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Solid solutions based on the perovskite ferroelectrics Bi0.5Na0.5TiO3 (BNT) and 

Bi0.5K0.5TiO3 (BKT) might someday replace current Pb-based ferroelectric and 

piezoelectric devices. This is one goal of the Restrictions on Hazardous Substances 

(RoHS) guidelines seeking to limit Pb in consumer devices. Although the Bi-based 

ferroelectrics are well suited to the task for their overall high Curie temperature and good 

piezoelectric properties, there are still questions about reliability. The primary goal of this 

research was to advance the understanding of long term reliability in polycrystalline 

BNT-BKT thin films fabricated by chemical solution deposition (CSD). The constituent 

cations are highly volatile at the crystallization temperatures, and oxygen vacancies are 

common to all oxide perovskites. The resulting defects are associated with higher leakage 

currents, which can reduce long term stability by increasing the frequency of early 

failures due to localized breakdown events. Research focused on several topics related to 

electronic and ionic conduction in BNT-BKT thin films. 

Mn-doping is a well known technique utilized to decrease electronic current in many 

perovskite ferroelectrics. A study of the steady state leakage current in Mn-doped 

80BNT-20BKT films was performed, including 0 up to 2 mol% Mn. Space charge-

limited conduction was found in all films, although the onset of strong injection increased 

with dopant concentration. The 2 mol% Mn films showed only Ohmic conduction 

beyond 180 °C and 400 kV/cm. Additionally, ionic conduction processes also play a role 



 

 

in fatigue and resistance degradation. High temperature transient currents are believed to 

be directly related to ionic migration. Analysis of these peaks reveal activation energies 

and mobilities consistent with migration of oxygen vacancies in the 80BNT-20BKT 

films. However, the transients for Mn-doped films displayed some unusual characteristic 

of very short, temperature insensitive transient times. This may indicate that a different 

mechanism is operating in those films. 

The binary system (100–x)BNT-xBKT for x=10, 20, 30, and 40 was studied for the 

steady state leakage current and ionic transport properties. Leakage current decreased 

dramatically on moving from the rhombohedral x=10~20 films to the tetragonal x=30~40 

films. Other correlations included some evidence of incipient texturing of the tetragonal 

films, as well as decreasing roughness with larger x. The ionic transport properties were 

again measured in these films. They appear to show a decrease in the mobility of oxygen 

vacancies with increasing x. This may have implications for improving reliability in the 

future. 

The effects of post-annealing at different oxygen partial pressures (pO2) was attempted in 

order to determine the majority electronic carrier type. All films tested, which included 

80BNT-20BKT, 95(80BNT-20BKT)-5Bi(Ni0.5Ti0.5)O3, and 95(80BNT-20BKT)-

5BaTiO3, produced results consistent with n-type conduction. Also, while the current is 

generally space charge-limited, there are several key features of the current density-

electric field characteristics which were affected by the post-anneal pO2. Information on 

the trap density and distribution and the carrier density can be gleaned from analyzing 

these curves. 
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1.  Introduction 

 

 

1.1 Motivation 

Solid solutions based on the ferroelectric perovskite Bi0.5Na0.5TiO3 (BNT) and 

Bi0.5K0.5TiO3 (BKT) might someday replace current Pb-based ferroelectric and 

piezoelectric devices. The goal of this research was to advance the understanding of long 

term reliability in polycrystalline BNT-BKT-based thin films fabricated by chemical 

solution deposition (CSD). The driving force to develop these materials is the 

Restrictions on Hazardous Substances (RoHS), which seeks to limit Pb in consumer 

devices [1]. Despite repeated extensions of exemptions for Pb-based ferroelectrics, there 

is still no material to date which can fully replace Pb-based materials. BNT-BKT-based 

compounds are a potential alternative for some transducer applications due to a 

combination of having a depolarization temperature (Td) ≈150 °C, good piezoelectric 

properties, and low leakage currents relative to other Bi, Na and K-based ferroelectrics. 

In order to realize the widest range of applications, BNT-BKT-based materials must be 

optimized through the use of ternary systems and dopants, as has been done for Pb-based 

materials. This will have implications for the long term reliability of devices. 

It is very common that devices with ac driving sources are operated with an 

applied dc bias [2]. Large leakage currents can adversely affect device efficiency and 

reliability. Analysis of leakage current can also give clues towards improving materials 

and/or processing conditions. The constituent cations; Bi, Na, and K are all highly 

volatile at the crystallization temperatures employed, and oxygen vacancies are common 

to all oxide perovskites. The resulting defects can directly be associated with higher 

leakage currents, which can reduce long term stability by increasing the frequency of 

early failures due to localized electric-field breakdown events. Mobile defects are also 

implicated in resistance degradation and cycling fatigue. The importance of studying dc 

leakage current in ferroelectric and piezoelectric thin films is clear. 
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Our understanding of the relevant parameters necessary to characterize the 

robustness of these materials has not developed nearly as completely as, for example, 

BaTiO3 and Pb-based materials. This is particularly so in the case of leakage current in 

thin films. These characteristics have implications for both performance and long term 

stability. Therefore, this thesis is devoted to a study of conduction processes at both short 

and long time scales, and at elevated temperatures. All of these factors are important for 

contemporary devices. For instance, dielectric relaxation currents are a function of both 

temperature and time. Accounting for dielectric relaxation is necessary for a true 

measurement of the steady state leakage current. Transient currents at high temperatures 

and on long time scales, encountered in Chapters 4 and 5, can imply ionic migration 

which is known to have significant implications for reliability. Ionic migration can affect 

such phenomena as fatigue, resistance degradation, and ferroelectric polarization 

suppression. A form of positive temperature coefficient of resistivity (PTCR) was 

observed in many samples, and discussed in Chapters 4 and 7. 

This work is designed to convey the rich diversity of conduction behaviors in 

BNT-based thin films, and possibly to provide guidance how to mitigate them in order to 

hasten their adoption. 

1.2 Objectives 

The overarching scientific goal of this work is to illuminate the factors that 

differentiate the conduction properties of different compositions, so that the underlying 

reasons for these differences may be understood and capitalized upon. The specific 

objectives of this research are as follows: 

i. To conduct a systematic study of Mn-doping in 80BNT-20BKT thin films. Mn is 

commonly added to decrease the leakage current in many ferroelectric thin films. It is 

studied here in detail, comparing different concentrations of Mn, and observing the 

leakage current as a function of temperature. 

ii. To explore the steady state, dc leakage current versus electric field and temperature in 

BNT-based thin films. To model the results and determine the conduction 

mechanism(s). The variation of leakage current with x in the binary (100-x)BNT-
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xBKT system is explored, as even this seemingly basic information is not currently 

available in the literature. The effect of the partial pressure of oxygen (pO2) during 

annealing is also explored. This experiment can help to identify the carrier type of a 

film. Also, a post-anneal step under various pO2 is commonly added to improve the 

stability of capacitors. This will provide a good reference for the optimization of this 

procedure. 

iii. To measure the transient currents in BNT-based thin films. To study the cause of 

these currents and their relationship to other film properties. The currents are thought 

to be related to ionic migration. The migration of ions under applied electric field has 

been implicated in electric-field fatigue, resistance degradation, and polarization 

suppression in perovskite ferroelectrics. It is desirable to understand the conditions 

under which ionic migration occurs so that effort can be directed at preventing it. 

 

References 

[1] J. Rödel, W. Jo, K. T. P. Seifert, E. M. Anton, T. Granzow, and D. Damjanovic, 

“Perspective on the development of lead-free piezoceramics,” J. Am. Ceram. Soc., 

vol. 92, no. 6, pp. 1153–1177, 2009. 

[2] G. W. Dietz, W. Antpöhler, M. Klee, and R. Waser, “Electrode influence on the 

charge transport through SrTiO3 thin films,” J. Appl. Phys., vol. 78, no. 10, pp. 

6113–6121, 1995.  
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2. Background and literature review 

 

 

2.1 Review of ferroelectric thin films 

2.1.1 Perovskite crystal structure 

The entire range of solid solutions (100-x)BNT-xBKT crystallize into the 

perovskite structure. The unit cell is shown in Fig. 1. The ideal perovskite structure, with 

the formula ABO3, is a simple cubic lattice with space group Pm 3 m. The A-site lies on 

the corners of the unit cell, the B-site cation lies at the center, and oxygen anions sit on 

the face centers.  

 

Figure 2.1 – The perovskite crystal cell, of which BNT and BKT are examples. 

The structure often undergoes slight deviations from its cubic form, becoming 

either tetragonal or rhombohedral. The Goldschmidt criterion can be used to roughly 

predict the distortion of the perovskite structure given the ionic radii of the constituent 

atoms by defining the tolerance factor, t, as [1] 

   
     

         
                                                                 

For the perovskite ABO3 to form, generally 0.9>tG>1.1. Cubic systems are 

predicted for tG≈1. When tG>1, a polar distortion develops, indicating that the B atom 

resting in the octahedron is small and the crystal will have a tetragonal distortion. 

Conversely, when the A atom is small, the distortion will more likely be to the 

rhombohedral or orthorhombic structure. 

2.1.2 Polarization mechanisms 

Polarization, P, is defined as the separation of electric charge. There are many 

physical examples including, among others, space charge, ionic, and electronic 
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polarization. Each of these responds with deformation when placed in an external electric 

field, E. There is also a characteristic frequency associated with each unique source, 

above which E is changing too fast for the source to respond. This is illustrated in 

Fig. 2.2. 

 

Figure 2.2 – Frequency dependence of some common polarization mechanisms. 

Dielectric media experience an electric polarization throughout the bulk made up 

of microscopic electric dipole moments. All dielectrics exhibit some kind of polarization 

response to an applied electric field, but usually it is linear to a first order approximation. 

Ferroelectric crystals, on the other hand, are made up of spontaneously polarized regions 

called domains. Ferroelectrics exhibit a complicated non-linear, hysteretic response to an 

applied electric field, due largely to this domain structure, and so they are termed non-

linear dielectrics. 

2.1.3 Dielectrics 

The parallel plate capacitor is illustrated in Fig. 2.3. A linear dielectric material, 

which could be in the form of a thin film, is subjected to E placed across two electrodes 

and develops a uniform P normal to the surface. The net effect of the polarization is a 

bound charge on the surface of the dielectric. In perovskite dielectrics it is the oscillation 

of the smaller B-site atoms relative to the oxygen octahedra that is the primary 

contributor to the ionic polarization. These ionic displacements are able to respond to E 

below several GHz. 
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Figure 2.3 – Parallel plate capacitor. 

The law of proportionality between P and E is 

                                                                                                                   

where χe is the relative dielectric susceptibility, and ε0 is the permittivity of free space [2]. 

The dielectric permittivity, ε, is also defined in terms of the χe. Thus the permittivity and 

susceptibility are equivalent concepts and they are related to each other and to the 

polarization of the material through 

                                                                                                              

The relative permittivity, εr, is given by

 
   

 

  
                                                                                                                  

 

 

Real capacitors, which are imperfect insulators, have energy losses associated 

with them due to dielectric relaxation, as well as electronic conduction. This can be seen 

when the permittivity is expressed as a complex number: 

                                                                                                    

where ε
’
 is the lossless permittivity and ε

’’ 
is the lossy permittivity due to the energy 

dissipated. In the case of good insulators, when electronic conduction is minimal, the 

fraction of energy dissipated versus that stored by the capacitor is known as the loss 

tangent. 

     
   

  
                                                                                                            

In perovskite ferroelectrics, the presence of space charge due to defects such as 

vacancies can result in losses in the region 0.1-10 kHz. Therefore, one sign of the quality 
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(with small numbers of defects) of a dielectric film is a small tanδ at 1 kHz, at least below 

5 %. 

2.1.4 Piezoelectricity 

The term piezoelectricity is derived from the Greek word “piezo”, which means 

“to press”, and “electricity”. The phenomenon was discovered by Jacques and Pierre 

Curie in 1880 [3]. Via the direct effect, piezoelectric materials generate a dielectric 

displacement under applied stress. The indirect effect is described as a strain, Sjk, induced 

by an externally applied Ei [4]. 

                                                                                                                   

In Eq. (2.7), dijk is the piezoelectric coefficient which described the rate of strain 

under a E-field in the i-th direction. The subscripts can be compressed to from three 

components down to two, due to symmetry about two non-polarized axes. One 

commonly reported piezoelectric coefficient for piezoceramics fabricated in the parallel 

plate capacitor structure is d33, which describes the mechanical strain in the same 

direction as the applied field. Piezoelectricity is seen only in crystals with point groups 

which lack a center of symmetry. The breaking of the center of symmetry is essential to 

maintaining the long range order responsible for the piezoelectric effect. 

2.1.5 Ferroelectricity 

The anomalous dielectric properties of what are known as ferroelectrics have been 

investigated since the discovery of piezoelectricity in Rochelle salt in 1880 by the 

brothers Curie [3]. The first known perovskite, CaTiO3, is a mineral discovered in the late 

1800‟s. Barium titanate (BaTiO3, BTO), was investigated around 1940 by Wainer and 

Salomon at the National Lead Company [5]. Research into solid solutions of Pb(Zr,Ti)O3 

(PZT) began in earnest in the 1950s, soon finding use in many common products 

including sonar, ultrasound, actuators, and speakers. 

Typical dielectrics exhibit a linear polarization in response to an applied electric 

field. Ferroelectric crystals, on the other hand, are made up of spontaneously polarized 

regions called domains. Ferroelectrics exhibit a non-linear, hysteretic response to an 

applied electric field, which can be explained in terms of this domain structure. 
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Figure 2.4 – A typical ferroelectric hysteresis loop. 

Take, for example, the hysteresis loop in Fig. 2.4. Before the field is applied, the 

sample is assumed to be unpoled (without any polarization present). As the field is 

initially applied, the polarization is approximately linear, according to the proportionality 

χeε0. At point A, the domains begin to rapidly align with the direction of E, and slope of P 

increases. Eventually there is saturation at some maximum polarization, Pmax, at point B. 

As the applied field begins to sweep in the reverse direction, some of the domains reverse 

due to a depolarizing field until E=0, at point C, where what remains is some remanent 

polarization, Pr. The sweep continues in the reverse direction until P=0, at point D, where 

the coercive field, Ec is reached. Continuing the loop results in saturation in the opposite 

direction, point E, and the hysteresis continues, repeating the path. 

2.1.6 Phase transitions 

Ferroelectricity refers to the collective behavior driving the alignment of the 

dipoles. In order to reduce the free energy of the crystal the lattice, the dipoles reorient 

and the crystal becomes divided into smaller regions called domains. The equilibrium 

size of domains are governed by two competing factors. On the one hand there is a 

cascade effect whereby the strain of the lattice at a domain boundary induces a dipole in 

the next site. On the other hand, surface charges from very large domains would form a 

large depolarization field which would cause some parts of the domains to reorient to 

minimize the Coulombic force. In the simplest case, domains may become twinned into 

adjacent domains of opposite polarity. These 180° domain boundaries have a very low 

energy because the lattice distortion is the same and only the direction of the polarization 
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is different. It is the motion of domain boundaries which leads to the hysteresis of the 

response to stress or electric field. 

The spontaneous polarization, Ps, is defined as the lattice polarization which 

minimizes the Gibbs free energy of a crystal. A phase transition can be defined in terms 

of Landau-Devonshire-Ginzburg (LDG) theory to be of first or second-order. The LGD 

formalism successfully describes the Curie-Weiss behavior of the permittivity, the 

hysteresis of polarization vs. electric field and predicts the appearance of ferroelectric 

domains [6]. At the Curie temperature, TC, a normal ferroelectric has a maximum in εr, 

while Ps approaches zero [7]. 

A related class of materials are the relaxor ferroelectrics, the group to which the 

BNT-BKT solid solutions belong. Rather than being divided into large coherent domains, 

relaxors are composed of polar nanoregions (PNRs), as fabricated. Relaxors may be 

thought of as having an ensemble of nano-sized domains with a distribution of TC. 

Therefore, relaxors have a non-zero Ps and a broad maximum in εr, which also has a 

strong frequency dispersion. 

Many perovskite solid solutions exhibit relaxor behavior over some range of 

temperatures where the A-site or B-site disorder frustrates the long range order. In the 

case of BNT-BKT, this is attributed to the disorder caused by A-site mixing between Bi, 

Na and K. As the temperature is reduced from the high-T cubic phase, PNRs begin to 

form at the Burns temperature, TB, indicating the beginning of the ergodic relaxor 

state [8]. An ergodic relaxor  material can be prodded into a ferroelectric state when 

subjected to a sufficiently strong electric field. The ferroelectric state is metastable and 

will persist for some amount of time until it is de-poled via thermalization. As the 

temperature is cooled some PNRs grow and their polarizations become fixed, ceasing the 

thermally induced fluctuation. As the temperature is cooled below the depolarization 

temperature, Td, all of the polarizations are fixed and the crystal enters the nonergodic 

state. Application of a poling field can transform the nonergodic state to a ferroelectric 

state composed of domains. 
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Figure 2.5 – Approximate phase diagram for (100-x)BNT-xBKT. ‘R’ and ‘T’ denote 

rhombohedral and tetragonal phases, ‘PC’ denotes the pseudocubic, and ‘C’ the cubic 

region. Phase diagram based on that of Leontsev and Eitel [9]. 

The phase diagram showing the phase diagram for (100-x)BNT-xBKT can be 

seen in Fig. 2.5. At low temperature they are normal ferroelectrics or non-ergodic 

relaxors depending on kinetics. The material undergoes a polymorphic phase transition 

(PPT) to an ergodic relaxor state when heated above Td in the pseudo-cubic region, and 

become a simple cubic lattice at high temperatures. The shaded region of Fig. 2.5 shows 

the region of the morphotropic phase boundary (MPB) region, where the combination of 

rhombohedral and tetragonal phases leads to an increased number of polarization 

directions, and the presence of lower symmetry (e.g. monoclinic) phases can lead to a 

lowering of the energy barrier for polarization rotation [10]. This leads to an increase in 

the polarization and piezoelectric response of materials with compositions in the MPB 

region. 

2.1.7 Thin film considerations 

There are many ways in which the ferroelectric thin films differ from bulk 

materials. Partly this is due to the large surface are of films which result in volatilization 

of cations and increased defect densities. The large extrinsic polarizations exhibited by 

ferroelectrics are due to the motion of domain walls whose motion can be impeded by 

defects which act as pinning sites [11][12]. 

The electromechanical switching properties are also affected by the substrate 

clamping effect. The mechanical rigidity of the substrate impedes the strain response as 
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the film attempts to actuate. In this case, it is more appropriate to think about an effective 

piezoelectric coefficient, djk,f (e.g. d33,f). There are many excellent demonstrations of the 

clamping effect. For instance, It was been shown that the extrinsic polarization response 

of a released film by under-etching is greatly increased [13]. In another study, 

ferroelectric thin films „islands‟ patterned by focused ion beam showed increased 

piezoelectric properties measured by piezoresponse force microscopy [14]. 

 

2.2 Leakage current 

 Although significant effort has been made towards improving the piezoelectric 

and polarization properties of Pb-free thin films, it is also important to improve the 

efficiency and longevity of these materials. If a material has excellent piezoelectric 

properties, but has poor resistivity and degrades quickly, then its widespread applicability 

is questionable. Below is a quote which explains well the situation. 

“Most researchers put efforts on improving the piezoelectric performance from the 'real 

part' property's viewpoint: that is, improved displacement, force, responsivity, etc. . . . 

However, from the viewpoint of efficiency and reliability such as heat generation or 

performance degradation under high voltage/power drive, the key is the imaginary part, 

that is, loss and hysteresis mechanisms” (Uchino, Applications of Lead-Free 

Piezoelectrics, 2011) [15]. 

The leakage current in BNT-based thin films is still several orders of magnitude greater 

than that of PZT [16][17]. There is still considerable room for improvement, but there are 

many unknown variables given the relative novelty of the films based on Bi, Na, and K 

cations. The nature of charge carriers and defects, the competition between bulk and 

interface-dominated conduction, and the effect of processing are all in their infant stages 

relative to PZT research. It is expected that many of the fundamental experiments 

conducted on PZT in the 1980‟s and 1990‟s will need to be repeated on Pb-free thin 

films. While thousands of papers have been published detailing the leakage current 

observed in PZT thin films, only a handful have appeared dedicated to conduction in Pb-

free thin films. 

2.2.1 Measurement of leakage current 
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Leakage current density, J, is the electric current per unit area which „leaks‟ 

through an imperfect insulator when E is applied at temperature, T. When speaking of the 

J it is important to understand that this value may change with time. There are several 

regimes in the J-t plot which are of interest to the experimentalist, as shown in Fig. 2.6. 

Initially there are dielectric relaxation currents due to space charge trapping and 

redistribution. Then there are the steady state J, which in an ideal case may be modeled as 

J(E,T) to find the mechanism of electronic conduction. The onset of the steady state 

current may be preceded or succeeded by some transient currents, if there are any. 

Eventually, the sample will reach dielectric breakdown and failure. Depending on the 

sample and applied E, this can occur in milliseconds, days, or even longer. Due to the 

asymmetric nature of thin film fabrication, leakage characteristics are often different 

depending on whether E is positive or negative (E
+
 or E

-
) with respect to the deposition 

direction and method. 

 

Figure 2.6 – A schematic of a logJ-logt plot may show several distinct features over the 

time span of the measurement. 

2.2.2 Relaxation current and the steady state 

Initially, the dielectric relaxation current is a decreasing function of time, JD(t), 

which is superimposed upon the steady state leakage current, which is defined when 

  

  
                                                                                                                      

which can be met in anywhere from milliseconds to many minutes depending on the 

charge voltage, temperature, and carrier mobility. Whether such a condition may be met 

during the course of experiments depends on the limitations of the instrumentation as 
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well as the onset of resistance degradation. For instance, if there is a time limitation on 

the length of a leakage current measurement, steady state might not be reached. In some 

cases the dielectric relaxation and resistance degradation can overlap. In order to find the 

true leakage current, it may be necessary to measure the discharging current of the 

capacitor, found by charging the capacitor and then removing the field and measuring 

J(t) [18]. In the case, when the steady state could not be reached, the steady state leakage 

current, JSS may still be calculated from the known depolarization current as 

                                                                                                             

The function JD(t) should be measured at many voltages as the relaxation current 

is naturally field dependent. 

2.2.3 Steady state leakage current mechanisms 

For injection of either n-type or p-type carriers at either electrode, the current can 

be limited by either a potential barrier at the film interface or by space charge effects 

inside the volume. Often, a metal-ferroelectric interface has a Schottky barrier. For 

instance, given an insulator with majority n-type carriers, a Schottky contact will form 

when the metal work function is larger than the insulator work function. 

                                                                                                            

                                                                                                                          

In Eq. (2.14a), ϕM is the metal work function, ϕI is the insulator work function for 

electrons, and χ is the electron affinity of the insulator. The Schottky barrier height at 

E=0, ϕB, is given by Eq. (2.14b). The barrier physically arises from an equilibrium 

separation of charge at the interface, and the barrier is lowered by an amount proportional 

to the √E [19]. The equation governing Schottky-limited leakage current in ferroelectric 

thin films is 

          
  

  
 
   

    
                 

   
                                          

where the pre-exponent contains the constant α=3x10
-4

 As/cm
3
K

3/2
, the electron mobility, 

μ, and the free and effective electron masses, m0 and m
*
, respectively. In the exponent, q 

is the electric charge, kB is Boltzmann‟s constant, and εi is the optical dielectric 
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constant [20][21]. A plot of ln(J/T
3/2

E) versus E
1/2

 should be a linear function of 1/T. A 

valid Schottky model fit to a particular data set should provide realistic values for εi and 

ϕB as determined by analysis of the slope and intercept method. 

In the case where the Fermi level has been moved very close to the conduction 

band or valence band, or when the work function of the metal is low, the metal and 

insulator may make a non-blocking Ohmic contact. For Ohmic contacts there is 

essentially no barrier to charge injection and the effects become bulk-limited. The ideal 

space-charge-limited current (SCLC) model may have several features described by the 

following equations, which will be discussed [22]. 

                                                                                                                           

     
 

 
  

 

 
         

     

   
                                                                           

    
 

 
  

 

 
                                                                                                                  

Initially, the J-E relationship is linear, governed by Eq. (2.16a) where q is the 

elementary charge constant, n0 is the number of charge carriers, and μ is the charge 

carrier mobility. Other variables keep their previously assigned definitions. Subsequently, 

the current goes through a traps-filling-limited region, described by Eq. (2.16b), although 

this is often difficult to resolve. Here, kB is Boltzmann‟s constant, ε is the dielectric 

constant, d the film thickness, NC is the number of carriers, G is a constant, and Et–Ec 

describes the difference between the traps-filled and conduction band energy levels. The 

current jumps immediately after the traps are filled as the film becomes limited only by 

the space charge, and the Child‟s law region of Eq. (2.16c) is observed (if the sample has 

not reached the breakdown field), where d is the film thickness. The sequence is 

illustrated in Fig. 2.7. The deviation from Ohmic current occurs at Etr. JCh begins at ETFL, 

after any traps have been filled. 
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Figure 2.7 – Schematic of the lnJ-lnE characteristics of data fitting the SCLC model. The 

numbers in the drawn triangles are the slopes of the lines which they contact. 

Other bulk limited models to consider include Poole-Frenkel (P-F), hopping 

conduction and Fowler-Nordheim (F-N) tunneling [22]. The basis for verification or 

exclusion of these mechanisms largely parallels the above discussion of Schottky and 

SCLC models. 

2.2.4 Transient currents and VO
•• 

migration 

A peak in the dc current density-time (J-t) plots were first suggested to be related 

to diffusion of oxygen vacancies, VO
••
, by Zafar, et al, who studied Ba(Sr,Ti)O3 thin 

films [23]. The peak position is given by 

  
   x     

     
                                                                                                    

where μion is the ionic mobility, d is the film thickness in units of cm, and E has units of 

kV/cm. The Einstein equation,  

                     
      

   
                                                          

relates μion to the thermally activated diffusion coefficient, Dion. γ is a constant which can 

be interpreted as the diffusion coefficient at infinite temperature. The activation energy 

for ion migration, EA,ion, can then be obtained by an Arrhenius plot. 

The subject was revisited and a simulation was developed based on a finite 

differences method was used to calculate the densities of electrons, holes, and oxygen 

vacancies by diffusion and drift [24]. The transient peak was revealed to be due to a 

modulation of the electronic conductivity due to redistribution of VO
••
. The electron 
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mobility is many orders of magnitude higher than the μion, so it is thought that a true ionic 

current could not account for the observed current peak. The technique has been in 

several instances to characterize VO
•• 

migration in dielectric thin films [25][26]. 

 

 

 

2.3 (Bi,Na)TiO3-based solid solutions 

2.3.1 Piezoelectric properties 

The large signal d33, d33
*
, for bulk BNT-BKT and BNT-BKT-BT in the MPB 

region are around 240 and 270 pm/V, respectively [27]. However, ternary compositions 

of BNT-BKT-KNN ceramics have reached very high d33
*
 near 570 pm/V, at the cost of 

reduced Td. Recently, BNT-BKT-BMgT and BNT-BKT-BNiT ceramics were fabricated 

with very high piezoelectric coefficients, around 570 pm/V and 520 pm/V, respectively 

[28][29][30]. Due to the relative scarcity of DBLI measurement capabilities, there are 

very few reports on the d33,f for Pb-free thin films in general. As it pertains to Bi, Na, and 

K-based films there may be only a single report from Jeon, et al., who published strain 

loops on BNT-BKT-Bi(Mg,Ti)O3 and found d33,f ≈75 pm/V [31]. 

The non-vertical MPB line can result in unreasonably large variations in 

piezoelectric properties with temperature. Often, it is seen that Td is depressed while the 

same time the piezoelectric coefficient is increased, on addition of a ternary end 

member [32][27]. For some applications search for systems with more vertical MPB‟s 

and higher Td almost as important as the search for higher piezoelectric coefficients. For 

other applications, the binary systems may be augmented with ternary end members 

which may improve the room temperature coefficients. 

2.3.2 Defects in BNT-based thin films 

There are many types of electronic point defects which can be created when the 

film is heated to the crystallization temperature. Volatilization of cations Bi, Na and K 

can create compensating oxygen vacancies, in an attempt to maintain charge neutrality, as 

in the vaporization of bismuth oxide. Eqs. 2.19-20 show what happens when oxygen 
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leaves the lattice site as gas after diffusing to the surface. The vacancy then oxidizes, 

forming two n-type charges. 

           
                                                                                                

  
    

                                                                                                           

Bi, Na and K can also leave the film as Bi2O3, Na2O, or K2O, creating both holes 

and electrons. For example, Bi leaves by the reaction 

           
     

                                                                        

which is followed by reduction and oxidation of the vacancies as in 

    
     

      
   

    
                                                                  

There is also a pO2 dependence to the number of charge carriers and traps in the 

film. Free oxygen may recombine with vacancies via Eq. (2.23), with the consequence 

being additional positive electron-holes, or p-type carriers. Or oxygen may exit the lattice 

on its own leaving behind electrons, or n-type carriers. This is shown in Eq. (2.24), which 

represents an oxygen leaving a vacancy and migrating to the surface to eventually react 

with another adsorbed oxygen, while the vacancy doubly ionizes. 

  
           

                                                                                         

     
                                                                                            

Many dopants, both acceptor and donor, have been added to ferroelectric 

ceramics, for many reasons. One of the most popular dopants is Mn, which tends to 

increase the resistivity in many different compositions in both ceramic and thin film 

form. Mn-doping has been shown to mostly dope for Ti on the B-site with a +2 or +3 

charge, and so can result in several kinds of point defects.  

           
 

   
                                                                                          

         
 

   
                                                                                               

There are also interstitial sites, dislocations, and also chemical terminations and 

voids at grain boundaries which can provide conditions to trap charged and uncharged 

species. Thus grain size, residual stress and other morphological and mechanical factors 

can mediate the formation and residence of defects. 

 

2.3.3 Leakage current in Pb-free ferroelectrics 
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It may be helpful to summarize the published leakage current results for BNT, 

(K,Na)NbO3 (KNN) and BiFeO3 (BFO)-based thin films and compare them to the more 

well established Ba(Sr,Ti)O3 (BST) thin films. All of these materials share some volatile 

A-site cations (Bi and/or Na and K). However, BST thin films are a more mature 

technology with different, and less volatile, A-site cations. The properties of these solid 

solutions will be briefly discussed beginning with BNT-based films. 

Cao, et al. have measured the band gap of BNT thin films and found it to be 

around 3.5 eV, although due to the strong Urbach absorption, the results required some 

approximations [33]. The sign of the dominant charge carriers is not known definitively. 

BNT-based films typically make Ohmic contacts to Pt, however there are still many 

things which are not understood, such as the depletion width and the presence or absence 

of a charge inversion. Despite a decade of research there are only a couple reports on the 

conduction properties of BNT-based thin films, however there are quite a few more, 

which show at least some isolated leakage data which could potentially be aggregated to 

some use. For convenience, the abbreviation FE will be used to represent the ferroelectric 

layer in the capacitor structure. 

Films of 88BNT-8BKT-4BT were deposited by PLD (Au/FE/SRO/STO) and 

leakage current was measured out to only 250 kV/cm at relatively low temperatures 

(200 to 350 K) [17]. Almost perfect adherence to the SCLC conduction mechanism was 

found for positive bias and a variety of useful parameters were obtained, e.g. electron 

mobility of 5.82x10
-3

 cm
2
V

-1
s

-1
 and shallow trap levels of 0.19 eV. The temperature 

dependence of conductivity in BNT thin films deposited by rf-magnetron sputtering 

(FE/Pt/Ti/SiO2/Si, top electrodes not reported) was studied by Zhou, et al. [34]. The ac 

conductivity was measured at 100 kV/cm from room temperature to 523 K. At low 

temperatures they also report shallow traps with activation energy around 0.08 eV. Above 

473 K they found a transition to grain boundary conduction limited by hopping over 

oxygen vacancies, having an associated activation energy near 1 eV. This was not the 

only reference to grain boundary conduction. An increase in the room temperature 

leakage current in chemical solution deposited deposited BNT-BKT-6BT thin films 

doped with >5 mol% Rb (Au/FE/Pt/Ti/SiO2/Si) was also correlated to the grain boundary 
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density, although the doping of the grain boundaries may have changed as well as the 

area [35].  

Films of 95(80BNT-20BKT)-5STO doped with {0, 0.2, 0.5, 1} mol% Mn were 

made by CSD (Au/FE/Pt/Ti/SiO2/Si) [36]. For fields < 125 kV/cm, Ohmic current was 

found in all films which increased in magnitude with Mn-doping. A transition voltage 

was identified, marking a rapid increase in current, which increased for 0.2 and 

0.5 mol% Mn. At those doping levels the current remained Ohmic almost until 

400 kV/cm. At high field the mechanism appears to be SCLC, though this could not be 

known positively without a study at temperature. Room temperature leakage current was 

also reported for 76BNT-20BKT-4BLT films deposited by PLD and doped with 

2 mol% Mn (Au/FE/SRO/STO) [37]. The leakage current showed some complicated 

features, which will be discussed later, but the Mn-doping did result in a decrease in the 

leakage current out to 400 kV/cm.  

Next, the KNN-based films will be discussed. The number of detailed reports on 

leakage current through KNN-based films is greater than that for BNT-based films, 

although still it is hard to find reports on the leakage current above 150 kV/cm. 

For KNN thin films the cation excesses used are typically 10-15 mol% Na and K 

when deposited by CSD but using a stoichiometric target when depositing by PLD. 

Leakage testing of the films was often restricted to electric fields 

<150 kV/cm [38][39][40]. This was the case for both Au and Pt top electrodes and for 

films deposited on SRO/STO and Pt/Ti/SiO2/Si. Most times the leakage current was 

asymmetric, even for the case with both Pt top and bottom electrodes. This is likely due 

to an asymmetry of the defect distribution. Tian, et al., later made films via PLD, also 

from a stoichiometric target, which withstood fields >400 kV/cm and showed clear SCLC 

in several of samples deposited at various temperatures [41]. Mn-doping has shown to be 

effective at reducing leakage current in KNN-LT-LS [42]. Mn-doping have the similar 

effect as BNT-based films whereby the Etr is increased which decreases the high field 

leakage while leakage current rises in the Ohmic region. 

The leakage current of BFO films is covered here. BFO films are often leaky 

ferroelectrics, and most reports appear to be described by Ohmic contacts with SCLC. 

Doping with La and Mg has been attempted in order to reduce leakage currents in BFO 
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thin films, but determination of the conduction mechanism was extremely complicated. 

Wang, et al., reported on changing the conduction mechanism from P-F for undoped and 

Mg-doped BFO while the La-doped samples showed SCLC [43]. Work several years 

later determined interfacial F-N tunneling dominated leakage in Mg and La-doped films, 

while co-doping obeyed SCLC [44]. However, it seems the SCLC mechanism cannot be 

ruled out for any of these films since often the Child‟s law region is not reached before 

breakdown. Furthermore, non-uniformity of space charge through the film thickness may 

complicate SCLC identification. Others have had difficulty positively identifying a 

conduction mechanism as well, even for undoped films [45]. Common suspects are P-F, 

Schottky and SCLC. 

The Mn-doping approach was also successful in BFO. In these studies SCLC was 

identified as the mechanism with Mn-doping having similar effects in the Ohmic and 

transition regions as in BNT-based and KNN-based films [46][47]. However, a study on 

very thin films (5-70 nm) found excellent fits for F-N tunneling. The samples in this 

study were taken up to 3000 kV/cm for the 5 nm thick film. 

The last material which will be discussed here is BST. BST has been studied 

extensively and is a prototype for leakage current and defect studies. The band gap is 

similar to PZT, around 3.5 eV. The conduction is usually identified as Schottky-

limited [19][48]. However, there have been reports of mixed Schottky and P-F at high 

fields [49]. Schottky barrier height can be reduced by increase in the image force due to 

an increase oxygen vacancies near the surface [50]. In another report, SCLC was 

observed for positive bias applied on the Au top electrode [51]. Much of the debate in the 

literature on BST leakage has had to do with the nature of the depletion region. Some 

have argued for a small region at the surface, where oxygen vacancies are thought to be 

depleted due to the electric field created at the Schottky contact [48]. However, others 

have suggested that the film is fully depleted [19]. It is may be that the depletion region 

might vary depending on both the voltage and temperature [24][49]. 

Space charge tends to dominate the leakage current characteristics for 

ferroelectric thin films containing volatile Bi, Na and K cations. The Child‟s law region is 

often not reached before breakdown and often the transition region and the temperature 

dependence of its onset is the only indication of the SCLC mechanism. In the case of 
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BFO films, which do not contain Na and K cations, possible P-F, Schottky and maybe 

even F-N tunneling have been observed. With BST, the A-site cations are less volatile 

than Na and K, and the technology and fabrication processes are better understood. The 

net result is a decrease in the space charge density and thus reported leakage current is 

often dominated by the Schottky mechanism. 
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3. Experimental procedures 

 

 

3.1 Chemical solution deposition (CSD) 

Solutions were fabricated by an inverted mixing order synthesis [1][2]. The 

process is described visually in Fig. 3.1a. In preparation, bismuth (III) acetate (99.9999%, 

Alfa Aesar) was dissolved in a known weight of propionic acid (PAc). In another bottle, 

sodium (I) acetate trihydrate (99%, Macron) and potassium (I) acetate (99%, Macron) 

were dissolved in a known weight of dry methanol. In a glove box, an approximately 

correct volume of titanium isopropoxide (98+ %, but better than 99% by assay, Alfa 

Aesar) was quickly added to four molar equivalents of acetic acid mixed with an equal 

volume of PAc. The weight of the Ti added to the solvents was recorded. The reaction of 

the acetic acid stabilizes the Ti against polymerization by exchanging the isopropoxide 

ligands. The purpose of the PAc is to slow the exothermic reaction and dilute the 

generated heat. 

 

Figure 3.1 – (a) Solutions were made by an inverted mixing order. (b) The procedure for 

film fabrication required a pyrolysis and crystallization every layer. 

 

Exact quantities of Bi and (Na, K) solutions to add to the Ti are calculated based 
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on the weights of the solutes and solvents, and the known weight of Ti is added. The 

correct Bi solution was quickly added first to the Ti solution dropwise. This was stirred 

for at least one hour. Then the Na, K solution was added, also by weight. The resulting 

solution concentration was approximately 0.5 mol/L solvent. The estimated error in the 

final ratios of Bi:Ti and (Na, K):Bi is better than 0.6 %. The resulting solutions should be 

kept away from ultraviolet radiation (e.g. sunlight). This can cause ageing, which is 

thought to be caused by polymerization of the tetravalent titanium. 

Solutions were spin-cast on sputtered platinized silicon substrates at 3000 rpm for 

30 s (Fig. 3.1b). Each layer was pyrolyzed at 325 °C for 4 min and crystallized at 700 °C 

for 10 min. Films crystallized in a box furnace had significantly better properties than 

those crystallized in a tube furnace, regardless of temperature. It is suspected that this 

may have been due to the heating rate. Also, a crystallization step between each layer was 

required in order to achieve good dielectric and ferroelectric properties [3]. Platinum top 

electrodes were deposited through a shadow mask by dc magnetron sputtering to 

complete the parallel plate capacitor structure. 

The solution and film fabrication procedures above were based on those of Jeon, 

et al., with only slight modifications [4][5]. 

 

3.2 Characterization methods and equipment 

X-ray diffraction was performed on a Bruker AXS D8 Discover diffraction 

system with Cu Kα radiation. Film thickness was modelled from data acquired on a 

variable angle spectroscopic ellipsometer (V-VASE, J.A. Woollam). Films were modeled 

Cauchy layer with wavelength (λ) in the range of 500 to 1500 nm, 

       
 

  
 

 

  
                                                               

Equation 3.1 can be used to accurately model the index of refraction and thickness 

for an isotropic film when λ is sufficiently removed in energy from the band gap, i.e. 

when the films are transparent. 

An Asylum MFP-3D was used for atomic force microscopy in ac (intermittent 
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contact) mode. Cantilevers (TAP-150G, Budget Sensors) had a stiffness of 5 N/m and a 

free air resonant frequency of around 150 kHz. 

Dielectric measurements were carried out using an HP 4192A impedance analyzer 

operating with a 50 mVRMS test signal. For a typical 200 nm thick film, for example, this 

works out to 2.5 kV/cm, or approximately 0.05Ec. Polarization hysteresis was measured 

with a Radiant Technologies RT66B, with a loop period of 5 ~ 1000 ms. An aixACCT 

double beam laser interferometer (DBLI) was used to assess the piezoelectric properties, 

as well as polarization hysteresis at higher frequencies. 

 

3.3 Leakage current measurements 

 This section details the collection of dc leakage data using the Radiant RT66B 

ferroelectric tester and the Keithley 236 source-measure unit (K236). The RT66B 

provides current-time, J(t), data with up to 1 ms resolution at short times 100 ms>t>8 s, 

although for larger currents the instrument is limited to t>1 s. The K236 provides J-t data 

at long times, up to minutes or hours, at the expense of resolution. The combination of 

these two instruments allows for observation of the conduction behavior over a wide 

range of times. 

 For temperature dependent leakage current (J(T) measurements) samples were 

bonded to a hot plate surface with silver paste. The sample was electrically insulated 

from the hot plate by first mounting samples on a thin (0.20 mm) glass slide. The 

temperature of the combined mounting slide and sample was calibrated using an infrared 

thermometer (Fluke 59 MAX). 

 For measurements on the RT66B, the leakage current was measured using the 

software Vision version 5.6.1. A leakage current measurement routine was programmed 

in the Vision software, to automate testing over a range of voltages. The procedure is 

detailed below. 

i. The leakage current was tested at one voltage level and then the voltage was iterated 

to a slightly higher level, and this was continued as in Fig. 3.2. As a starting point a 
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„low‟ voltage was assumed corresponding to around 10 kV/cm. The voltage 

increment was set to scale the voltage by a factor, typically 1.12 (e.g. V1=0.2 V, 

V2=0.224, ...). This was done in order to obtain a set number of data points spaced 

equally when plotted on a log scale. 

 

Figure 3.2 – Leakage current measurement profile showing the voltage increment. 

ii. Within a measurement at each voltage level a soak time of 500 ms was applied, where 

the voltage was applied but the current was not measured to avoid saturating the unit. 

The current was then measured for 500 ms. The measurement voltage-time profile is 

shown in Fig. 3.3.  

 

Figure 3.3 – Leakage current measurement profile showing the soak and measure 

segments in the voltage-time function. 

iii. The current dependence on voltage was obtained from the J(t) data as follows. The 

lnJ-lnt curves were plotted in order to verify that the current had reached the steady 

state. The average value of the last 5 percent of the J-t data was taken as the steady 

state leakage current at each voltage, J(V). 
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Figure 3.4 – Steady state leakage current was obtained after the period of dielectric 

relaxation. 

iv. The leakage current J(V) could then be plotted on different scales in order to 

determine the leakage current mechanism. For example, it can be ascertained whether 

the current is space charge-limited by plotting on a lnJ-lnV scale, as in Fig. 2.7. 

For the current measurements J(t) at longer times, the current was measured using 

the K236. A custom Labview program was used to operate the device. This allowed a 

voltage or series of voltages to be applied for a set duration (e.g. 500 s), with current 

measurements taken at preprogrammed intervals (e.g. 500 ms). The longer durations 

permitted by this instrument made observing the transient current peaks and the onset of 

resistance degradation possible, at higher temperatures. However, the noise level was 

higher than the RT66B in the nA range and the limited time resolution made it difficult to 

see the dielectric relaxation behavior. As a result, both the RT66B and the K236 

compliment each other well when attempting to observe a wide range of conduction 

behaviors. 

 

 

3.4 Descriptions of materials characterization techniques 

3.4.1 X-ray diffraction 

X-ray diffraction (XRD) is used for phase identification and crystal texture 

analysis. A sample is bombarded with a beam of coherent and parallel x-rays of 
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wavelength λ which diffract and scatter off the crystal lattice planes in the top several 

microns of the sample to be collected at a detector. The angle between the source and 

detector is 2θ. Usually the scattering results in destructive interference and a low 

background signal is detected. However, when the condition of Bragg‟s law is met: 

                                                                                                                 

the interference is constructive and an increase in intensity is observed. In Eq. 3.2, d is 

the interatomic spacing, or lattice parameter, and n is an integer marking the order of the 

peak. The positions and relative intensities of peaks allow for identification of the 

material(s) present. In the case of impurity phases being present in the material, extra 

peaks will show up in the scan of intensity versus 2θ.  

3.4.2 Atomic force microscopy 

A very useful tool for characterization of the typology of grains and surfaces, 

atomic force microscopy (AFM) is a different kind of microscope. Rather than using an 

electron, atomic, or light beam to probe a surface, the AFM uses a sharp tip of 

nanometer-scale radius (suspended at the end of a cantilever) dragged across the surface, 

similar to a vinyl record player. There are two basic operating modes: ac mode and 

contact mode. In ac mode, the cantilever is driven to tap upon the surface by a 

piezoelectric driving unit. A super luminescent diode (SLD) reflects a beam of light off 

of the top of the cantilever onto a photodetector array which converts the signal into a 

voltage. Variations in the terrain are accounted for adjusting the vertical offset-

displacement, Z-voltage, of the piezoelectric driving unit to maintain a constant point-to-

point voltage in the photodetector. The offset, Z-voltage and photodetector are used to fit 

the height of the sample at a given point. Contact mode is similar to ac mode except that 

the ac signal is absent. Contact mode generally gives higher quality images on very 

smooth surfaces. 

3.4.3 Polarization measurements 

Dielectric properties are performed by an impedance analyzer, which calculates 

the complex capacitance from the phase shift of the voltage and current time derivatives, 

dV/dt and dI/dt. Ferroelectric hysteresis is essentially a careful measurement of integrated 

current as a function of applied E. 

3.4.4 Dual beam laser interferometry 
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The macroscopic piezoelectric response and d33,f can be determined using dual 

beam laser interferometry (DBLI). Two in-phase, probing laser beams are split off the 

reference beam and reflected off of the top electrode and back side of the substrate, as 

shown in Fig. 3.5. 

 

Figure 3.5 – Schematic of a DBLI showing the beam path. 

The reference beam is Doppler-shifted by a known amount and when recombined 

with the probe beam generates a low frequency (several tens of kHz) beat intensity on a 

photodiode. When a low frequency ac voltage is applied to the electrodes the sample is 

strained out-of-plane causing a shift in the probe frequency. Ideally, the beat frequency is 

shifted by an amount proportional to the Doppler shift caused by the sample acceleration. 

In bulk materials, what is reported is often the average piezoelectric coefficient obtained 

as d33
*
=Smax/Emax. In thin films, substrate clamping can lead to reduction in the observed 

strain, and so the relevant parameter is known as the effective piezoelectric, d33,f. 
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4. Leakage current phenomena in Mn-doped Bi(Na,K)TiO3-based ferroelectric thin 

films 

 

 

4.1 Introduction 

(100-x)(Bi0.5Na0.5)TiO3-x(Bi0.5K0.5)TiO3 (BNT-BKT) is a good candidate to 

replace Pb-based materials in ferroelectric and piezoelectric devices, which are to be 

phased out of consumer products as part of the worldwide restrictions on the use of toxic 

elements (i.e., the Restrictions on Hazardous Substances (RoHS) guidelines) [1]. In this 

binary system, a region of enhanced dielectric, ferroelectric, and piezoelectric properties 

occurs between x=16 and x=20, where it is commonly accepted that a morphotropic 

phase boundary exists [1][2][3].Because of this, all of the data reported in this work are 

for 80BNT-20BKT. Although there is a pressing need for commercial alternatives, due to 

the relatively new interest in these materials and the great variety of Pb-free alternatives 

the knowledge base of performance-related data is far smaller than that of Pb-based 

compounds. One example of this for thin film embodiments of these materials is the 

direct current (DC) leakage behavior. Due to the high electric fields to which they are 

routinely subjected, large leakage currents are often observed which can affect device 

efficiency and reliability. Furthermore, the alkali metal and Bi cations on which BNT-

BKT is based are highly volatile. This potentially leads to large numbers of defects, 

including oxygen and cation vacancies, which can affect the long-term stability due to 

resistance degradation. 

There are several decades of literature showing that acceptor doping perovskite 

ceramics (ABO3) with Mn can reduce both leakage current and resistance 

degradation [4][5][6]. Acceptor doping on the B-site is often associated with a reduced 

leakage current [7]. This has also been demonstrated in BNT-based thin films [8][9][10]. 

However, the temperature dependence of Mn-doped BNT-based thin films has not been 

previously reported. Observation and analysis of this temperature dependence is required 

to validate the conduction model and extract key materials parameters, such as the carrier 

concentrations and mobilities. The exact mechanism by which Mn-doping works is not 

entirely clear, with several possible explanations. Mn can be added to the lattice as Mn
2+

, 

Mn
3+

, or Mn
4+

. When added as Mn
2+

, the reactions are thought to follow the pathway [8]: 
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MnO
  TiO2  
     MnTi

''  VO
   1/2O2                                                                            

1/2O2 VO
  

             
    OO

x
 2h

                                                                                    

MnTi
''  h

                  MnTi
'                                                                                             

The small radius of the Mn cation substitutes well for Ti
4+

. Equation (4.1) shows 

the corresponding extrinsic loss of oxygen. If oxidation is thermodynamically favorable, 

then those oxygen vacancies can be reoxidized to generate h
•
. The multiple valence states 

allowed for Mn are shown by example in Eq. (4.3) where MnTi
//
 absorbs an h

•
. 

These films also contain intrinsic defects due to volatilization of Bi2O3, Na2O, and 

K2O. The formation of these defects are described by  

2BiBi 3OO

            
    2VBi

'''  3VO
   Bi2O3                                                               

2NaNa OO

            
    2VNa

'  VO
   Na2O                                                                  

Although electrically neutral, these defects form trap states. The VO
•• 

formed by 

these reactions may also undergo reoxidation, resulting in p-type conductivity. The 

generation of electrons may proceed by the reduction reaction 

OO

            
    1/2O2 VO

   2e'                                                                                    

The reduction reaction has been repeatedly verified in many different titanate 

perovskites [11]. Given the likelihood of oxygen vacancies combined with several 

volatile cations with different valences, films exhibiting both electron and hole 

conduction are a strong possibility [12]. However, the presence of highly volatile A-site 

cations suggests that there may be a majority, or at least a significant amount, of p-type 

carriers present in BNT-BKT thin films [13]. Several authors have linked the reduced 

leakage current of Mn-doped thin films to h
•
 trapping, although this has not yet been 

determined rigorously [8][10][13][14]. 

There are several other interesting phenomena that have previously been observed 

in other ferroelectric thin films, but have not yet been explored in BNT-based thin films. 

These are negative differential resistivity (NDR) and positive temperature coefficient of 

resistance (PTCR), referring to the decrease in the DC current with increasing electric 

field and temperature, respectively. They have been reported as occurring together in 

BaTiO3 (BT), (Ba,Sr)TiO3 (BST), SrBi2Ta2O9 (SBT) and possibly Ba(Zr0.05Ti0.95)O3 

[15][16][17]. The PTCR effect is utilized in PTC thermistors, which prevent device 

failure due to thermal runaway [18]. In the case of Pb(Zr,Ti)O3 (PZT) thin films, apparent 
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NDR has been shown to be an artifact caused by a change in the dielectric relaxation 

behavior, though in BST the effect has persisted to longer soak times [15][19][20]. 

Another feature observed in the DC current versus time (J-t) relationship is 

oxygen vacancy migration. The migration of oxygen vacancies is believed, by some, to 

be responsible for the resistance degradation and ultimately device failure under DC 

fields [6]. Transient current peaks were originally thought to be related to oxygen 

vacancy migration but a later mechanism, proposed by Meyer, et al., links this defect 

migration to a modulation of electron concentration [21][22]. Mn-doping may limit 

oxygen vacancy migration by formation of bulky MnTi''-VO
••
 complexes [23]. Transient 

current peaks were also found in the BNT-BKT films presented here, and we report on 

some differences observed between the undoped and doped films. 

 

4.2 Experimental 

Films were fabricated by chemical solution deposition (CSD). Bismuth (III) 

acetate (99.9999%, Alpha Aesar) was dissolved in propionic acid while sodium acetate 

trihydrate (99%, Macron) and potassium acetate (99%, Macron) were dissolved in 

methanol. Optimized excesses of Bi (8 mol%), Na (16 mol%) and K (16 mol%) were 

added to the solutions in order to achieve stoichiometry, since the A-site cations are 

considered to be highly volatile at the crystallization temperature [24][25]. In an 

atmosphere controlled glove box titanium (IV) isopropoxide (97 %, TCI) was added to a 

mixture of 0.6 mL acetic acid and 0.6 mL propionic acid. The total ratio of propionic acid 

to methanol was 2.25. The Bi solution was added to the Ti solution and allowed to stir for 

several hours before adding the Na, K solution. Manganese (II) acetate tetrahydrate 

(99 %, Acrōs Organics) was added at the conclusion of solution preparation. The total 

solution concentration was 0.5 M. 

Films were spin cast on Pt/TiO2/SiO2/Si substrates at 3000 rpm for 30 s. Each 

layer was pyrolyzed at 325 °C for 4 min and crystallized at 700 °C for 10 min in air in a 

box furnace. This process was repeated to achieve the desired thickness. Platinum top 

electrodes were deposited by dc magnetron sputtering through a shadow mask and were 

subsequently annealed ex situ at 450 °C in air prior to electrical characterization. The 
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resulting parallel plate capacitor structures were circular, having an area 7.06x10
-4

 cm
2
. 

The electrode area was measured using an optical microscope.  

Variable angle spectroscopic ellipsometry (V-VASE, J.A. Woollam Co. Inc.) was 

used to determine film thickness and optical properties. X-ray diffraction (XRD) was 

used to ascertain phase purity and crystallinity (Bruker AXS D8 Discover). Atomic force 

microscopy (AFM, Asylum MFP-3D) was used to observe the surface topography and 

roughness. Dielectric measurements were carried out using an impedance analyzer (HP 

4192A) at 50 mVRMS. Leakage current and polarization measurements were performed on 

a Radiant RT66B ferroelectric tester. Leakage current was measured after a 400 ms soak 

time. The hysteresis behavior was measured with a 5 ms (200 Hz) measurement period. 

Leakage current measurements on time scales of tens to hundreds of seconds were 

performed on a Keithley 236 source-measure unit. For all leakage current measurements 

the convention where bias is applied to the top electrode was utilized. 

 

4.3 Results 

The films were deposited in three layers with a final thickness of 210 nm. Phase 

purity was achievable for undoped films and films with up to 2 mol% Mn. Only 

perovskite and substrate peaks were observed in the XRD patterns (Fig. 4.1) [26]. Studies 

on the use of Mn in BiFeO3 and PbTiO3-based multiferroics have used concentrations of 

Mn as high as 30 mol% without observing a second phase by XRD [27][28]. Peak 

intensity ratios were roughly the same for all compositions studied here. The films were 

polycrystalline. An AFM image of an undoped film in Fig. 4.2 shows that the film was 

composed of small spherical grains of 50-100 nm in diameter. Doped films displayed a 

very similar microstructure. Overall there appeared to be no difference between the 

microstructures observed by XRD or AFM in the undoped or Mn-doped films. 
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Figure 4.1 – XRD patterns of undoped and 2 mol% Mn-doped films. 

 

Figure 4.2 – AFM image of undoped thin film. Similar topography was observed for 

doped films. 

The dielectric constants, shown in Fig. 4.3, decreased approximately 15% with 

Mn doping. Similar decreases have been observed in previous work on SrTiO3 and BNT-

based thin films [6][8]. Some have reported otherwise [10]. In the bulk, the dielectric 

constant of Mn-doping of BNT did not change, but decreased significantly in 

94(Bi0.5Na0.44Ag0.06TiO3)-6BT films doped with 0.4 mol% Mn [29][30]. Dielectric loss 

was low in all films here, in the range of 2-4 % at 1 kHz. 

Typical hysteresis loops for an undoped and 2 mol% Mn doped film are shown in 

Fig. 4.4. Mn doping of BNT-based films has been variously found to increase and 

decrease the high-field polarization in epitaxial films deposited by pulsed laser deposition 

(PLD) on oxide electrodes [8][10]. Here, a small but persistent decrease in the maximum 

and remanent polarizations was observed in the Mn-doped films. Remanent polarization 
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was 8 μC/cm
2
 with a coercive field near 70 kV/cm, for the undoped films. Measured at 

room temperature; the loops were initially asymmetric and pinched until application of an 

electric field equal to or greater than 300 kV/cm. Beyond this field level the loops 

became symmetric and no longer displayed pinching. This was evidence of some relaxor-

like behavior prior to stabilization of the ferroelectric phase on the application of high 

fields. At 200 Hz films could withstand fields as high as 1.3 MV/cm before electrical 

breakdown. At lower frequencies (1-20 Hz) space charge effects, such as rounded loops, 

were noticeable at sufficiently high fields. 

 

Figure 4.3 – Dielectric constants and loss for different Mn-doping concentrations of 0 to 

2 mol% Mn. The increase in the dielectric loss in at high frequencies is an artifact caused 

by a resonance in the LCR properties measurement circuit [31]. 
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Figure 4.4 – Hysteresis loops for undoped and 2 mol% Mn films are shown above. The 

undoped film probed with 200 kV/cm showed some pinching of the loops. 

Several plots of the current-time (J-t) relationship are shown in Fig. 4.5. At low 

temperatures we found that the current relaxation continued out to several hundred 

seconds for positive bias. With negative bias the current relaxation was nearly complete 

after 100 ms. At high temperatures (>120 °C for the undoped films) we observed a 

transient current which becomes important even at relatively short time scales (≈1 s). The 

transient current only appears for positive applied bias. In general, the negative applied 

bias resulted in larger currents at all time scales, which may have masked the transient 

effect. This behavior may also have been due to an asymmetric distribution of oxygen 

vacancies throughout the film, as discussed below. 
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Figure 4.5 – Leakage current versus time for positive and negative applied bias at 

intermediate to high temperatures, for an undoped film. 

The transient peaks for an undoped film are plotted on a linear scale in Fig. 4.6a. 

The time constants (peak positions) were seen to become faster with increasing 

temperature, and above 160 °C the films began to show signs of resistance degradation 

marked by a gradual increase in the current. Zafar, et al. showed that, for (Ba,Sr)TiO3 

(BST), the current peaks were thermally activated and obeyed equations for diffusion 

dominated migration [21]. The drift mobility for ionic defects, μion, and activation energy, 

EA,ion, can be determined from τ, the peak time constant given in seconds, and D, the 

thermally activated diffusion coefficient, given in Eqs. (4.7-8), respectively: 

  
   x     

     
                                                                                                   

        
      

   
                                                                                         

In Eqs. (4.7-8) above, d is the film thickness in units of cm, E is the electric field 

in units of kV/cm, and γ is a constant giving the maximum diffusion coefficient (at 

infinite temperature). These are related via the Einstein relation, 

                                                                                                               

The Eqs. (4.7-9) can be rearranged to arrive at the form 

       
  

  
      

      

   
                                                                            

which can be used to determine EA,ion from the slope of lnTμion versus 1/T. 
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Fits to data from an undoped film resulted in μion=1.7×10
-12

 cm
2
V

-1
s

-1
 and 

EA,ion=0.92 eV. These numbers are quite similar to those reported for BT and BST, where 

the transient currents were ascribed to the diffusion of oxygen vacancies [21][32]. 

However, Meyer and Waser published a dynamic model for oxygen vacancy diffusion in 

thin films of BST [22]. They found that the shape of the depletion zone was altered by the 

oxygen vacancy diffusion and simultaneous charge injection. Thus the appearance of a 

transient peak is most likely caused by a modulation of the electron concentration due to 

the oxygen vacancy migration. 

 

Figure 4.6 – Oxygen transient current in (a) an undoped film and (b) a film doped with 

1 mol% Mn. At these fields (≈200 kV/cm) the leakage current was much lower in the Mn-

doped films. At 200 °C the undoped film showed a reduction in total current but also 

resistance degradation occurring after the peak. Even so, the decrease in the peak time 

constant was consistent with the model (Eqs. 7-10). 

The transient current peaks of a 1 mol% Mn-doped film, shown in Fig. 4.6b, were 

much sharper and occurred at much shorter times. The peak had elapsed after only ten 

seconds and the peak position did not change in the range 180 to 220 °C. The oxygen 

vacancy diffusion model thus did not provide a good fit for the Mn-doped films. After the 

current peak there was little sign of resistance degradation, measuring out to 200 s. This 

is consistent with the known efficacy of Mn-doping on reducing resistance degradation in 

other systems [6]. 

With increasing electric field and temperature the current density-electric field (J-

E) characteristics became asymmetric for the undoped film, as seen in Fig. 4.7a. This 
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occurred despite the symmetric Pt top and bottom electrodes. The asymmetry gradually 

diminished by addition of Mn and by 2 mol% the positive and negative voltage leakage 

current curves in Fig. 4.7b were symmetric. The J-E curves are divided into several 

regions depending on electric field and temperature. At all fields less than around 

150 kV/cm the current was Ohmic, increasing proportional to E and monotonically with 

temperature. 

 

Figure 4.7 – Low temperature leakage current of (a) undoped film and (b) 2 mol% Mn-

doped film. The small PTCR effect in the 2 mol% film became Ohmic at 40 °C and above. 

For the undoped, 210 nm thick films in Fig. 4.7a, the J-E characteristics above 

150 kV/cm took different forms depending on the measurement temperature. Both PTCR 

and NDR effects were seen in the temperature range 20~60 °C. Below 60 °C there was an 

increase in the slope of the J-E plot followed by a plateau, which together formed a knee. 

In thicker films (e.g. 350 nm and 495 nm, data not shown here) a region of NDR 

appeared in the same E-field region. Both the PTCR and NDR were more significant for 

positive applied bias and the knee vanished at temperatures higher than 60 °C, so it is 

reasonable to assume that the two phenomena are related. The knee became less 

noticeable with larger amounts of Mn-doping, and was only minimally noticeable by 

2 mol% Mn doping. Above 60 °C in the high-E region the J-E curves exhibited space-

charge-limited current behavior. 

 

4.4 Discussion  

4.4.1 Space charge-limited current 
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Figure 4.8a shows the lnJ-lnE plots for an undoped film at several temperatures 

from 20-180 °C. Both the Ohmic region at low-E and the high-E conduction mechanisms 

are evident. Figure 4.8b shows the J-E plots for a 2 mol% Mn-doped film, all of which 

were absent any feature aside from the Ohmic region. In contrast to films with lower Mn-

doping levels, Ohmic conduction was preserved until dielectric breakdown even up to 

180 °C and 400 kV/cm. Similar Ohmic behavior was previously reported for 

2 mol% Mn-doped 76BNT-20BKT-4(Bi0.5Li0.5)TiO3 at room temperature and 

400 kV/cm [8]. 

At low electric fields the current appears to be Ohmic. The Ohmic current density 

is given by 

                                                                                                                

where 

          
  

   
                                                                                         

In Eq. (4.11), μ is the free carrier mobility and no is the carrier concentration in 

thermal equilibrium (at zero field). In Eq. (4.12), NV is the density of states in the valence 

band and EA is an activation energy, being a first approximation of the energy from the 

shallow trap level to the conduction band. The temperature dependencies are assumed to  

be μ~T
-1/2

 and NV~T
3/2

, and thus JOhm~T. The energy from the Fermi level to the valence 

band is EA=EF-EV, for p-type conduction. Ideally, the slope of lnJ-lnE for the Ohmic 

region should be unity. While this was in excellent agreement for what was observed 

with 1-2 mol% Mn-doped films, larger slopes (1.05-1.58) obtained for the 0-

0.2 mol% Mn-doped films were possibly related to an E-field dependence of charge 

relaxation dynamics. Also, with increasing amount of Mn the low-field Ohmic current 

increased in magnitude. 

For each doping level, EA was calculated by plotting ln(J/T) vs. 1/T. These values 

were 0.204±0.028, 0.182±0.019, 0.248±0.020, and 0.330±0.016 eV for the undoped, 0.2, 

1, and 2 mol% Mn films, respectively. EA for the undoped and 0.2 mol% Mn-doped films 

were very similar to that previously obtained for 88BNT-8BKT-4BT, which was 

0.19 eV [33]. With larger amounts of Mn-doping the trap levels become deeper, which 
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would lead to a lower JOhm. The greater Ohmic current of the Mn-doped films is likely 

due to an increase in NV as a result of the higher concentration of acceptor dopant. 

 

Figure 4.8 – (a) Plots of lnJ-lnE at different temperatures for an undoped film. (b) The 

Ohmic region extended to beyond 400 kV/cm for the 2 mol% Mn-doped films, even at 

high temperature. Slopes are provided for the various segments of the plots at 180 °C. 

Plots are shown for negative applied bias. 

The leakage current mechanism is best described by the space charge limited 

current (SCLC) model. This was also the mechanism proposed for epitaxial 88BNT-

8BKT-4BT by Hejazi and Safari [33]. The J-curves for SCLC follow the format of 

Fig. 4.9, which shows JOhm, the traps-limited region, Jtr, and the trap-free Child‟s law 

current, JCh. The SCLC model can also be partially validated by extrapolation of JCh to 

the intersection with JOhm, to form Lampert‟s triangle [34]. This occurs at a voltage, 

      
 

 

       

     
                                                                                             

which is defined by the free carrier concentration, n0, film thickness, d, and the static 

dielectric constant, εs. Lampert‟s triangle appears to be completed in these films, as well. 

Refer to the lnJ-lnE plot in Fig. 4.8a (at 180 °C). At this temperature the intersection 

occurs at lnE≈2.8. Taking d=210 nm and εs=700, n0 was calculated as 3.5×10
17

 cm
-3

. 
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Figure 4.9 – Diagram of SCLC for an exponential trap distribution, showing J- curves 

and key electric fields [36]. 

The carrier transit time through the dielectric film, τc, becomes faster with 

increasing E until it becomes faster than the field-free dielectric relaxation time, τd, at the 

transition field, Etr (Fig. 4.9), when the Fermi level begins to increase toward the 

conduction band [35]. This is also when n>n0, where n is the total number of injected 

carriers. Etr marks the end of JOhm and the beginning of the trap-filling current, Jtr. The 

trap-filling current is explained by several models, depending on the nature of the trap 

levels. For a single deep trap level, the plot of lnJtr-lnE is almost vertical, although the 

observed slope depends on the dielectric relaxation, and thus the soak time used during 

measurement [36]. Second, a lesser, and finite slope may imply a distribution of trap 

levels [37][38]. Third, a slope≈3 can occur from a process of double injection of e
/
 and 

h
•
 [39]. 

From Fig. 4.8a it is seen that lnJtr-lnE has a slope ~5, which is far from vertical. 

By comparison, Hejazi and Safari found slopes in this region to decrease from 15.65 to 

6.64 with temperature. The more shallow slopes seen here appear to be more consistent 

with the theory of Rose for distributed trap levels, and the analysis proceeds as 

follows [37]. Moreover, the transition between JOhm and Jtr is rather gradual here 

compared to the sharply defined Etr, which was observed for the epitaxial 88BNT-8BKT-

4BT deposited by PLD [33]. Oxygen vacancies, or other forms of non-stoichiometry, in 

the presence of A-site cation disorder are suggested as possible factors leading to a 
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distribution in trap energy levels. Mark and Helfrich derived an equation for Jtr given an 

exponential distribution of shallow traps [38]: 

    
       

  
 

   

       
 
 

 
    

   
 
   

                                                  

where 

  
  

 
                                                                                                                     

Above, T
*
 is a characteristic temperature of the trap energy distribution and Nt is 

the total trap concentration. Using Eq. (4.14) and the power of E dependence of Jtr, the 

characteristic trap energy, kBT
*
, was calculated to be 0.15, 0.13, and 0.071 eV for 

undoped, 0.2, and 1 mol% Mn films. The value of kBT
*
 for the undoped film is similar to 

the trap level obtained by Hejazi and Safari. 

The exact functional form of the trap level distribution is not known for certain. 

However, a qualitative comparison of the EA determined from JOhm prior to strong 

injection (and a shift in the Fermi level), and kBT
*
 determined from Jtr as the traps are 

becoming filled could suggest a broadening of the trap level distribution commensurate 

with Mn-doping. The energies thus determined for the 1 mol% Mn-doped films are lower 

and higher than those of the undoped films below and above the onset of strong injection, 

respectively. It is suggested that the presence of defect complexes (e.g. MnTi''-VO
••
), or 

possibly even A-site cation disorder, can broaden the trap distribution, increasing the 

number of free carriers accessible to kBT in the Ohmic region. This may also account for 

the higher JOhm upon Mn-doping. 

The J-E plots for all the films at 120 °C demonstrated an increasing Etr with Mn-

doping level (Fig. 4.10). The J-E plots were Ohmic for 2 mol% Mn samples and Etr was 

not observed at all before breakdown at any temperature up to 180 °C. An increase in τc 

relative to τd results in an increase in Etr. Also, a decrease in μ results in an increase in τc. 

Therefore, it should be expected that the Mn-doping caused a definite drop in the e
/
 or h

•
 

mobility. The slopes of the lnJtr-lnE plots were 5.3, 4.8, and 3.1 for undoped and 0.2 and 

1 mol% Mn films, respectively. The increasing Etr and decreasing slope of Jtr combined 

to cause the reduction in the high-E leakage current. The trend in Etr, at least, with respect 

to Mn doping level has previously been seen in room temperature data for Mn-doped 
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BNT, (K,Na)NbO3, and NaNbO3-BT films [8][9][10][13][14][40]. It can be seen from 

Fig. 4.8 that the behaviors persisted from room temperature up to 180 °C. 

 

Figure 4.10 – lnJ-lnE at 120 °C for different Mn-doping levels. The features of this 

comparison are the increasing Ohmic and decreasing high-E current found for Mn-

doped films. 

Above Etr-Ch, as defined by Fig. 4.9, there are more injected electrons than trapped 

electrons, n>nt>n0, with nt the number of trapped electrons [37][38]. In this region the 

current obeys the trap-free Child‟s law, JCh~E
2
 according to 

    
 

 

   

 
                                                                                                        

Child‟s law current was only observed for the undoped and 0.2 mol% films, 

before dielectric breakdown, and then only above 120 °C. There was an apparent onset of 

JCh on some of the 1 mol% Mn films as Jtr began to taper off near 160-180 °C, but it was 

not consistently observed. That JCh is not always observed is not unusual since SCLC can 

span a wide range of measured current; often the Ohmic and transition are all that can be 

seen to indicate the SCLC mechanism [41][42]. However, one matter of concern was that 

the onset of JCh only occurred several tens of degrees after the appearance of transient 

currents, as shown in Fig. 4.5. It must be considered that Etr or other observed quantities 

might show some dependence on the electrical history of the sample if defects were 

migrating during measurement. Still, the Child‟s law curve was extrapolated to the 

Ohmic curve, with their intersection defining VΩ-Ch, as in the dashed line in Fig. 4.9, to 

complete Lampert‟s triangle and calculate a reasonable value for n0 [34]. 
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The carrier mobility can be calculated from the intercept of lnJCh-lnE plot, using 

Eq. (4.16). These analyses were made using the high temperature curves from 140-

180 °C. The resulting mobilities decreased as 4.0×10
-7

, 2.1×10
-8

, and 3.2×10
-9

 cm
2
V

-1
s

-1 

for undoped, 0.2, and 1 mol% Mn-doped films, respectively. These were much lower 

than the mobility calculated for PLD deposited 88BNT-8BKT-4BT, for which the value 

5.82×10
-3

 cm
2
V

-1
s

-1
 was reported [33].  

It is not entirely clear why the mobility is so low in this case. Hole mobilities are 

thought to be much smaller than electron mobilities in ferroelectrics [43]. The dominance 

of hole conduction would suggest that a process like that of Eqs. (4.1-3). Another 

possibility is that charge trapping was incomplete for the soak times used during 

measurement. Mobilities in perovskite ferroelectrics can vary widely, with values from 

10
-2

 cm
2
V

-1
s

-1
 to 10

-7
 cm

2
V

-1
s

-1
 having been reported previously for PZT thin films [44]. 

Still, as was noted above, the decrease in μ (or increase in τc) with increasing Mn 

concentration is consistent with the trend in Etr shown in Fig. 4.10. 

Although the mobility was only obtained for the low-doped films, the product μNV 

was found using Eqs. (4.11-12). The values for μNV are 1.5×10
11

, 1.1×10
11

, 1.1×10
12

, and 

6.0×10
13

 V
-1

s
-1

cm
-1

 for the undoped, 0.2, 1, and 2 mol% Mn-doped films, respectively. It 

can be seen that the dependence is largely the same for low levels of doping but increases 

markedly at 1 and 2 mol% Mn. This implies a sudden and dramatic increase in either the 

effective density of states or the mobility when adding more significant amounts of Mn 

(i.e. 1-2 mol%). 

Having found μNV, the number of traps, Nt, can be determined from Eq. (14) for 

samples which exhibited Jtr, excluding the 2 mol% Mn samples, which were Ohmic at all 

fields [38]. The values obtained for Nt were 7.3×10
18

, 3.4×10
18

, and 1.8×10
19

 cm
-3

 for the 

undoped, 0.2 mol% Mn, and 1 mol% Mn, respectively. The slope of Jtr weighs heavily on 

the calculated result for Nt , which can certainly be affected by trapping and detrapping 

rates [34][42]. The values are comparable to those for NV for the 0-1 mol% Mn films, and 

compare well to values reported for PZT thin films [43]. This is reasonable as the carrier 

concentration is likely due to the introduction of extrinsic defects. The figures are also 

quite a bit larger than Nt=6.97×10
15

 cm
-3

 reported by Hejazi and Safari for 88BNT-

8BKT-4BT [33][45]. The relatively small change in Nt with large doping levels is also 
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suggestive of significant reoxidation of VO
••
, again as in Eqs. (4.1-3). If the films were p-

type, this suggests that the MnTi
//
 (and MnTi

///
) sites were stable and did not contribute to 

trapping holes. Otherwise, the SCLC would have appeared prominently in 2 mol% Mn-

doped films, which was not observed. 

Other conduction mechanisms, such as Schottky or Poole-Frenkel, were 

investigated as part of the analysis, using methods as described by Chiu [36]. None of the 

slopes in the low or high electric field region consistently produced realistic values for 

the optical dielectric constant. Furthermore, even when realistic optical dielectric 

constants were derived, the results were unphysical. For instance, often negative barrier 

heights were obtained, indicating that these were not the correct mechanisms. Hopping 

conduction was also ruled out due to an incorrect temperature dependence of the slopes. 

The leakage current gave results consistent with SCLC as reported for similar material 

systems [33]. Besides the general agreement of the slopes of lnJ-lnE to the model, a good 

indication of SCLC is the completion of Lampert‟s triangle [34]. 

Mn-doping was shown to reduce the leakage current over a wide temperature 

range, although the low-field Ohmic current was unexpectedly higher with Mn-doping. 

This effect was larger than that observed in BNT-based films deposited by PLD, where 

the Ohmic current was hardly changed by Mn-doping [8]. Other room temperature 

leakage data on Mn-doped BNT-based films deposited by CSD have demonstrated a 

higher JOhm [9]. The difference may be due to the stoichiometry or film morphology, but 

the literature on leakage current in BNT-based films is still rather sparse. 

4.4.2 Transient currents 

As mentioned, EA,ion and μion extracted for the undoped films (Fig. 4.6a) are 

suggestive of a modulation of the conductivity due to migration of oxygen vacancies. The 

transient currents were only observed for positive applied bias, as seen in Fig. 4.5, but the 

overall magnitude of the currents there and in Fig. 4.7a were larger for the negative bias. 

Together, these facts may be demonstrative of an asymmetry in the initial distribution of 

vacancies. The top surface of the film may have a larger concentration of VO
••
 prior to 

application of an electric field, due to oxygen loss occurring during crystallization. The 

symmetry of the J-E characteristics in Fig. 4.7b and the temperature invariance of the 

current peak time constant for the 1 mol% Mn-doped film (Fig. 4.6b) may indicate the 
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strong binding of the defect complex MnTi''-VO
••
. On cooling from annealing, yet while 

the temperature is still high enough for significant migration, VO
••
 may become bound to 

fixed MnTi'' centers to the effect of making the distribution of space charge spatially 

symmetric. 

As was noted above, there was no obvious difference in the microstructures 

apparent from the AFM images or XRD which might have accounted for the difference in 

oxygen vacancy diffusion. As noted above, second phases from Mn-doping would are not 

expected at the concentrations used here [28]. However, in BT ceramics, doping with Mn 

at concentrations near 0.5-1 mol% tends to cause the grain boundaries to become 

enriched with the dopant [46][47]. It is reasonable to assume that oxygen vacancies may 

also become trapped in the grain boundaries. The J-t curves in Fig. 4.6b appear very 

similar to the model of Many and Rakavy for transient current in insulators with varying 

trapping time constants or free charge density [48]. For example, the former would 

correspond to our data as a longer trapping time constant with increasing temperature due 

to a decreased trapping effectiveness. 

Although the stability of the high field leakage current was enhanced by doping 

with 2 mol% Mn-doped, there were some unexpected results at high temperature. These 

films would abruptly become conductive at and above 180 °C, passing currents ≈1 A/cm
2
 

at fields as low as 10 kV/cm (e.g. a factor of 10
7
 higher than expected).  The high 

conductivity phase was reversed after allowing the film to cool several tens of degrees. 

Since the contacts were Ohmic, and 10 kV/cm is a very low driving field, the higher 

current must be due to an increase in the volume conductivity of the film rather than 

increased charge injection. Current of 1 A/cm
2
 was much higher than that observed 

during breakdown events at higher fields during normal measurements. At 2 mol% Mn 

the doping level is likely beyond the solubility limit and the higher current could be due 

to conductive pathways forming at the grain boundaries. The role Mn plays in modifying 

leakage current characteristics in BNT-BKT thin films is thus complicated. Mn-doping 

limits oxygen vacancy migration and reduced the high-E leakage current but, as 

mentioned above, the MnTi''-VO
••
 complex may become unbound at high temperatures. 

The transient current also affects the determination of the steady state leakage 

mechanism. A Child‟s law region, where the traps are filled and space charge limits 
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charge injection, did not appear until high temperatures and was not consistent for 

1 mol% Mn. Cumulative electric field sweeps could potentially affect the onset of Etr, the 

slope Jtr, or JCh at temperatures where oxygen vacancies become mobile. Defect 

migration might cause the J-E plots to deviate from theoretical steady state leakage 

behavior, even at relatively short soak times where the current relaxation would still be 

significant. Due to the long measurement times required for the transient currents, the 

current generally recovered to its initially low value only after a delay of several minutes 

upon removal and subsequent reapplication of the field. However, a generally steady-

state current density did appear after the current peak (Fig. 4.6). It is suggested that the J-

E characteristics could be obtained and compared for both the short soak times, 

represented by Figs. 4.7-8, and at much longer times after the transient current peak. 

 

4.4.3 NDR and PTCR 

There have been previous reports showing NDR-like J-E data from BNT-based 

thin films including BNT-BKT-(Bi0.5Li0.5)TiO3 [8][49]. In that case, NDR appeared as a 

decrease in current just past an apparently Ohmic region in oxygen-poor samples (i.e. 

films deposited by PLD under low oxygen pressure). 

In the temperature range 25-60 °C a knee occurred in the leakage current in three 

layer films, as in Fig. 4.7a. The knee gradually diminished with temperature and also with 

addition of Mn. When five and seven layer films were tested, the same region of the J-E 

plot actually displayed a negative slope, rather than a knee. The NDR in those thicker 

films was prevalent over a wide range of temperatures and electric fields, which 

prevented a prototypical analysis of the leakage current mechanism. A similar knee has 

been seen in by Watanabe, et al. in SBT [16]. In some leakage measurements the plateau 

region of the knee actually exhibited a NDR, i.e. current decreasing with increasing 

electric field. 

Since the PTCR and NDR were observed over the same temperature range it is 

reasonable to consider the model of Dawber and Scott, in which PTCR and NDR are 

modeled as different aspects of the same phenomena [45]. It has been used to explain the 

PTCR/NDR in SBT, BT and (Pb(Fe0.67W0.33)O3)0.2-(Pb(Zr0.53Ti0.47O3)0.8 thin films 

[15][18]. It is also somewhat qualitative, as several of the parameters are difficult to 
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ascertain directly. There is an assumption of Schottky injection and diffusion-limited 

current at low fields. At high fields the current is limited by the Schottky contact 

according to Simmons reformulation [50]. In the model, the current is given by 

             
 

   
    

     

     
 

    

    
  

                               

where Eo is the electric field in the space-charge-free region of the film (which depends 

on the film polarization state), ND≈Nt is the number of active defects, and φb is the 

injection barrier height. The model is highly sensitive to the depletion width, w, of the 

films and is also likely sensitive to the space charge distribution itself. The model is 

highly parameterized thus some assumptions must be made. In order to achieve 

physically appropriate parameters to fit the equation there must be some accounting of 

the depletion region, which generally changes with temperature. The lack of a dielectric 

relaxation term and unpredictable dependence on electric field and temperature cycling 

mean that the model is still somewhat qualitative [15]. When we attempted use Eq. (4.17) 

to model the knee in our films (Fig. 4.11) it was necessary to shift the E-axis to the end of 

the Ohmic region, by an amount that became smaller with thicker films. The model does 

not predict an initial Ohmic region at low fields, which is what was observed in this 

work.  

 

Figure 4.11 – Fit of the low temperature knee in 1 mol% Mn-doped films to the model of 

Dawber and Scott. 

In bulk BT, a normal ferroelectric, the PTCR effect has been shown to be due to a 

double Schottky barrier forming at grain boundaries above the Curie temperature [51]. 

Below the Curie temperature, spontaneous polarization effectively wipes out the barrier 
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and the current is higher. In these films, the PTCR and NDR were only observed over a 

limited range, 25 °C to 60 °C. Further data collection at longer times and lower 

temperatures is required to demonstrate whether this is true NDR or whether this is an 

artifact of the short soak/measurement times (< 1 s). For example, although first 

observing NDR in PZT thin films it was ultimately determined this was caused by a an 

onset of rapidity in the dielectric relaxation currents [19]. It should also be noted, in 

connection to the J-E characteristics, that Lampert found an expression for double 

injection of holes and electrons which could give a region of trap-limited SCLC with 

Jtr~E
3
. Interestingly, this also corresponded to a NDR region beginning after the Ohmic 

region. While our films show Jtr~E
l+1

 with l+1 as high as 6.5, such high slopes of Jtr 

associated with SCLC did not occur below 60 °C, and so in the low temperature region 

this is yet another mechanism to consider [39]. 

 

4.5 Conclusions 

Mn-doping was studied as a function of Mn-dopant concentration and temperature 

in 80BNT-20BKT thin films. The behavior of Etr and the corroboration of trap levels by 

previous works, the eventual onset of Child‟s law-like current at high temperatures, and 

the absence of another conduction mechanism which fits the data strongly suggest SCLC. 

Transient oxygen vacancy vacancy migration was observed and a marked difference was 

found between undoped and Mn-doped thin films. The onset temperature of Child‟s law 

coincided with that of oxygen vacancy migration suggesting that the leakage current 

behavior of polycrystalline BNT-BKT thin films is dependent not only on the exact 

stoichiometry of the films but also on the defect distribution through the film thickness, 

which may change during measurement at high temperatures. The time dependence of the 

leakage current indicates that BNT-BKT thin films cannot automatically be assumed to 

be in the steady state at temperatures at least as low as 120 °C, even after allowing soak 

times for the dielectric relaxation. 
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5. Leakage Current and Oxygen Vacancy Migration in (100-x)(Bi0.5Na0.5)TiO3-

x(Bi0.5K0.5)TiO3 Thin Films 

 

 

5.1 Introduction 

Solid solutions based on the ferroelectric perovskite Bi0.5Na0.5TiO3 (BNT) and 

Bi0.5K0.5TiO3 (BKT) are good candidates to someday replace current Pb-based 

ferroelectric and piezoelectric devices. This goal is to bring the piezoceramics industry 

into compliance with the Restrictions on Hazardous Substances (RoHS) guidelines, 

which seek to limit Pb in consumer devices. Currently, our understanding of the relevant 

parameters necessary for robust processing and characterization of these materials is not 

as developed as for current state-of-the-art BaTiO3 and Pb-based materials [1][2][3]. This 

is particularly relevant in the case of minimizing the leakage current in thin films. To our 

knowledge, for BNT-based films there have been only two reports of the temperature 

variation of the current density-electric field (J-E) characteristics, which calls for an in-

depth analysis if these materials will be used in device applications [4][5]. 

Previous work has detailed the region of improved properties of (100-x)BNT-

xBKT solid solutions in both the bulk and thin film embodiments [6]. Yet none have 

systematically investigated the leakage current properties of those films as a function of x 

(the Na/K ratio). As Na and K are volatile they are expected to contribute to many types 

of defects in the film, and thus exert a great effect on the leakage current. 

In order to realize the widest range of applications, BNT-BKT-based materials 

must be optimized through the use of ternary systems and dopants, as has been 

demonstrated in Pb-based materials [7][8]. Most ternary systems will have regions of 

enhanced dielectric, ferroelectric and piezoelectric properties with different Na/K ratios 

than the simple binary system. Take, for example, BNT-BKT-BiNi0.5Ti0.5O3 and BNT-

BKT-BaTiO3 [9][10]. Both material systems are currently being investigated for 

improved electromechanical properties at a Na/K stoichiometry optimized to nearly 

50 percent of the A-site. And yet, both have very different Na/K ratios which may be one 
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of the most important factors determining the leakage current in BNT-BKT thin films. 

Therefore, ternary systems which have enhanced properties near specific Na/K ratios 

should be explored for leakage current optimization.  

In addition to ternary systems, there is the possibility to use 

rhombohedral/tetragonal composition heterostructures to form a structure with the overall 

composition of the morphotropic phase boundary (MPB) but with optimized properties. 

Such techniques were extensively explored in the PZT system, but very few if any studies 

have explored a similar strategy in the BNT-BKT system which is also host to 

rhombohedral and tetragonal ferroelectric phases [11]. This is yet another reason for 

which to study and model the leakage current in the binary system. 

The dielectric relaxation and steady-state leakage currents have also been shown 

to be affected by the oxygen vacancy, VO
••
, concentration and distribution  [12][13][14]. 

Bulk BNT and other Bi-based ceramics have been widely reported as being excellent 

oxygen ion conductors [15][16][17][18]. Despite this interest in bulk ceramics, this topic 

has only just begun to be explored in BNT-BKT thin films [5]. 

The VO
•• 

migration can be modeled by analyzing peaks in the dc current density-

time (J-t) plots [19]. The peak position is a function of temperature and this relationship 

was used to calculate an ionic mobility (μion) and activation energy (EA,ion). Later, the 

subject was revisited and a model was developed to explain the peak position as being 

due to a modulation of the electronic conductivity due to redistribution of VO
••
 [12]. The 

electron mobility is many orders of magnitude higher than the μion, so that a true ionic 

current could not account for the observed current peak. The concentration of VO
••
 is 

known to have a significant impact on the ferroelectric and piezoelectric fatigue 

properties and thus the migration of VO
••
 under a dc field is highly relevant. 

We report on a strong relationship between the Na/K ratio and both the leakage 

current and VO
••
 migration in BNT-BKT thin films. The results have implications for the 

optimization of leakage current, fatigue, and resistance degradation. They may also be 

relevant to the search for BNT-BKT-based ternary systems where low leakage current is 

a priority. 
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5.2 Experimental 

Bismuth (III) acetate (99.9999%, Alpha Aesar) was dissolved in propionic acid. 

Sodium (I) acetate trihydrate (99%, Macron) and potassium (I) acetate (99%, Macron) 

were dissolved in methanol. Optimized molar excesses of 8 mol% Bi and 16 mol% Na 

and K were used to compensate for the volatility of the cations during crystallization. 

Titanium isopropoxide was stabilized by mixing with propionic acid and acetic acid, in 

an atmosphere controlled glove box. The bismuth was added to the Ti solution first and 

stirred for 1 hr, before adding the Na and K solution. The resulting solution was 

approximately 0.5 mol/L. It was spin-cast on sputtered platinized silicon substrates (U.S. 

Army Research Lab) at 3000 rpm for 30 s. Each layer was pyrolyzed at 325 °C for 4 min 

and crystallized at 700 °C for 10 min in air. Platinum top electrodes were deposited by dc 

magnetron sputtering to complete the parallel plate capacitor structure. The capacitor 

stacks were then annealed one last time at 400 °C for 20 min in air. 

Thicknesses of the films was found by using variable angle spectroscopic 

ellipsometry (J.A. Woollam). Phase purity was determined by X-ray diffraction (XRD) 

using a Bruker AXS D8 Discover. Polarization hysteresis and J-E characteristics were 

measured by a Radiant RT66B. The voltage profile for the J-E measurement was a 

stepped pulse, with each voltage measured for a total (soak+measure) of 1 s. Transient 

current peaks were measured using a Keithley 236 source measure unit (SMU) using the 

following pattern of applied bias - the sample was set using a +4 V bias applied for 800 s, 

followed by application of a −4 V bias during which the transient current measurement 

was made. This was done in order to maximize the change in conduction, and thus 

transient current peak clarity. 

 

5.3 Results and discussion 

Four compositions were studied in the (100-x)BNT-xBKT system including x=10 

(90/10), x=20 (80/20), x=30 (70/30), and x=40 (60/40). Following spin-coating and 

crystallization of six layers, the 425 nm thick films were all determined to be phase pure 

within the detection limits of laboratory scale XRD. There were several distinguishing 



 

61 

 

features of the XRD patterns, shown in Fig. 5.1a, which reveal some expected variation 

in the lattice parameter and some unexpected texturing. There was a marked increase in 

the intensity of the (h00) reflections on moving from the more tetragonal 60/40 

compositions to the more rhombohedral 90/10 compositions (Fig. 5.1b). For instance, the 

ratio of integrated intensities (100)/(101) of the 60/40 film increased over 15 times 

relative to the same of the 80/20 film, indicating some crystallographic texturing. The 

values are summarized in Table 5.1. Lattice constants also increased consistently with 

decreasing K content, as has been previously reported for the BNT-BKT system [6]. 
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Figure 5.1 – (a) Full x-ray diffraction patterns of the BNKT-based thin films on 

Pt/TiOx/SiO2/Si substrates. (b) Magnification of the (200) peak. 

The topography as measured by atomic force microscopy (AFM, Asylum 

Research MFP-3D) is shown in Fig. 5.2. Grain sizes appeared to be larger at higher Na/K 

ratio. Root-mean square roughness decreased with the Na/K ratio (Table 5.1). Surface 

roughness is commonly linked to grain size [20][21][22]. This is indicative of greater 

crystallite nucleation rates in the 60/40 films. 
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Figure 5.2 – AFM images for (a) 90/10, (b) 80/20, (c) 70/30, and (d) 60/40 films. 

Bipolar leakage current measurements as a function of temperature made on 

80/20 films using positive/negative electric field, E, are shown in Fig. 5.3a. By 

convention, voltage was applied to the top electrode, with the bottom electrode as ground. 

There was asymmetry in the J-E curves with respect to the bias polarity. For –E, the 

current density (J) was greater for large E, and breakdown often occurred at lower fields. 

Subsequent measurements were made primarily at +E in order to avoid damage to the 

devices. For 80/20 films, J was greater low temperatures (T), decreasing to a minimum 

~80 °C, where it began to increase again. This did not occur in the data from 70/30 films, 

displayed in Fig. 5.3b. The leakage current was also highly asymmetric in the 70/30 

films, much more so than the 80/20 films. 
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Figure 5.3 – Leakage current was asymmetric in capacitors made from (a) 80/20 films 

but not from (b) 70/30 films. 

Leakage current densities were lower as the composition shifted to higher 

amounts of BKT, as can be seen from the lnJ-lnE plots which show the current at +E 

applied, at 40 °C (Fig. 5.4a) and 160 °C (Fig. 5.4b). In all films, conduction could be well 

explained by the space charge-limited current (SCLC) model [4][23]. The characteristic 

leakage current profile of SCLC begins in all films with a region obeying Ohm‟s law, 

JOhm∝E. This is followed by a transition region, Jtr∝E
l+1

 (l>3) marked by a transition 

electric field, Etr, taken to be the onset of strong injection [23]. After the Jtr, the defect 

traps are mostly filled and the current is dominated by space charge effects and Child‟s 

law takes hold, JCh∝E
(2+γ)

. The power dependence can be explained by double injection 

of electrons and holes with varying degrees of carrier recombination [24][25][26][27]. 

The films shown here had α≈0. The particular instances in which α may change are still 

being investigated. 

Despite the overall reasonable fit to the SCLC model, it can be seen by 

comparison with Fig. 5.3 that the +E current is significantly lower than at –E applied for 

the 70/30 films. We also were not able to see the Child‟s law current in this data. For 

these reasons, the +E current for the 70/30 films was also fit to the Schottky model. 
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Equation (5.1) contains several constants including the Richardson constant, A
*
, 

the electric charge, q, Boltzmann‟s constant, kB, and the permittivity of free space, ε0. 

There are also several fitting parameters, such as the Schottky barrier height (ϕB) and the 

optical dielectric constant (εi). By plotting ln(J/T
2
) versus E

1/2
, values were found for εi in 

the range 1.2 ~3.2, which are below  typical values for perovskite materials (provide 

actual literature values, if possible) [28]. The intercept of that fit, given by –qϕB/kBT, was 

plotted against 1/T and the slope was used to calculate ϕB =0.061 ±0.053 eV (typical 

values are 0.5 ~ 1.5 eV). This makes the Schottky model less likely than a SCLC which 

simply did not reach JCh. 

In the 90/10 and 80/20 compositions, JOhm was higher than in the 70/30 and 60/40 

films. The regime of JOhm was also greater in the 70/30 and 60/40 films, and thus Etr was 

larger, further increasing the disparity between the compositions at intermediate fields. 
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Figure 5.4 – Leakage current at (a) 40 °C and (b) 160 °C for the 90/10, 80/20, 70/30 and 

60/40 films. 

The current-time (J-t) relationship was measured for all films. Transient current 

peaks were observed, shown in Fig. 5.5, with ever shorter time constants at higher Na/K 

ratio. 
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Figure 5.5 – Transient current peaks for (a) 90/10, (b) 80/20, (c) 70/30, and (d) 60/40 

films. The peaks became more diffuse and arrived at later times as the ratio Na/K 

decreased. Note that (d) is plotted on a longer time axis. 

Redistribution of charged defects in the presence of an electric field can cause a 

modulation of the electronic current, resulting in a peak in the J-t plot [12]. Zafar, et al. 

prescribed the equations describing the diffusion coefficient and ionic mobility to the 

study of such current peaks [19]. First, μion is determined from 

  
   x     

     
                                                                                                   

where τ is the peak time constant given in seconds, d is the film thickness in units of cm, 

and E is the electric field in units of kV/cm. Separately, the thermally activated diffusion 

coefficient, Dion, is related to EA,ion by 
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In Eq. (5.3), γ is a constant giving the maximum diffusion coefficient (at infinite 

temperature). Both Eqs. 1 and 2 are related via the Einstein relation, 

                                                                                                             

which, upon substitution of Eq. (5.3) and some rearrangement becomes 

       
  

  
      

      

   
                                                                           

The peaks also broadened as the Na/K ratio decreased, so that obtaining a precise 

peak position from the 60/40 films was not possible. From the other compositions, 

Eq. (5.5) was used to determine EA,ion from the slope of lnTμion versus 1/T. This analysis, 

illustrated in Fig. 5.6, yielded EA,ion in the range 0.66-0.99 eV which could reasonably 

correspond to oxygen vacancy migration [18][19][12][29][30]. 
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Figure 5.6 – Arrhenius plots showing fits used for derivation of EA,ion. 

The values of μion roughly obtained at 140 °C, shown alongside EA,ion in Table 5.1, 

are similar to other reported values in thin films [19][12][31][32]. Although VO
•• 

migration appears to be the most likely cause, there are several other possibilities to 

consider. Na ions are notoriously mobile. Slightly lower EA,ion≈0.4 eV have been found 

for Li, for example, in A-site deficient perovskites [33]. 

Much research has demonstrated ionic
 

conduction in bulk BNT-based bulk 

ceramics, although we have not seen any reports showing dependence on the Na/K 

ratio [16][18][34][35][36]. We are aware only of our single previous report of ionic 

conduction in BNT-BKT thin films, which looked at Mn-doping in 80/20 films [5]. 
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Current peaks came at shorter times as the Na/K ratio was increased, implying an 

increasing diffusivity of VO
••
. The qualitative result was that a stoichiometry closer to the 

BNT side of the phase diagram resulted in increased oxygen conductivity, which could 

indicate a mechanism which relies upon the presence of Na or the symmetry of the 

lattice. The breadth of the peaks increased with the amount of K. This could be related to 

microstructure, with different mobilities for VO
•• 

diffusing through the bulk and grain 

boundaries resulting in peak spread. A more complicated picture includes polaron 

hopping of the Ti
3+

 and Ti
4+

 states in the cathode region, which can occur alongside VO
•• 

migration [37][38]. The net effect is a diffuse peak with some resistance degradation 

having some qualitative similarities to the J-t behavior in Fig. 5.5d. The resistance 

degradation effect appears weak, but this might be accounted for by some overlapping of 

dielectric relaxation. 

Table. 5.1 – Properties of (100-x)BNT-xBKT thin films. 

Na/K EA,ion (eV) μion 

(cm
2
/Vs) 

Ec (kV/cm) (100)/(101) Surface 

Roughness 

90/10 0.92 2.2x10
-11

 66 0.099 7.8±1.1 

80/20 0.99 3.6x10
-12

 50 0.227 4.1±0.39 

70/30 0.66 1.1x10
-12

 41 0.924 3.4±0.32 

60/40 N/A 8.1x10
-13

 35 1.499 2.1±0.18 

 

Polarization-electric field (P-E) hysteresis was performed in order to verify the 

time dependence of the ferroelectric polarization to exclude it as a possibility for causing 

the transient current peaks. The  loops shown in Fig. 5.7 show that saturation was 

achieved in bipolar hysteresis using a 5 ms collection time. The transient currents in 

Fig. 5.5 were measured with E=100 kV/cm. The coercive fields, Ec, of these samples 

were well under this value (Table 5.1). Therefore, it is unlikely that the current peaks 

were due to the relatively rapid ferroelectric polarization.  
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Figure 5.7 – Polarization hysteresis loops for the films. The 80/20 MPB films had the 

highest polarizations. The 70/30 and 60/40 films showed the lowest Ec. 

Although the pronounced transient current peaks are only observed at higher 

temperatures, some initial increase in the J followed by a plateau, without a peak, occurs 

at lower temperatures (below 100 °C), particularly at higher fields. This could imply that 

some VO
•• 

redistribution is taking place during leakage current measurements which could 

affect, for instance, the lnJ-lnE characteristics in Figs. 5.3 and 5.4. It may be possible to 

force VO
•• 

migration to one side of the device at high temperatures and quench the defects 

in place. If so, perhaps the effects on VO
•• 

distribution on leakage current could be studied 

directly. 

This may also influence the fatigue behavior, where both the VO
•• 

distribution and 

electron injection are both thought to be relevant [39][40][41]. Efforts have been made to 

mitigate the effects of VO
•• 

migration on reliability in Ta2O5 and (Ba,Sr)TiO3 capacitors. 

Strategies include embedding a thin, inert dielectric layer at the electrode interface, and 

doping [32][31]. Such methods may prove applicable to improving the fatigue resistance 

resistance degradation, as well. 

Conduction properties are commonly attributed to changes in the oxygen vacancy 

concentration. In the case of BNT-BKT films, which are made from highly volatile 

cations, this is expected to be especially true. The more diffuse nature of the peaks in the 

J-t plots of the 70/30 and 60/40 films might imply a lower concentration of VO
••
, and a 

lower concentration of charge carriers. In these films JOhm which proportional to charge 

carrier concentration and mobility, was consistently lower. 
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It is also possible that the variation in leakage current with N/K ratio is more 

dependent on the microstructure. Grain size, surface roughness, orientation, and 

tetragonality can play a strong role, and all of these were shown to vary with Na/K ratio 

as shown in Table 5.1.  In the PZT system, films with tetragonal compositions were 

found to have higher leakage current than rhombohedral films, while leakage current was 

shown to increase with the degree of (111)/(100) orientation [42]. However, the (111) 

texture was enabled by an increase in the process temperature, which could have 

dominated trends seen in the leakage current. Other work has indicated that in films with 

similar microstructures and identical composition but different orientations, the leakage 

current is the same [43]. Microstructure can include many other factors such as grain size 

and grain boundary density, defect distributions through the grains and grain boundaries, 

and inhomogeneity through the film depth [44]. Surface properties such as roughness and 

the quality of the film-electrode interface, for example, can also have a strong effect on 

conduction. Poor quality interfaces are shown to lead to localized breakdown events [45]. 

For these films, there is a correlation between decreasing leakage current and 

increasing degree of (100) orientation. Both data sets seem to change rapidly from the 

80/20 to 70/30 films. Other factors, including the μion and the tetragonality (Fig. 5.1b) 

vary more gradually across the range of compositions tested. The leakage current, VO
••
 

diffusion, and Ec are all strongly affected by the Na/K ratio. The next steps are to directly 

examine the fatigue and leakage behavior dependence on the distribution of VO
••
. 

 

5.4 Conclusions 

Thin film disc capacitor structures utilizing ferroelectric (100-x)BNT-xBKT, 

varying the ratio Na/K, were fabricated by CSD on Pt/TiOx/SiO2/Si substrates. All 

films showed characteristics of the SCLC conduction mechanism in the steady state 

regime. However, leakage current through films of tetragonal compositions was 

markedly lower than those of rhombohedral or MPB compositions. This was also 

correlated to a marked increase in the ratio of the (200) and (101) orientations in the 

tetragonal films, which appear to show some form of incipient texture. Transient 

currents were also observed which appear to be due to oxygen vacancy diffusion 
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causing a modulation of the charge injection and transport properties of the film. A 

higher mobility for oxygen ion conduction was observed in films with higher Na/K 

ratios. 
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6. Effect of annealing atmosphere pO2 on leakage current in 80(Bi0.5Na0.5)TiO3-

20(Bi0.5K0.5)TiO3 thin films 

 

 

6.1 Introduction 

In the last decade, intense effort has been invested to find Pb-free alternatives to 

be used in ferroelectric and piezoelectric devices currently based on Pb(Zr,Ti)O3 (PZT). 

These efforts are being driven by the Restrictions on Hazardous Substances (RoHS) 

guidelines enacted by the European Union, which aim to remove Pb from consumer 

devices. One likely candidate to replace PZT in at least some applications are solid 

solutions based upon (100-x)(Bi0.5Na0.5)TiO3-x(Bi0.5K0.5)TiO3 (BNT-BKT) . Among Pb-

free films, BNT-based materials achieve a balance between large piezoelectric 

coefficients and high depolarization temperatures [1][2]. 

Thin film leakage currents in BNT-based thin films are not well understood 

relative to their Pb-based counterparts. Excess current can impair device efficiency and 

lead to early failure through resistance degradation [3][4][5]. The goal of this work is to 

iteratively optimize the properties of BNT-based thin films until they become competitive 

with PZT. Taking lessons from the development of PZT thin films through the past four 

decades, a deep understanding of the defects and microstructure of BNT-BKT is 

necessary for this to occur. It is known is that the A-site cations are highly volatile, 

making thin films prone to significant effects from defects. But, to date only a handful of 

studies have characterized the leakage current in BNT-based thin films [6][7][8]. 

Much more has been studied on the conductivity behavior of bulk ceramics. 

Recently, several studies have used annealing in different oxygen partial pressures (pO2) 

to determine the carrier type of bulk ceramics. Kumar, et al. studied the effect of 

annealing at various pO2 in-situ on 70BaTiO3-30BiScO3 (BT-BS) and 95SrTiO3–

5Bi(Zn0.5Ti0.5)O3 (ST–BZT) ceramics [9]. The stoichiometry was intentionally modified 

using deficient or excess quantities of A-site cations, causing the samples to be either n-

type or p-type. The carrier type was inferred from impedance spectroscopy measurements 

in O2, air, and ultra-high purity (UHP) N2. The sample reoxidation fills oxygen vacancies, 

VO
••
, which can be charge balanced either by generation of h

• 
or the trapping of e

/
, 

modulating the carrier concentration and thus the sample resistivity and leakage current. 
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This technique was also used to characterize BNT-BT ceramics [10]. Another work 

demonstrated the effect of high temperature annealing at various pO2 followed by 

measurements at lower temperatures [11]. Impedance spectroscopy is a difficult 

technique to implement in thin films, but similar inferences can also be applied to DC 

leakage current measurements in thin films. This is the approach taken here. 

 

6.2 Experimental 

Solution and film fabrication procedures above were based on those of Jeon, et 

al., with slight modifications [12][13]. (100-x)(Bi0.5Na0.5)TiO3-x(Bi0.5K0.5)TiO3 solutions 

were prepared with optimized molar excesses of 8 mol% Bi, and 16 mol% each Na and 

K. Bismuth (III) acetate (99.9999%, Alpha Aesar) was dissolved in propionic acid (PAc). 

Sodium (I) acetate trihydrate (99%, Macron) and potassium (I) acetate (99%, Macron) 

were dissolved in dry methanol. In a glove box, titanium isopropoxide (98+ %, but better 

than 99% by assay, Alfa Aesar) was added to four molar equivalents of acetic acid pre-

mixed with an equal volume of PAc. All precursors were measured by weight. The Bi 

solution was quickly added first to the Ti solution dropwise and stirred for at least one 

hour. Then, the Na/K solution was added and stirred for at least one hour. The resulting 

solution concentration was approximately 0.5 mol/L solvent. 

Solutions were spin-cast on sputtered platinized silicon substrates (MEMS 

Exchange) at 3000 rpm for 30 s. Each layer was pyrolyzed at 325 °C for 4 min and 

crystallized at 700 °C for 10 min in a box furnace (Carbolite, CWF 1200). Platinum top 

electrodes were deposited by dc magnetron sputtering to complete the parallel plate 

capacitors. 

Film thickness was obtained by variable angle spectroscopic ellipsometry (V-

VASE, J.A. Woollam Co. Inc.), and x-ray diffraction (XRD) was used to ascertain phase 

purity (Bruker AXS D8 Discover). 

Post-annealing of films was performed in a tube furnace flowing O2, air, UHP 

(99.9999% pure) N2, or a forming gas mixture of UHP 0.1 % H2 balanced with N2 

(H2/N2), all at 400 °C for 20 min. Dielectric properties were measured on a HP 4192A 

impedance analyzer, using a 50 mVRMS test signal. Leakage current and polarization 
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measurements were performed on a Radiant RT66B ferroelectric tester. Leakage current 

was determined by a 1 s combined soak and measure time. We adopt the convention 

where bias is considered to be applied to the top electrode. 

 

6.3 Results and discussion 

As-deposited films were 3 layers total, with a final thickness of 210 nm. There 

was no sign of second phases within the detection limits of the laboratory scale x-ray 

diffraction instrument, as demonstrated by Fig. 6.1. Films were polycrystalline with no 

apparent preferred orientation. 
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Figure 6.1 – Films were crystallized phase pure, with no evidence of preferential 

orientation. 

The dielectric constant, εr, and loss, tanδ, were measured after the post-annealing 

procedures. These are shown in Fig. 6.2. In all of the films tanδ was low with no obvious 

trend (< 5% between 0.1~100 kHz), despite the presumed increase in the concentration of 

VO
•• 

caused by the reducing post-anneal. There was, however, a great disparity in εr 

which increased as the pO2 during annealing increased. There are several explanations for 

this. Greater concentrations of defects (such as VO
••
)
 
can create a random potential field, 

which then can impede domain wall oscillations which are thought to contribute to εr, 

even at low fields [14][15]. A thin, low-εr dead layer formed at the top electrode interface 

could also lower the measured εr of the film, as well as diluting the ac measuring field 

across the sample [4][15][16]. 
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Figure 6.2 – εr decreased after annealing in N2 or H2/N2, and was increased by annealing 

in O2. tanδ was not dependent upon the annealing pO2. 

Leakage current plots measured at 100 °C are shown in Fig. 6.3. The 

measurements were made at elevated temperature in order to clearly see the full 

characteristics of the leakage current, while avoiding some low temperature anomalies 

described previously [8]. Incidentally, practical device design may also benefit from 

operation at elevated temperatures, since maintaining a constant temperature (and 

properties) above the ambient requires heating only,  which is more simple to implement 

than active cooling. The leakage current increased consistently as the annealing 

atmosphere became more reducing. Oxygen annealing slightly decreased the leakage 

current. During post-annealing, the reoxidation and reduction reactions will affect the 

carrier type in the following ways, which can depend upon the atmosphere and 

temperature [9][11][17]. The reoxidation reaction generates holes, 

 

 
     

     
                                                                                           

or traps electrons, 

 

 
     

         
                                                                                       

The effects of reducing atmospheres, given by the reverse of Eq. 6.2, during thin 

film crystallization have been extensively studied for the integration of ferroelectric films 

on base metal substrates [18][19]. Although there are significant differences between a 

crystallization step and a post-anneal, a reducing anneal is known to generate many 

oxygen vacancies which can degrade the film properties [4][20]. 
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Figure 6.3 – J-E plots for different pO2 annealing atmospheres. Data were measured with 

sample held at 100 °C. 

There are many reports which note different results than reported here, i.e. 

increasingly lossy behavior upon an O2 post-anneal, which recovers upon N2 annealing. 

Specifically, it was shown that post-annealing symmetric BaTiO3 (BTO) and Ba(Sr,Ti)O3 

(BST) thin film capacitors (with Pt top and bottom electrodes) in O2 resulted in a large 

space charge along with a relaxation in tanδ near 100 Hz. Annealing in N2 reversed this 

effect and regained the as-fabricated properties [21][22]. The proposed explanation was 

an interfacial accumulation of oxygen ions generated by charge transfer from the metal 

vacancy to an adsorbed oxygen. Other studies have observed an increase in εr and a 

decrease in tanδ and J upon annealing PZT and BST films in N2 [23][24]. They 

formulated a mechanism based on nitrogen adsorption at film interfaces and grain 

boundaries, although no direct evidence for this was given. 

Here, there was no dielectric relaxation peak observed in the expected frequency 

range of the tanδ plots of Fig. 6.2 after annealing in O2. The apparent increase in the 

dielectric loss at high frequencies for the O2 post-annealed samples is an artifact caused 

by a resonance in the LCR properties measurement circuit [25]. The current density in 

Fig. 6.3 increased after a reducing atmosphere post-anneal. The changes in leakage 

current are likely related to differences in the carrier concentration. Thus, the mechanism 

which most correctly describes the leakage data in terms of annealing atmosphere is that 

described by Eq. 6.2 (for oxidizing atmospheres) and its reverse path (for reducing 

atmospheres). 
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The data were generally a good fit for the space charge-limited current (SCLC) 

model, as can be seen in the lnJ-lnE plots of Fig. 6.4. However, the SCLC characteristic 

curves were affected by the post-annealing. Current was largely Ohmic at low fields, 

JOhm∝E, which occurs when the time required for the carriers to transit the film, τc, is 

greater than the time required for the dielectric relaxation of free carriers in the film, τd. 

                                                                                                               

where μ is the charge carrier mobility and q is the charge constant. 

As voltage increases, eventually τc=τd, and the number of injected carriers n 

becomes comparable to the number of thermally generated carriers, n0 [26]. At that point 

a space charge appears, and the SCLC appears. In the simple case of a single trap energy 

level (for instance a lone VO
••
) this current, should exhibit a quadratic voltage 

dependence. 

    
 

 

    

 
                                                                                                     

where θ is the ratio indicating the fraction of untrapped free charge carriers and d is the 

film thickness. As more electrons are injected into the device, the Fermi level begins to 

rise until it reaches the trap energy level. At that point there would be an instantaneous 

jump in current to a trap-free SCLC. 
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Figure 6.4 – lnJ-lnE plots of films annealed in (a) O2, (b) air, (c) N2, and (d) H2/N2 

showing the characteristic curves of the SCLC mechanism. 

The Jtr described above is not exactly what is seen in Fig. 6.4, which shows 

instead a region of slope of lnJ-lnE around 4.5~6. This is likely caused by a distribution 

of trap levels resulting in the observed slope [27][28]. In a complex oxide with mixed 

volatile A-site cations, the defect levels may depend on the arrangement of the 

surrounding cations and vacancies. The polarization state of the individual domains may 

further split defect levels. Therefore, a distribution of trap levels is a reasonable scenario. 

The relationship for an exponential distribution of traps takes the form: [29] 

    
       

  
 

   

       
 
 

 
    

   
 
   

                                         

In Eq. 6.5, l is a parameter indicating the energy distribution of the trap levels, NC 

is the density of states in the conduction band, and nt is the density of traps. The 

characteristic curves appear to follow Eq. 6.5 for Jtr∝E
(l+1)

 for at least the O2, air, and N2 

post-annealed films. The H2/N2 post-annealed films (the most reducing atmosphere) 

appear to show Jtr∝E
2
, followed by a second region Jtr∝E

(l+1)
. This could be explained by 

differences in the ratio of free charges to traps following post-annealing. Following 

crystallization, the leakage current is dominated by the high concentration of distributed 

traps, leading to Jtr∝E
(l+1)

. This is because of the loss of volatile cations during 

crystallization that are expected to create a large number of compensated defects such as 

VBi
/// 

and VO
••
. 
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This situation is maintained for higher pO2 post-anneals. However, the ratio of 

free carrier to trap density is greatly increased through the formation of VO
••
 during the 

highly reducing H2/N2 anneal. The excess of free carriers comes to dominate the response 

by filling more traps, leading to the Jtr∝E
2
 region in Fig. 6.4d [30]. 

At the highest fields, the current is normally given by the trap-free Child‟s law 

current, 

    
 

 

   

 
                                                                                                       

The films annealed in O2 and air showed instead a region JCh∝E
β
 (β is 2~3). The 

higher power can be caused by double injection of electrons and holes [31][32]. 

However, the analysis of the pO2 post-annealed samples above suggests that electrons 

dominate the leakage current. A greater E-field dependence can also be caused by SCLC 

overlaid with the Frenkel effect, where the potential barrier for electrons to be emitted 

from a trap is lowered at high fields [33][34][35]. The exponent β varied from 2~3 from 

sample to sample, though the value is stable for subsequent measurements and consistent 

between different electrodes on the same sample. The cause of this variation is still under 

investigation, but β is clearly sensitive the fabrication process.  

To summarize, while all of the films exhibited SCLC there were some differences 

in their characteristics. Annealing in a highly reducing atmosphere caused an apparent 

second SCLC region at lower E-fields, which could be caused by a distinct, deeper trap 

level. At higher fields the trap-free Child‟s law current appeared to be modified to a 

higher power dependence in the O2 and air annealed samples. Films annealed in H2/N2 

did not show a clear Child‟s law region, simply because the currents became too large to 

measure. JCh of films annealed in N2 was ambiguous because the slope was generally 

greater than that annealed in O2 and air, but seemed to be distinct from Jtr. 

The same annealing experiments were conducted on films having the ternary 

compositions 95(80BNT-20BKT)-5Bi(Ni0.5Ti0.5)O3 and 95(80BNT-20BKT)-5BaTi0.5O3. 

The results were qualitatively identical to those presented above. Further experiments 

with higher percentages of the ternary compounds are planned which may reveal a more 

interesting trend. 
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It is common for thin film capacitor structures to be post-annealed in variously 

O2, air, or N2 to improve and stabilize the properties [36][37][38]. The reasons for the 

choice of gas are rarely given, although it the composition and previous processing of the 

film and electrodes will certainly have some bearing on the optimal gas type. Evidently, 

in the case of MPB 80BNT-20BKT films the optimal atmosphere for post-annealing is O2 

or air. It is suggested that this is because the films are primarily n-type conductive. 

 

6.4 Conclusions 

Thin films of 80BNT-20BKT were fabricated using CSD processing on platinized 

silicon substrates. The leakage current and dielectric properties were measured following 

post-annealing in different atmospheres. Leakage current followed the space charge-

limited current mechanism. Post-annealing in the N2 and H2/N2 also resulted in a 

reduction of the dielectric constant. Current density decreased after O2 annealing, and 

increased after N2 and H2/N2 annealing, which suggests n-type electron conduction. 

Characteristic lnJ-lnE curves suggest that a distribution of trap levels in the films was 

consistently modified by exposure to the different atmospheres. 
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7. Summary and future work 

 

 

7.1 Summary 

Thin films based on (100-x)BNT-xBKT were deposited on platinized silicon 

substrates via chemical solution deposition. Symmetric parallel plate capacitor structures 

were then fabricated by sputtering Pt top electrodes. Leakage current of all the films 

could be modeled using the space charge-limited current model. In general, the lnJ-lnE 

characteristics of as-fabricated films indicated a distribution of shallow trap energy 

levels. Oxygen vacancy migration was studied from transient current peaks. These were 

found to be strongly dependent on the composition. 

Mn-doping was studied as a function of Mn-dopant concentration and temperature 

in 80BNT-20BKT thin film capacitors. The onset E-field of strong injection increased 

with Mn-dopant concentration. At 2 mol% Mn, only Ohmic current was observed up to 

the highest temperatures and E-fields tested. Transient oxygen vacancy vacancy 

migration was observed and a marked difference was found between undoped and Mn-

doped thin films which may indicate a difference in the mechanisms. Transient current 

peaks in Mn-doped films appeared to occur at short times but were not temperature 

dependent. 

The binary system, (100-x)BNT-xBKT, was studied with x=10, 20, 30, 

and 40. Leakage current in the tetragonal compositions was markedly lower than 

those of rhombohedral or MPB compositions. Structural changes in the films 

included a change in the (100)/(101) XRD peak ratio which may indicate some 

incipient texture. The mobility for oxygen ion conduction appeared to increase with 

x. This was consistent, at least, with the large number of reports for oxygen vacancy 

migration in BNT and the relative scarcity of data for other compositions. 

Capacitors made from films having the MPB composition 80BNT-20BKT, as 

well as the ternary compositions 95(80BNT-20BKT)-5Bi(Ni0.5Ti0.5)O3 and 95(80BNT-

20BKT)-5BaTiO3 were fabricated. Dielectric and leakage current characteristics were 
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measured following post-annealing in different atmospheres. Qualitatively, the response 

to post-annealing pO2 was the same for all three compositions. εr was smaller in films 

post-annealed in reducing atmospheres, although the tanδ below 5 % remained 

unchanged. Current density decreased or remained nearly constant after annealing in 

oxidizing atmospheres, and increased after annealing in reducing atmospheres. This 

strongly suggests that n-type electron conduction is dominant in these films. 

Consequently, it should be possible to improve the properties of the films by crystallizing 

or post-annealing them in an oxygen environment. The lnJ-lnE characteristics of H2/N2 

post-annealed films were consistently altered. The curves could be explained by a 

transition from an excess of traps to an excess of electrons. 

 

7.2 Future work 

i. The effects of Mn-doping on BNT-BKT films was well established by the results 

presented in this work. However, a side effect of the improvement in leakage current 

was a decrease in the Pmax, εr, and d33,f. As noted before, previous reports have noted 

improvements in those same properties upon Mn-doping. The reason may be the 

creation of point defects which can pin domains, reducing the extrinsic contributions 

to polarization. Previous work on the PZT system has shown some improvement in 

the same properties with the addition of niobium to Bi-based thin films [1]. And PZT 

is commonly doped with lanthanum [2]. It is proposed to study the effects of co-

doping BNT-BKT films with the acceptor species Mn
2+

 and the donors La
3+

 (on the 

A-site) and Nb
5+ 

(on the B-site). Purposeful co-doping of acceptors and donors may 

also allow more direct control over the VO
••
 stoichiometry and free charge density 

than modifying the cation excess, which has already been optimized. These 

ii. A study should be undertaken of the relationship between VO
•• 

migration and fatigue 

in BNT-based films. The extent to which VO
•• 

participate in the fatigue and ageing 

process may be studied by analyzing these phenomena as a function of temperature 

using films with different initial distributions of defects. The first step is polarizing 

the point defects near the cathode under an E-field at temperature, then freezing them 

in by reducing the temperature under applied field. The films may then be aged under 



 

88 

 

ac and dc E-fields. The information from such experiments might be utilized to 

determine optimized heterostructures which preserve piezoelectric properties while 

minimizing fatigue and film ageing. 

iii. Transient currents should be studied by observing relaxation phenomena such as 

thermally stimulated depolarization currents (TSDC) capacitance relaxation [3][4]. In 

a TSDC measurement, for example, the sample is poled as the sample cools from 

high temperature, freezing in the polarization. Depolarization currents corresponding 

to different polarization mechanisms are then measured in the absence of external 

field as the sample is again heated. An example for 80BNT-20BKT is shown in 

Fig. 7.1, where the peak around 160 °C coincides with the temperatures at which 

transient current were observed. By controlling the heating rate the kinetics of 

depolarization processes can be studied. Such measurements should be used to 

confirm new strategies for improving fatigue and ageing resistance in BNT-based thin 

films.  
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Figure 7.1 – TSDC measurements of an 80BNT-20BKT film poled at 200 °C. 

iv. A study of the carrier type and concentration should be undertaken which compares 

the Hall voltage to results obtained from leakage current measurement of post-

annealed films. While the post-annealing data given provides some evidence as to the 

carrier type, additional confirmation (including carrier concentration) might be 

achieved by using a Hall effect measurement. The measurement is typically done 
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with insulating bottom electrodes, such as MgO or SiO2/Si. It is proposed to study the 

Hall effect in BNT-BKT-based films with Mn-doping and with the ternary end 

members Bi(Ni0.5Ti0.5)O3 and Bi(Mg0.5Ti0.5)O3. 
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