
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



 

STUDY OF INFLUENCE OF OXYGEN  

VACANCIES ON PHOTOVOLTAIC EFFECT 

IN LEAD-FREE CERAMICS 

 

WONG KI HEI 

MPhil 

The Hong Kong Polytechnic University 

2022  



 

 

 

 

 

 

 

The Hong Kong Polytechnic University 

 

Department of Applied Physics 

 

Study of Influence of Oxygen Vacancies on Pho-

tovoltaic Effect in Lead-free Ceramics 

 

 

Wong Ki Hei 

 

A thesis submitted in partial fulfilment of the requirements 

for the degree of Master of Philosophy 

 

August 2021 

  



Wong Ki Hei i 

Certificate of Originality 

I hereby declare that this thesis is my own work and that, to the best of my knowledge 

and belief, it reproduces no material previously published or written, nor material that has 

been accepted for the award of any other degree or diploma, except where due acknowl-

edgement has been made in the text. 

______________   (Signature) 

Wong Ki Hei       (Name of candidate) 



 The Hong Kong Polytechnic University 

Abstract 

 

 

 

Wong Ki Hei ii 

 

 

Abstract 

The ferroelectric photovoltaic effect has received considerable research interest due 

to its fascinating features, including the above bandgap voltage and switchable polariza-

tion-dependent photocurrent. However, during the fabrication process of the common 

ABO3 perovskite ferroelectric oxides, the formation of defects such as oxygen vacancies 

inside the ceramic is unpreventable. It has been reported that the defects (oxygen vacan-

cies) would affect the photovoltaic response in ferroelectric photovoltaic devices. For ex-

ample, the direction of the photocurrent response of the device can be independent of its 

polarization. In addition, the photocurrent may depend on the distribution of oxygen va-

cancies inside the ferroelectric material. In this study, we aim to study the influence of 

oxygen vacancies on the photovoltaic effect in ferroelectric ceramic oxide. The weak 

photocurrent generated by the ferroelectric material may even be enhanced by modifying 

the distribution of oxygen vacancies inside the ceramics. 

In this work, Barium titanate-based ferroelectric ceramic Ba0.9Ca0.1TiO3 (BCT) has 

been chosen as the based material due to its ferroelectric photovoltaic response and easy 

doping with other chemicals. In addition, Ca2+ ions in BCT ceramics can act as an accep-

tor inhibitor to reduce the possibility of the formation of the hexagonal structure. There-

fore, the tetragonal structure of the BCT ceramics will be more stable. It is suggested that 

the formation of oxygen vacancies in BCT –ceramics can be promoted through acceptor 

doping. Since Fe3+ and Ti4+ share similar radii, Fe3+ has been chosen as the dopant to BCT 

ceramics. 0.025 mol and 0.1 mol Fe3+ is doped in BCT ceramic to fabricate the 
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Ba0.9Ca0.1Ti0.975Fe0.025O3 (BCT-Fe-0.025) and Ba0.9Ca0.1Ti0.9Fe0.1O3 (BCT-Fe-0.1) ce-

ramics. 

Ba0.9Ca0.1Ti0.9Fe0.1O3 (BCT-Fe-0.1) and Ba0.9Ca0.1Ti0.975Fe0.025O3 (BCT-Fe-0.025) 

have been fabricated by conventional solid-state reaction method. To study the influence 

of oxygen vacancies on the photocurrent response of the BCT-Fe-0.1 and BCT-Fe-0.025 

ceramics, they are sintered in different atmospheres (O2, N2 and air) and their oxygen va-

cancies content are analyzed with the XPS O1s spectrums. The ferroelectric and dielectric 

properties of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics sintered in different atmos-

pheres are also examined. It is revealed that the BCT-Fe-0.025 ceramic exhibits ferroe-

lectric properties at room temperature, while the BCT-Fe-0.1 remains non-ferroelectric. 

In addition, the ferroelectric properties of the BCT-Fe-0.025 ceramics are also affected 

by the sintering atmosphere.  The BCT-Fe-0.025 ceramics sintered in Air (BCT-Fe-

0.025-Air) have the largest remnant polarization (4.5 µC/cm2) and saturated polarization 

(18 µC/cm2), while the BCT-Fe-0.025 ceramics sintered in O2 (BCT-Fe-0.025-O2) have 

the lowest remnant polarization (2.5 µC/cm2) and saturated polarization (10 µC/cm2). The 

remnant polarization and saturated polarization of the BCT-Fe-0.025 sintered in N2 

(BCT-Fe-0.025-N2) are 3.5 µC/cm2 and 15 µC/cm2 respectively. 

The photocurrent effect of non-ferroelectric BCT-Fe-0.1 ceramics have been inves-

tigated using vertical symmetric ITO and Au electrodes configuration. Photocurrent can 

be observed in non-ferroelectric BCT-Fe-0.1 oxides, and this should be attributed to the 

accumulation of oxygen vacancies which generate diffusion current and drift current that 

contribute to the photovoltaic response. The BCT-Fe-0.1 sintered in O2, N2 and Air have 

a significantly different photocurrent response. For the BCT-Fe-0.1 ceramics with ITO 
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electrodes, for 30 seconds of A.M. 1.5 solar light illumination, the average photocurrent 

generated by the as-fabricated BCT-Fe-0.1-Air and BCT-Fe-0.1-O2 ceramics are 2.4 nA 

(4.8 nA/cm2) and 3.5 nA (6.9 nA/cm2) respectively. However, steady photocurrent cannot 

be observed in the BCT-Fe-0.1-N2 ceramic and only sharp current peaks (0.38 nA or 0.75 

nA/cm2) are observed once the light source is turned on / off. Similar results can also be 

observed in ceramics with Au electrodes. The distribution of oxygen vacancies of the 

BCT-Fe-0.1 can be modified by applying an external field at a high temperature. As a 

result, the photocurrent of the BCT-Fe-0.1 ceramics can be switchable. Furthermore, the 

photocurrent response of the BCT-Fe-0.1 ceramics can even be enhanced by applying 

appropriate external electric fields. 

The ferroelectric photovoltaic effect of BCT-Fe-0.025 ceramics sintered in O2, N2 

and Air are also investigated with vertical symmetric Au electrode configuration. The 

ceramics are poled at 1kV/mm at room temperature. The steady photocurrent generated 

by the BCT-Fe-0.025-Air, BCT-Fe-0.025-N2 and BCT-Fe-0.025-O2 are 3.34 nA (6.68 

nA/cm2), 3.2 nA (6.4 nA/cm2) and 2.2 nA (4.4 nA/cm2) respectively. It illustrates that the 

sintering atmosphere would affect the ferroelectric properties of the BCT-Fe-0.025 ce-

ramics and influence the ferroelectric photovoltaic response. As illustrated in BCT-Fe-

0.1 ceramics, the distribution of oxygen vacancies inside the ceramics can be modulated 

by applying external electric fields at high temperatures. To study the influence of the 

distribution of oxygen vacancies on the photovoltaic response of the BCT-Fe-0.025 ce-

ramics, the ceramics are poled with 1kV/mm at 100oC. The electric field is removed after 

the ceramic is cooled down for preventing depolarization. The enhancement of the pho-

tocurrent responses of BCT-Fe-0.025-O2 and BCT-Fe-0.025-N2 cannot be observed. For 
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the BCT-Fe-0.025-Air, a significant enhancement of photocurrent response is resulted 

after poling at 100oC. Compared with the ceramic poled at room temperature, the average 

short-circuit photocurrent of the ceramic is 3 times larger (14.5 nA vs 3.34 nA). It is 

suggested that the accumulation of oxygen vacancies near the bottom electrodes contrib-

utes additional photocurrent that enhances the photocurrent performance of the BCT-Fe-

0.025-Air ceramics.  

It is proposed that the distribution of oxygen vacancies can be modulated to enhance 

the ferroelectric photovoltaic response. However, further investigations are still required 

to study deeper the mechanisms behind the influence of the distribution of oxygen vacan-

cies towards the ferroelectric photovoltaic effect. 
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Chapter 1. Introduction 

Since the discovery of the ferroelectric photovoltaic effect in the early 1960s, re-

searchers have shown great interest in studying the mechanism behind the effect [1]–[3]. 

In contrast to the traditional P-N junction semiconducting materials, the ferroelectric pho-

tovoltaic effect originates from the spontaneous polarization of the ferroelectric material 

[3]–[6]. The different working mechanism gives the ferroelectric photovoltaic effect 

some unique features, including the above bandgap photovoltage response and even more 

importantly, the tunable photovoltaic output [2], [3], [7]. The direction of the photocurrent 

generated by the ferroelectric photovoltaic effect can be switched by changing the direc-

tion of the polarization of the ferroelectric material [1], [8], [9]. 

The working mechanism of the ferroelectric photovoltaic effect is still not fully un-

derstood [1], [3], [10]. The mechanism behind the ferroelectric photovoltaic effect is 

complicated as the photovoltage generated by the effect has been revealed to be depend-

ent on different factors which includes the electrical conductivity of the material, the 

remnant polarization of the material, the number of domain walls, the distance between 

the electrodes and the contacts between the ferroelectric and the electrode interfaces [3], 

[10]. 

 For decades, researchers have proposed different models to explain the ferroelec-

tric photovoltaic effect. The bulk photovoltaic effect, domain wall theory and depolari-

zation field effect are some of the popular models trying to interpret the ferroelectric 

photovoltaic effect [1], [3], [8]–[11]. Nevertheless, these models fail to completely ex-

plain the whole ferroelectric photovoltaic effect [1], [3], [8]–[11].  
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It is commonly believed that the direction of the photocurrent generated by the fer-

roelectric photovoltaic devices is always opposite to the direction of the polarization of 

the devices. However, recent reports have revealed that for some ferroelectric photovol-

taic devices, the polarization direction of the devices and the direction of the generated 

photocurrent can be the same [8], [9], [11]–[15]. These findings make the problem even 

more complicated. It has been suggested that the defects such as oxygen vacancies in-

side the material play an important role which leads to such an unusual photovoltaic re-

sponse [8]–[12], [12]–[16].  This study aims to investigate the role of oxygen vacancies 

and how they contribute to the photovoltaic response. 

This chapter will first give a brief introduction to ferroelectric materials. Then, the 

working mechanism of the ferroelectric photovoltaic will be discussed and compared 

with the conventional photovoltaic effect. Next, the abnormal photovoltaic responses in 

ferroelectric devices and their origins will be studied. Finally, the objectives and moti-

vations of this study will be given. 

1.1.  Introduction of ferroelectric material 

Ferroelectric materials are polar materials which exist with at least 2 equilibrium ori-

entations of the spontaneous polarization without the existence of any external electric 

field and the orientation of the polarization vector can be switched by an external electric 

field [3], [15], [17]–[19].  Ferroelectric materials can be classified into 4 different families, 

the perovskite group, the tungsten-bronze group, the bismuth layer-structure group and 

the pyrochlores group [5], [20]–[22]. Among them, the perovskites group (ABO3) is the 

most widely studied. In the following discussion, lead titanate (PbTiO3) will be used as 

an example. As demonstrated in Figure 1.1, PbTiO3 has a typical perovskite structure in 

which the Pb atoms occupy the A sites and the Ti atom occupies the B site and is trapped 
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in the space of the octahedral oxygen atoms [5]. For the tetragonal ferroelectric phase, as 

a consequence of the energy minimization, Ti atoms will shift along the centric symmetry 

axis instead of staying at the geometric centre of the structure [5], [23]. This asymmetrical 

structure leads to the net dipole moment (spontaneous polarization) in one certain direc-

tion [5]. 

Most ferroelectric materials undergo a structural phase transition from a paraelectric 

phase (also called a high-temperature non-ferroelectric phase) to a low-temperature fer-

roelectric phase. The temperature of the phase transition is defined as Curie temperature 

Tc [11], [21], [24]. When the material is heated to a temperature above the Curie temper-

ature, it will undergo a phase transition from the ferroelectric phase to the paraelectric 

phase [5]. As shown in Figure 1.1, in the case of PbTiO3, it will switch to a cubic paraelec-

tric phase and the Ti atom will stay at the geometric centre of the structure [21], [24]. As 

a result, the crystal structure will become symmetric and the PbTiO3 material lose the net 

polarization and the ferroelectric properties. 

 

 

 

 

 

 

Figure 1.1 The perovskite structure ABO3, shown here for PbTiO3 which has a cubic structure in 

the paraelectric phase and tetragonal structure in the ferroelectric phase [5]. 
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The ferroelectric properties of ferroelectric materials can be described by a ferroe-

lectric (P-E) hysteresis loop.  Figure 1.2 shows a P-E hysteresis loop of typical ferroelec-

tric material. At point A, the ferroelectric material is initially in a non-polar state and the 

domains are randomly arranged. As a result, the net polarization of the material in this 

stage is zero [5], [25]. After the introduction of a strong electric field, the domains are 

aligned coercively and a non-linear polarization response will have resulted (Point A to 

Point C) [5], [25]. When the electric field is decreased back to zero or removed, the po-

larization of the material does not decrease to zero (point E); a further reversed electric 

field is needed to bring the ferroelectric material back to the zero-polarization state (point 

F) [5], [25]. The polarization at zero electric field is known as the remnant polarization 

(Pr) and the electric field which is required to bring the polarization back to zero is iden-

tified as the coercive field (Ec) [5], [25]. When the reversed electric field is further in-

creased, the material reaches another polarization state (point F) in which the polarization 

direction is opposite to that at point D [5], [25].  

 

 

 

 

 

 

Figure 1.2 Ferroelectric (P-E) hysteresis loop of a typical ferroelectric material [5]. 
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As mentioned, the domains of an as-fabricated ferroelectric material are usually ran-

domly oriented with a zero net polarization. The alignment of the domains can be con-

trolled by applying a high external electric field which is called poling [5], [25]. After 

poling, the domains will be aligned and a net remnant polarization is produced [5], [25]. 

A schematic diagram of the arrangement of domains in a ferroelectric material is 

illustrated in Figure 1.3. 

 

 

 

 

 

Figure 1.3 The domains’ arrangement in a polycrystalline ferroelectric material before and after 

poling [5].  
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1.1.1. Lead-free perovskite ferroelectric material 

Lead-based ferroelectric ceramics such as Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT) and 

Pb(Zr1-xTix)O3 (PZT) have been widely used for various piezoelectric and dielectric ap-

plications [26]. The lead-based ferroelectric materials have occupied the industry in the 

past two decades due to their higher Curie temperature and larger piezoelectric coeffi-

cients. However, lead is toxic to the environment and the human body. Developments of 

lead-free ferroelectric materials are required to substitute lead-based materials [26]. 

The lead-free perovskite structure ferroelectric ceramics can be classified into 3 fam-

ilies: K0.5Na0.5NbO3 (KNN system), BaTiO3 (BT system) and Na0.5Bi0.5TiO3 (BNT sys-

tem). Among them, the ceramics in KNN and BNT system exhibits relatively high curie 

temperature (TC exceeds 300oC) and large remnant polarization (Pr ~33µC/cm2) [26]–

[28]. However, ceramics of BNT and KNN-based systems always contain volatile ele-

ments. A predesigned stoichiometric ratio may not be maintained during the high-tem-

perature fabrication process. Different from the BNT and KNN -based system ceramics, 

the BT system ceramics do not contain volatile elements and the predesigned stoichio-

metric ratio will be maintained during the fabrication process [26].  

1.1.2. Barium titanate-based ceramic (BT-based system) 

BaTiO3 (BTO) is one of the earliest lead-free ferroelectric materials which has a high 

dielectric constant (d33~190pC/N) and piezoelectric constant. BT-based ferroelectric ce-

ramics have a relatively low Curie temperature (Tc~120oC). When the temperature of the 

BTO is below 120oC, the BTO is in the tetragonal ferroelectric phase and the spontaneous 

polarization is along the [001] direction. If the temperature of the BTO exceeds 120oC, it 
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will undergo a phase transformation to the cubic phase (paraelectric phase) and sponta-

neous polarization does not exist at this phase. The relatively low Curie temperature of 

the BT-based ferroelectric materials limited their practical applications. 

BT-based ceramics receive considerable attention in research due to their easy dop-

ing with other chemicals. However, the tetragonal phase of the BTO may be affected due 

to transition metal doping. For example, it is reported that the increase in Fe doping con-

tent in BTO will lead to the development of the hexagonal phase [29]. The ferroelectric 

and dielectric properties of the BT-based material may be affected. Research shows the 

possibility of the formation of the unwanted hexagonal phase by doping Ca into BTO 

[27], [28]. In Ba0.9Ca0.1TiO3 (BCT) ceramics, Ca act as a reduction inhibitor to prevent 

the formation of the hexagonal phase [28]. Therefore, BCT ceramic is chosen as the base 

material in the study. 

1.2.  Pyroelectric effect 

The pyroelectric effect is defined as a phenomenon in which a material releases elec-

tric charges due to a change in temperature [5], [7], [10], [30]. This effect can be observed 

in a poled ferroelectric material.  

Figure 1.4 demonstrates the mechanism of the pyroelectric effect of a poled ferroe-

lectric material with top and bottom electrodes. It is suggested that the remnant polariza-

tion of the ferroelectric material is sensitive to temperature [7], [10]. If the temperature 

of the material suddenly changes, the oscillation state of the electric dipole will be dis-

turbed and the polarization of the material is affected [10]. As shown in Figure 1.4, 

charges are induced at the electrodes due to the aligned spontaneous polarization. When 
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the temperature of the material increases, the electric dipoles oscillate with a higher de-

gree and the average polarization decreases [7], [10]. In consequence, the induced charges 

are reduced, causing a flow of current from the bottom electrode to the top electrode. In 

contrast, when the temperature of the material decreases, a reverse induced current (flow 

from the top to bottom electrode) is resulted [7]. 

 

 

Figure 1.4 Demonstration of pyroelectric effect in ferroelectric material with top and bottom elec-

trodes. 

1.3.  Photovoltaic effect 

The photovoltaic effect refers to a process that generates electricity by converting the 

incident photons into flowing free charge carriers [8]–[10], [31]. Since the photovoltaic 

effect involves converting light energy into electrical energy, it can be applied for solar 

energy harvesting and is considered as one of the renewable energy sources [8]–[11], [13], 

[31], [32]. The p-n junction semiconductor solar cells have dominated the solar cell in-

dustry for decades. The working mechanism of a p-n junction solar cell is shown in Figure 

1.5. When light with sufficient energy illuminates the p-n junction solar cell, electrons 
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from the valence band will be excited to the conduction band, creating a number of elec-

tron-hole pairs [3], [10]. The free electrons will move to the n-type side while the holes 

go to the p-type side of the devices [3], [10]. The accumulated holes and electrons on 

opposite sides will generate a potential difference known as photovoltage [3], [10]. 

Compared with the photovoltaic effect generated by the traditional p-n junction solar 

cell, the ferroelectric photovoltaic effect has some fascinating characteristics including 

the above bandgap photovoltage and the switchable photocurrent [2], [3], [9]. However, 

the working principle of ferroelectric photovoltaic effect is still a mystery [3]. The possi-

ble working mechanism will be discussed in the following sections.  

 

 

Figure 1.5 The working mechanism of (a) P-N junction solar cells and (b) Ferroelectric Photovol-

taic Devices [3]. 

1.3.1. Ferroelectric photovoltaic effect 

Before considering the ferroelectric photovoltaic effect, the pyroelectric response in 

ferroelectric photovoltaic devices should be considered. Under illumination, the device is 

heated and the net polarization of the material will decrease. As a result, the induced 

charges in the electrodes are reduced. resulting in a net flow current flow [10], [31], [33]. 
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After the light is switched off, the sudden decrease in temperature will generate an 

opposite pyroelectric current. 

Figure 1.6 shows a typical Isc current generated by a ferroelectric photovoltaic device. 

The sharp current peaks are identified as the transient pyroelectric current while the steady 

photovoltaic current is the current originated by the ferroelectric photovoltaic effect [10], 

[31], [33]. 

 

 

 

 

 

 

Figure 1.6 The typical Isc current generated by the ferroelectric photovoltaic device [33]. 

The mechanism of the ferroelectric photovoltaic effect is still not fully understood. 

Serval theories have been proposed for explaining the ferroelectric photovoltaic effect. 

The Bulk photovoltaic effect, domain wall theory and the depolarization field model are 

some of the common models, which will be discussed in the next section. 

1.3.1.1.  Bulk photovoltaic effect 

According to the bulk photovoltaic effect, ferroelectric materials work as a current 

source. In this theory, the steady photocurrent formation is related to the non-centrosym-
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metric nature of the ferroelectric crystal [3], [21]. In the crystal, due to the non-centro-

symmetric nature, the probability of the excited electrons jumping from a k momentum 

state to a k’ state and the probability for the reverse process can be different [24], [34]–

[36]. Therefore, an asymmetric momentum distribution of the photo-generated charge 

carriers is resulted, causing a steady photocurrent. 

1.3.1.2.  Domain wall theory 

Domain wall theory was proposed by Yang et al [2], [3], [13], [37]. They studied the 

photovoltaic response on the BiFeO3 (BFO) film with ordered domain strips [2], [3]. They 

found that the photovoltage in the BFO film is larger than the bandgap of the material and 

can be increased linearly with the number of domain walls as shown in Figure 1.7. 

 

Figure 1.7 Schematics of the device with (a) a perpendicular domain wall and (b) a parallel do-

main wall. The corresponding photocurrent vs voltage curves for the devices in (a) and (b) are 

represented in (c) and (d), respectively [2].  
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To explain these interesting phenomena, Yang et al [2] suggested that each narrow 

domain wall of the ferroelectric material contributes a specific amount of photovoltage. 

This proposed mechanism is similar to the case of putting a large number of solar cells in 

series and, as a result, an ultra-high photovoltage which exceeds the band gap of the ma-

terial can be generated [2]. Domain wall theory works ideally for bulk ferroelectric ma-

terials and successfully explains the ultra-high photovoltage phenomenon [3]. However, 

it fails to explain the photovoltage effect in thin-film ferroelectric devices. Therefore, the 

depolarization field model has been introduced [2], [3], [13], [37]. 

1.3.1.3.  Depolarization field model 

The depolarization field theory is commonly used to explain the ferroelectric photo-

voltaic effect in thin-film devices [3]–[5], [38]–[40].  A schematic diagram of the ferroe-

lectric photovoltaic effect in thin-film devices is illustrated in Figure 1.8. When the fer-

roelectric thin film is brought in contact with the metal electrodes, the surface charges 

caused by the spontaneous polarizations of the ferroelectric material will be imperfectly 

screened by the free charges in the metals [3]. Therefore, an internal electric field will be 

built up by those unscreened charges. This electric field is known as the depolarization 

field [3]. It is noticed that the direction of the depolarization field is opposite to the po-

larization direction of the ferroelectric thin film [3], [4]. This depolarization field can act 

as a driving force for the electron-hole separation when the ferroelectric thin film is stim-

ulated by photons [3]. In thin-film scale, it is believed that the depolarization field effect 

plays an important role in the photovoltaic response of the thin-film devices. 
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Figure 1.8 Schematic diagram of Depolarization field model. 

1.3.1.4.  Schottky-barrier effect 

 In ferroelectric photovoltaic devices, the contacts between the ferroelectric material 

and the metal electrodes also affect their photovoltaic responses/performances [3], [13], 

[41]–[43]. When materials with different work functions are in contact, an energy barrier 

will be formed at the interface which results in a local electric field. Some researchers 

suggested that such a local electric field caused by the Schottky-barrier effect can be can-

celled by choosing symmetrical electrodes for their ferroelectric photovoltaic devices [3]. 

Moreover, they also suggested that the Schottky barrier effect is independent of the po-

larization of the ferroelectric material [3]. However, other researchers argued that the 

height of the Schottky barrier at the interface can be modulated by the spontaneous po-

larization of the ferroelectric material [13], [41]–[45].  
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Figure 1.9 Schematic energy band diagram of ferroelectric photovoltaic devices with a) upward 

polarization and b) downward polarization state. BE, TE and FE stand for bottom electrode, top 

electrode and ferroelectric material respectively. The bold dash line represents the energy band in 

the absence of polarization [13]. 

 As illustrated in Figure 1.9, for the case of an upward polarization state, positive 

bounded charges are accumulated at the interface between the top electrode and the fer-

roelectric material which will lower the energy barrier [13], [43]. In contrast, the negative 

bounded electrons near the bottom electrode will increase the barrier height [13], [43]. As 

a result, a built-in electric field is created in the devices[41], [43], [44]. Figure 1.9b illus-

trates the schematic energy band diagram of the ferroelectric photovoltaic device in a 

downward polarization state [13], [43]. 

 The built-in electric field in the depletion region provides the driving force for sepa-

rating the photo-induced electrons [42]–[45]. As a result, a polarization-dependent pho-

tovoltaic response is observed.  

1.4.  Abnormal photovoltaic response 

The built-in electric field in the depletion region provides the driving force for sepa-

rating the photo-induced electrons [42]–[45]. As a result, a polarization-dependent photo-

voltaic response is observed. As mentioned, one of the characteristics of the ferroelectric 
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photovoltaic effect is the polarization-dependent photocurrent. It is well believed that the 

direction of the generated photocurrent is always opposite to the polarization of the de-

vices [2], [3], [7], [10], [22], [46]. However, a few reports are showing different findings. 

Bai et al. have revealed that the direction of the generated photocurrent can be the same 

as the polarization direction of the material as shown in Figure 1.10 [9]. Other researchers 

have also reported similar results [14], [47]–[50]. They proposed that chemical defects 

such as oxygen vacancies inside the material lead to such an abnormal photovoltaic re-

sponse [10], [11], [14], [15], [18], [51]. The proposed mechanism will be discussed in the 

following sections. 

 

 

 

 

 

 

 

Figure 1.10 The abnormal short-circuit photocurrent response of BiFeO3 devices [9]. 

1.4.1. Influence of oxygen vacancies in photovoltaic response 

The existence of defects such as oxygen vacancies cannot be prevented during the 

fabrication process of ceramic oxides [15], [51]–[56]. As mentioned in the previous sec-

tion, researchers believed that chemical defects such as oxygen vacancies inside the ma-

terial also contribute to the photovoltaic response of the devices [12], [14], [15], [18], 
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[57], [58]. They suggested that the uneven distribution of oxygen vacancies in the mate-

rial plays a main role as the accumulation of oxygen vacancies near the electrode-ceramic 

interface will reduce the barrier height at the interface [14], [48], [57], [59]. As a result, a 

Schottky-like barrier is formed, which contributes a build-in field for separating the 

photo-generated electron-holes pairs [14], [36], [59]. In addition, oxygen vacancies can 

trap the photo-induced electrons while the photo-induced holes can act as external diffu-

sion carriers and result in a diffusion current [14], [36], [59]. Figure 1.11a and b show the 

schematic energy diagrams for a BiFeO3 photovoltaic device with an upward poled and 

downward poled sample, respectively. In general, the photocurrent (short-circuited cur-

rent Isc) is contributed by the diffusion current (Idiffusion) and the drift current (Idrift) [14], 

[36], [59]. Figure 1.11a demonstrates that for the upward poled sample, the direction of 

Isc is opposite to the polarization direction of the material which agrees with the expecta-

tion of a typical ferroelectric photovoltaic response. However, for the downward poled 

sample, as presented in Figure 1.11c, the direction of Isc is the same as the polarization 

direction of the material [14]. Bai et al. explained this phenomenon by taking into account 

the contribution of oxygen vacancies inside the material [14]. As shown in Figure 1.11c, 

when the downward poled sample is illuminated, the diffusion current is greater than the 

drift current; as a result, a net Isc with the same direction of the polarization has resulted. 
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Figure 1.11 Schematic energy band diagrams illustrating the variation in Schottky barrier height 

for an a) upward and b) downward poled samples. Idrift, Idiffusion and Isc vary with time for a down-

ward poled sample at the moment when the laser is turned c) on and d) off [9]. 

Yi et al. also showed the influence of oxygen vacancies on the photovoltaic response 

in ferroelectric photovoltaic devices [10]. They fabricated a ferroelectric photovoltaic de-

vice with BFO and a pair of symmetric Au electrodes. The schematic diagram of the 

device is shown in Figure 1.12d. It was expected that the magnitude of the photocurrent 

of the device was the same when the light was shone on the top or bottom electrode. But 

it turned out that for their device, a much larger photocurrent was generated when the 

light was shone on the top electrode [10]. They explained that the phenomenon was the 

result of the accumulation of oxygen vacancies near the illuminated electrode [10]. As 

demonstrated in Figure 1.12c, in the case of bottom surface illumination, Isc was nearly 

zero [10]. They explained that due to the absence of oxygen vacancies near the bottom 

electrode, a relatively small Idiffusion was cancelled out by the Idrift [10]. Moreover, Figure 

1.12d shows that the photocurrent generated by the upward poled and downward poled 
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devices differ by more than ten times [10]. It supports that oxygen vacancies inside the 

material can contribute to or enhance the photovoltaic response of the devices [10]. 

 

 

 

 

 

 

 

 

 

Figure 1.12 (a)-(c) Schematic energy band diagrams of the upward poled samples. d The Isc re-

sponse of the upward and downward poled sample with illumination on the top/bottom electrodes 

[59]. 

The oxygen vacancy content of the ceramic can be controlled by the synthesis pro-

cess, such as the sintering time and sintering atmospheric [47], [49], [51]–[53]. For ex-

ample, if the sample is sintered in an atmosphere with a lower oxygen partial pressure, 

the oxygen vacancy concentration will be higher. In contrast, ceramics with a lower oxy-

gen vacancies concentration can be produced by sintering with a higher oxygen partial 

pressure. In addition, serval researchers have reported that an external electric field to the 

device can lead to the migration of the oxygen vacancies within the material [9], [15], 

[16], [19]. As a result, the distribution of the oxygen vacancies inside the material can be 
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changed and it will affect the photovoltaic response or performance of the devices [15], 

[59]. These characteristics provide a chance to tailor-make a material with different oxy-

gen distributions and concentrations, and then optimize the performance of the photovol-

taic devices [15], [59]. 

1.5.  Motivation of research 

It is well believed that the direction of the photocurrent generated by the ferroelectric 

photovoltaic effect is always opposite to the polarization direction of the material. How-

ever, some recent reports have shown that the photocurrent and the polarization in ferro-

electric photovoltaic devices can have the same direction. It has also been shown that 

defects such as oxygen vacancies inside the material lead to such an unusual photovoltaic 

response. As defects (such as oxygen vacancies) can contribute to the photovoltaic re-

sponse, it is worth studying how the oxygen vacancies affect the photovoltaic response. 

In addition, it has been shown that the oxygen vacancy content inside the oxide ceramic 

can be controlled by the fabrication process. For example, by controlling the sintering 

time and sintering atmosphere, the oxygen vacancy profile in the ceramic can be modified. 

It provides an opportunity to enhance the photovoltaic performance of the material by 

controlling the oxygen vacancy profile of the material.  

It has been reported that the ferroelectric photovoltaic effect can be observed in Ba-

TiO3 (BTO) ceramics [10]. Moreover, through doping Ca2+ to BTO, the possibility of the 

formation of the unwanted hexagonal phase in the ceramic will be reduced [28]. As a 

result, the tetragonal phase of the Ca doped BTO will become more stable. Therefore, in 

this work, barium titanate–based ferroelectrics ceramic Ba0.9Ca0.1TiO3 (BCT) has been 

chosen as the base material. Researchers also suggested that acceptor doping will promote 

the formation of oxygen vacancies in BCT ceramic [60]. Fe3+ and Ti 4+ share similar ionic 
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radii and it is believed that the tolerance factor may not change significantly if the doping 

level of Fe3+is low [61]. Moreover, researches also show that the optical bandgap of the 

BTO ceramics is reduced after doping of Fe3+ [62]. The photovoltaic response of the BCT 

ceramic may enhance after doping Fe3+ [62]. Therefore, Fe3+ has been chosen as a dopant 

for the BCT ceramic. 0.025 mol and 0.1 mol Fe3+ is doped in BCT ceramic to fabricate 

Ba0.9Ca0.1Ti0.975Fe0.025O3 (BCT-Fe-0.025) and Ba0.9Ca0.1Ti0.9Fe0.1O3 (BCT-Fe-0.1) ce-

ramics. The BCT-Fe-0.1 and BCT-Fe-0.025 ceramics will be sintered in different atmos-

pheres (Air, N2 and O2). It is suggested that the oxygen vacancies content of the ceramics 

is highly related to the sintering atmosphere. This study will focus on the influence of 

oxygen vacancies on the photovoltaic response of the BCT-Fe-0.1 and BCT-Fe-0.025 

ceramics. 

1.6.  Scope of work 

The main objectives of this work are to demonstrate the photovoltaic effect of BCT-

Fe-0.1 and BCT-Fe-0.025 ceramics and study the relationship between the sintering at-

mosphere and the photovoltaic response of the ceramics. The thesis consists of six chap-

ters: 

Chapter 1 briefly introduces the background of ferroelectricity and corresponding 

materials. In this chapter, the photovoltaic mechanisms in both semiconductor and ferro-

electric materials are reviewed. In addition, the influence of oxygen vacancies on the pho-

tovoltaic performance in ferroelectric devices is also discussed. It also gives possible 

pathways to control the oxygen vacancies content inside the ceramic oxides. In the final 

part of this chapter, the motivation and objectives of the present work are given. 
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Chapter 2 introduces the fabrication process of the Fe-doped BCT ceramics. It also 

provides the characterization and techniques for crystal structure, grain size and oxygen 

vacancy content inside the perovskite oxide. In addition, the equipment setup for the die-

lectric, ferroelectric properties, optical properties and photovoltaic measurements are 

given in this chapter.  

Chapter 3 gives the grain size, optical bandgap, oxygen vacancy concentration, die-

lectric and ferroelectric properties of the Fe doped BCT-Ceramics. The studies of the 

relationship between the sintering atmosphere, grain size, dielectric properties and ferro-

electric properties are also presented in this chapter. 

Chapter 4 examines the photocurrent response of non-ferroelectric BCT-Fe-0.1ce-

ramics. Two different types of electrodes (ITO and Au) are used for studying the relation 

between the sintering atmosphere and the photovoltaic response of BCT-Fe-0.1 ceramics. 

Chapter 5 demonstrates the ferroelectric photovoltaic effect of BCT-Fe-0.025 ceram-

ics. The BCT-Fe-0.025 ceramics are sintered in different atmospheres and their photovol-

taic responses are compared. In addition, poling field is applied to the ceramic at different 

temperatures and then demonstrates the change in the photovoltaic response of the ce-

ramic samples.  

Chapter 6 gives the conclusion of the work. 
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Chapter 2. Methodology 

2.1.  Sample preparation 

The Ba0.9Ca0.1Ti0.9Fe0.1 (BCT-Fe-0.1) and Ba0.9Ca0.1Ti0.975Fe0.025 (BCT-Fe-0.025) ce-

ramics were prepared by a conventional solid-state reaction. High purity BaCO3, CaCO3, 

TiO2 and Fe2O3 (International laboratory USA) were used in the fabrication process. The 

powders in the stoichiometric ratio were ball-milled in ethanol using zirconia balls for 10 

hours. Then the well-mixed powders were calcined at 1000oC for 4 hours. The calcined 

powders were then ball-milled again for 10 hours. Then the powders were mixed thor-

oughly with 5-wt% polyvinyl alcohol (PVA) binder solution and pressed into disk sam-

ples with 12 mm diameter and 0.5 mm thickness. After that, the binder in the samples 

was completely burned out at 650oC for 2 hours. Finally, the samples were sintered at 

1350oC-1410oC for 4 hours in pure oxygen, air or pure nitrogen for densification. 

 

 

 

 

 

 

 

Figure 2.1 Flow chart of sample fabrication. 
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2.2.  Indium Tin Oxide (ITO) and Gold (Au) electrode preparation 

For conducting the photocurrent measurement, transparent indium tin oxide (ITO) 

electrodes were deposited on the surfaces of the ceramic samples. The thick ceramic sam-

ples were first attached to a glass substrate. Then, the thick ceramic samples were thinned 

down to 100 µm by polishing with sandpapers. An ITO electrode was introduced on the 

polished surface by RF magnetron sputtering as a bottom electrode. After that, the sample 

was attached to a gold (Au) coated substrate using silver paste. The other surface of the 

samples was deposited with ITO as a top electrode. The diameter of the top electrode is 

8 mm. 

For studying the relationship between the photovoltaic response of the samples and 

the electrodes, a 40 nm thick Au electrode was used to replace the bottom ITO electrode 

of some samples. The Au electrode was deposited by DC magnetron sputtering. 

The deposition parameters of the ITO and Au electrodes are summarized in Table 1. 

Figure 2.2 shows the transmittance of the ITO electrode deposited by the parameters 

shown in Table 1. Figure 2.3 shows a schematic diagram of the sample with the top and 

bottom electrodes. 
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Table 2.1 Deposition parameter of ITO and Au electrode 

 

 

 ITO AU 

Type of sputtering RF magnetron sputtering DC magnetron sputter-

ing 

Sample Temperature 200°C Room Temperature 

Power 70W 60W 

Gas flow Ar : O2 (60:1) Ar 

Pressure 5 mTorr  7.5 mTorr 

Deposition time 40 min 45 sec 

Annealing (Time/Tempera-

ture) 

1hr/200°C N/A 
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Figure 2.2 Transmission of the ITO and Au electrode. 

 

Figure 2.3 Schematic diagram of the sample after the deposition of top and bottom electrodes. 

2.3.   Characterization  

2.3.1. Scanning electron microscope (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope which pro-

duces images by scanning the surface of the sample with a high energy beam of electrons. 
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A typical SEM consists of 5 main components which include an electron gun, an electro-

magnetic lens system, electrons detectors, a sample chamber and a display unit. Figure 

2.4 shows a schematic diagram of SEM [63]. 

 

 

 

 

 

 

 

Figure 2.4 A schematic diagram of SEM [63]. 

During the operation process, a high energy focused electron beam is generated by 

the electron gun and the electromagnetic lens system. The electrons of the focused beam 

will interact with the sample. The above interaction will produce secondary electrons (SE), 

backscattered electrons (BE), auger electrons and characteristics X-rays, all of which are 

collected by the respective detectors [63]. The received signals are then converted into 

images and displayed on the display unit.  

In this study, a 10 nm think gold thin layer was deposited on the as-sintered ceramic 

through sputtering.  SEM (JEOL Model JSM-6490) was used for the topography analysis. 
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2.3.2. Density measurement 

The density of the ceramic was determined using Archimedes’ principle. The mass 

(mair) of the sample was first measured in air. After that, the sample was immersed into 

water. The apparent mass (mwater) of the sample when submerged was then measured. The 

density of the sample was calculated by the following equation: 

𝜌 =
𝜌𝑤𝑎𝑡𝑒𝑟𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟−𝑚𝑤𝑎𝑡𝑒𝑟
        (2.1) 

where 𝞺 is the density of the sample and 𝞺water is the density of water which is equal 

to 1g/ml. 

2.3.3. Crystalline structure 

The crystalline structure of the ceramic oxides can be examined by X-ray diffraction. 

X-ray diffraction (XRD) is a non-destructive technique to study the crystalline structure 

of materials. An XRD pattern will be produced from the interaction of the X-ray and the 

crystal lattice. By analysing the XRD patterns, the crystalline structure of the samples can 

be determined.  

 

 

 

 

 

Figure 2.5 The schematic diagram of X-ray diffraction in the crystal [64]. 
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As shown in Figure 2.5, during the operation, an X-ray beam is incident on the sam-

ple surface with an angle θhkl. The scattered X-rays from different crystalline planes will 

interfere with each other and produce a variation of intensity with different angles which 

is identified as an XRD pattern [64]. The XRD pattern follows the Bragg’s law, where 

the local maxima of the intensity of the detected X-ray occur if the incident angle of the 

X-ray satisfies the following condition: 

2dhklsinθhkl = nλ        (2.2) 

where λ is the wavelength of the X-ray, n is the order of diffraction, h, k and l are the 

Miller indices, dhkl is the interplanar spacing of {hkl} set of lattice planes, and θhkl is the 

incident angle [64]. 

In this work, an XRD analysis equipment with CuKα (wavelength of the incident ray 

λ = 0.154 nm) radiation (SmartLab; Rigaku Co., Japan) was used to examine the crystal-

line structure of the ceramics. 

2.4.   Binding energy and oxygen vacancy concentration 

2.4.1. X-ray photoelectron spectroscopy (XPS) 

The elements and oxygen vacancy information can be obtained through the X-ray 

photoelectron spectroscopy technique. X-ray photoelectron spectroscopy (XPS) is a sur-

face spectroscopic technique which belongs to the photoemission spectroscopy family 

[14], [51], [65]–[68]. The working principle of this technique is based on the photoelectric 

effect. During the characterization process, the sample is irradiated by a focused X-ray 

beam, the excited electrons are then collected and an electron population spectrum will 

be obtained. The elements that exist in the sample can then be identified. Furthermore, 
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apart from identifying the elements in the material, XPS allows researchers to get infor-

mation about the electronic structure and chemical states of the elements in the material. 

The electron binding energy of the emitted electrons can be determined by the photoelec-

tric effect equation: 

Ebinding = Ephoton - (Ekinetic + ϕ)      (2.3) 

where Ebinding, Ephoton and Ekinetic are the binding energy of the electron, the energy of the 

X-ray photons being used and the kinetic energy of the electron measured by the instru-

ment, respectively. Φ refers to the work function of the specific material. 

2.4.2. Oxygen content analysis 

The information on the oxygen content inside the samples can be obtained by ana-

lysing the O1s spectra.  

It has been reported that the O1s spectrum can be fitted into 3 different curves [14], 

[66], [68]–[70]. The first one is the low energy curve (O1s I) which is related to the oxy-

gen atoms bonded to the cations that are in the stoichiometric oxidation state [66], [69], 

[70]. The second one is the medium curve (O1s II) which is attributed to O-2 ions bonded 

to non-stoichiometric oxidation states [66], [70]. If oxygen vacancies are present in the 

material, cations will have oxidation states less than that of the formula to maintain the 

charge balance in the structure of the material [54], [69], [70]. Therefore, the information 

on the oxygen vacancies of the sample can be obtained by detecting the signal from the 

O-2 ions. 

Finally, the high energy curve (O1s III) represents the loosely bound oxygen atoms 

on the surface of the sample [69], [70]. These oxygen atoms are usually found in H2O and 

OH groups from the atmosphere and not from bonding with the atoms in the sample. In 
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other words, these signals are not the signals from the sample[54], [69], [70]. Therefore, 

XPS measurements are always conducted under a high vacuum to reduce or eliminate this 

type of signal [65]. 

The number of oxygen vacancies inside the sample can be roughly estimated by cal-

culating the relative peak area ratio of the middle energy curve and the low energy curve 

(O1s II / O1s I) [14], [54], [69]–[71]. A higher relative peak area ratio of the two curves 

means that the sample contains more oxygen vacancies [14], [54], [69]–[71]. 

Figure 2.6 shows an O1s XPS spectrum of a Ba0.85Ca0.15Zr0.1Ti0.9O3(BCZT) pellet as 

an example. It has been shown that the corresponding O1s XPS spectrum can be fitted 

into 3 curves. (O1s I, O1s II and O1s III) [70].  

 

Figure 2.6 An example of XPS O1s spectrum of ceramic oxide [70]. 
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2.5.  Dielectric properties 

In order to obtain flat ceramic samples with smooth top and bottom surfaces, the 

surfaces of the as-sintered ceramics were polished using sandpapers. The polished ce-

ramic was then coated with top and bottom silver electrodes which were fired at 750oC 

for 30 min for the measurements of dielectric, piezoelectric and ferroelectric properties. 

An impedance analyzer (HP 4294A, Agilent Technologies Inc., Palo Alto, CA) was 

used to measure the capacitance (𝐶) and dielectric loss (tan δ) of the samples at 1 kHz at 

room temperature.  

The dielectric constant which is also known as relative permittivity (εr) is then calculated 

from: 

𝐶 =
𝜀0𝜀𝑟A

d
        (2.4) 

where 𝐶 is the capacitance, ε0 is the permittivity of vacuum (~8.85x10-12 F/m), A is the 

area of the electrode and d is the thickness of the sample. 

 

2.5.1. Temperature dependence of dielectric properties 

The ceramic samples were placed on a temperature-controlled probe stage 

(HFS600E-PB4, Linkam Scientific Instrument, UK). The probe stage was connected to 

an impedance analyzer (Hewlett Packard 4194A, Agilent Technologies Inc., USA) for 

the temperature dependence dielectric properties measurement. A home-made LabVIEW 

program was used to control the temperature of the stage and collect data from the im-

pedance analyzer. 
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Figure 2.7 Schematic diagram of the dielectric measurement setup 

2.6.  Ferroelectric properties (P-E Loop) 

As mentioned in Chapter 1, the ferroelectric properties of ferroelectric materials can 

be expressed by the ferroelectric (P-E) hysteresis loop. Through analysing the information 

from the P-E loop, the remnant polarization Pr, the coercive field Ec and the spontaneous 

polarization Ps of the material can be obtained. In this study, the P-E loop of the ceramic 

samples was obtained with a modified Sawyer-Tower circuit at 100 Hz. The schematic 

diagram of the P-E loop measurement setup is given in Figure 2.8. During the measure-

ment, the ceramic sample was immersed in silicon oil to prevent electrical breakdowns. 

An AC voltage signal with a sinusoidal waveform was generated by a function generator 

(HP 91164A). The AC voltage signal was then amplified by 2000 times with a high volt-

age amplifier (Trek 609D-R 20/20A). A reference capacitor with a capacitance 1000 

times larger than that of the ceramic sample was used to collect the charges generated 

from the ceramic sample. The voltages across the sample and the reference capacitor were 
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then measured by a digital oscilloscope. The data was recorded by a home-made Lab-

VIEW program. The polarization (P) of the material was calculated by: 

𝑃 =
𝐶𝑟𝑉0

𝐴
         (2.5) 

where A is the area of the silver electrode, Cr is the capacitance of the reference capacitor 

and V0 is the voltage across the reference capacitor.  

 

Figure 2.8 The schematic diagram of the P-E loop measurement setup. 
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2.7.  Optical band gap estimation 

The bandgap of the material was estimated by diffuse reflectance spectroscopy. Fig-

ure 2.9 shows the top view of the setup for the diffuse reflectance measurement.  

 

Figure 2.9 The top view of the diffuse reflectance measurement setup. 

The disk shape ceramics were first ground into powder and sieved with an 80-mesh 

screen. BaSO4 powder was used as a non-absorbing reference. The diffuse reflectances of 

the samples (in powder form) from 300 nm to 800 nm were measured with a UV-Vis 

spectrophotometer (UV-2550, Shimadzu Co.).  

The absorption coefficient α of the samples was then calculated with the Kubelka-Munk 

(K-M) function [72]:  

𝛼 =  
( 1−𝑅)2

2𝑅
=

𝐾

𝑆
        (2.6) 

 

where R is the measured reflectance, K and S are the absorption and scattering coefficients.  
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After obtaining the absorption coefficient α, Tauc’s plot was used to estimate the 

optical bandgap. The Tauc equation is expressed as follows: 

( ℎ𝑣𝛼)𝑛  =  𝐴(ℎ𝑣 − 𝐸𝑔)       (2.7) 

where h, v and 𝛼 is the Plank’s constant, frequency of the photon, the absorption coeffi-

cient and the bandgap of the material respectively [73], [74]. A is the proportional constant 

of Tauc’s plot in the linear region. n is the exponent coefficient which determines the 

nature of electronic transition [73], [74]. For n=2, the Tauc equation refers to the direct 

allowed transition while for n=0.5, it refers to the indirect allowed transition [74].  

(hvα)n was then plotted against hv to estimate the bandgap of the material. The linear 

region of the curve was extended to the x-axis and the corresponding x-intercept indicated 

the bandgap of the material [74].  

A typical Tauc’s plot of Zinc Oxide (ZnO) thin film is shown in Figure 2.10 which 

is used as an example. The direct bandgap was estimated to be 3.35eV [73]. 

 

Figure 2.10 An example of Tauc’s plot from UV-Vis analysis of a ZnO thin film. The direct band 

gap is estimated to be 3.35eV [74]. 
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2.8.  Photocurrent measurement 

A solar simulator (Newport 91160, 300W) with an AM 1.5 filter (100mW/cm2) was 

used as a light source to illuminate the samples. The photocurrent signals of the samples 

were collected by a Keithley 2410 sourcemeter and the data was recorded by a home-

made LabVIEW program. Figure 2.11 shows a schematic diagram of the setup for the 

photocurrent response measurement. 

 

Figure 2.11 Schematic diagram of the setup for photovoltaic measurement. 
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Chapter 3. BCT-Fe-0.1 and BCT-Fe-0.025 Ceramics Sin-

tered in Different Atmospheres 

3.1.  Introduction 

As discussed in Chapter 1, defects such as oxygen vacancies will affect the photo-

voltaic performance of the ceramics. In addition, such defects are not preventable during 

the synthesis process of the ceramic samples [51]–[54], [66]. Although oxygen vacancies 

cannot be eliminated, it is possible to control the oxygen vacancy content inside the ce-

ramics by sintering them in different atmospheres [51]–[54], [66]. Previous studies have 

reported that samples sintered in an oxygen-deficient atmosphere (such as pure nitrogen) 

will contain more oxygen vacancies than the samples sintered in an oxygen-rich atmos-

phere [17], [51]–[53], [56], [75]. 

The dielectric and ferroelectric properties of the BCT-Fe-0.025 and BCT-Fe-0.1 ce-

ramics sintered in different atmospheres (N2, air and O2) are presented in this chapter. 

O1s XPS spectra have confirmed that the BCT-Fe-0.1 ceramics sintered in nitrogen con-

tain the most oxygen vacancies. This result agrees with previous findings that the oxygen 

insufficient sintering atmosphere will create oxygen vacancies in the ceramics. The grain 

sizes of the ceramic samples were examined by SEM imaging. The SEM images of the 

samples show that the BCT-Fe-0.1and BCT-Fe-0.025 ceramics sintered in nitrogen have 

a larger grain size, which also agrees with previous studies.  

In this chapter, the dielectric and ferroelectric properties of ceramics will be com-

pared and discussed. The results show that the sintering atmosphere will greatly affect 

these properties which may affect the photovoltaic response of the samples. 
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3.2.  SEM Image of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics 

 

Figure 3.1 SEM micrograph of BCT-Fe-0.025 ceramics sintered in (a) N2, (b) Air and (C) O2 and 

BCT-Fe-0.1 ceramics sintered in (d) N2, (e) Air and (f) O2. 

Figure 3.1 shows SEM images of the BCT-Fe-0.025 and BCT-Fe-0.1 ceramics sin-

tered under different atmospheric conditions (N2, air and O2). As shown in Figure 3.1, 

for both BCT-Fe-0.025 and BCT-Fe-0.1, the samples sintered in the nitrogen atmosphere 

have the largest gain size while those sintered in the oxygen atmosphere have the smallest 

grain size. This result agrees with previous works which suggest that the grain growth of 

ceramics will be suppressed in an oxygen-rich sintering atmosphere. It is well known that 

the ceramic samples will contain more oxygen vacancies when they are sintered in oxy-

gen-deficient atmospheres or under low oxygen pressure. Researchers believed that the 

increase of oxygen vacancies will assist the diffusion of oxygen ions and enhance densi-

fication [25], [69]–[71]. In other words, the oxygen vacancies inside the ceramics will 

enhance grain growth. Therefore, the ceramic samples sintered in nitrogen (oxygen-defi-

cient) atmosphere have larger grain sizes and better densification [25], [69]–[71]. The 
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density of the BCT-Fe-0.025 and BCT-Fe-0.1 ceramics sintered in N2, air and O2 are 

shown in Table 3.1. 

Table 3.1 Density of the BCT-Fe-0.025 and BCT-Fe-0.1 ceramics sintered in N2, air and O2 

Sample Density (g/cm3) 

BCT-Fe-0.025-N2 5.95 

BCT-Fe-0.025-Air 5.84 

BCT-Fe-0.025-O2 5.81 

BCT-Fe-0.1-N2 5.93 

BCT-Fe-0.1-Air 5.84 

BCT-Fe-0.1-O2 5.74 

 

3.3.  Crystalline structure 

The crystalline structure of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics were exam-

ined by X-ray diffraction (XRD). The XRD patterns of the ceramic samples are shown in 

Figures 3.2 and 3.3. The results reveal that all the samples have a polycrystalline perov-

skite structure. No secondary phases are observed within the detection limit of our XRD. 

This gives evidence that Fe3+ ions have completely diffused into Ba0.9Ca0.1TiO3 (BCT) 

lattices to form a new homogenous solid solution [20], [76], [77].   
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Figure 3.2 The XRD patterns of the BCT-Fe-0.1 ceramics in the range of 20o-80o. 

 

 

Figure 3.3 (a) The XRD patterns of the BCT-Fe-0.025 ceramics in the range of 20o-80o. 

(b) The XRD patterns of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics in the range of 44.5o-46.5o. 
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As shown in Figures 3.2 and 3.3, the XRD patterns of the BCT-Fe-0.1 and BCT-Fe-

0.025 ceramics sintered in different atmospheres (N2, Air and O2) are similar. It is sug-

gested the effect of the sintering atmosphere (N2, air and O2) on the crystal structure of 

the ceramics is limited.  

The XRD patterns, in particular the (200) peak, of the BCT-Fe-0.1-Air and BCT-Fe-

0.025-Air ceramics are compared, as an example, in Figure 3.3 b.  It is observed that the 

peak of BCT-Fe-0.025-Air is more broadened, resulting from the splitting of the (002) 

and (200) peaks. It is suggested that the splitting of the (002) and (200) peaks is related 

to the electrostatic repulsion between the elections of O2- in 2p valence states and those 

of Ti4+ in 3d valence states [44], [77], [78]. The observed split (002) and (200) peaks 

confirm that the BCT-Fe-0.025-Air ceramic has a tetragonal structure [77]. However, no 

splitting of the (002) and (200) peaks is observed for the BCT-Fe-0.1-Air ceramic. This 

implies that it has a cubic structure [78]–[80]. As mentioned, the splitting of the (002) and 

(200) peaks is related to the electrostatic repulsion between the O2- 2p electrons and Ti4+ 

3d electrons. It is expected that with increasing the Fe3+doping level, the tetragonal struc-

ture of the ceramic will be distorted and the (002) and (200) peaks become merged [75]–

[76]. 

3.3.1. XPS analysis (Binding energy) 

To confirm the compositions of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics, the 

XPS measurements were conducted. The XPS survey spectra of the BCT-Fe-0.1 and 

BCT-Fe-0.025 ceramics sintered in N2, air and O2 are shown in Figure 3.4 and Figure 3.5 

respectively. The XPS survey spectrums confirm that the BCT-Fe-0.1 and BCT-Fe-0.025 

ceramics contain barium (Ba), calcium (Ca), titanium (Ti) and oxygen (O) [81]–[83]. The 
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strong C1s peak indicates the existence of carbon which originated from atmospheric 

contamination. 

For the BCT-Fe-0.1 ceramic, as shown in Figure 3.5, the iron (Fe2p3/2) peak in the 

XPS survey spectrum is very weak as the Fe3+ doping level of the ceramic is low. 
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Figure 3.4  XPS survey spectrum of BCT-Fe-0.1 ceramics.  
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For the BCT-Fe-0.025 ceramics, the Fe3+doping level is even lower. As a result, the 

Fe2p3/2 peak from the XPS survey spectrum is more difficult to observe. 

 

Figure 3.5  XPS survey spectrum of BCT-Fe-0.025 ceramics. 

 

3.3.2.  Oxygen vacancies analysis 

As mentioned in Chapter 1, defects such as oxygen vacancies are unpreventable dur-

ing the sample preparation. However, the oxygen vacancy content inside the material can 

be controlled by sintering the ceramic in different atmospheres [51], [54], [56], [84]. In 

this study, the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics were sintered in O2, air and N2.   

In Chapter 2, it has been discussed that the information on the oxygen vacancy con-

tent of the ceramics can be obtained through XPS O1s analysis. The XPS O1s spectrums 
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of all the BCT-Fe-0.1 ceramics have been deconvoluted into 3 corresponding peaks, i.e., 

O1s (I), O1s (II) and O1s (III), respectively, giving the results shown in Figure 3.6a to 

3.6c.  

 

Figure 3.6 High-resolution O1s spectrum of the BCT-Fe-0.1 ceramics in various atmospheres: (a) 

O2, (b) air and (c) N2. 

The O1s (I) peak (located at ~529.3eV) is related to the lattice oxygen ions, while 

the O1s (II) peak (530.95 eV) is attributed to the ions induced by the oxygen vacancies. 

The O1s (III) peak (531.74 eV) corresponds to the organic oxygen ions on the surface of 

the ceramics, and thus it has not been taken into account for analyzing the oxygen vacancy 

content of the ceramics. The oxygen vacancy content of the ceramics is estimated based 

on the area ratio between the O1s (II) and O1s (I) peaks. The larger the area ratio, the 

more oxygen vacancies the ceramic contains. The area ratios of the BCT-Fe-0.1 ceramics 
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sintered in O2, air and N2 are 0.33, 0.48 and 0.53 respectively. The results suggest that the 

BCT-Fe-0.1-O2 ceramic contains the least oxygen vacancies, while BCT-Fe-0.1-N2 con-

tains the most oxygen vacancies, which agrees with the expectations that the oxygen va-

cancies inside the ceramic oxides increase when they are sintered in oxygen deficiency 

atmosphere (i.e., atmosphere with a lower partial pressure of O2). 

It is suggested that increasing the Fe3+ doping level in ceramics will increase the 

oxygen vacancy concentration [60]. In other words, by reducing the doping level, the 

ceramic will contain fewer oxygen vacancies. However, it is interesting to note that the 

XPS O1s spectra for all the BCT-Fe-0.025 ceramics are dominated by the O1s (III) peak 

and the O1s (I) and O1s (II) peaks become relatively weak. As a result, the corresponding 

area ratios cannot be calculated with reasonable accuracy and thus their oxygen vacancy 

contents cannot be estimated. Nevertheless, it is believed that the BCT-Fe-0.025 ceramic 

should contain fewer oxygen vacancies that BCT-Fe-0.1 due to the lower Fe3+ doping 

level.  

3.4.   Dielectric properties 

The dielectric constant (εr) and dielectric loss (tan δ) of the BCT-Fe-0.025 and BCT-

Fe-0.1 ceramics sintered in different atmospheres were measured at 1kHz at room tem-

perature. The tan δ of all the ceramics are below 5%, suggesting that they are well sintered 

and dense enough for practical applications. Table 3.2 summarizes the εr and tan δ of the 

ceramics. It can be seen that the observed εr of the BCT-Fe-0.025 ceramics (2800 to 3400) 

are much larger than those of the BCT-Fe-0.1 ceramics (650-760).  

For the BCT-Fe-0.1 ceramics, the one sintered in nitrogen has higher εr and a lower 

tan δ as compared to those sintered in oxygen and air. As discussed in Section 3.2 (Fig. 
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3.1), the BCT-Fe-0.1-N2 ceramic has the largest grain size, relatively more coarse-

grained microstructure and better densification. Probably partly because of this, it exhibits 

the lowest tan δ [85]–[88]. On the contrary, the BCT-Fe-0.1-O2 ceramic has the smallest 

grain size and thus the highest tan δ. 

 

Table 3.2 The dielectric constant (εr) and dielectric loss (tan δ) of BCT-Fe-0.025 and BCT-Fe-0.1 

ceramics sintered in different atmospheres were measured at 1kHz at room temperature 

Sample εr tan δ(%) 

BCT-Fe 0.1-O2 650 4.9 

BCT-Fe 0.1-Air 690 3.5 

BCT-Fe 0.1-N2 760 1.1 

BCT-Fe 0.025-O2 2800 2.2 

BCT-Fe 0.025-Air 3400 1.2 

BCT-Fe 0.025-N2 3400 1.1 

 

3.5.  Temperature dependence of dielectric property 

The temperature and frequency dependence of dielectric constant (εr) and dielectric 

loss (tan δ) of BCT-Fe-0.025 ceramics have also been measured at 1 kHz, 10 kHz and 

100 kHz in a temperature range of 30oC to 150°C. The BCT-Fe-0.025-Air ceramic (i.e., 

sintered in Air) is used as an example to demonstrate the dielectric response of the BCT-

Fe-0.025 ceramics at various frequencies (1 kHz, 10 kHz and 100 kHz), as shown in 
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Figure 3.7. A broad dielectric constant versus temperature curve near the transition tem-

perature is observed in BCT-Fe-0.025 ceramics. In addition, the transient temperatures of 

the BCT-Fe-0.025 ceramics are frequency-independent. Therefore, it is suggested that the 

BCT-Fe-0.025 ceramics exhibit diffuse phase transition.  

 

Figure 3.7 Temperature dependence of dielectric constant and dielectric loss of BCTFe-0.025-Air 

ceramics measured at 1 kHz, 10 kHz and 100kHz. 

 

The dielectric constant (εr) of the BCT-Fe-0.025 ceramics sintered in different at-

mospheres has also been measured at 1 kHz in a temperature range of 30oC to 150oC, 

giving the results shown in Figure 3.8. All the ceramics exhibit a transition peak associ-

ated with the ferroelectric tetragonal to paraelectric cubic phase transition at ~ 55C, 
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which is defined as the Curie temperature (Tc). It can be seen that the effect of the sinter-

ing atmosphere on the transition temperature is not significant, only causing a variation 

of about 3C.  

 

Figure 3.8 Temperature dependence of dielectric constant of BCTFe-0.025 ceramics sintered in 

various atmospheres (O2, Air and N2) at 1 kHz. 

 

Figure 3.9 shows the temperature dependence of εr for the BCT-Fe-0.1 ceramics sin-

tered in different atmospheres, in which the temperature range is extended to -50oC for 

arching the phase transitions. Unlike BCT-Fe-0.025, all the BCT-Fe-0.1 ceramics exhibit 

no transition peaks in the temperature range of -50C to 120C, suggesting that they all 

are non-ferroelectric at room temperature.  
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Figure 3.9 Temperature dependence of dielectric constant of BCTFe-0.1 ceramics sintered in var-

ious atmospheres (O2, Air and N2) at 1 kHz. 
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3.6.  Ferroelectric properties  

 

Figure 3.10 Ferroelectric properties of the BCT-Fe-0.025 and BCT-Fe-0.1 ceramics. 

The ferroelectric properties of the BCT-Fe-0.025 and BCT-Fe-0.1ceramics can be 

evaluated based on their P-E loops. The P-E loops of all the ceramics have been measured 

under an electric field of 3 kV/mm at 100 Hz at room temperature. Figure 3.10 shows, as 

examples, the P-E loops for the ceramics sintered in Air. It can be seen that the relation-

ship between the observed polarization and electric field is almost linearly for BCT-Fe-

0.1, confirming that it is non-ferroelectric at room temperature. On the other hand, the 

BCT-Fe-0.025 ceramic exhibits a typical P-E loop, substantiating its ferroelectric charac-

teristics. These agree with the above measurements of the temperature dependence of the 

dielectric constant.  
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3.6.1. P-E Loops of BCT-Fe-0.025 ceramics sintered in different atmos-

pheres 

 

Figure 3.11 The P-E Loops of BCT-Fe-0.025 ceramics sintered in O2, air and N2. 

Figure 3.11.  shows the P-E loops of the BCT-Fe-0.025 ceramics sintered in oxygen, 

air and nitrogen. The observed saturated polarization (Ps), remnant polarization (Pr) and 

coercive field (Ec) are summarized in Table 3.3. It can be seen the sintering atmosphere 

can greatly affect the ferroelectric properties of the ceramics. For the ceramic sintered in 

O2, i.e., BCT-Fe-0.025-O2, it has the lowest Pr and Ps. Mudinepalli and his research team 

found that the spontaneous and remanent polarization of the BT-based ceramic increases 

with the increase of their grain sizes [85]–[87], [89]. They explained their findings by 

considering the effect of grain boundaries. Grain boundary is a low-permittivity region 

with poor ferroelectricity. In addition, space charges are easier to accumulate in grain 
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boundaries. It is believed that the number of grain boundaries increases as the grain size 

decreases Therefore, the remanent polarization of the ceramics decreases with the grain 

size. 

As discussed in Chapter 3.1, it is suggested that the BCT-Fe-0.025-O2 ceramic sam-

ples have the smallest grain size. As a result, it is expected that the BCT-Fe-0.025-O2 

samples have the smallest spontaneous polarization. However, the BCT-Fe-0.025-N2 

have the largest grain size have a lower Pr than the sample sintered in air. There must be 

other factors that contribute to such results. It is suggested that oxygen vacancies will 

reduce the polarization of the ceramic [86], [88]. It is believed that the sample sintered in 

N2 contains more oxygen vacancies than the sample sintered in Air.  Probably because of 

the coupling effect of grain sizes and concentration of oxygen vacancies, the remnant and 

spontaneous polarizations of the BCT-Fe-0.025-Air are slightly larger than the BCT-Fe-

0.025-N2.  

 

Table 3.3 Summary of ferroelectric properties of the BCT-Fe-0.025 ceramics sintered in O2, Air 

and N2 

 

Sample Pr  (µC/cm2) Ps  (µC/cm2) Ec  (kV/mm) 

BCT-Fe 0.025-O2 2.5 10 0.44 

BCT-Fe 0.025-Air 4.5 18 0.27 

BCT-Fe 0.025-N2 3.8 15 0.22 
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3.7.  Optical bandgap estimation 

3.7.1. Tauc’s plot of BCT-Fe-0.1 and BCT-Fe-0.025 ceramics sintered in 

various atmospheres 

The diffuse reflectance spectra of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics sin-

tered in different atmospheres (N2, air and O2) have been measured and based on which 

the corresponding Tauc’s plots have been obtained, giving the results shown in Figure 

3.12. Following the Tauc’s model, the bandgap has been determined from the x-intercept 

of the extrapolation of the plot, giving the results summarized in Table 3.4. In general, 

the ceramics with a higher doping level of Fe3+ have a lower bandgap. This agrees with 

previous results in which the bandgap of barium titanates-based ceramics can be lowered 

by the doping of Fe3+, and the reduction increases with the doping content [90].  
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Figure 3.12 Tauc’s plot of BCT-Fe-0.1 and BCT-Fe-0.025 ceramics. 

It has also been suggested that oxygen vacancies will affect the bandgap of ceramic 

oxides [50]. When a large amount of oxygen vacancies exists in the ceramics, they will 

induce delocalized impurity states which overlap with the edge of the valence band. In 

consequence, the position of the valence band will be raised and the bandgap will become 

narrowed. As a result, the ceramic oxides that contain more oxygen vacancies are ex-

pected to have a narrower bandgap [50], [91]. As discussed in Chapter 3.2, the BCT-Fe-

0.1 ceramics will contain more oxygen vacancies if they are sintered in oxygen deficiency 

atmospheres. Therefore, it is expected that the ceramics sintered in N2 will contain more 

oxygen vacancies and have a lower bandgap. In contrast, the ceramics sintered in O2 will 
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is not very large, our results still agree with the expectation, i.e., the BCT-Fe-0.1-N2 ce-

ramic exhibits the narrowest optical bandgap (~2.60 eV) while the BCT-Fe-0.1-O2 ce-

ramic has the largest bandgap (~2.69 eV). 

However, probably because of the low doping level of Fe3+, the effect of the sintering 

atmosphere on the oxygen vacancies is limited, and thus the BCT-Fe-0.025 ceramics sin-

tered in N2, air and O2 exhibit similar bandgaps (~2.75 eV). 

 

Table 3.4 Estimated optical band gaps of BCT-Fe-0.1 and BCT-Fe-0.025 ceramics 

 

 

 

 

 

 

 

 

 

 

 

Sample Eg (eV) 

BCT-Fe-0.1-O2 2.69 

BCT-Fe-0.1-Air 2.67 

BCT-Fe-0.1-N2 2.60 

BCT-Fe-0.025-O2 2.75 

BCT-Fe-0.025-Air 2.75 

BCT-Fe-0.025-N2 2.75 
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3.8.  Conclusions 

The BCT-Fe-0.1 and BCT-Fe-0.025 ceramics have been successfully synthesized 

with solid-state reactions. The XRD patterns reveal that all the ceramics have a pure per-

ovskite structure. All the Fe3+ ions have diffused into the BCT lattices to form a solid 

solution. The XPS O1s spectrums also reveal that the ceramics contain more oxygen va-

cancies if they are sintered in an oxygen-deficient atmosphere (e.g., N2). 

The physical properties of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics (sintered in 

different atmospheres) have been studied. The BCT-Fe-0.025 ceramics exhibit ferroelec-

tricity at room temperature. The Curie temperature of the ceramic sintered in O2, air and 

N2 varies slightly from 53oC to 56oC. Moreover, the BCT-Fe-0.025 ceramic sintered in 

Air has the maximum remnant polarization Pr and saturated Ps. The optical bandgaps of 

the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics have been estimated using diffuse reflec-

tance spectroscopy. The optical bandgaps of the BCT-Fe-0.1 ceramics sintered in O2, air 

and N2 are ~2.69 eV, 2.67 eV and 2.60 eV, respectively. It is suggested that the ceramic 

sintered in an oxygen deficiency atmosphere will contain more oxygen vacancies, which 

will induce delocalized impurity states overlapping with the edge of the valence band and 

thus narrow the bandgap. However, probably because of the low doping level of Fe3+, the 

effect of the sintering atmosphere on the oxygen vacancies is limited, and thus the BCT-

Fe-0.025 ceramics sintered in N2, air and O2 exhibit similar bandgaps (~2.75 eV).  
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Chapter 4. Photocurrent Response of BCT-Fe-0.1 Non-

ferroelectric Ceramics 

4.1.  Introduction 

As discussed in Chapter 3, the P-E hysteresis loops have shown that the BCT-Fe-0.1 

ceramics are non-ferroelectric at room temperature. It is thus expected that they will not 

exhibit any ferroelectric photovoltaic responses. However, photocurrent has been ob-

served when they are illuminated.  

In addition, previous studies have shown that oxygen vacancies can contribute to the 

photocurrent response. The XPS O1s spectra discussed in Chapter 3 confirmed that the 

BCT-Fe-0.1 ceramics sintered in different atmospheres (O2, air and N2) will have differ-

ent oxygen vacancy contents.  

In this chapter, the photocurrent responses of the BCT-Fe-0.1 ceramics sintered in 

different atmospheres are presented and discussed. Symmetric (i.e., both the top and bot-

tom electrodes are ITO or Au) electrode configurations were used to study the photocur-

rent response of the ceramics. The symmetric electrode configuration was used to elimi-

nate the impact of the Schottky barrier arising from the asymmetry electrode configura-

tion. The photo-induced short-circuit current of the ceramics under AM 1.5G illumination 

(100 mW/cm2) was measured for showing the influence of oxygen vacancies on the pho-

tocurrent response. The photocurrent response of the as-fabricated ceramics was first 

measured. An external electric field was then applied to the ceramics for 60 minutes at 

different temperatures (i.e., room temperature and 100oC), and the photocurrent of the 

ceramics after short-circuited for 24 hours was re-measured.  It has been shown that there 
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is no influence on the photocurrent response if the electric field is applied to the ceramics 

at room temperature. This result is expected as the BCT-Fe-0.1 ceramics are not ferroe-

lectric and therefore there is no spontaneous polarization in the ceramics which will affect 

the photocurrent response. However, if the electric field is applied at 100oC, the photo-

current can be modified, which has never been reported.  

4.2.  Photocurrent response of the BCT-Fe-0.1 ceramics with the symmet-

 ric electrode configuration 

A non-negligible photocurrent response is observed for as-fabricated non-ferroelec-

tric BCT-Fe-0.1 ceramics. It is suggested that oxygen vacancy is the major factor that 

contributes to the photocurrent response [15], [48], [57]. Researchers believed that defects 

such as oxygen vacancies may not evenly distribute in the ceramics but accumulate near 

one side of the sample, which will reduce the Schottky barrier at the ceramic-electrode 

interface. As a result, Schottky barriers with different barrier heights can even be formed 

in ceramics with symmetric electrode configuration and thus induce a net built-in electric 

field to drive the photo-induced holes and electrons. Moreover, oxygen vacancies can trap 

the photo-induced electrons and the photo-induced holes become the extra charge carriers 

which contribute to the diffusion current. Figure 4.1 shows the schematic diagram of a 

BCT-Fe-0.1 ceramic with oxygen vacancies accumulated near the top electrode. When 

the top electrode is illuminated, a downward (net) photocurrent flowing from the top elec-

trode to the bottom electrode is generated. The photocurrent is composed of two compo-

nents, i.e., diffusion current Idiffusion and drift current Idrift. Idiffusion is resulted from the sep-

aration of photo-induced electron-hole pairs during the illumination (Fig. 4.1) Idiffusion al-

ways depends on the gradient of the induced charge carriers which flows in the downward 

direction (top / illuminated electrode to the bottom electrode).  On the other hand, Idrift is 
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affected by the internal (or built-in) electric field at the ceramic-electrode interface. As 

shown in Figure 4.1, oxygen vacancies accumulate near the top electrode, which will 

reduce the Schottky barrier and then decrease the (outward) built-in electric field at the 

(top) interface. In contrast, without the effect of oxygen vacancies, a strong (outward or 

downward) built-in field is created at the interface of the ceramic and bottom electrode 

due to the (unaffected) Schottky barrier. As a result, a net downward built-in electric field 

is formed, which induces a downward drift current under the illumination. In this chapter, 

a downward current is defined as a positive current.   

 

Figure 4.1 Schematic diagram of a BCT-Fe-0.1 ceramic with oxygen vacancies accumulated near 

the top electrode. . The orange and blue arrows indicate the direction of the diffusion current and 

the built-in electric field. 

The photocurrent responses of the BCT-Fe-0.1ceramics sintered in N2, air and O2 are 

shown in Figure 4.2. It can be seen that both the BCT-Fe-0.1-O2 and BCT-Fe-0.1-Air 

ceramics (i.e., sintered in O2 and air, respectively) exhibit a photocurrent of 4.8 nA/cm2 

and 3.5 nA/cm2, respectively, while no response is observed for BCT-Fe-0.1-N2.   
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It has also been observed that the short-circuit photocurrents of both the BCT-Fe-

0.1-Air and BCT-Fe-0.1-O2 ceramics keep increasing under the illumination. As the tem-

perature of the ceramics increases during the illumination process, it is suggested that the 

increase of the short-circuit current is due to the increase in the conductivity and the 

charge mobility of the ceramics. Moreover, positive (negative) current peaks are observed 

for the BCT-Fe-0.1-O2 ceramic at the moment when the light is switched on (off). As 

discussed in Chapter 1, the photocurrent is mainly contributed by diffusion current (Idiffu-

sion) and drift current (Idrift). At the moment when the light is switched on, it is suggested 

that the numbers of photo–induced electrons will suddenly increase and thus leading to a 

large Idiffusion [15], [58], [59], [92]. The photo-induced electrons may recombine after-

wards. As a result, Idiffusion decreases and Idrift becomes the dominant portion of the photo-

current. On the other hand, when the light is switched off, the photo-induced electrons 

will recombine quickly and the trapped electrons will release, thus leading to a reverse 

(negative) diffusion current (Idiffusion). Further investigations are needed for verifying the 

proposed mechanism of the photocurrent response observed for the BCT-Fe-0.1-O2 ce-

ramic. 

For the BCT-Fe-0.1-N2 ceramic, only weak and sharp current peaks (0.38 nA or 0.75 

nA/cm2) are observed at the moment when the light is switched on or off. Similarly, the 

current peaks should be related to Idiffusion and charge recombination [14]. During the illu-

mination, no steady photocurrent is observed, which should be due to the weakness of the 

current and/or the limitation of the Keithley 2410 sourcemeter. 
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Figure 4.2 The short-circuit photocurrent of the BCT-Fe-0.1-N2, BCT-Fe-0.1-Air and BCT-Fe-

0.1-O2 under periodic AM 1.5G illumination.  

Among all the ceramics, BCT-Fe-0.1-N2 contains the most oxygen vacancies. Alt-

hough oxygen vacancies are suggested to be essential for the photocurrent response of 

the non-ferroelectric BCT-Fe-0.1 ceramics, a high oxygen vacancy content may suppress 

the photocurrent response. As discussed in Chapter 1, oxygen vacancies can contribute to 

the photocurrent response when they accumulate near one side of the ceramic. In other 

words, the oxygen vacancies which do not accumulate near one side (either the top or 

bottom electrode) of the ceramic will not contribute to the photocurrent response. In ad-

dition, if the content of the non-accumulated oxygen vacancies is too high, they will trap 

the drifted photo-induced electrons and then act as additional sites for the recombination 
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of electrons and holes [93]. Therefore, they will suppress the photocurrent response [94]–

[96], thus leading to a very weak photocurrent.  

Surprisingly, the BCT-Fe-0.1-O2 ceramic exhibits the strongest photocurrent re-

sponse. The XPS O1s spectrum shows that the ceramic also contains oxygen vacancies. 

It is then suggested that the oxygen vacancies accumulate near the top surface and induce 

a net built-in field (pointing downward) for the photocurrent response. Moreover, it con-

tains the fewest oxygen vacancies, and thus fewer photo-induced electrons will be trapped 

by the oxygen vacancies. As a result, the BCT-Fe-0.1-O2 ceramic exhibits the strongest 

photocurrent response. 

4.3.  Controllable photocurrent response of the BCT-Fe-0.1 ceramics with 

 ITO electrodes 

Researchers suggested that oxygen vacancies can migrate under an external electric 

field [11]–[19], [34], [49], [66]. It is then anticipated that the oxygen vacancies accumu-

lated near the top electrode of the as-fabricated ceramics can be dispersed by the applica-

tion of an external electric field, and thus the built-in electric field will decrease and the 

photocurrent response will become weakened. For verifying the anticipation, an external 

electric field of 1.5 kV/mm has been applied to the BCT-Fe-0.1 ceramics at room tem-

perature. Probably because of the low mobility at low temperatures and then no migration, 

almost no changes in the photocurrent response are observed for all the ceramics. How-

ever, when the electric field is applied at 100oC, noticeable changes in both the magnitude 

and direction of the photocurrent are observed for all the ceramics. 

Chen and his research team have reported that enhanced photovoltaic performance 

of BiFeO3 thin films can be observed after applying an electric field at high temperatures 
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[9]. It has been hypothesized that increasing the temperature of the sample will increase 

the mobility of oxygen vacancies which favours their migration under an external electric 

field. It is thus suggested that the distribution of oxygen vacancies in the BCT-Fe-0.1 

ceramics can be modulated by a strong external electric field at high temperatures such 

as 100oC. Figure 4.3a shows the schematic diagram of the setup used for applying an 

external electric field. A heater was used to heat the sample to 100oC before applying the 

external electric field. Similar to the photocurrent, a downward electric field is defined as 

a positive electric field in this work. After applying a positive electric field, it is expected 

the oxygen vacancies will migrate toward the bottom electrode [9], [15], [97]. The sample 

is then short-circuited at room temperature for 24 hours before the re-measurements of 

photocurrent responses. Figure 4.3 b shows the schematic diagram predicting the new 

distribution of oxygen vacancies in a BCT-Fe-0.1 ceramic after the application of an ex-

ternal electric field, and the expected photocurrent under the illumination. Since most of 

the oxygen vacancies accumulate near the bottom electrode, a weaker downward built-in 

electric field is resulted at the bottom ceramic-electrode interface, whereas a stronger up-

ward built-in electric field is formed at the top interface. As a result, a net upward built-

in electric field is formed and generate an upward drift current. In addition, fewer oxygen 

vacancies accumulate near the top electrode which is illuminated electrode, and the photo-

induced electron-hole pairs are much easier to recombine [15], [58], [59], [92]. Therefore, 

it is expected that the induced diffusion current is weaker than that in a ceramic with 

oxygen vacancies accumulated near the top electrode.  
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(a) 

 

 

 

 

 

(b) 

 

Figure 4.3 (a) Schematic diagram of the setup used for applying an external electric field. A heater 

was used to heat the sample to 100oC before applying the external electric field. (b) Schematic 

diagram predicting the new distribution of oxygen vacancies in a BCT-Fe-0.1 ceramic after the 

application of an external electric field and the expected photocurrent under the illumination. The 

orange and blue arrows indicate the direction of the diffusion current and the built-in electric field 

respectively. 
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Accordingly, different external electric fields have been applied at 100oC to the BCT-

Fe-0.1 ceramics sintered in N2, Air and O2 for 60 minutes and their short-circuit photo-

current responses have been re-measured, giving the results presented in the following 

sections. 

4.3.1.  BCT-Fe-0.1-N2 ceramics 

 

Figure 4.4 The short-circuit photocurrent of the BCT-Fe-0.1-N2 under periodic AM 1.5G illumi-

nation. 

Figure 4.4 summarizes the short-circuit photocurrent responses of the BCT-Fe-0.1-

N2 ceramics under periodic illuminations. Photocurrent peaks are observed for all the ce-

ramics (which have been subjected to different external electric fields). It is noticed that 

the as-fabricated ceramic does not exhibit a steady photocurrent. However, after being 
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subjected to an external electric field (of any magnitude), the ceramic exhibits a steady 

photocurrent after a current peak during the illumination. The direction of the (steady) 

photocurrent is opposite to the applied electric field, i.e., if a positive or downward elec-

tric field is applied to the ceramic, a negative photocurrent flowing from the top electrode 

to the bottom electrode is observed. It is suggested that the distribution of the oxygen 

vacancies is modified by the external electric field (e.g. more oxygen vacancies will ac-

cumulate near the bottom electrodes if a positive electric field is applied). As a result, a 

built-in electric field arising from the uneven distribution of oxygen vacancies is formed 

(e.g., pointing upward) and thus leading to an upward photocurrent (e.g., flowing from 

the bottom electrode to the top electrode). Apparently, the magnitude of the photocurrent 

is dependent on the magnitude of the applied electric field. 

It is interesting to note that the direction of the photocurrent can be switched during 

the illumination. For the ceramics subjected to a positive external electric field, the ob-

served photocurrent exhibits a sharp positive peak first, then decreases rapidly and be-

comes steady with a negative value. This can be explained by considering Idrift and Idiffusion 

[14], [15], [59], [71], [98]. As discussed in Chapter 1, the photocurrent caused by the 

uneven distribution of oxygen vacancies is mainly contributed by Idiffusion and Idrift [15], 

[59], [71], [98], [99]. It is suggested that the directions and response times of Idiffusion and 

Idrift are different [14]. Once the light is switched on, the photo-generated electrons lead 

to a positive diffusion current (Idiffusion). After a long illumination time, the negative drift 

current (Idrift) will become dominant [14]. As a result of the two current responses with 

different directions, a change in the photocurrent direction during the illumination is ob-

served. 
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4.3.2. BCT-Fe-0.1-Air ceramics 

The short-circuit photocurrent responses of the BCT-Fe-0.1-Air ceramics are shown 

in Figure 4.5. Since the magnitude of the photocurrent keeps increasing during the illu-

mination, the illumination period for these investigations has been extended to 10 minutes.  

 

Figure 4.5 The short-circuit photocurrent of the BCT-Fe-0.1-Air under periodic AM 1.5G illumi-

nation. 

Similar to BCT-Fe-0.1-N2, the photocurrent of the BCT-Fe-0.1-Air ceramics can be 

switched by an external electric field (which is applied to the ceramics at 100oC for 60 

minutes).  For the as-fabricated ceramic, a positive photocurrent is observed, which first 

increases rapidly and then becomes almost saturated after a long illumination time. The 

gradual increase of the photocurrent during the illumination should be attributed to the 

increase in the sample temperature. Similar to the case in BCT-Fe-0.1-N2, for the ceramic 
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subjected to a positive or downward electric field of 1.5 kV/mm, the photocurrent first 

exhibits a positive peak, and then decreases and becomes saturated at a negative value 

after a long illumination time. This should also be attributed to the two current responses, 

i.e., Idiffusion and Idrift. The positive current peak is related to the positive Idiffusion [14]. It is 

suggested that the oxygen vacancies inside the ceramic have migrated from near the top 

electrode to the bottom electrode after being subjected to the downward electric field. 

Therefore, a negative Idrift is resulted, which becomes dominant after a long illumination 

time  [14]. The gradual increase in the magnitude of the photocurrent should be attributed 

to the increase in sample temperature arising from the long-term illumination. On the 

other hand, at the moment when the light is switched off, a negative current peak is re-

sulted, which may also be related to Idiffusion [14]. Since once the light is switched off, Idrift 

will disappear, and the trapped photoelectrons are assumed to be released and contribute 

to the negative Idiffusion [14], [59].  

An upward electric field has also been applied to the BCT-Fe-0.1-Air ceramic. It can 

be seen that the positive photocurrent increases by nearly two times after the treatment. 

Similar to BCT-Fe-0.1-N2, our results have shown that the photocurrent response of the 

air-sintered ceramic can be enhanced or switched by modifying the distribution of oxygen 

vacancies via an external electric field. 

4.3.3.  BCT-Fe-0.1-O2 ceramics 

Figure 4.6 shows the short-circuit photocurrent of the BCT-Fe-0.1-O2 ceramics. 

Again, as the observed photocurrent (magnitude) keeps increasing in 30 seconds due to 

the rise of temperature, the illumination time for the investigation has been extended to 

10 minutes. 
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Figure 4.6 The short-circuit photocurrent of the BCT-Fe-0.1-O2 under periodic AM 1.5G illumi-

nation. 

Similar to the other two ceramics, the photocurrent of the as-fabricated ceramic ex-

hibits a positive peak first, then increases and becomes saturated slowly due to the tem-

perature rise. However, it can be seen that a positive or downward electric field of 1.5 

kV/mm (which is the same as that used for the other two ceramics) cannot switch the 

observed photocurrent to negative or pointing upward. It can only decrease the magnitude 

of the photocurrent by about 50%. It is suggested that the BCT-Fe-0.1-O2 ceramic con-

tains fewer oxygen vacancies which accumulate near the top electrode of the sample. The 

migration of the oxygen vacancies caused by the 1.5-kV/mm electric field may not be 

sufficient to produce an uneven distribution with most of the oxygen vacancies accumu-

lated near the bottom electrode. As shown in Figure 4.6, if the downward external electric 

field is increased to 2.5 kV/mm, the photocurrent will change gradually to negative after 
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exhibiting a positive peak at the beginning of the illumination. Similar to the cases in 

BCT-Fe-0.1-Air and BCT-Fe-0.1-N2, it is suggested that the positive current peak is orig-

inated from Idiffusion and the negative (steady) photocurrent is related to Idrift [14]. Although 

a larger electric field is needed, our results have shown that the direction of the photocur-

rent of the BCT-Fe-0.1-O2 ceramic can also be switched. 

Our results have also shown that an upward electric field of 1.5 kV/mm can also 

enhance the photocurrent response of the BCT-Fe-0.1-O2 ceramic. As shown in Figure 

4.6, the observed photocurrent increases by about 3 times after being subjected to the 

electric field. Probably because of the stronger response, photocurrent peaks are not ob-

served at the beginning of each illumination cycle. It is suggested that Idrift increases and 

becomes dominant as more oxygen vacancies accumulate near the top electrode of the 

ceramic.  

Our results reveal that switchable photocurrent response can be achieved in all the 

non-ferroelectric BCT-Fe-0.1 ceramics with symmetric electrode configuration, regard-

less of the sintering atmosphere, via the application of an external electric field at high 

temperatures such as 100C. On the other hand, the electric field (with a suitable direction) 

can enhance the photocurrent response. It is suggested that at high temperatures, the mo-

bility of oxygen vacancies increases and can migrate to near the bottom electrode when a 

downward electric field is applied, thus leading to a negative photocurrent response. In 

contrast, an upward external electric field can facilitate the migration of most of the oxy-

gen vacancies toward the top surface, thus enhancing the photocurrent response. 
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4.4.  Photocurrent response of the BCT-Fe-0.1 ceramics with symmetric 

 Au electrode configuration 

ITO is one of the most widely used transparent conducting oxides due to its high 

optical transparency and low electrical resistivity. However, a few researchers have re-

ported that it may not be a stable electrode due to its sensitivity to the deposition condi-

tions, such as temperature and annealing atmosphere [100]–[106]. The conductivity and 

transparency of ITO are highly dependent on its oxygen vacancy content [99], [103], 

which can be controlled by modifying the deposition and annealing conditions [101], 

[102], [105], [106]. A high oxygen vacancy content is beneficial for improving the elec-

trical conductivity of ITO, but not for the optical transparency. It has also been shown 

that a strong electric field can degrade its conductivity [107]. In this work, a strong exter-

nal electric field is applied to the BCT-Fe-0.1 ceramics at 100oC, and thus it is important 

to confirm if the different current responses of the ceramics after subjected to an external 

electric field are originated from the modification of the oxygen vacancy distribution or 

the characteristics of the ITO electrodes.  

It is supposed that Au is more stable at high temperatures and electric fields. Further-

more, Au thin films are semi-transparent and have been used as top electrodes for their 

photocurrent devices [59]. In this work, 40-nm thick gold (Au) thin films have been used 

as the top and bottom electrodes for the BCT-Fe-0.1 ceramics for investigating the pho-

tocurrent responses.  
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Figure 4.7 The short-circuit photocurrent of BCT-Fe-0.1-Air ceramics with symmetric ITO and 

Au electrode under periodic AM 1.5G illumination. 

Figure 4.7 shows the photocurrent responses of the as-fabricated BCT-Fe-0.1-Air 

samples with symmetric Au and ITO electrode configurations. It can be seen that both 

the ceramics exhibit a positive photocurrent under illumination. The observed photocur-

rent keeps increasing as heat is generated during the illumination. The photocurrent of the 

ceramic with Au electrodes is weaker than that of the ceramic with ITO electrodes. This 

should be attributed to the lower transmittance of the Au electrode as compared to the 

ITO electrode (Figure 2.2).  

The photocurrent responses of the BCT-Fe-0.1 ceramics sintered in N2, O2 and air 

have also been studied. Similar to the ceramics with ITO electrodes, different external 
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electric fields have also been applied at 100oC to the ceramics with Au electrodes for 60 

minutes.  The observed short-circuit photocurrent of the BCT-Fe-0.1 ceramics (with Au 

electrode) will be discussed in the following sections. 

4.4.1.  BCT-Fe-0.1-N2 ceramics 

 

Figure 4.8 The short-circuit photocurrent of BCT-Fe-0.1-N2 ceramics with Au electrodes under 

periodic AM 1.5G illumination. 

The photocurrent responses of the BCT-Fe-0.1-N2 ceramics are shown in Figure 4.8. 

Similar to the ceramics with ITO electrodes, current peaks are observed. However, prob-

ably because of the low transmittance of the Au electrode, the photocurrent is very weak. 

As also shown in Figure 4.8, a negative photocurrent is observed for the ceramic after 

being subjected to an electric field of 1.5 kV/mm (i.e., downward). It is suggested that the 
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oxygen vacancies have migrated from near the top surface to the bottom surface of the 

ceramic after being subjected to the downward electric field. As discussed in Chapter 4.2, 

diffusion current (Idiffusion) and drift current (Idrift) are the major contributions to the pho-

tocurrent response of the ceramics. It is suggested that the accumulation of oxygen va-

cancies will create an internal electric field for Idrift. After being subjected to a downward 

electric field, the oxygen vacancies will migrate to the bottom side of the ceramic, and 

the observed negative steady photocurrent is related to Idrift caused by the accumulation 

of oxygen vacancies. It is suggested that the current peaks are related to Idiffusion. Because 

of the lower transmittance, the amounts of photo-induced electrons in the sample with Au 

electrodes will be smaller. As a result, Idrift will dominate the photocurrent response of the 

sample and the current peaks are too weak to be observed. 

On the other hand, an upward electric field (i.e., -1.5 kV/mm) is subjected to the 

BCT-Fe-0.1-N2 ceramic. Current peaks and positive steady photocurrent are observed. It 

is suggested that more oxygen vacancies will be accumulated near the top surface of the 

ceramic. Once the illumination is switched on, a positive current peak is observed. It is 

suggested that Idiffusion is responsible for the positive current peaks [14]. As the illumina-

tion is switched on, electron-hole pairs are generated and the photo-induced electrons will 

be trapped by the oxygen vacancies. The remaining holes will then induce a positive Idif-

fusion. During the illumination, Idrift will become dominant and a positive steady current 

has resulted. 
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4.4.2.  BCT-FE-0.1-O2 ceramics 

 

Figure 4.9 The short-circuit photocurrent of BCT-Fe-0.1-O2 ceramics with Au electrodes under 

periodic AM 1.5G illumination. 

Figure 4.9 shows the short-circuit photocurrent of the BCT-Fe-0.1-O2 ceramics with 

Au electrodes. In general, the ceramics with Au electrodes exhibit similar photocurrent 

responses to their counterparts with ITO electrodes, and similar effects of the external 

electric fields, both downward and upward, on the responses are also observed. For the 

as-fabricated ceramic, small current peaks and photocurrent of which the magnitude 

keeps increasing during the illumination are observed. After being subjected to a down-

ward electric field of 1.5 kV/mm, both the current peaks and steady photocurrent change 

the direction, which should be attributed to the re-distribution of the oxygen vacancies as 
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discussed in Chapter 4.3 for its counterpart with ITO electrodes. However, it is noted that 

the negative photocurrent is weak, and cannot be enhanced significantly by increasing the 

downward field to 2.5 kV/mm. An electrical breakdown will occur if a stronger down-

ward electric field is applied. Further investigations are required for studying the reasons 

for the much weaker photocurrents for the ceramics with Au electrodes as compared to 

their counterparts with ITO electrodes. On the other hand, an upward electric field of 1.5 

kV/mm can enhance the response significantly, and the changes, including the disappear-

ance of the current peaks, are similar to its counterpart with ITO electrodes.  

4.4.3.  BCT-Fe-0.1-Air ceramics 

 

Figure 4.10 The short-circuit photocurrent of BCT-Fe-0.1-Air ceramics with Au electrodes under 

periodic AM 1.5G illumination. 
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Figure 4.10 shows the photocurrent responses of the BCT-Fe-0.1-Air ceramics with 

Au electrodes. The as-fabricated ceramic exhibits similar photocurrent responses to its 

counterpart with ITO electrodes. After being subjected to an upward electric field of 1.5 

kV/mm, the photocurrent increases by about two times, which is suggested to be caused 

by the accumulation of more oxygen vacancies near the top surface of the ceramic.  How-

ever, unlike its counterpart with ITO electrodes, the photocurrent of the ceramic cannot 

be switched to the opposite direction after being subjected to a downward electric field 

of 1.5 kV/mm or 2.5 kV/mm. It is only reduced by about 75%, and the reduction is inde-

pendent of the field strength. It is suggested that the electric field may not be strong 

enough to migrate enough amount of oxygen vacancies to near the bottom surface of the 

ceramic for producing a negative photocurrent.  

Our results show that the as-fabricated BCT-Fe-0.1 ceramics with ITO and Au elec-

trodes exhibit similar photocurrent responses. Because of the higher transmittance, the 

observed photocurrent of the ceramic with ITO is stronger. For both the ceramics, the 

photocurrent can be enhanced by a downward electric field applied at 100oC. It is sug-

gested that the enhancement is originated from the accumulation of more oxygen vacan-

cies near the top surface of the ceramic. Except for the BCT-Fe-0.1-Air ceramic with Au 

electrodes, the photocurrent of all the other ceramics, regardless of the sintering atmos-

phere and electrode, can be switched to the opposite direction by an upwards electric field 

applied at 100C. 
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4.5.  Conclusions 

The photocurrent responses of the BCT-Fe-0.1 non-ferroelectric ceramics (sintered 

in air, N2 and O2) with symmetric ITO or Au electrode configuration have been investi-

gated.  

The photocurrent responses of the BCT-Fe-0.1 ceramics with ITO electrodes have 

first been investigated. Photocurrent responses are observed for all the BCT-Fe-0.1 ce-

ramics. During the 30-second solar light illumination, the observed average photocurrent 

of the BCT-Fe-0.1-Air and BCT-Fe-0.1-O2 ceramics are 4.8 nA/cm2 and 6.9 nA/cm2, 

respectively. On the other hand, the BCT-Fe-0.1-N2 ceramic exhibits only sharp current 

peaks (0.75 nA/cm2) at the moment when the illumination source is switched on/ off, but 

no steady photocurrent during the illumination. It is suggested that the reduction of the 

steady photocurrent is caused by the non-accumulated oxygen vacancies in the ceramic. 

The BCT-Fe-0.1-N2 ceramic contains the most oxygen vacancies which can trap the 

photo-induced electrons. As a result, because of the charge recombination, the photocur-

rent generated by the BCT-Fe-0.1-N2 is the lowest (Only current peaks are observed). In 

contrast, the BCT-Fe-0.1-Air and BCT-Fe-0.1-O2 ceramics contain fewer oxygen vacan-

cies, and thus their photocurrents are larger.  

Both upward and downward electric field of 1.5 kV/mm has then been applied to all 

the BCT-Fe-0.1 ceramics respectively. No changes in photocurrent responses are ob-

served for all the ceramics if the electric field is applied at room temperature. However, 

if it is applied at 100oC, both the magnitude and direction of the photocurrent are changed. 

It is suggested that the oxygen vacancies inside the ceramics can migrate under an exter-

nal electric field, and the photocurrent responses of the BCT-Fe-0.1 ceramics are depend-

ent on the distribution of the oxygen vacancies. 



 The Hong Kong Polytechnic University 

Chapter 4. Photocurrent Response of BCT-Fe-0.1 Non-ferroelectric Ceramics  

 

 

Wong Ki Hei 80 

 

The photocurrent responses of the ceramics with Au electrodes have also been inves-

tigated. Probably because of the lower transmittance of Au, the photocurrents of the ce-

ramics are generally lower than those of their counterparts with ITO electrodes. Switch-

able photocurrent responses are also observed for the BCT-Fe-0.1-O2 and BCT-Fe-0.1-

N2 ceramics. For the BCT-Fe-0.1-Air ceramic, only the magnitude of the photocurrent 

can be modified by an external electric field. Nevertheless, our results have shown that 

the observed switchable photocurrent responses are originated from the distribution of 

oxygen vacancies in the ceramics.  
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Chapter 5. Photocurrent Response of BCT-Fe-0.025 Ce-

ramics 

5.1.  Introduction 

In Chapter 3, it has been confirmed that the BCT-Fe-0.025 ceramic is ferroelectric at 

room temperature.  Moreover, the sintering atmospheres (such as O2, N2 and air) will 

affect the ferroelectric properties of the ceramic. When the ceramics are sintered in O2, 

N2 and air, respectively, their saturated polarizations Ps vary from ~10 µC/cm2 to ~18 

µC/cm2, while the remnant polarizations Pr varies from ~2.5 µC/cm2 to ~4.5 µC/cm2. 

These differences may contribute to different photocurrent responses of the BCT-Fe-

0.025 ceramics sintered in different atmospheres.  

In this chapter, the photocurrent responses of the BCT-Fe-0.025 ceramics sintered in 

air, N2 and O2 are presented. The Isc of the ceramics under A.M. 1.5 solar illumination 

was examined for exploring the photocurrent response. Unlike BCT-Fe-0.1 ceramics dis-

cussed in Chapter 4, the BCT-Fe-0.025 ceramic is ferroelectric and can be poled by an 

external electric field. The BCT-Fe-0.025 ceramics were then poled under an electric field 

of 1 kV/mm at room temperature and their photocurrent responses were compared. 

As discussed in Chapter 1, researchers have reported that defects such as oxygen 

vacancies can be a dominant factor in the photovoltaic response in ferroelectric photovol-

taic devices [12], [14], [59]. They have suggested that the accumulation of oxygen vacan-

cies near the ceramic-electrode interface will reduce the barrier height at the interface 

[14], [59]. As a result, a Schottky-like barrier is formed, which contributes a build-in 

electric field for separating the photo-generated electron-hole pairs [12], [14], [59]. They 

have also suggested that the distribution of oxygen vacancies can be modified by a high 
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external electric field. To investigate the influence of the distribution of defects (oxygen 

vacancies) on the photovoltaic response of the ferroelectric ceramics, an electric field of 

1 kV/mm was applied to the BCT-Fe-0.025 ceramics at 100oC for poling and re-distrib-

uting the oxygen vacancies inside the ceramics. The photocurrent responses of the BCT-

Fe-0.025 ceramics were then studied for investigating the effects.  

5.2.  Photocurrent response of BCT-Fe-0.0225 ceramics poled at room 

 temperature 

The photocurrent responses of the as-fabricated and poled BCT-Fe-0.025 ceramics 

are presented. The schematic diagram of the poling process and Isc measurement are 

shown in Figure 5.1. In this work, a downward poling field is defined as a positive electric 

field and a downward current (from the top electrode to the bottom electrode) is defined 

as a positive current. As shown in Figure 5.1, BCT-Fe-0.025 ceramics with symmetric 

Au electrodes were used for the measurements. It is suggested that the use of symmetric 

electrodes can eliminate the effect caused by Schottky barriers formed at the ceramic-

electrode interface.  
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Figure 5.1 The schematic diagram of (a) the downward poling process (positive poling) and (b) 

the current direction for the ferroelectric photovoltaic process after poling in a positive electric 

field. 

In addition, as discussed in Chapter 4, the observed photocurrent of the BCT-Fe-0.1 

ceramics is not affected by the application of an electric field of 2.5 kV/mm at room 

temperature. This suggests that the distribution of oxygen vacancies in the BCT-Fe-0.025 

ceramics will not be changed by the electric field of 1 kV/mm applied at room tempera-

ture. Therefore, it is believed that the net polarization of the BCT-Fe-0.025 ceramics re-

sulting from the poling field of 1 kV/mm at room temperature is the major cause of the 

observed photocurrent response. 

The BCT-Fe-0.025-Air (i.e., sintered in Air) ceramic is used as an example to demon-

strate the ferroelectric photovoltaic effect. Figure 5.2 shows the short-circuit photocurrent 

(a) 

(b) 
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Isc of the as-fabricated and poled BCT-Fe-0.025-Air ceramics under periodic AM 1.5G 

illumination (i.e., the illumination is switched on for 30 seconds and then off for 30 sec-

onds). Since the as-fabricated BCT-Fe-0.025-Air ceramic exhibits a zero net remnant po-

larization, there is no internal field to drive the photo-induced holes and electrons, and 

thus almost no current response is observed for the ceramic. On the other hand, the pho-

tocurrent responses of the poled BCT-Fe-0.025-Air ceramics can be observed. A sharp 

negative/positive current peak is observed at the moment when the illumination is 

switched on / off. It is suggested that the current peaks are dominated by the pyroelectric 

effect. As discussed in Chapter 1.2, the pyroelectric effect is that a material releases elec-

tric charges due to a temperature change. Moreover, the magnitude of the current is de-

pendent on the temperature change. When the illumination is switched on, there will be a 

sudden increase in temperature which leads to a pyroelectric current. A weak negative 

steady current is observed after the current peak. It is believed that the ferroelectric pho-

tovoltaic effect is the major contributor to the steady current. As the illumination is kept 

on, the temperature of the ceramic will keep on increasing at a lower rate or become stable. 

Therefore, the pyroelectric effect will become weak, and the ferroelectric photovoltaic 

effect will be the dominant effect. Similarly, when the illumination is switched off, there 

will be a sudden decrease in temperature which leads to a positive pyroelectric current. 

Our results are consistent with previous research in which sharp pyroelectric current peak 

and steady current response have been observed in ferroelectric photovoltaic devices [10], 

[33].  
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Figure 5.2 The short-circuit photocurrent of the as-fabricated, poled (1kV/mm and -1kV/mm) and 

depoled BCT-Fe-0.025-Air ceramic under AM 1.5G illumination. 

One of the characteristics of the ferroelectric photovoltaic effect is the switchable 

photocurrent response. The switchable photocurrent response of the BCT-Fe-0.025-Air 

ceramic is also presented in Figure 5.2. After the measurements, the poled ceramic has 

been annealed at 100oC for 24 hours for depolarization. It can be seen that, after the de-

polarization process, the photocurrent response of the ceramic disappears.  

After the depolarization process, the BCT-Fe-0.025 ceramic was poled under an elec-

tric field of -1 kV/mm (i.e., upward poling) at room temperature. Similar to the downward 

poled ceramic, both the current peak and steady photocurrent, but in a reverse direction, 

are observed in the upward-poled BCT-Fe-0.025 ceramic. This provides strong evidence 

that the photocurrent response of the ceramic is strongly dependent on its polarization. 
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No photocurrent response is observed in the as-fabricated or de-poled ceramics. In addi-

tion, the direction of the photocurrent can be switched by reversing the polarization of the 

ceramics. The switchable and polarization-dependent photocurrent response in the BCT-

Fe-0.025 ceramics is thus demonstrated. 

The switchable photocurrent responses of the BCT-Fe-0.025-N2 and BCT-Fe-0.025-

O2 (i.e., sintered in N2 and O2, respectively) ceramics have also been studied. The ob-

served Isc for the downward-poled (1 kV/mm) ceramics under periodic illumination are 

shown in Figure 5.3. 

 

Figure 5.3 The short-circuit photocurrent of the poled (1kV/mm) BCT-Fe-0.025 ceramics sintered 

in N2, Air and O2. 
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As shown in Figure 5.3, all the BCT-Fe-0.025 ceramics exhibit both the pyroelectric 

current peak and steady photocurrent. The BCT-Fe-0.025-Air and BCT-Fe-0.025-N2 ce-

ramics exhibit similar pyroelectric current peaks (~48 nA/cm2 and ~47 nA/cm2, respec-

tively) and steady photocurrents (~6.7 nA/cm2 and ~6.4 nA/cm2), while both of them for 

the BCT-Fe-0.025-O2 ceramic are lower (~ 30 nA/cm2 and ~ 4.4 nA/cm2, respectively). 

The variations in the pyroelectric current and photocurrent should be attributed to the 

lower remnant polarization Pr of the BCT-Fe-0.025-O2 ceramic. It is suggested that the 

magnitudes of the pyroelectric current and ferroelectric photocurrent are dependent on 

the remnant polarization of the material. As shown by the P-E loops discussed in Chapter 

3.2, the remnant polarization Pr of the BCT-Fe-0.025-O2 ceramic is the lowest (~2.5 

µC/cm2), while those of the BCT-Fe-0.025-Air and BCT-Fe-0.025-N2 ceramics are sim-

ilar (~4.5 µC/cm2 and ~3.8 µC/cm2, respectively).  

5.3.  Photocurrent response of BCT-Fe-0.025 ceramics poled at 100oC 

In Chapter 1 and Chapter 4, the influence of oxygen vacancies on the photocurrent 

response in ferroelectric photovoltaic devices is introduced. For example, if the oxygen 

vacancies are accumulated near one of the ceramic-electrode interfaces, the Schottky bar-

rier height at that interface will be reduced. As a result, asymmetric Schottky barriers 

have resulted even in the ceramics with the same top and bottom electrodes (or symmetric 

electrode configuration). A net built-in electric field is thus created to drive and separate 

the photo-induced electron-hole pairs.  In addition, the accumulated oxygen vacancies 

will trap the photo-induced electrons, thus preventing them from recombining with photo-

induced holes [11], [90], [108]. As a result, the remaining photo-induced holes will pro-

duce an additional diffusion current. It is then suggested that the photocurrent response 

of the ceramics can be modified or controlled by changing or adjusting the distribution of 
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oxygen vacancies. As discussed in Chapter 4.2, the photocurrent response of the non-

ferroelectric BCT-Fe-0.1 ceramics can be modified (enhanced/ suppressed/ switched) by 

a high electric field applied at 100oC. The modification is suggested to result from the 

change or adjustment of the distribution of oxygen vacancies inside the ceramic (e.g. more 

oxygen vacancies are accumulated near the bottom electrode). Therefore, to study the 

influence of the distribution of oxygen vacancies inside the ceramic on the photocurrent 

response of the BCT-Fe-0.025 ceramics, the poling temperature is increased to 100oC. 

Since the Tc of the BCT-Fe-0.025 ceramics is ~55oC, the poling field is removed after the 

ceramic is cooled down to below its Tc. Figure 5.4a shows a schematic diagram of the 

downward poling process for the BCT-Fe-0.025 ceramic and the resultant distribution of 

oxygen vacancies. A schematic diagram of the photocurrent generated by the coupling 

effect of oxygen vacancies and ferroelectric photovoltaic effect is illustrated in Figure 

5.4b. 
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(a) 

 

 

 

 

 

 

(b) 

 

 

Figure 5.4 (a) The schematic diagram of the downward poling process at 100oC for the BCT-Fe-

0.025 ceramic and the resultant distribution of oxygen vacancies. (b) The schematic diagram of 

the photocurrent generated by the coupling effect of oxygen vacancies and ferroelectric photo-

current effect BCT-Fe-0.025-N2 ceramics  
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5.3.1.  BCT-Fe-0.025-N2 ceramics 

Figure 5.5 illustrates the photocurrent response of the BCT-Fe-0.025-N2 ceramics 

poled under an electric field of 1 kV/mm at 100oC. As shown in Figure 5.3, when the 

BCT-Fe-0.025-N2 ceramic is poled at room temperature, once the illumination is 

switched on/off, a negative/positive sharp current peak is observed. It is believed that the 

current peaks are caused by the pyroelectric effect. However, as shown in Figure 5.5, 

current peaks do not appear in the ceramic poled at 100oC. 

 

Figure 5.5 The short-circuit photocurrent of the poled BCT-Fe-0.025-N2 ceramics after poling 

(1kV/mm) at 100oC. 

It has been shown that the distribution of oxygen vacancies may affect the magnitude 

and direction of the pyroelectric current [108]. As the BCT-Fe-0.025-N2 ceramic should 
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contain more oxygen vacancies, it is anticipated that the oxygen vacancies in the ceramic 

may migrate and re-distribute after the polling process and then affect the pyroelectric 

response of the ceramic [108]. However, further experimental works are needed for in-

vestigating the mechanism for the disappearance of the pyroelectric currents. 

 

Figure 5.6 The short circuit photocurrent of the as-fabricated, poled at room temperature and 

100oC BCT-Fe-0.025-N2 ceramics. 

Figure 5.6 compares the short-circuit photocurrent responses of the ceramics under 

different conditions (i.e., as-fabricated, poled at room temperature and poled at 100oC). It 

is noticed that the steady photocurrent of the ceramics poled at room temperature and 

100oC have similar values. The only difference between their responses is the disappear-

ance of the current peaks in the ceramic poled at 100oC. It is anticipated that the oxygen 

vacancies in the BCT-Fe-0.025-N2 ceramics will be more evenly distributed. Similar to 
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the case of the BCT-Fe-0.1-N2 ceramic discussed in Chapter 4, the non- accumulated 

oxygen vacancies will not contribute to the photocurrent response. It is also difficult to 

migrate and accumulate a large number of oxygen vacancies to one side of the ceramics. 

It is thus suggested that the photocurrent response of the BCT-Fe-0.025-N2 ceramic is not 

significantly improved by the poling at 100oC. 

5.3.2.  BCT-Fe-0.025-O2 ceramics 

The photocurrent responses of the BCT-Fe-0.025-O2 ceramics under different con-

ditions (i.e., as-fabricated, poled at room temperature and poled at 100oC) are shown in 

Figure 5.7. It can be seen that the current peaks of the ceramic poled at 100oC are slightly 

lower than those of the ceramics poled at room temperature.   

 

Figure 5.7 The short-circuit photocurrent of the as-fabricated, poled (room temperature and 100oC) 

BCT-Fe-0.025-O2 ceramics.  
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It is also noted that the steady photocurrent response of the ceramic is not enhanced 

by the poling temperature; i.e., both the ceramics poled at room temperature and 100oC 

exhibit similar steady photocurrents. It is suggested that the BCT-Fe-0.025 ceramics con-

tain fewer oxygen vacancies than the BCT-Fe-0.1 ceramics due to a lower doping content 

of Fe3+ level [75]. In addition, the generation of oxygen vacancies will be suppressed by 

the oxygen-rich sintering atmosphere [51]. Therefore, the oxygen vacancy content of the 

BCT-Fe-0.025-O2 ceramic should be low, which limits the enhancement of the photocur-

rent response. 

5.3.3.  BCT-Fe-0.025-Air ceramics 

 

Figure 5.8 The short-circuit photocurrent of the as-fabricated, poled at 1 kV/mm (room tempera-

ture and 100oC) BCT-Fe-0.025-Air ceramics.  
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The photocurrent response of the BCT-Fe-0.025-Air ceramics under different condi-

tions (i.e., as-fabricated, poled at room temperature and poled at 100oC) are shown in Figure 

5.8. It can be seen that the pyroelectric current peaks of the ceramic poled at 100oC are 

lower than those of the ceramic poled at room temperature. It is anticipated that the pyro-

electric current peak is reduced due to the accumulation of oxygen vacancies [11], [90], 

[108]. Once the illumination is switched on, a negative photocurrent peak is resulted. In 

contrast, when the illumination is switched off, a small positive photocurrent peak is re-

sulted. It is noticed that after switching off the illumination, the positive current peak of 

the ceramic poled at 100oC is much weaker. It is suggested that the oxygen vacancies 

accumulated near the bottom electrode after the poling process at 100oC. Similar to the 

case of BCT-Fe-0.1-Air ceramics discussed in Chapter 4, the oxygen vacancies accumu-

lated near the bottom electrode may generate a negative diffusion current which opposes 

the positive pyroelectric current [14]. Therefore, the positive current peak of the ceramic 

poled at 100oC is much weaker than that of the ceramic poled at room temperature. 

After comparing the steady photocurrents of the ceramics poled at room temperature and 

100oC, it is noted that the steady photocurrent of the BCT-Fe-0.025-Air ceramic is significantly 

enhanced by the poling at 100oC. It is suggested that oxygen vacancies accumulated near the 

bottom electrode will contribute to the photocurrent response. As a result, the ferroelectric pho-

tocurrent effect and the drift current caused by the accumulation of oxygen vacancies combine to 

generate a larger photocurrent response. It has been demonstrated that the photocurrent response 

of the BCT-Fe-0.025-Air ceramic can be enhanced by poling at high temperatures.  
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5.4.  Conclusions 

Photocurrent responses of the ferroelectric BCT-Fe-0.025 ceramics (sintered in N2, 

Air and O2) are investigated with symmetric Au electrode configurations. A solar simu-

lator (Newport 91160,300W) with AM 1.5 G filter (100mW/cm2) is used as a light source 

for the investigation. 

With the purpose of studying the ferroelectric photovoltaic effect, all the BCT-Fe-

0.025 ceramics are poled under an electric field of 1 kV/mm at room temperature before 

the photocurrent measurements. The switchable and polarization-dependent photocurrent 

responses are successfully demonstrated in all the ceramics. Both a sharp current peak 

and steady current are observed in all the ceramics. It is believed that the pyroelectric 

effect is the dominant effect contributing to the sharp current peak, while the ferroelectric 

photovoltaic effect is responsible for the steady photocurrent. Among the ceramics sin-

tered in different atmospheres, the ceramic sintered in Air (i.e., BCT-Fe-0.025-Air) ex-

hibits the highest current peak (48.4 nA/cm2) and steady photocurrent (6.68 nA/cm2). The 

BCT-Fe-0.025-N2 ceramic exhibits a slightly weaker current peak (47.1 nA/cm2) and 

steady photocurrent (6.40 nA/cm2), while both the current peak and steady photocurrent 

of the BCT-Fe-0.025-O2 ceramic are the weakest (29.7 nA/cm2 and 4.4 nA/cm2, respec-

tively). It is believed that both the pyroelectric and ferroelectric photovoltaic responses 

are dependent on the polarization of ferroelectric ceramics. The P-E loops show that the 

remnant polarization of the BCT-Fe-0.025-Air, BCT-Fe-0.025-N2 and BCT-Fe-0.025-O2 

ceramics are 4.5 µC/cm2, 3.8 µC/cm2 and 2.5 µC/cm2 respectively. Since the BCT-Fe-

0.025-Air ceramic has the largest remnant polarization, it exhibits the best photocurrent 

response. 
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To investigate the influence of defects (oxygen vacancies) on the photocurrent re-

sponse in ferroelectric ceramics, an electric field of 1 kV/mm is applied to the BCT-Fe-

0.025 ceramics at 100oC for poling the ceramics and redistributing the oxygen vacancies. 

No significant change in the photocurrent response of the BCT-Fe-0.025-O2 ceramic is 

observed after the poling at 100oC. For the BCT-Fe-0.025-N2 ceramic, no current peaks 

are observed when the illumination is switched on/off. In addition, the steady photocur-

rents of the BCT-Fe-0.025-O2 and BCT-Fe-0.025-N2 ceramics are not improved. On the 

other hand, the photocurrent response of the BCT-Fe-0.025-Air ceramic is significantly 

enhanced after the poling at 100oC. 

In conclusion, the sintering atmosphere will affect the ferroelectric properties (rem-

nant polarization) of the BCT-Fe-0.025 ceramics and thus affect their photocurrent re-

sponses. Moreover, the weak photocurrent response of the BCT-Fe-0.025-Air ceramic 

can be enhanced via poling at high temperatures. It is suggested that the accumulation of 

oxygen vacancies can produce additional diffusion current and drift current to enhance 

the photocurrent responses of the ferroelectric ceramics.  
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Chapter 6. Conclusions 

This study demonstrates the influence of the sintering atmosphere and oxygen va-

cancies on the photocurrent response of the ferroelectric BCT-Fe-0.025 ceramics and 

non-ferroelectric BCT-Fe-0.1 ceramics. It shows that the sintering atmosphere will affect 

the dielectric and ferroelectric properties of the ceramics, thus leading to different photo-

current responses. In addition, photocurrent responses can be observed in non-ferroelec-

tric oxides with symmetric electrode configuration (i.e., the top and bottom electrodes are 

of the same material). Switchable current responses are achieved in non-ferroelectric 

BCT-Fe-0.1 ceramics by modifying the distribution of oxygen vacancies. The photocur-

rent of the ferroelectric ceramics can be enhanced by redistributing the oxygen vacancies. 

The BCT-Fe-0.025 and BCT-Fe-0.1 ceramics have been fabricated by a conventional 

solid-state reaction. The ceramics are sintered in different atmospheres (N2, Air and O2). 

The XRD results show that all the ceramics have a pure perovskite structure. The dielec-

tric and ferroelectric properties of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics sintered 

in different atmospheres (N2, Air and O2) have been studied. The XPS results show that 

the ceramics will contain more oxygen vacancies when they are sintered in an oxygen-

deficient atmosphere (e.g. N2 atmosphere). The dielectric loss of the ceramics increases 

when they are sintered in the atmosphere with higher oxygen concentrations. For the 

BCT-Fe-0.025 ceramics, a ferroelectric tetragonal phase to the non-ferroelectric cubic 

phase transition is observed. The observed Tc varies slightly with the sintering atmosphere 

(O2~ 53oC, Air ~54oC, N2 ~56oC). Since the BCT-Fe-0.025 ceramics remain the ferroe-

lectric tetragonal structure at room temperature, they exhibit a large Pr. In addition, the 

sintering atmosphere has a great effect on the ferroelectric properties of the BCT-Fe-0.025 

ceramics. The BCT-Fe-0.025-O2 ceramic has the lowest Pr (2.5 µC/cm2) and Ps (10 
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µC/cm2). The Pr and Ps of the BCT-Fe-0.025-N2 ceramic are 3.8 µC/cm2 and 15 µC/cm2, 

respectively. The BCT-Fe-0.025-Air ceramic has the highest Pr (4.5 µC/cm2) and Ps (18 

µC/cm2). These differences in ferroelectric properties will play a non-neglectable role in 

the photocurrent response of the BCT-Fe-0.025 ceramics. For the BCT-Fe-0.1 ceramics, 

no phase transitions are observed in the temperature range of -50oC to 150oC. The P-E 

Loops confirm that they are non-ferroelectric at room temperature. The optical bandgaps 

of the BCT-Fe-0.1 ceramics sintered in O2 (~2.69 eV), air (~2.67 eV) and N2 (~2.60 eV) 

are also measured. The BCT-Fe-0.025 ceramics sintered in different atmospheres exhibit 

similar bandgaps (2.75 eV).  

The photocurrent responses of the BCT-Fe-0.1 and BCT-Fe-0.025 ceramics have 

been investigated using the symmetric electrode configuration (i.e., the top and bottom 

electrodes are of the same material). Since the BCT-Fe-0.1 ceramics are non-ferroelectric, 

they should exhibit no photocurrent response. However, photocurrent responses have 

been observed in the BCT-Fe-0.1 ceramics. It is suggested that the observed photocurrent 

responses are related to the accumulation of oxygen vacancies near one side of the ce-

ramics. The uneven distribution of the oxygen vacancies will generate an electric field for 

inducing a drift current. The photocurrent responses of the BCT-Fe-0.1 ceramics have 

first been investigated using symmetric ITO electrode configurations. During a 30-second 

solar light illumination, the observed photocurrent of the BCT-Fe-0.1-O2 ceramic is the 

largest (~6.9 nA/cm2), and that of the BCT-Fe-0.1-Air is slightly lower (~4.8 nA/cm2). 

On the other hand, the BCT-Fe-0.1-N2 ceramic exhibits only sharp current peaks when 

the illumination is switched on/off, but no steady photocurrent during the illumination. It 

is suggested that the BCT-Fe-0.1-N2 ceramic contains more non- accumulated oxygen 

vacancies which trap and recombine with the photo-induced electron. As a result, due to 
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the charge recombination, the photocurrent generated by the BCT-Fe-0.2-N2 ceramic is 

the lowest (only sharp current peaks are observed when the illumination is switched 

on/off). An electric field of 2.5 kV/mm is applied to the BCT-Fe-0.1 ceramics at room 

temperature with the aim of changing the distribution of oxygen vacancies. No observable 

changes in photocurrent responses are observed for all the BCT-Fe-0.1 ceramics. How-

ever, if the electric field (1.5 kV/mm) is applied at 100oC, the observed photocurrent re-

sponses become different. Since ITO is sensitive to high temperature and high electric 

field, the ceramics with symmetric Au electrode configuration have also been used for 

the investigation, and similar results have been observed. Our results show that the mag-

nitude and direction of the photocurrent can be modified by an external electric field. It 

is suggested that the distribution of oxygen vacancies can be modulated by a high external 

electric field at high temperatures, thus leading to a switchable photocurrent response. 

The effects of the sintering atmosphere on the photocurrent response of the BCT-Fe-0.1 

ceramics have also been investigated.  

Photocurrent responses of the ferroelectric BCT-Fe-0.025 ceramics with symmetric 

Au electrode configuration have been investigated. All the ceramics are poled under an 

electric field of 1 kV/mm at room temperature. Both a sharp pyroelectric current peak and 

steady ferroelectric photovoltaic current are observed in all the ceramics. The steady pho-

tocurrent generated by the BCT-Fe-0.025 ceramics sintered in air, N2 and O2 are 06.68 

nA/cm2, 6.4 nA/cm2 and 4.4 nA/cm2, respectively. Among them, The BCT-Fe-0.025-O2 

ceramic exhibits the lowest pyroelectric current peak and steady photocurrent. The ferro-

electric photovoltaic response and pyroelectric effect are dependent on the remnant po-

larization. The P-E hysteresis loops show that the remnant polarization of the BCT-Fe-

0.025-O2 ceramic is the lowest and therefore it exhibits the weakest photocurrent response. 
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Similar to BCT-Fe-0.1, an electric field (1 kV/mm) has been applied to the BCT-Fe-0.025 

ceramics at 100oC for adjusting the distribution of oxygen vacancies as well as poling the 

ceramics. No significant changes in the photocurrent responses are observed for the BCT-

Fe-0.025 ceramics sintered in N2 and O2. However, a significant enhancement in the pho-

tocurrent response is observed for the BCT-Fe-0.025-Air ceramic. 

To conclude, our results show that the sintering atmosphere plays an important role 

in the photocurrent responses of the ceramics. The BCT-Fe-0.1-O2 ceramic exhibits the 

strongest photocurrent responses. In addition, switchable photocurrent response can be 

obtained in non-ferroelectric ceramics which provides evidence that oxygen vacancies 

can play an important role in the photocurrent response. It is believed that the concentra-

tion of oxygen vacancies in the ceramic can be controlled by the sintering atmosphere, 

and their distribution can be modified by an external electric field. Moreover, the accu-

mulation of oxygen vacancies may induce additional photocurrent responses.  
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