 

charge carrier from one localized state to another upon receiving enough energy to overcome the 

activation energy barrier EA, and B) direct tunneling between the 2 states[25].  

 A more vigorous mathematical treatment of the processes describes in Figure 1.17 is 

given in [29]. “Hopping from a localized state j to a state i takes place at a phonon 

frequency νo, corrected for a tunneling probability and the probability to absorb a phonon 

for hops upward in energy”[29]: 

                   
      

      

   
         

                                     

                                                     (1.16) 

Here, γ is the inverse localization length, Rij the distance between the localized states, 

and εi the energy at the state i. The first term on the right side gives the tunneling 

probability between two states and the second represents the probability of absorbing a 

phonon for hops upward in energy. Since the hopping rates are strongly dependent on 

both the positions and the energies of the localized states, hopping transport is extremely 

sensitive to structural as well as energetic disorder[29]. 
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1.4 Interfacial Phenomenon effect on Transport in ferroelectric polymers 

1.4.1 Metal ferroelectric interface 

It is important to understand how polarization affects band bending at the metal-

ferroelectric interface. Since we assume the polarization domains are aligned head-to-tail, 

so we have a net dipole moment at both the metal electrodes interfaces for a metal-

ferroelectric-metal (MFM) capacitor. That would induce a sheet of positive charge at one 

interface, and a sheet of negative charge at the opposite interface. The accumulation of 

charges at the interfaces would cause band bending in a way that would either enhance or 

inhibit charge injection, especially in the case of having a Schottky contact. So, a model 

has been proposed which aims at quantifying the effect of the polarization on the barrier 

height for charge injection, the effective electric field at the interface, and the width of 

the depletion region in the case of having a Schottky contact[30, 31].  

The model assumes the ferroelectric materials as semiconductor with the ferroelectric 

polarization modeled as a sheet of superficial charge located at a fixed finite distance, δ, a 

sheet of superficial charge located at a fixed finite distance from the metal-ferroelectric 

interface. A deep acceptor-like trap is incorporated in this model, in order to account for 

structural defects that are usually present in ferroelectric, and which are assumed to be 

uniformly distributed within the film. A schematic of the structure introducing the main 

quantities is shown in Figure 1.18[30]. 
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Figure 1.18:  Schematic of the metal-ferroelectric structure where w is the depletion layer width, 

δ the distance from the polarization sheet of charge to the physical metal-ferroelectric interface, 

p(T) is the concentration of the free carriers in the neutral volume, Neff is the charge density in the 

depleted region, and P the ferroelectric polarization[30].  

 

Also, band diagram is shown in Figure 1.19 for metal-ferroelectric junction with and 

without DC bias. 

 

 

 

 

 

 

Figure 1.19: Schematic band diagram of the metal-ferroelectric reverse-biased contact at (a)V=0 

and (b) at V>0[30]  

We list the equations in the model giving the specific quantities of a Schottky contact 

like: the apparent built-in potential    
 , the depletion layer width w, and the maximum 

electric field at the interface Em[32].  
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Figure 1.20: The band diagram for a metal-ferroelectric-metal structure. The notations are: B.C.-

conduction band; B.V.-valance band, Vbi-the built-in voltage in the absence of the ferroelectric 

polarization; Vbi’-the built-in voltage with polarization; ΦB
0
-the potential barrier in the absence of 

the ferroelectric polarization[32]. 

- The built-in potential: 

                                                                
 =     

    
 

     
                           (1.17) 

                 
   

  

 
   

  

    
                                          (1.18)     

-  The maximum field at the interface: 

                                                           
             

  

     
   

 

     
                 (1.20) 

-  The width of the depleted region: 

                                                            
             

  

     
      (1.21)  

where Vbi is normal built-in potential, in the absence of the ferroelectric polarization; P is 

ferroelectric polarization; δ is  thickness of the interface layer; ε0  is permittivity of the 

free space;  εst is low frequency (static) dielectric constant of the ferroelectric layer; q is 
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electron charge; k is Boltzmann’s constant; T is temperature; Nv is effective density of 

states in the valence band; p(T ) is free hole concentration at the temperature T; ΦB0 is 

potential barrier at zero voltage; and Neff is effective charge density in the depleted region 

taking into consideration all the charges, including the charged traps[32].  

 The equation for Schottky injection current is: 

                                                       
 

  
      

   

       
      (1.22) 

where A* is Richardson’s constant, and εop is the high frequency dielectric constant[33].  

It can be seen that all the specific quantities are affected by the presence of the 

polarization charges. Moreover, the effect is not symmetric, because the polarization 

charges have opposite signs at the two interfaces. So, the presence of the polarization can 

make a symmetric structure, i.e with symmetric electrodes, asymmetric from band 

diagram perspective. The band diagram of such a structure is presented in Figure 1.20. It 

shows that band bending is larger in the interface where we have a positive polarization 

and accumulation of positive charge, holes, than when the polarization is negative due to 

accumulation of negative charges, electrons. This Figure is for a p-type ferroelectric, such 

as PZT, but the same argument could be made for an n-type ferroelectric.  

The above model however does not account for the existence of surface states at the 

interface with the metal. So, in the coming section, metal polymer interface will be 

discussed in more detailed, especially with regard to energy barrier for charge injection. 
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1.4.2 Metal Polymer Interface 

 

 

 

 

 

 

 

Figure 1.21: Metal-insulator contact (a) without and (b) with surface states[34]. 

Metal polymer interface affects significantly charge injection into the polymer. 

Specifically, the existence of surface states could affect band alignment at the interface. 

Figure 1.21 show a metal-insulator contact with and without surface states[34]. In the 

case of Figure 1.21(a), The barrier heights for electron and hole injections without 

surface states are (Φm-χ) and (Eg +χ - Φm), respectively[34]. So, the barrier heights 

change linearly with the metal work function in the case of not having surface states. 

However, in the case of having high density of surface states at the interface, barrier 

heights are less dependent on the metal work function as shown in Figure 1.21(b).  That 

was experimentally apparent from photocurrent measurements for different polymers 

such as Poly(p-xylylene), (PPX), when compared to Polyethylene terephthalate (PET) as 

shown in Figure 1.22[35]. 
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Figure 1.22: Barrier height measurements, from photocurrent measurement experiment; Vs metal 

work functions for two different polymers[35] 

 PPX shows dependence of the Schottky barrier on the metal work function, while PET 

did not show similar behavior. The reason for this behavior was attributed to the density 

of surface states, Ns in cm
-2

eV
-1

, in the two polymers where PET is expected to have a 

larger density of surface states compared to PPX. 

If we consider a polymer with uniformly distributed surface states across it’s band gap, 

namely Ns cm
-2

eV
-1

, before and after contact with a metal as shown in Figure1.23. In 

Figure 1.23 (a), it shows that the surface states for the polymer will be filled up to a 

certain energy level which is Φco eV below the bottom of the conduction band. The work 

function of the insulator becomes Φis in this case defined with respect to the highest 

energy level of filled surface states.  
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Figure 1.23: Contact between a metal and an insulator with surface states.  (a) Before contact; 

(b)After contact[36]. 

As for the situation after contact as shown in Figure 1.23 (b), if the work function of the 

metal electrode, Φm, is smaller than the work function Φis of the insulator surface, 

electrons are transferred from the electrode into the surface states during contact.  If we 

assume that the surface states in the polymer are then filled up to an energy level Φc eV 

less than the bottom of the conduction band of the insulator, then the charge transfer per 

unit area is[36]: 

                                                                                    (1.23) 

where q is the electronic charge. As a result the built-in potential across the interface 

would become: 

                                                   ΔV = (Φis- Φm) -              (1.24) 

and the charge per unit area, Qs, would be : 

                                       Qs= Cs ΔV= 
    

  
 ((Φis- Φm) -         )     (1.25) 
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 Where Cs is the capacitance per unit area of the interfacial layer,    is the relative 

dielectric constant of the interfacial layer and d is its thickness[36]. 

So, we can determine the surface state density, Ns, if we experimentally calculate the 

injection threshold, Φc1 and Φc2, for two different metals of known work functions, Φm1 -

and Φm2, from the photocurrent measurement experiment. Then Ns could be written as: 

                                                      
    

  

                   

         
       (1.26)  

1.5 Polarization fatigue in ferroelectrics  

Polarization fatigue defined as the reduction in switchable polarization of ferroelectric 

thin films due to electrical stress (repetitive electric field cycling)[37]. It is a major 

problem restricting the use of ferroelectrics in memory devices as mentioned earlier. So, 

in this section, background about ferroelectric switching will be presented, as well as the 

proposed explanations for what inhibits switching in ferroelectric materials causing 

polarization fatigue. Fatigue, in general, has shown to be a function of electrodes, 

annealing temperature, electric field strength, and frequency of the measurement [38]. 

Polarization fatigue has also been observed in what is called optical imprint experiment, 

in which ferroelectric material is subjected to simultaneous DC bias near the switching 

field, and optical illumination[37]. So, we will discuss how polarization switching occurs 

in general ferroelectric materials, and then we will list observation of polarization fatigue 

experiments. And finally, we will discuss the proposed model for explaining the observed 

behavior. 
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1.5.1 Ferroelectric switching  

In the ferroelectric phase, ferroelectric materials form domains where the polarization is 

aligned in the same direction in an effort to minimize energy. When a field is applied, the 

ferroelectric switches by the nucleation of domains and the movement of domain walls. 

Ferroelectrics typically switch in 3 distinct phases. The first is the generation of many 

new reverse domains at particular nucleation sites, which are not random; i.e., nucleation 

is inhomogeneous. Nucleation of the opposite domains takes place at the electrode. The 

second stage is the forward propagation of domains across the film. The third and final 

stage is the widening of the domains till we get full domain reversal, as shown in Figure 

1.24[11]. Typically the first and second stages are much faster than the third stage.   

 

 

 

 

 

Figure 1.24: The three phases of domain reversal: I. Nucleation (fast); II. Forward Growth (fast); 

III. Sideways Growth(slow)[11]. 
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Figure 1.25: Notation for switching characteristics extracted from the polarization hysteresis 

loop[37]. 

Since fatigue is measured from the hysteresis curve, it is essential to understand what is 

the switchable polarization? And how it is calculated from the hysteresis loop? 

So, in Figure 1.25, the hysteresis loop of a ferroelectric is shown [38]. The polarization 

switching process can be depicted by a polarization–electric field (P–E) hysteresis loop 

diagram and is characterized by the following parameters: amplitude of cycling field 

(Em), remnant polarization (Pr), switchable polarization (Psw), non switchable polarization 

(Pns), and coercive field (Ec). The occurrence of fatigue is usually described by plotting Pr 

– Pns or Psw – Pns as a function of the number of switching cycles N in log scale. In other 

words, fatigue is marked by the decrease of either the remnant polarization, Pr, or the 

switchable polarization, Psw, with the number of cycles of electric stressing, N. Another 

way of representing the switchable polarization in the fatigue test, is considering Psw*= 

Psw +(Pmax-Pr) and Pns*= Pns +(Pmax-Pr) as shown in Figure1.25[38]. 
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Figure 1.26: Electrical Fatigue test of PZT with two different electrodes [38]. 

  

 

 

 

 

 

 

 

Figure 1.27: Electrical fatigue properties of P(VDF-TrFE) films showing relative polarization for 

Pr (a) with platinum and gold electrodes (b) with PEDOT:PSS electrodes. Results shown as a 

function of electric field strength[39]. 
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1.5.2 Polarization fatigue due to electric fields cycling 

Polarization fatigue due to electric field cycling has been observed in both inorganic and 

organic ferroelectric. Cycling is done with fields as high as saturation fields, at which we 

have the maximum polarization Pmax. For inorganic ferroelectric, it has been studied for 

oxides like PZT. For example, PZT shows significant polarization reduction, about 90% 

of the initial value, as a function of electric field cycling when using symmetric Pt 

electrodes, while polarization did not show any significant reduction when using oxide 

electrode, LSCO, as shown in Figure1.26[38]. As for organic ferroelectrics, Au/P(VDF-

TrFE)/Pt device shows a similar behavior, where polymer with metal electrodes, 

Au/P(VDF-TrFE)/Pt,  has shown larger polarization suppression than when polymer 

electrodes were used, PEDOT:PSS/P(VDF- TrFE)/PEDOT:PSS, as a function of electric 

field cycling as shown in Figure1.27[39].  

 

 

 

 

 

 

Figure 1.28: Hysteresis loop before and after broadband light accompanied with DC bias of 0.8 V 

of Pt/SBT/Pt[38]. 
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Figure 1.29: Hysteresis loop before and after broadband light accompanied with DC bias of 0.8 V 

of Pt/PZT/Pt[38]. 

1.5.3 Optical imprint effect 

Another reported phenomenon in the literature is what is called the optical imprint 

experiment, which is defined as a photo induced changes in the hysteresis behavior of 

ferroelectric materials including (1) a photoinduced suppression of the switchable 

polarization and (2) a photoinduced voltage shift of the coercive voltage of the 

material[40]. This effect has been reported in inorganic ferroelectric such as SrBi2Ta2O9 

(SBT) and (PbZrxTi1-x)O3 (PZT). The experiment setup was using a broad-band optical 

illumination from an Arc lamp with DC bias near the switching field of the films. The 

results are shown in Figure 1.28 and Figure 1.29; they show that polarization could be 

optically suppressed for SBT and PZT, respectively. Another reported phenomenon is 

that polarization recovery could be attained by saturation electric field cycling, i.e 

typically twice the value of the coercive field of the film. Results shown in Figure 1.30 

and Figure 1.31 show that this was observed for the case of SBT and not for PZT[38].    
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Figure 1.30: polarization recovery in optically fatigued SBT due to electric field cycling with 8V 

pulses in dark conditions[38]. 

 

 

 

 

 

Figure 1.31: Polarization fatigue due to electric field cycling of optically fatigued PZT films 

using 8V pulses in dark conditions[38]. 

However, no such reported phenomenon is recorded for organic ferroelectric, and that’s 

part of the motivation for doing this study for Au/P(VDF-TrFE)/PT films. 

1.5.4 Doman wall pinning Model 

So, previous results implied that polarization suppression is potentially related to charge 

injection in the ferroelectric material either by injection from the electrodes, or photo 

generation of electron-hole pairs. That’s why, a model related to charge injection has 

been proposed to explain these results. The model hypothesized that fatigue occurs due to 

the “dynamic competition between domain wall pinning due to electronic charge 
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trapping, and field-assisted unpinning of the domain walls”[38]. The pinning occurs due 

to trapping of the injected free charges at the domain walls, which are believed to be the 

grain boundaries in polycrystalline material. That would explain the electric cycling 

fatigue experiment for PZT for example, since charge injection depended on the injecting 

electrode work function, as Pt injected more charges to the film since it has a lower 

barrier for injection than that of LSCO. A similar argument could be made for the fatigue 

experiment of P(VDF-TrFE), since using metal electrodes lead to injecting more charges 

than in the case of polymer electrodes which has lower carrier concentration compared to 

that of the metal.  

 

 

 

 

 

Figure 1.32: (a) Poled polycrystalline material, (b) the same sample in which two grains 

(domains)  have been  reoriented.  The trapped charge that screens the polarization charge is also 

indicated[40]. 

As for the optical imprint experiment, illumination with band gap light generates 

electron-hole pairs.  The  photogenerated  charges can migrate  and  compensate  the  

polarization  charge  at  these  domain  boundaries, which  is  also  illustrated  in  

Figure1.32(b). “Screening  of  the  dipole charge by  photogenerated  charge  in  this  

manner  has two  important  implications.  (1)  The  free  carriers  reduce  the electrostatic  

barrier  to  domain  reorientation  by  screening internal depolarizing  fields.  The  net  
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result  is  that  light  enhances  the kinetics  of  domain  reorientation.  (2) Accumulating 

charge at boundaries with a polarization discontinuity stabilizes the domain 

configuration”.  So, charge trapping  tends  to inhibit  the  screened domains  from  

reorienting,  which  effectively  reduces  the  switchable  polarization[40].   

As for the unpinning of the domain walls, which was observed for the optically fatigued 

samples as shown in Figure1.30, under saturating electric field cycling, it could be 

hypothesized that unpinning occurs due to[40]: 

1) Overcoming pining forces by electric field cycling. 

2) Field assisted detrapping of the trapped carriers. 

3) Recombination of the photogenerated charges with trapped charges.  

So, the dynamics of pinning and unpinning of the domain walls is what determines the 

overall fatigue behavior of the ferroelectric sample according to this model.  

1.6 Thesis Objective 

This thesis aims at two main objectives: (1) identifying the transport properties of 

P(VDF-TrFE) , and (2) identifying  whether we can optically fatigue the polarization of 

P(VDF-TrFE) by a combination of wide band optical illumination and DC bias.  

In chapter 2, we discuss the transport properties, where we have measured leakage 

current as a function of metal electrodes of different work functions for both symmetric 

and asymmetric electrodes. We identified two transport regimes, the first is Schottky 

injection, and the second is space-charge-limited conduction. We verified the schottky 

injection regime by doing temperature dependence study of the leakage current.  
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In chapter 3, we discuss building a setup for doing the optical imprint experiment, where 

the setup was tested on PZT film, which has been reported to be fatigued under wide-

band illumination. Then, we tested the setup on P(VDF-TrFE) films, and the optical 

imprint was not observed in the film using the exact same condition we used for the 

optical imprint of PZT. So, we concluded that the reasons could be that we need a UV 

light source to do the optical imprint experiment, since the band gap of the polymer is 

believed to exceed 5 eV[18].   
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CHAPTER 2 

2    Leakage current measurements 

2.1 Introduction 

Transport properties in P(VDF-TrFE) electronics is a key to evaluating its reliability for 

real applications. Transport modeling is challenging due to its semi-crystalline nature, 

where models for both crystalline and amorphous regions need to be accounted for if 

proper mathematical modeling is desired.  Also, the metal-polymer interface plays an 

essential rule in understanding charge injection in the polymer as the metal as surface 

states densities are high, reaction between metal atoms and the polymer is reported (or 

metal doping the polymer)[41]and dead (non-ferroelectric layer) were reported to exist at 

the interface between a metal and polymer[42]. While, using polymer electrodes, such as 

PEDOT-PSS, was reported to improve interfacial properties, and improved device 

reliability by reducing fatigue as compared to metal properties. Also, studies of barrier 

height for the same polymer with different metal electrodes for Schottky barrier height 

estimation shed light on how carriers behave at metal-polymer interface [37]. Transport is 

also dominated by the crystallinity of the film and its thickness plays a role in the 

transport properties, since the more amorphous films are reported to be leakier than the 

more crystalline films, and hence they electrically fatigue more  in smaller number of 

cycles [43]. Also, ultra-thin films (below 120 nm) are reported to be leakier and attributed 

to the less crystalline nature of the films[44]. 

In this chapter, methods taken to identify the dominant leakage mechanisms in P(VDF-

TrFE) films are presented. We studied charge injection as a function of electrodes, both 

symmetric and asymmetric cases for metals with a wide range of work functions to shed 
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light on injection-limited regimes. Also, transport was studied as a function of 

temperature to verify temperature dependent mechanisms such as thermionic emission 

over a Schottky barrier.  

 Two dominant leakage mechanisms were identified at low and high electric fields, 

namely Schottky injection limited at low fields, and space charge limited current at high 

fields. 

The importance of this study is that the reliability of devices, either capacitors or 

transistors, hinges upon the transport properties in polymers, and problems like shift in 

the turn-on voltage of transistors where PVDF-TrFE is the gate dielectric could be traced 

back to gate-leakage and charge trapping in the PVDF-TrFE gate dielectric[45, 46].  

2.2 Experimental details 

2.2.1 Films preparation conditions  

For the electrodes study, films with the following conditions were prepared: 

Table 2.1:  P(VDF-TrFE) 3 wt% film spinning and annealing conditions 

Solution 3 wt% 

Spinning speed 6000 rpm 

Spinning time 60 sec 

Pre-bake temperature 80 
o
C 

Pre-bake time 30 min 

Final anneal conditions In vacuum, 135 
o
C 

Final anneal time  4 hrs 

 

The following electrodes were tested: 
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Table 2.2: The different electrodes configurations tested and film thicknesses 

Bottom Electrode Top Electrode PVDF-TrFE Thickness 

Pt Au  203 + 10 nm 

Pt Ag  240 + 10 nm 

Pt Al 225 + 10 nm 

Au Au 220 + 10 nm 

Ag Ag 225 + 10 nm 

Al Al 240 + 10 nm 

 

2.2.2 Metal top electrodes 

Top metal electrodes were evaporated through a shadow mask. Metals were deposited by 

thermal evaporation; thermal evaporation was used instead of e-beam for example, due to 

the reported damage of the polymers by e-beam radiation [47, 48].  

2.2.3 I-V characterization 

Electrical Characterization was done through Keithley 4200-SCS, with all the 

measurements having a ramp rate of 0.25V/step. The step size ensures we do not get any 

current contribution due to polarization of the ferroelectric domains as relaxation times 

are smaller than the step size.  All data collected and compared were for circular devices 

of 100 µm diameter (Area = 0.0000785 cm
2
). Also, the reported data for any electrodes 

configuration represent the average of at least 4 devices all of the same size and all within 

standard deviation of value one order of magnitude less than the mean for each voltage 

point as shown in Figure 2.1.  
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Leakage current density characterizations were measured by applying a DC field while 

recording the current using a Keithley 4200-SCS Semiconductor Characterization 

System. Two initial poling sweeps with 120 MV/m maximum fields were applied 

sufficient to pole and switch the devices prior to each measurement. Measurements were 

done under normal sweep delay mode in the Keithley 4200-SCS, insuring no polarization 

current contribution to the measurement. 

Figure 2.1: Data collected from an I-V measurement of at least 4 devices, where we show the 

mean and error bars (standard deviation) 
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2.2.4 Temperature dependence 

Temperature dependence of the leakage curves was recorded for (Au/P(VDF-TrFE)/Pt), 

(Ag/P(VDF-TrFE)/Pt), and (Al/P(VDF-TrFE)/Pt) devices with thicknesses reported in 

Table 2.2. Temperature was varied through a temperature controlled chuck on which the 

devices were mounted. I-V curves were measured at temperatures from 25-95 
o
C with 10 

o
C steps. These temperatures are well below the Curie transition of the film (measured to 

be around 120 
o
C for our films) and hence representing the ferroelectric β-phase. The 

devices compared were all of the same size (Area = 0.00071 cm
2
) to eliminate any area 

dependence on the leakage behavior. 

2.3 Results and discussion 

2.3.1 Type of injected charge into PVDF-TrFE 

The type of injected charge into PVDF-TrFE was examined through studying leakage in 

symmetric devices, i.e: devices of the same metal for both top and bottom electrode, and 

leakage in asymmetric devices, i.e: devices where the top and bottom metal electrodes are 

different.  

2.3.2 Symmetric devices 

2.3.2.1 Positive sweep 

As Fig 2.2 indicates, metals with lower work functions injected larger currents than 

higher work function metals indicating electron conduction due to lower band-offset 

between the LUMO level of the polymer and the lower work function metals. As shown 

in Figure 2.2, Al electrodes injected more charge than Au electrodes. Electron conduction 

was reported for P(VDF-TrFE) in literature, as its behavior was reported to resemble n-

type semi-conductors[20]. 
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Current levels were symmetric for the (Au/PVDF-TrFE/Au) and (Ag/PVDF-TrFE/Ag) 

devices, but not the, (Al/PVDF-TrFE/Al) devices, as shown in Figure 2.3. We suspected 

that this anomaly is due to having an Al2O3 layer at the bottom interface due to oxidation 

of the bottom Al electrode. The Al2O3 layer can provide a barrier for electron injection. 

As shown Figure 2.4, it has been reported that Al/Al2O3 junction has a 4 eV offset 

between the EF of the metal, and Ec of Al2O3[49]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Leakage current for devices with symmetric electrodes for positive sweep only
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Figure 2.3: Current levels of asymmetric devices for both positive and negative sweeps 

 

 

 

 

 

 

Figure 2.4: band diagram of Al/Al2O3 junction before contact[49]. 

In order to verify whether we had an Al2O3 layer, we processed two (Al/PVDF-TrFE/Al) 

devices differently, where in one case the device was fabricated inside a glove box, with 

O2 and H2O level < 0.1 PPM, The other Al sample was processed in a different way, 

where we did the final anneal in a furnace outside the glove box. The I-V characteristics 
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in Figure 2.5 and Figure 2.6 were obtained for the two cases. We notice that the curves 

are more symmetric in the case of glove-box processing, while the outside furnace 

annealing gave a similar behavior as for the (Al/Al) device in Figure 2.3. We could 

attribute this to both better vacuum conditions, as well as non exposure to the outside 

atmosphere. Explain this better in terms of Al2O3 layer formation 
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Figure 2.5: (Al/Al) devices processed and annealed inside the glove box without exposure to the 

room atmosphere. 
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Figure 2.6: (Al/Al) device where device was exposed to room atmosphere.  The bottom Al 

formed Al2O3 layer inhibiting charge injection into the bottom electrode 

 

2.3.3 Asymmetric devices 

For asymmetric devices, we compared injection metal electrodes with different work 

functions. The device naming convention in all of the following graphs is such that (Top 

metal/ Bottom metal), so in the positive sweep, we measure injection from the bottom 

metal, and in the negative sweep we measure injection from the top metal. For all the 

following measurement, we changed the bottom electrode to a higher work function 

metal, Pt in this case, and we compared injection with that of the symmetric electrodes.   
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2.3.3.1 Positive sweep 

Below are comparison between injection from lower work function bottom electrodes of 

symmetric devices (Au/Au, Ag/Ag and Al/Al), with higher work function metal for the 

case of asymmetric devices (Au/Pt, Ag/Pt and Al/Pt). The results show that the lower 

function metals (Au, Ag, Al) injected more than the higher work function metal (Pt), 

indicating a lower Schottky barrier for the lower work function metals than that of the 

high work function metals. It also affirms the n-type behavior of P(VDF-TrFE) films. 

 

 

 

 

 

 

 

 

Figure 2.7:  Injection from bottom electrode comparison between Au/Pt and Au/Au device 
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Figure 2.8: Injection from bottom electrode comparison between Ag/Pt and Ag/Ag device 

 

Figure 2.9:  Injection from bottom electrode comparison between Al/Pt and Al/Al device. 
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2.3.3.2 Negative sweep 

  In this case the injecting electrode is the same but the collecting electrode changes 

and we get higher current when the collecting electrode has a higher work function 

possibly indicating a built-in bias favoring the injection of the electrons at the interface 

assuming that current is mostly due to injection from the P(VDF-TrFE) LUMO level to 

the metal’s Fermi level. This finding also support the claims that the injected carriers are 

electrons and that they are injected in the LUMO level of the dielectric (PVDF-TrFE) and 

that would be more apparent when we speak about the different transport regimes in the 

I-V curves. 

 

 

 

 

 

 

 

 

 

Figure 2.10: injection from top electrode comparison between (Au/Pt) and (Au/Au) device 
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Figure 2.11:  injection from top electrode comparison between (Ag/Pt) and (Ag/Ag) device. 

Figure 2.12: injection from top electrode comparison between (Al/Pt) and (Al/Al) device. 
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2.3.4 Asymmetric devices comparison: 

2.3.4.1 Positive sweep 

In this case we were injecting from the bottom Pt into the top electrode, we get the largest 

current value for the (Al/Pt) device, while we get the lowest for the (Au/Pt) device, we 

anticipated that due to the large built-in bias due to the difference between the work 

functions of the top and bottom electrodes is largest for (Al/Pt) and lowest for the 

(Au/Pt). The energy difference is the largest for (Al/Pt) device, thus promoting charge 

injection into the top electrode, and it is the least for the (Au/Pt) device.  

To shed more light on this, we assumed P(VDF-TrFE) has a band gap of 7.7 eV, and 

electron affinity of 4 eV. We based this assumption on a DFT calculation of 2 VDF-TrFE 

monomer units of all-Trans configuration, believed to represent longer chains’ band 

diagram[19].  The calculation gives a band gap of 7.7 and HOMO level of ~-7 eV and the 

IPES spectra for the polymer agrees with the HOMO level calculated by the DFT method 

which is ~ -7eV as reported in[18, 20, 21].  So, using 7.7 eV as the polymer’s band gap, 

and 4 eV as the electron affinity of the polymer, which we note is close to that of the 

Fluorine atom of 3.4 eV, and using the following work functions for the metals: 

Table 2.3: Anticipated work functions of metals thermally evaporated. 

Metal  Work function  Reference 

Pt 5.65 [50] 

Au 5.1 [51] 

Al 4.25 [51] 

Ag 4.6 [52] 
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We can draw the band diagrams for the different devices under thermal equilibrium with 

and without DC bias in Figures 2.13, 2.14, 2.15 and 2.16. 

Figure 2.13: Band diagram of (Au/Pt) device under no external bias. 

Figure 2.14: Band diagram of (Al/Pt) device under no external bias. 

 

 
Au        Pt 

Al        Pt 



74 
 

 

 

 

Figure 2.16: Band diagram of (Al/Pt) device under 25V (top electrode positive and bottom 

grounded). 

Figure 2.15: Band diagram of (Au/Pt) device under 25V (top electrode positive and bottom 

grounded). 

 

 
Au        Pt 

Al        Pt 
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So, we can argue that the increase in the current could be attributed to the built-in bias, 

which is 0.55 V, 1.05 V, 1.55V in the cases of (Au/Pt), (Ag/Pt) and (Al/Pt) devices 

respectively.  Although drawing band diagram could be an oversimplification since 

P(VDF-TrFE) is semicrystalline material, and this model does not account for transport 

in amorphous regions.  In Figure 2.17, current levels for asymmetric devices are shown 

where the lowest work function top electrodes, Al, gave the largest leakage which was 

one order of magnitude larger than the (Au/Pt) device. 

 

 

 

 

 

 

 

Figure 2.17: Current levels for positive sweep of (Au/Pt), (Ag/Pt) and (Al/Pt) devices (injection 

from the bottom Pt electrode). 
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2.3.4.2 Negative sweep 

In the negative sweep (top electrode is negative), we have not seen an injection limited 

behavior like the positive sweep; however, current levels were almost equal for all three 

devices. It is expected that (Al/Pt) electrode pair will have the largest current due to the 

expected lower band offset between the Fermi level of Al and the LUMO edge of 

P(VDF-TrFe), which is estimate to be 0.1 eV from the model we constructed. However, it 

is reported in the literature that Al reacts with P(VDF-TrFE) forming AlF[42],which is a 

dielectric that might inhibit injection into P(VDF-TrFE). As for the difference between 

Au and Ag devices, we expected (Ag/Pt) device to be more conducting than (Au/Pt) 

which is the case given that the theoretical band offset is 1.1 eV and 0.6 eV for (Au/Pt) 

and (Ag/Pt) devices respectively. In Figure 2.18, the current levels for the three devices 

are shown, and they are almost equal for all three devices. 

Figure2.18: Current density for negative sweep of (Au/Pt), (Ag/Pt) and (Al/Pt) devices (injection 

from the top electrode). 
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2.4 Charge Transport regimes: 

In the analysis of the transport regimes in the I-V curves, we examined the I-V curves 

characteristics for the (Au/Pt), (Ag/Pt) and (Al/Pt) curves. Three main regions were 

identified on the Log-Log scale: A low resistance region of slope greater than three, 

Schottky injection region with a slope ~1 where thermionic emission over the barrier 

between the LUMO level of the polymer and the Fermi level of the metal, and a space-

charge limited region with a slope ~2. 

Below are the graphs of the positive sweep on Log scale of (Au/Pt), (Ag/Pt) and (Al/Pt) 

devices in Figures 2.19, 2.20 and 2.21 respectively.  

Figure 2.19: Current level in the positive sweep on the log scale of (Au/Pt) device. 
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Figure 2.20:  Current level in the positive sweep on the log scale of (Ag/Pt) device. 

 

Figure 2.21: Current level in the positive sweep on the log scale of (Al/Pt) device. 
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2.4.1 Region I 

In this region, at fields less than 10 MV/m, the current sharply rises with the applied field 

with slopes greater than 3. In dielectric polymers, even non-polar ones, the following 

processes are reported to take place at low fields[53]: 

1) Charging of the geometrical vacuum capacitance. 

2) Fast  kinds  of  polarization,  e.g. resonance  and  some types  of  dipole  

orientation polarizations. 

3) Slow types of dipole relaxation polarization. 

4) Trapping of charge carriers in the bulk of the dielectric. 

5) Flow of  conduction current  caused  by  the motion  of  charges injected  from 

the electrodes  or generated  by  thermal  ionization  of  impurities  or  of  the  

dielectric itself,  or produced  by  photo-ionization or high-energy radiation 

ionization. 

There are good reasons for believing this is the case here, because of the semi-crystalline 

nature of the film, we expect a high density of charge traps,  at both the metal-polymer 

interface as was discussed in chapter 1, as well as the interface between the crystalline 

and amorphous regions in the films. So, this region steep rise in the current could be 

attributed to at trap filling phenomenon. 

2.4.2 Region II 

The slopes in this region for (Au/Pt), (Ag/Pt) and (Al/Pt) are: 1.25, 1.4 and 1.6 

respectively. Since the current levels depend on the top electrode used, we suspected an 
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injection limited scenario. Two possible mechanisms are: Thermionic emission or 

Frenkel-Poole emission to dominate in this region.  

The equation for Thermionic emission is[22]: 

                                                          
          

   

      
    

  
                                          (2.1) 

Where, J is the current density, A is Richardson constant., T is absolute temperature, Φb 

is Barrier height, K is Boltzmann constant, εi  is dielectric constant of the material, and 

εi= εo εr, where εo is the permittivity of free space, and εr is the relative permittivity of 

PVDF-TrFE. E is Electric field applied across the sample, q is electron charge 

 And the equation for Frenkel-Poole emission is[22]: 

                                                               
         

   

     
    

  
                                           (2.2) 

So, in the case of Thermionic emission, we can write the following relationship for the 

voltage dependence of the current density: 

Ln(J) α Sqrt(E)                                                   (2.3) 

And, in the case of Frenkel-Poole emission, we can write the following relationship: 

Ln(J/E) α Sqrt(E)        (2.4) 

 So, plotting both graphs for the 3 different devices, linear fits were obtained for the 

encircled regions in Figure 2.22 and Figure 2.23. 
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Figure 2.22: The Thermionic emission current voltage dependence for the (Au/Pt), (Ag/Pt) and 

(Al/Pt) devices, the encircled region is where linear fits where found. 

 

 

 

 

 

 

 

      

Figure 2.23: The Frenkel-Poole current voltage dependence for the (Au/Pt), (Ag/Pt) and (Al/Pt) 

devices, the encircled region is where linear fits where found. 
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So, in order to verify whether it is thermionic injection over a Schottky barrier, or 

Frenkel-Poole emission, we did the temperature dependence of the I-V curves for all the 

three devices.  

For the (Au/Pt), the following temperature dependence was found for the current-voltage 

in Figure 2.24. We plotted the same curve in Figure 2.25, where we encircled the region 

of interest at which a linear fit is found.  

 

 

 

  

 

 

 

 

Figure 2.24: The current voltage relationship at different temperatures for the (Au/Pt) device on 

the linear scale. 

 

 

(Au/Pt) 
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Figure 2.25: The current voltage relationship at different temperatures for the (Au/Pt) device on 

the log scale. 

So, in order to verify which transport mechanism we have, we plotted first the 

temperature dependence of the Frenkel-Poole behavior searching for linear fits for the 

region of interest encircled in Figure 2.26.  

 

 

 

 

 

 

Figure 2.26: Frenkel-Poole current voltage dependence at different temperatures, 

the encircled region of interest is where a linear fit for the curve was found. 

 

(Au/Pt) 

(Au/Pt) 
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When we tried to back calculate the dielectric constant from the equation of the Frenkel-

Poole emission, where the slope should be as shown in Figure 2.27: 

Slope = 
 

  

      
 
 
 

  
                   (2.5) 

 

 

 

 

 

 

 

 

 

Figure 2.27: Dielectric constant extraction from the Frenkel-Poole dependence curve at 25C 

It was found that for T= 25 C, and for 9<E<25 MV/m that εr = 18846, which is order of 

magnitudes higher than the reported values in the literature.   

Also, we calculated the value of εr for higher temperatures in Table 2.4: 

(Au/Pt) 
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Table 2.4: Dielectric constants back calculated from Frenkel-Poole transport equation. 

Figure 2.28: Schottky injection current voltage dependence at different temperatures, the 

encircled region of interest is where a linear fit for the curve was found (positive sweep injection, 

from the bottom electrode). Encircled region is the region where Schottky injection is suspected 

to be the dominant transport mechanism.  

 

Temperature (Kelvin) Optical Dielectric Constant  

300  18846 + 188 

310 8133 + 81 

320 428 +  4 

330 445 + 4 

 

(Au/Pt) 
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The numbers are orders of magnitude different from the reported values.  So, the next 

step is to investigate the temperature dependence according to the Schottky injection 

formula. According to the Schottky injection formula, the following voltage and 

temperature dependence is established: 

 ln(J/T
2
) α                                                       (2.6) 

So, we plotted this relationship at different temperatures for the (Au/Pt) device in Figure 

2.28. We could find a linear fit for the encircled region in the Figure 2.28, and when we 

tried to back calculate the value of the dielectric constant from the slope of the ln(J/T
2
)-

Sqrt(E) curve at 25 
o
C. From the equation, the slope should be equal to: 

                                                                          
 

  

       
 
 
 

  
        (2.7) 

 

 

 

 

 

 

 

 

       Figure 2.29:  Dielectric constant extraction from the Schottky injection dependence curve at 

25C. 

(Au/Pt) 



87 
 

 

So the linear fit for the slope of Figure 2.29 is shown in Figure 2.30 for current-voltage 

measurement done at 25 
o
C, for fields 5 <E< 25 MV.  

The slope of the Ln(J/T
2
)- Sqrt(E) at T=300 K and for  5<E<25 MV/m is: 

Slope = 4.81E-4 = 
 

  

       
 
 
 

  
 

εr = 9.3, this value is close to the value reported in literature for PVDF-TrFE.  

Calculated dielectric constants at different temperatures are in Table 2.5: 

Table 2.5: Dielectric constants back calculated from Schottky injection transport 

equation. 

Temperature (Kelvin) Optical Dielectric Constant 

300  9.3 + 0.1 

310 4.9 + 0.1 

320 3.1 + 0.1 

330 2.4 + 0.1 

All these values are within the same order of magnitude of the reported values of the 

dielectric constant of PVDF-TrFE. We confirmed this by doing a dielectric constant 

measurement, which gave us a value of ~9.2 at 100 Hz frequency as shown in Figure 

2.30. 
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Figure 2.30: Dielectric constant of (Au/Pt) device at different frequencies. 

When we tried to calculate the barrier height, Φb, from the ln(J/T
2
)-Sqrt(E) curve by 

extrapolating the slope tangent line to its’ y-axis intercept, i.e: the value of    
 

    at  

 

 

 

 

 

 

 

 

At  E = 0 MV/m 

Figure 2.31: Barrier height calculation from the Schottky injection dependence calculation 

(injection from the bottom Pt electrode) with error bars accounting for standard deviation for current 

measured for four devices. 
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which the field E=0. At this point, the slope of      
 

     
 

 
  at E=0 is  

    Φ 

 
 

So, the slope of Figure2.31: Slope = 
  Φ 

       
 , So Φb Pt = 0.863 eV. 

This value is close to the theoretical offset between the Fermi level of Platinum and the 

LUMO level of PVDF-TrFE, which is 1.55eV according to the model proposed above for 

the band diagram of the device. But, we expect image-force charge lowering at the metal-

polymer interface as reported for OPPV[23], as well as surface states to affect the 

effective barrier between the metal and the LUMO level of P(VDF-TrFE)[34].  

However, when we compared this to the calculated barrier in the negative sweep, i.e 

when we were injection from the top Au electrode, we found a very interesting result.  

 

 

 

 

 

 

 

 

Figure 2.32: Schottky injection current voltage dependence at different temperatures, the encircled region 

of interest is where a linear fit for the curve was found (negative sweep, injection from the top electrode) 

Encircled region is the region where Schottky injection is suspected to be the dominant transport 

mechanism. 

(Au/Pt) 
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Plotting     
 

      
 

 
, we encircled the region corresponding to Schottky injection as 

shown in Figure 2.32, when we extrapolated the tangent straight line to this region to its’ 

y-intercept (at E=0MV/m), and we plotted the value of the      
 

  
       

    

 
, to find the 

slope value, we found the following result as shown in Figure 2.33.  

The calculated barrier was equal to  

 

Slope = 
  Φ 

       
 , So Φb Au = 0.296 eV.  

Figure 2.33: Barrier height calculation from the Schottky injection dependence calculation (injection from 

the top Au electrode) with error bars accounting for standard deviation for current measured for four 

devices. 

At  E = 0 MV/m 
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the differnence of the two barrier heights is equal to Φb Pt - Φb Au = 0.567 eV, which is very 

close to the anticipated difference between work functions of Pt, and Au (5.65-5.1 = 0.55 

eV). This further affirms that Schottky injection is the dominant mechanism of injection 

in this region. 

2.4.3 Region III: 

Beyond the injection limited region, it was observed that on the Log(I)-Log(V) plots, that 

the slope was ~2 for (Au/Pt),(Ag/Pt), and (Al/Pt) devices. The fields at which the slope is 

>=2, for measurements done at room temperature, were computed to be as shown in 

Figure 2.34.  

Device E(Slope>=2) 

(Au/Pt) 58.75 MV/m 

(Ag/Pt) 39.9 MV/m 

(Al/Pt) 16.25 MV/m 

 

 

 

 

 

 

Figure 2.34: The Field values at which the slope of the I-V 

curve is > 2. 
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We identified this region as the Space-Charge-limited Conduction region, since the 

current voltage dependence matches that of SCLC after the trap-filled limit, as shown in 

Figure 2.34, which is[24]: 

I 
     

   
                (2.8) 

 

 

 

 

 

 

 

Figure 2.35: the transition from Ohmic behavior to SCLC for the case of deep traps and shallow 

traps[24]. 

Where ε is the permittivity of the material, μ is the mobility of the dominant carriers, and 

L is the thickness of the sample. The transition from the Schottky injection limited 

regime to the SCLC regime matches the case of having shallow traps as shown in, so we 

modify the trap free insulator equation to become[24]: 

I 
      

   
                                                (2.9) 
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Where θ is the proportion of the charges that is free (non-trapped), and is in the 

conduction band, above the LUMO level of the polymer. For a single level of shallow 

traps whose density is Nt cm
-3

 and whose distance from the conduction band is E eV, the 

fraction θ is given at specific temperature T: 

        
  

  
   

 

                                        (2.10) 

 Where, Nc is the effective density of states in the conduction band.  

The onset of the SCL injection for shallow traps occurs when the free-electron 

concentration is doubled through injection.  i.e: when ninjected = n0, where no is the free 

carrier concentration in the conduction band  at a certain temperature, T. The cross over 

voltage, Vx ,  from the Ohmic conduction to SCLC, for the case of a single level of 

shallow traps, is given by[24] as shown in Figure 2.35: 

               
 

  

 
                                     (2.11) 

Also, for a single trapping level, the voltage at which all the traps are filled, for a single 

trapping level with concentration Nt is given by[24]: 

             
          

 
                                          (2.12) 

After VTFL , the slope of the curve matches trap-free-square law. We calculated the fields 

at which the slopes >= 2, and they were 58.75 MV/m, 39.9 MV/m, and 16.25 MV/m for 

(Au/Pt), (Ag/Pt) and (Al/Pt) devices respectively.  We noted that the different fields at 

which the slope started to become greater than or equal to two, corresponded to almost 
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the same current value, 562 μA/m
2
,  which is 5.62      A/cm

2 
as shown in Figure 3.34, 

which is consistent with the onset of the SCLC transport behavior in the different films, 

since SCLC is a bulk-limited mechanism. 

2.5 Conclusion: 

The current-voltage characteristics of PVDF-TrFE memory devices have been 

extensively characterized and a conduction mechanism has been proposed.  Three regions 

in the I-V curves have been identified.  The first is possibly a trap filling region, the 

second is Schottky injection limited region, and the third is Space-Charge-Limited 

Current (SCLC) region. 
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Chapter 3 

3    Optical Imprint experiment 

3.1 Introduction: 

Optical imprint is an experiment in which both electrical bias near the switching, or 

coercive, field of a ferroelectric material is applied and optical illumination through a 

semi-transparent electrode. It is designed to test the effect of the photo generated charges 

on the remnant polarization and the coercive field of the film. The reason for biasing the 

film around the coercive field, at which only partial switching is achieved, is to examine 

whether injected charge can effectively switch the domains and pin them in a certain 

direction, thus imprinting the hysteresis curve. Ferroelectrics like PZT exhibited two 

distinct,  but related  types  of  photoinduced  changes  in  their  hysteresis  behavior:  (1)  

a photoinduced  suppression of  the  switchable  polarization  and  (2)  a photoinduced  

voltage  shift. For the PZT experiment reported in the literature, broad-band optical 

illumination was used from an 200 W Hg arc lamp, and top Pt electrodes of 20 nm 

thickness were deposited, semi-transparent electrode, to allow light to go through and get 

absorbed in the film.  In this chapter, we will present the setup used in the experiment, 

testing the setup for fatiguing PZT films, and finally the P(VDF-TrFE) experiment 

optical fatigue experiment. 
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3.2 Experimental setup: 

The experimental setup is as shown in Figure 3.1; it shows that we have a broad-band 

white light source coming from a 300W Xe arc lamp, coupled to an optical fiber. The 

applied bias was through the radiant Precision II ferroelectric tester, which was also used 

for measurement of hysteresis loop. The top semi-transparent Au electrode was thermally 

evaporated and tested for thicknesses ranging from 10-20 nm. The films thicknesses were 

characterized by a Dektak Profilometer.  

 

 

 

 

 

 

Figure 3.1: Optical imprint setup. 

As for the PZT film used for testing the setup, we used a commercial solution, for a sol-

gel deposition, Pby(Zrx,Ti1-x)O3 of composition (1.1, 0.48, 0.52) of (Pb,Zr,Ti) 

respectively. The extra lead was used to compensate for the volatility of the lead during 

the final anneal of the film at high temperature. The sol-gel process conditions are in 

Table 3.1: 

 
 

 

Si 
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Pt  
Ferroel
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A
u 

A
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Table 3.1: spinning conditions for PZT 

Spinning speed 3000 rpm 

Spinning time 30 sec 

Pre-bake temperature 300 oC 

Pre-bake time 10 min 

Final anneal conditions In air, 675 oC 

Final anneal time 30 min 

Thickness per 3 spins 100 + 10 nm 

As for the P(VDF-TrFE) we used a 2wt% solution,  with the following spinning 

conditions in Table 3.2: 

Table3.2: Spinning conditions for 2wt% P(VDF-TrFE) 

Solution 2 wt% 

Spinning speed 3000 rpm 

Spinning time 60 sec 

Pre-bake temperature 80 oC 

Pre-bake time 30 min 

Finalanneal conditions In vacuum, 135 oC 

Final anneal time 4 hrs 

Thickness per spin 140 + 10 nm 

For the optical imprint experiment, we compared two virgin devices, one with DC bias 

only, and the other one with DC bias and optical illumination applied simultaneously, to 

differentiate between fatigue due to injected charges from the electrodes compared to that 

of the photogenerated charges inside the film. Also we have done Hysteresis 

measurement after 30, 120, 180, 240, and 300 seconds 
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3.3 Results and discussion: 

3.3.1 Optical imprint of PZT: 

We compared the Hysteresis loop for a virgin device with that optically fatigued as was 

described earlier with broad-band optical illumination and DC bias near the switching 

voltage, which we chose to be 4 V, after choosing other voltage values + 1 V around it. 

Results of the comparison of the two devices, the one optically fatigued and the DC 

stressed one, are shown in Figure 3.2 and Figure 3.3, respectively.   

 

 

 

 

 

 

 

Figure 3.2: Optical imprint of PZT, under a simultaneous application of broad-band optical 

illumination and DC bias of 4 V for 300 sec. 
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Figure 3.3: DC stressing of PZT under DC biasing at 4 V for 300 sec. 

We note the following, for the optically fatigued devices the major hysteresis loop 

parameters are in Table 3.3: 

Table 3.3: Hysteresis curve parameters before and after optical fatigue 

Parameter Virgin device After optical fatigue 

Pr 22.8     μC/cm2 18.2 μC/cm2 

-Pr -23.4   μC/cm2 -18. 3 μC/cm2 

Vc 4.76     V 5.63    V 

-Vc -3.25    V -3.30   V 

We note that the values of the positive and negative coercive voltages are not equal in the 

virgin device because of the asymmetric electrodes of different work function. But as for 

the changes in the parameters of the Hysteresis loop, we note that the polarization values 

dropped by about 20% after 300 sec of exposure. Also, hysteresis loop coercive fields 
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increased in both direction, specially Vc increased about 1 V, consistent with the domain 

wall pinning theory presented in Chapter 1, where domain walls needs a higher voltage to 

switch since they are pinned down by the trapped charges at the domain boundaries. As 

for the DC bias only experiment, the major hysteresis loop parameters are in Table 3.4: 

Table3.4: Hysteresis curve parameters before and after DC stressing 

Parameter Virgin device After DC stressing 

Pr 21.4    μC/cm2 19.55    μC/cm2 

-Pr -22.0   μC/cm2 -19.7     μC/cm2 

Vc 4.8        V 4.39      V 

-Vc -3.33     V -3.51     V 

We noticed the polarization values dropped by about 8%, but also that the Hysteresis 

loop was shifting to the left, reducing the coercive voltage in the positive direction, which 

could be explained by the domain wall pinning model as field assisted detrapping of the 

trapped charges at the domain walls, and since we do not have photogenerated charges to 

be trapped, the effective effect is that the unpinning of the trapped charges exceeds the 

pinning of charges at the domain walls. 

So, since we verified having optically fatigued PZT, through broad-band optical 

illumination and DC bias combination, we proceeded to do the same experiment for 

P(VDF-TrFE).  
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3.3.2 Optical imprint of P(VDF-TrFE): 

 We did the same experiment for P(VDF-TrFE), and we found the following results. 

Between DC stressing experiment, and optical imprint experiment, we did not notice a 

change in the behavior of the hysteresis curves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: DC stressing of P(VDF-TrFE) under DC biasing at 6 V for 300 sec. 

Figure 3.4: Optical imprint of P(VDF-TrFE), under a simultaneous application of broad-

band optical illumination and DC bias of 6 V for 300 sec. 



102 
 

 

So, this could be attributed to the following two reasons:  

1-The large bandgap of P(VDF-TrFE), which is thought to be greater than  5.6 eV, 

according to experimental  data of crystalline films, such that it was not possible to excite 

electrons from the HOMO level, to the LUMO level using white light broad-band 

illumination that has much lower intensities in the near UV wavelengths compared to that 

of the visible range wavelengths. That was not the case in PZT, since it has a bandgap of 

about 3.5 eV which is closer to the visible regime wavelengths than P(VDF-TrFE) which 

needs wavelengths of around 200 nm to excite the carriers from the HOMO to the LUMO 

level. A typical emission of a 300W Xe arc lamp is shown in Figure3.5,from the 

manufacturer’s website.  The picture shows the spectrum for new and lamps used for 

1200 hours. It clearly shows that the emitted spectrum drops significantly below 300 nm 

wavelength[54].  

2- The second reason we think the setup did not fatigue the P(VDF-TrFE) film is because 

the light transmittance of Au in the near UV range is much higher than in the visible 

range as shown in Figure 3.6 where transmission at 200 nm is about 40%[55].  
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Figure3.6: Irradiance from a 300 W Xe arc lamp for new lamp and that used for 1200 hours[54]. 

 

 

 

 

 

 

 

Figure 3.7: Transmission of thin films of Au at different wavelengths, the 10 nm of Au is 

highlighted[55]. 
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3.4 Conclusion 

We have conducted the optical imprint experiment for both PZT and P(VDF-TrFE), and 

we were successful in reproducing the optical fatigue experiment for PZT. However, we 

did not see the imprint effect for P(VDF-TrFE) for possibly two reasons: the low 

intensity of the UV portion of the emitted light from the Xe arc lamp, and the low 

transmittance of the Au top electrode for wavelengths less than 300 nm. So, for the above 

reasons, we think a UV laser is recommended for doing the experiment, with a high 

enough intensity to account for the transmission losses in the thin Au top electrode. Two 

reasons were proposed to explain the result.  
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Chapter 4 

 Summary 

Firstly, charge transport in P(VDF-TrFE) was studied as a function of injecting electrodes 

and temperature.  Electrons were identified as the majority injected carriers in, and 

P(VDF-TrFE) showed n-type conduction behavior as was shown from symmetric 

electron current-voltage studies. Secondly, three charge transport regions were identified 

for P(VDF-TrFE). The first is low resistance region for fields less than 10 MV/m, where 

a steep rise in the current voltage curve was identified. This could be attributed to filling 

traps in P(VDF-TrFE). The second transport region is due to thermionic emission over a 

Schottky barrier, which dominated for fields greater than 10 MV/m and less than 25 

MV/m.  This region was confirmed by the temperature dependence of the current voltage 

relationship. Also, the back calculated dielectric constant of P(VDF-TrFE) from the 

thermionic emission equation matched the values calculated from dielectric constant 

measurements. Injection barrier heights were identified for two different metals, Au and 

Pt, and their difference matched the difference in the work functions of the two metals. 

The third transport region was due to Space-Chrage-Limited Current (SCLC), which was 

identified for three different devices with different top electrodes. The onset voltage of 

the SCLC region, Vx, was about 25 MV/m for the (Au/Pt) device.  However, the three 

devices had the same current value for which the slope of the current voltage curve was 

greater than or equal to two, trap-filled limit VTFL, which is typical of the trap-free SCLC 

equation. This confirmed the SCLC behavior, since it is a bulk-limited mechanism. 

Finally, an experiment was set for testing the optical imprint effect for P(VDF-TrFE). 

The setup was tested for PZT film where optical imprint has been reported, and results 
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reproduced the reported date, hence validating the setup. When the P(VDF-TrFE) was 

tested for optical imprint using the same setup, the effect was not observed. Firstly, the 

low intensity of the UV portion of the emitted light from the Xenon arc lamp used in the 

test. The UV light was needed to excite electron across the large bandgap of P(VDF-

TrFE), which is expected to be around 5.6 eV according to experimental results. 

Secondly, the low transmittance of the Au top electrode for wavelengths less than 300 nm 

which is less than 40%.  
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