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Abstract

Ferroelectric materials have attracted considerable interest for photovoltaic
applications due to its spontaneous electric polarization that can promote the separation
of photo-excited charge carriers and lead to an above-band gap voltage. However, due to
the wide optical band gap (2.7-4 eV), the ferroelectric oxides absorb only 8-20 percent of
the solar spectrum and exhibit a poor solar energy conversion efficiency which limits
their use in photovoltaic applications. In general, the common ferroelectric oxides with a
perovskite structure ABO3 exhibit a wide optical band gap due to the large difference of
electronegativity between the oxygen ions and the B-site transition-metal ions. However,
the B-site ion also plays a crucial role in the ferroelectric properties of perovskite
materials. Any attempt of replacing the B-site ion with the aim of reducing the optical
band gap may result in the degradation of the ferroelectric and dielectric properties. In
this study, we aim at developing perovskite ferroelectric oxides with large polarization
and low optical band gap for solar energy harvesting applications.

Barium titanate-based ferroelectric ceramic Bag.oCao.1Tio9Sno.103 (abbreviated as
BCTSn-0.1-0.1) has been chosen as the base material due to its large piezoelectric
coefficient ds3 (520 pC/N). After replacing Sn*" with Fe*, the optical band gap of the
ceramic, i.e., Bap.9Cao.1 Ti1xFexO3.s or BCTFe-0.1-x, decreases with increasing the doping
level of Fe**. The BCTFe-0.1-0.025 ceramic which exhibits the optimized properties for
photovoltaic responses, i.e., a low optical band gap (2.78 eV) and good piezoelectric
properties (190 pC/N), has been chosen to demonstrate the ferroelectric photovoltaic

effect.
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The ferroelectric photovoltaic effect of BCTSn-0.1-0.1 and BCTFe-0.1-0.025 has
been investigated using interdigitated electrode (IDE) pattern and vertical ITO electrode
configuration. For the samples with IDE pattern, the photocurrent of BCTFe-0.1-0.025 is
lightly larger than that of BCTSn-0.1-0.1 (0.22 nA vs 0.07 nA). On the other hand, the
steady photocurrent of the BCTFe-0.1-0.025 ceramic with vertical electrode
configuration is 5.5 nA or 11 nA/cm?, which is 3 times larger than that of the BCTSn-0.1-
0.1 ceramic (1.5 nA or 3 nA/cm?).

With the aim of studying the effect of the reduction in optical band gap, the
photovoltaic response of the non-ferroelectric BCTFe-0.1-0.1 ceramic deposited with
asymmetric electrodes of ITO-Cr/Au has been investigated. It is expected that the
resulting asymmetric Schottky barriers formed at the top and bottom interfaces will
induce the photovoltaic response. The short-circuit current and open-circuit voltage of
the BCTFe-0.1-0.1 ceramic measured under 1 sun illumination are 10.9 nA/cm?and 0.16
V, respectively. Because of the reduced optical band gap (i.e., 2.24 eV), the photovoltaic
response is observed under the illumination of green lights (e.g. 580 nm). Therefore, the
enhancement of the photovoltaic current observed in the BCTFe-0.1-0.025 ceramic
should be partly attributed to its lower optical band gap. It demonstrates that it is possible
to improve the ferroelectric photovoltaic response by reducing the optical band gap and
retaining the piezoelectricity at the same time.

On the other hand, the photovoltaic response has also been observed in the BCTFe-
0.1-0.1 ceramic deposited with symmetric ITO electrode configuration. This should be
attributed to the accumulation of oxygen vacancies in one side of the samples. The

distribution of oxygen vacancies can be modulated by an external field and thus the
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photocurrent is switchable. The switchable photocurrent is observed on both ferroelectric

and non-ferroelectric ceramics.
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Chapter 1 Introduction

Since the discovery of ferroelectricity in Rochelle salt in 1921 and then extension to
the realm of polycrystalline ceramics (Barium titanate, BaTiO3) during 1940s, various
types of ferroelectric materials have been developed and used in industrial and
commercial applications, e.g. high-dielectric-constant capacitors, ultrasonic transducers
and ferroelectric memories [1]. In recent years, researchers have been interested in
ferroelectric materials for applications in piezoelectric energy generation, ferroelectric
photovoltaic devices and pyroelectric harvesting [2]. Due to the unique switchable
spontaneous polarization, ferroelectric materials play an irreplaceable role in energy-
related applications [3]. For example, ferroelectric material exhibits switchable photo-
current and photo-voltages larger than its band gap, and thus may be developed as a new
type of photovoltaic devices for replacing conventional p-n junction devices [4].

This chapter will start from an introduction of ferroelectric, piezoelectric and
pyroelectric materials. Next, the photovoltaic effect in semiconductor p-n junctions and
ferroelectric materials will be introduced and compared for better understanding the
ferroelectric photovoltaic effect in this study. After that, the latest researches on optical
band gap modulation in ferroelectric materials will be reviewed. Finally, the motivation

of this study and a brief introduction of each chapter will be given.

1.1. Ferroelectric materials

When discussing the ferroelectricity, it is always linked with pyroelectricity and
piezoelectricity because of the specific interrelationship between them in terms of crystal
structure. According to crystallography, the crystals can be divided into 32 point groups,

21 of them are non-centrosymmetric which is the necessary condition for the
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piezoelectricity. Indeed, only 20 groups have the piezoelectric properties. Among the 20
piezoelectric crystals, 10 of them show spontaneous polarization [1]. Within a specific
temperature range, the spontaneous polarization can be varied due to a temperature
change. This phenomenon is called the pyroelectric effect. In addition, if the spontaneous
polarization can be reversed by an external electric field, the material is defined as
ferroelectric. Therefore, if a material is ferroelectric, it must exhibit piezoelectric and

pyroelectric responses [2]. Figure 1-1 summarizes the relationship between the

piezoelectric, pyroelectric and ferroelectric materials, as well as the general dielectrics.

Dielectric (32)

Piezoelectric (20)

Pyroelectric (10)

Ferroelectric

Figure 1-1 Relationship between dielectric, piezoelectric, pyroelectric and
ferroelectric materials.

As mentioned above, ferroelectric materials are characterized by two conditions,
which are the existence of a spontaneous polarization and its reversibility under an
external electric field [2]. Generally, insulating materials can be polarized by an external
electric field and the induced polarization (P) is linear with the magnitude of applied

electric filed, which is named as dielectric polarization. At high temperatures, i.e., above
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the Curie Temperature Tc, a ferroelectric material is at the paraelectric state and presents
a nonlinear relationship with the external electric field. A paraelectric-to-ferroelectric
phase transition occurs when the temperature decreases and passes through Tc [5].
Although it may undergo several ferroelectric phase transitions at lower temperatures,
only the transition temperature at which ferroelectric properties are first observed is called
the Curie point [6]. At the ferroelectric phase, there is a spontaneous polarization present
in the materials. The spontaneous polarization can be reoriented by an external electric
filed and the direction of the polarization is dependent on the electrical history. Therefore,
a ferroelectric material always exhibits a polarization-electric field hysteresis loop (PE
loop) [7]. Figure 1-2 shows the relationship of dielectric permittivity and dielectric
polarization at both the paraelectric and ferroelectric phases of materials. The peak
observed in Figure 1-2(a) is known as the Curie Temperature Tc., The material is
ferroelectric below the Curie temperature and becomes non-ferroelectric at temperatures
above Tc. As illustrated in Figure 1-2(b), when the material is ferroelectric, the
polarization increases with increasing the electric field and then becomes saturated. The
observed polarization is resulted from the alignment of the spontaneous polarization
along the external electric field. When the electric field is removed, the polarization
decreases due to the re-orientation, and the remained polarization (i.e., the y-intercept of
the PE loop) is defined as the remnant polarization P.. If the electric field is continually
decreased to negative, the magnitude of the field for achieving a zero spontaneous

polarization (i.e., the x-intercept) is called the coercive field Ec.
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Figure 1-2 (a) Temperature dependence of the dielectric constant of a ferroelectric
material. (b) and (c) The corresponding polarization and dielectric constant as a
function of applied field below and above Tc [5].

Ferroelectric materials can be divided into four groups according to their crystals
structure: tungsten-bronze group [8], pyrochlore group [9], bismuth layer-structure group
[10] and perovskite group. In general, the perovskite group is the most common one
which has been widely studied. The perovskite structure can be expressed as a chemical
formula ABO3, where the valence of A cations can be varied between +1 and +3 and that
of B cation is between +3 and +6 [11]. Barium titanate BaTiO3; will be used as an example
in the following discussion. As shown in Figure 1-3, BaTiOs is a perovskite crystal in
which Ba?" occupies the A-site and Ti*" occupies the B-site. Figure 1-3 also shows the
different structures of BaTiOs3, i.e., the cubic structure in paraelectric phase (> 130°C)
and the tetragonal structure in ferroelectric phase (< 130°C) In the paraelectric phase, the
structure is highly symmetric as compared with those in the ferroelectric phase. In the

ferroelectric phase, the reversibility of the spontaneous polarization is contributed by the
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displacement of the cation Ti*" located at the centre of the unit cell. The displacement can
be considered as a shift of O%* and Ti*" ion with respect to Ba** [12]. For an as-prepared
ferroelectric (polycrystalline) ceramic, the spontaneous polarization in each grain is
randomly oriented and thus the net polarization of the ceramic is zero. To trigger the
piezoelectric response, the as-prepared ferroelectric ceramics must be polarized by using

a sufficiently high electric field, e.g. 1-3 kV/mm for BaTiOs [6]. The details of the poling

process will be discussed in the following section.

paraelectric, T > 130°C ferroelectric, 0°C < T < 130°C
Tid+ . Ba2+ ,O 0z

Figure 1-3 The perovskite BaTiO3 which is cubic in the paraelectric phase and

tetragonal in the ferroelectric phase [12].
1.1.1. Piezoelectric effect

For observing the piezoelectric response of ferroelectric ceramics, the spontaneous
polarization in each grain should be aligned along the same direction to avoid the
cancellation effect. The process of the alignment of the spontaneous polarizations using
a high external electric field is called poling. After poling, the ferroelectric ceramics
exhibit the piezoelectric effect. Piezoelectric effects have two aspects: (1) direct effect
and (2) converse effect [13]. The direct piezoelectric effect refers to the generation of

electrical charges on sample surfaces by applying an external mechanical stress. The
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generated charges are resulted from the change of the aligned polarization, i.e., the
shifting of the positive and negative charges in the unit cells due to the external stress.
For the converse piezoelectric effect, a strain is induced by the application of an external
electric field.

Figure 1-4 illustrates the inter-relationships between the strain and charges for the
direct and converse piezoelectric effects. The piezoelectric coupling factor (e.g. k, and
ks3), piezoelectric charge coefficients (e.g. ds3 and dsi) and piezoelectric voltage

coefficients (e.g. g33) are generally used for characterizing the properties of piezoelectric

materials.

Piezoelectric Effect

*Converse Piezoelectric Effect

* Poling Process

L)

— |l

4

* Direct Piezoelectric Effect ==
F

Figure 1-4 The difference between direct piezoelectric effect and converse piezoelectric

effect [13].
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1.1.2. Pyroelectric effect

Similar to the piezoelectric effect, the pyroelectric properties of ferroelectric
materials only appear after poling. The pyroelectric effect is a phenomenon that the
variation of the (aligned) spontaneous polarization is induced by a change in temperature
[7]. In poled ferroelectric materials, due to the aligned spontaneous polarization, the
polarization charges are localized beneath the surfaces. Free charges of opposite polarity
and the same quantity are bounded by the localized charges on the surfaces, and thus there
is no net charge (observed) in the ferroelectric materials. However, as the temperature
increases (decreases), the polarization and then the localized charges decrease (increases),
and thus leading to net charges appeared on the surfaces. If the surfaces are connected to
an ammeter, the net charges will form an electric current called pyroelectric current. The
direction of the pyroelectric current is dependent on the polarization direction as well as
the temperature change, i.e., heating or cooling. A schematic diagram of the pyroelectric
effect for poled ferroelectric materials undergoing a heating process is shown in Figure

1-5.
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Figure 1-5 Pyroelectric effect for poled ferroelectric materials undergoing an increasing
temperature process.
The pyroelectric properties can be characterized by a pyroelectric coefficient p,

given as:

AP
p=1 (L.1)

where AP is the change in polarization and AT is the (small) change in temperature. The

pyroelectric coefficient has a unit of C m2 K™ [14].

1.1.3. Lead-free perovskite piezoelectric materials

After the discovery of piezoelectricity in BaTiO3(BTO) ceramics around 1940s,
(Pb(Zr1xTix)O3 or PZT) ceramics were soon discovered and then widely used for various
dielectric and piezoelectric applications [3]. As compared with BTO ceramics, PZT

ceramics have better properties, i.e., larger piezoelectric coefficients, higher Curie
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temperature and larger electromechanical coupling factors [1, 15]. However, due to
more and more lead-based piezoelectric ceramics were used, the problem of
environmental pollution has attracted a great deal of attention. In order to reduce the
impact of hazardous materials to the environment, European Union restricted the use of
heavy metals such as lead and mercury in electric and electronic devices since 2003[16].
For these reasons, there has been urgent demand of the development of lead-free
piezoelectric ceramics for substituting lead-based materials.

Overall, there are three families of lead-free perovskite structure ceramics: (1)
Ko.5NagsNbOs3 (KNN) [17, 18], (2) Nao.sBio.sTiO3 (BNT) [19, 20], and (3) BaTiO3 (BTO)
[21, 22]. Indeed, each system has its unique advantages and weakness.

The KNN system exhibits a high Curie temperature (Tc ~420°C), good ferroelectric
properties (Pr~ 33 pC/cm?), and large electromechanical coupling factors. However,
owing to the high volatility of alkali metal, KNN-based ceramics with dense structure are
difficult to obtain [23].

The BNT system is another promising candidate for lead-free piezoelectric ceramics
due to its large remnant polarization (P;~ 33 pC/cm?) and high Curie temperature (Tc ~
320°C). But, its large leakage and high coercive field (Ec ~ 7 kV/mm) make the poling
hard to be proceed [6].

The BT system is the first discovered piezoelectric polycrystal, which has also
attracted a great deal of attention because of the high piezoelectric coefficient (d33 ~ 190
pC/N). Yet, its low Curie temperature (Tc ~ 120°C) limits its working temperature for

practical applications [24].
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1.1.4. Barium titanate-based ceramic (BT-based system)

Serval lead-free piezoelectric systems have been briefly mentioned above, as for
highlighting the research topic of this work, only BT-based systems with excellent
piezoelectric properties are discussed in detail. In 2009, Ren et al. accomplished a
pioneering development work of lead-free piezoelectric ceramics, in which a surprisingly
large d33 of 620 pC/N was first achieved by constructing a “morphotropic phase boundary
(MPB)” from a tri-critical triple point of Ba(Tio.8Zro.2)O3-x(Bao.7Ca03)TiO3 (BZT-xBCT)
system [24]. Figure 1-6 shows the phase diagram of BZT-xBCT ceramics. The large
piezoelectric coefficient is contributed by the co-existence of the cubic, rhombohedral
and tetragonal phases. Such an excellent piezoelectric performance is comparable to the

commonly used engineering piezoceramics e.g. PZT-5A and PZT-5H [25].

190 '- b triple point
100 / 0 —o—o0—o—
50 Tetragonal
e 0 7y
% : PJ, c
g 50 F Rhombohedral —17
= i <Ia__— a
8 100} | lﬂ’
-150 | b
-200
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BZT-BCT
Figure 1-6 Phase diagram of Ba(Zro2Tio.8)O3-x(Bao.3Cao.7)TiO3 ceramics [24]

Unlike the BNT-based or KNN-based systems, the BT system contains no volatile

elements, and thus a predesigned stoichiometric ratio can be well maintained even after
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the high-temperature fabrication processes [16]. Indeed, there is other BT-based system
(Ba,Ca)(Ti,Sn)O3 which also exhibits excellent piezoelectric performance comparable to
the BZT-xBCT system. Similar to BZT-xBCT, the good piezoelectric properties of the
(Ba,Ca)(Ti,Sn)Os3 system are achieved by optimizing the substitution contents of Sn [26].
As shown in Figure 1-7(a), a maximum ds3 of 521 pC/N is achieved in the composition
of Bao.oCao.1Tio.oSno.103. The large piezoelectric coefficient is attributed to the increase
in possible polarization states, which is the result of the coexistence of the orthorhombic
and tetragonal phases at room temperature [27]. Indeed, the substitution of Sn*" induces
a change of the phase transition temperature. Figure 1-8 shows the temperature
dependence of the dielectric properties for the Bao.9Cao.1Ti(1-x)SnxO3 ceramics. It can be
seen that the Curie Temperature Tc of the ceramic decreases linearly from 138°C to below
room temperature with increasing the Sn content. When the content of Sn reaches 0.10
mol, the orthorhombic and tetragonal phases coexist in the ceramic at room temperature.
In addition, the dielectric properties can be modulated by the B-site cation doping. The
optimal composition 1is BaooCao.1Tio.8sSno.1203. These results suggest that
(Ba,Ca)(Ti,Sn)Os is a promising candidate for exhibiting excellence piezoelectric and
ferroelectric properties. In the following section, the photovoltaic effect in p-n junction
will be introduced and then the relationship between the ferroelectric properties and

photovoltaic effect will be discussed.
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1.2. Photovoltaic effect

The photovoltaic (PV) effect refers to a phenomenon that voltage and electric current
are generated in a material when it is illuminated by a light with energy higher that the
optical band gap of the material. The PV effect involves the conversion of light to
electricity, which has been considered as one of the promising green energy sources [28].

The development of photovoltaic effect is mainly dominated by semiconducting
materials in the past decades [29]. The structure of semiconductor-based devices is
generally known as a p-n junction. When the light with above-band gap energy
illuminates the semiconductor devices, the excited electrons will be driven by a built-in
electric field formed at the p-n junction. Because of the nature of the p-n junction, the
built-in electric field is limited by the band gap of the semiconductors, and thus the
voltage output of the p-n junction devices will not be larger than the band gap. As the
power conversion efficiency (PCE) of semiconductor-based photovoltaic devices is
dependent on the product of the short-circuit current density, open-circuit voltage and the
fill factor, the maximum efficiency of p-n junction devices is limited by the band gap of
materials. This limitation is known as Shockley—Quisser limit [30].

On the other hand, the photovoltaic effect in ferroelectric materials which was first
observed in the early 1950s does not need a p-n junction [31]. The photo-excited carriers
in ferroelectric materials are separated by the spontaneous polarization, and thus the
voltage output can be larger than the band gap [4]. Theoretically, the efficiency of
ferroelectric photovoltaic effect may be larger than that of p-n junction devices.

In the following, the mechanism of photovoltaic effect in conventional p-n junction

devices will first be introduced in detail. The possible mechanism of ferroelectric
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photovoltaic effect will be proposed and then recent researches on ferroelectric
photovoltaic effect will be reviewed.
1.2.1. Photovoltaic effect in semiconductor

Before discussing the photovoltaic effect in semiconductor p-n junctions, it needs to
introduce the concept of semiconductors first and then p-n junctions.
1.2.1.1.Band gap model of semiconductor

Figure 1-9 shows the band diagram of metal, semiconductor and insulator. In
conductors, the valence band and the conduction band overlap and thus the electrons
always move freely within the conductor, resulting in good thermal and electrical
conductivity. In semiconductors and insulators, there is an electron forbidden area
between the conduction band and valence bands which is known as the band gap [32]. In
general, semiconductors have a smaller band gap than the insulators. Typically, the band
gap of semiconductors is lesser than 3 eV, which is equivalent to the cutoff energy of the
visible spectrum [33]. In insulators, owing to the larger band gap, more energy is needed
for exciting electrons from the valence band to the conduction band. Thus, the electrical
conductivity of insulators is always low and that of semiconductors lies between those of

conductors and insulators.

CHAN MAN KIT 14



Qb Chapter 1
THE HONG KONG POLYTECHNIC UNIVERSITY

::l:werlap C Conduction band

=

2z

-

[=T4]

L

]

5 .................................................................................... Band gap
= Fermi level

o

=

o

Y

{8

Valence band
Conductor Semiconductor Insulator

Figure 1-9 A band diagram of conductors, semiconductors, and insulators.

1.2.1.2.p-n junction

For practical applications, semiconductors should be doped with impurities of
different valences. The doping with donors (e.g. phosphorus) will make the
semiconductor to be an n-type semiconductor, while the semiconductor doped with
acceptors (e.g. boron) is called a p-type semiconductor. From the band gap point of view,
n-type and p-type semiconductors shows additional energy levels within the band gap. In
n-type materials, the electron energy level is near the top of the band gap, and thus the
electron can be easily excited to the conduction band. In p-type materials, the hole energy
level is near the valence band and thus the holes can be easily excited to the valence band

to form mobile holes in the valence band [34].
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Figure 1-10 the schematic diagram of (a) p-n junction contact;(b) depletion layer in

equilibrium;(c) diffusion potential with deletion region[35].

When a p-type and n-type semiconductor are joined together, as shown at Figure 1-
10(a), the electrons from the n-type and holes from p-type will diffuse across the junction
and combine with each other to form a depletion region. The equilibrium state of the p-n
junction is shown in Figure 1-10(b). Due to thermal equilibrium, the Fermi level is
uniform throughout the junction and a band bending is resulted. As illustrated in Figure
1-10(c), a build-in field within the junction is formed and its magnitude is dependent on

the energy level difference between the p-type and n-type semiconductors. [33]
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1.2.1.3.Conventional photovoltaic effect

Now, it is time to see how the photovoltaic effect works in the p-n junction. When a
light with enough energy (i.e., above the optical band gap) of the semiconductor) shines
on the p-n junction devices, electrons are excited from the valence band to the conduction
band and holes are left in the valence band. The generated electrons and holes only remain
in a short period of time before recombination [32]. However, owing to the build-in field,
the excited electrons are attracted towards the positively charged region, i.e., the n-type
side and the holes are attracted to the p-type side. The current which flows across the
junction due to the efficient charge separation is defined as the photovoltaic current. The
efficiency (77) of the p-n junction-based photovoltaic devices can be express by the
following equation [33]:

]SCVOCFF
y = et (1.2)

where V. is the open-circuit voltage, Js. is the short-circuit current, P;, is the power
of the photons incident on the photovoltaic devices and FF is the fill factor.
1.2.2. Photovoltaic effect in ferroelectric

As mentioned above, the photovoltage of semiconductor devices is limited by the
built-in field of the depletion region. However, this limitation will not happen in
ferroelectric photovoltaic devices. The ferroelectric photovoltaic devices can exhibit the
above-band gap open-circuit voltage which is distinguished from the p-n junction devices
[36]. The other characteristics of ferroelectric photovoltaic devices is the switchable
photocurrent which is resulted from the re-orientation of the spontaneous polarization
under an external electric field [37]. These unique ferroelectric photovoltaic features

provide another pathway for the light-to-electric energy applications.
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There are several models proposed for explaining the ferroelectric photovoltaic
effect, including the depolarization field model [38, 39], domain wall model [36],
Schottky-junction effect [40, 41] and shift current model [42]. At present, the shift current
model is well explained the ferroelectric photovoltaic effect rather than other mechanisms
[42]. To avoid any confusion, only the modified bulk photovoltaic effect based on the
shift current model will be discussed in detail for well understanding the origin of the
ultra-high photovoltage. Besides, the experimental evidences including recent studies for
the ferroelectric photovoltaic effect will be reviewed.
1.2.2.1.Bulk photovoltaic effect

The bulk photovoltaic effect is most frequently used for explaining the abnormally
large photovoltage of ferroelectric photovoltaic effect. According to the shift current
model, a steady current is formed under illumination due to the non-centrosymmetric
nature of the ferroelectric materials [42]. It proposes that the excited electrons jump from
a k momentum state to a k> momentum state and the possibility for the reverse process is
not equal. Thus, a net flow of photo-generated charge carriers occurs. The short-circuit
current Js. 1s generated by an above-band gap illumination. The short-circuit current can
be described by the Glass model [43, 44]:

Jse = k(w)a(w)l, (1.3)

where w represents the frequency, « is the absorption coefficient of the material, I,
is the intensity of the radiation and k is the glass coefficient with unit cm/V which first
proposed by Glass et al. It is in fact a third-rank photovoltaic tensor [127].

The first proposed Glass model is unable to explain the angular dependence of the
photovoltaic current in Fe-doped LiNbO3 under illumination of light with rotating

polarization [45]. With the help of the shift current model which involves the wave vector
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k, the angular dependence of photovoltaic current can be well described. Additionally, the
total current density J;,tq; €merging in the ferroelectric materials can be described as:
Jeotar = Jpv + (Oaark + opn)E (1.4)
where J,,, is the photovoltaic current, 044, and o, are the dark conductivity and
photoconductivity, respectively, and E is the internal electric field which depends on the
applied voltage (V) and the electrode distance (d). The ferroelectric photovoltaic devices

can act as a current source due to the very low conductivity of most ferroelectric materials.

For the open circuit case, V. can be expressed as:

V,, = Ed=—32"g (1.5)

Odark+0ph

Form this equation, it is immediately found that V,. can be increased by
suppressing both 044, and oy, It may figure out that the ferroelectric photovoltaic
device, which exhibits a high photovoltage, always shows poor conductivity. On the
contrary, ferroelectric photovoltaic devices with better conductivity are crucial to obtain
the large photovoltaic current. However, if the ferroelectric photovoltaic devices exhibit
good conductivity (i.e., a high leakage current), its ferroelectric properties may
degenerate. Typically, the photocurrent density obtained from ferroelectric materials is in
the order of nAcm?,
1.2.2.2.Characteristics of ferroelectric photovoltaic effect

The photocurrent in ferroelectric materials was first observed in single crystals of
BaTiOs in 1956. Without an electric field, the crystal exhibits a pyroelectric current as
well as a steady photovoltaic current just above Curie temperature [31]. Afterwards, the
effects of light on other ferroelectric materials have also been reported, including LiNbO3

[46, 47, 48], KNbOs [49], and Pb(ZrTi)O;3 [50, 51, 52].
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A typical ferroelectric photovoltaic current observed in LiNbO3 is shown in Figure
1-11. The current flow direction is opposite to the spontaneous polarization orientation.
The observed current can be separated into two part: the peaks (pyroelectric current) at
the moment of On/Off and the flow (photovoltaic current) in the steady state. As discussed
in Section 1.1, a ferroelectric material must be pyroelectric. When the light is turned on,
the temperature of materials increases and then a pyroelectric current is induced. Later
on, when the temperature becomes equilibrium, the pyroelectric current disappears

because of the lack of the temperature change. The observed current is then mainly the

photovoltaic current.
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Figure 1-11 Current-versus-time along the c crystallographic direction of the LiNbOs
crystal when the a face of the crystal was illuminated with a UV light from the mercury
discharge lamp. [53]

Besides, it is also worth to mention the J-V characteristic of the ferroelectric
photovoltaic devices. As shown in Figure 1-12, the current density shows the ohmic
characteristic, i.e., the current increases linear with the voltage. From the power

conversion point of view, the fill factor FF, which is defined as the ratio of the maximum
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power obtained from the current-voltage curve to the product of the short-circuit current
and the open-circuit voltage, is quite low e.g., 10%-30% due to the linear characteristic
of the current-voltage curve. However, the FF reaches up to 80% in the classical
semiconductors [54].

On the other hand, Figure 1-12 shows the inversion characteristic of the J-V curve
by the re-orientation of spontaneous polarization. It can be found that the above-band gap
voltage is nearly symmetric in both poling directions suggesting that the ferroelectric
polarization plays a dominant role in the photovoltaic effect [55]. Both the above-band

gap voltage and reversible current have not been observed in conventional p-n junction

devices.
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Figure 1-12 J-V characteristics of 50-um-thick 0.65PT—0.35BNN (x = 0) sample
measured with white light of 200 mW cm 2 [55].

1.2.2.3.Recent studies
Over half a century, the photovoltaic effect in ferroelectrics has remained scientific

curiosity rather than practical applications because of its poor energy conversion
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efficiency e.g. <0.1% [54]. Recently, Nechache et al. have reported that the optical band
gap of double perovskite oxides BioFeCrOs(BFCO) could be tuned by modulating the B-
site cation ordering. Due to a wider absorption spectrum, the power conversion efficiency
of the devices reached 8-1% [56]. It showed a possible pathway to bring the ferroelectric
photovoltaic effect from laboratory to the real life. Later on, with the purpose of
modulating the ferroelectric photovoltaic effect, several approaches have been proposed,
including the electrode design, polarization modulation and optical band gap reduction
[57, 58].

For the electrode selection aspect, Cao et al. demonstrated that via the insertion of a
n-type cuprous oxide (Cux0) layer between the Pb(Zr,Ti)O3 film and Pt electrode in a
ITO/PZT/Pt cell, the short-circuit photocurrent could be increased 120-fold to 4.8
mA/cm? and the power conversion efficiency was increased 72-fold to 0.57% under 100
mW/cm? illumination [59]. The role of CuxO was to modify the energy level at the
junction of PZT/Pt for achieving an efficient charge collection in the cathode.
Nevertheless, Zhang’s group used a La-doped PZT pellet in a size of 10 x 10 x 0.3 mm?
to examine the ferroelectric photovoltaic effect of metal electrodes which includes Mg,
Ag and Pt. It was found that the photovoltaic effect could be enhanced by using low work
function metals as the electrodes e.g. Mg. Under a 1 sun (100 mW/cm?) illumination, the
Mg/PLZT/ITO structure exhibited the best ferroelectric photovoltaic performance, i.e.,
the short-circuit current and open-circuit voltage were 150 and 2 times larger than those
of Pt/PLZT/ITO, respectively [60].

On the other hand, according to the shift current model, the separation of the
electron-holes pairs is driven by the non-centrosymmetric nature of ferroelectric materials

[61]. Hence, increasing the non-centrosymmetric of a crystal by varying the chemical
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composition should be another pathway for improving the ferroelectric photocurrent. For
example, by replacing Bi with La, the crystal symmetry of BiFeO; is changed from
rhombohedral to orthorhombic and resulting in a strong rotation instability of the
polarization. Such instability affects the charge transfer at the band edges and thus
enhance the photovoltaic current [62].

Finally, the optical band gap engineering is also a hot topic for ferroelectric
photovoltaic effect development. As the main objective of this study, the background of
optical band gap modulation will be reviewed in detail in the following section.

1.3. Optical band gap modulation

Ferroelectric oxides are stable in a wide range of mechanical, chemical and thermal
conditions and can be fabricated using low-cost methods such as solid-state reaction.
However, due to the wide optical band gap (2.7-4 eV), the ferroelectric oxides absorb
only 8-20 percent of solar spectrum and exhibit a poor solar energy conversion efficiency
which limits their application in photovoltaic applications [63]. The optical band gap of

well-known ferroelectric oxides exhibiting photovoltaic effect is summarized in Table 1-

1.
Table 1-1 The summary of optical band gap of perovskite ferroelectric oxides
Materials Optical band gap(eV)
BaTiOs [47, 64 , 65] 3.3
PLZT(3/52/48) [66] 3.4
BiFeO3 [67,68] 2.7
LiNbO3 [69] 3.78
KNbO3[70, 71] 3.3
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The wide optical band gap of ABOs ferroelectric oxides is due to the fundamental
characteristics of metal-oxygen A-O and B-O bonds. The excitation across optical band
gap refers to a charge transfer from oxygen 2p states at the top of the valance band to d
states of the transition-metal ion B at the bottom of the conduction band [72]. Due to the
large electronegativity difference between oxygen and transition metal ions, the optical
band gap of ferroelectric oxides is large [58]. It is suggested that a partial B-site
substitution of typical ferroelectrics such as BaTiO3(BTO), BiFeO3(BFO) and
KNbO;(KNO) with transition metal ions with high electronegativity, which led to a
smaller electronegativity difference, could be an effective tool for reducing the optical
band gap of ferroelectric oxides [70,73, 74].

The lowest optical band gap for a typical ferroelectric oxide is known to be 2.7¢V,
which is the value for BiFeOs[67, 68]. Recently, it has been shown that a large optical
band gap tunability (Eg=1.1-3.8eV) could be achieved by varying the B-site doping of
Ni’" in (1-x) (KNbO3)-xBa(Ni12Nb1/2)Os-5) [70]. In the system, Nb>* is used to maintain
the ferroelectricity of oxides and accommodate the oxygen vacancy. K* is replaced by
Ba?" for the charge compensation of oxygen vacancies. The Ni** in the B-site plays a
crucial role for the optical band gap reduction. It has been shown, based on the first-
principles density functional theory (DFT) calculation, the bottom of the conduction band
comprised Nb 4d states, while the maximum of the valence band is hybridized the Ni 3d
and O 2p state rather than only the O 2p state. Therefore, Ni** is considered as the key
element for the optical band gap reduction in the KNbO3 system. Although the
ferroelectric properties became weaker after the doping and impurity was observed, the
work showed a possibility of tuning the optical band gap by doping transition metals into

ferroelectric materials.
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Figure 1-13 KBNNO oxides showing bandgaps from 1.18 eV to 3.8 eV [70].

Very recently, Das’s group had showed that the optical band gap of the typical
ferroelectric oxide BaTiOs (BTO) could be tuned from 3.2eV to 1.8eV by doping
transition metals [73]. Two transition-metals were used for substituting the B-cation Ti*".
Transition metal Mn** was used for reducing the optical band gap and Nb*>" was used for
balancing the net charge of Mn*" dopant and maintaining the ferroelectricity. The
reduction of optical band gap was originated from the states of Mn 3d which
predominated the top of the valence band and the bottom of the conduction band and thus
lowered the optical band gap of oxides. The optimal composition BaTiix(TM12Nb1/2)xO3
(x=0.075) has been showed having good ferroelectricity (Ps =15.4 pC/cm?) and a low
optical band gap (1.66eV) at room temperature. Although the authors have not
demonstrated the enhanced ferroelectric photovoltaic performance of these materials, it

provided experimental evidence of optical band gap modulation via chemical doping.
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Figure 1-14 BTMNO and BTFNO oxides showing bandgaps from 1.8 eV to 3.1

eV[73].
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1.4. Motivation of research

In general, the common ferroelectric oxides with the perovskite structure ABO3
exhibit a wide optical band gap due to the large difference of electronegativity between
the oxygen ions and the B-site transition-metal ions. However, the B-site ion also plays a
crucial role for the ferroelectric properties of perovskite materials [75]. Any attempt of
replacing the B-site ion with the aim of reducing the optical band gap may result in the
degradation of the ferroelectric and dielectric properties [73, 76]. Although there are few
substituted systems exhibiting a low optical band gap by chemical doping, they always
fail to show either the sizable polarization or enhanced ferroelectric photovoltaic
performance.

In this study, it aims to develop perovskite ferroelectric oxides with large
polarization and low optical band gap in a result of high piezoelectricity and enhanced
photovoltaic performance for solar energy harvesting applications.

Barium titanate-based ferroelectrics ceramics Bag 9Cao.1Tio.9Sno.1O3 (abbreviated as
BCTSn-0.1-0.1) have been chosen as the base material due to its large piezoelectric
coefficient ds3 (520pC/N) [27]. The work focuses on reducing the optical band gap of
BCTSn-0.1-0.1 through substituting Sn*" with transition-metal ion Fe*" with high
electronegativity (1.9) [77]. Since Fe** has similar radius of Sn*', the tolerance factor may
not change significantly [78, 79]. As a result, new perovskite-structured ferroelectric
oxides can be formed and then the piezoelectric and ferroelectric properties of ceramics
can be retained.

Additionally, defects such as oxygen vacancies may be formed after the doping of
trivalent ion Fe*". It has been reported that oxygen vacancies of ferroelectric ceramics

may create extra energy levels between the optical band gap [80]. As a result, the optical
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band gap will also be reduced with the help of oxygen vacancies. Therefore, the effect of
oxygen vacancies on the optical properties of Fe**-doped Bag9Cao.1TiOs (BCT) ceramic
will be taken into account for understanding the optical band gap mechanism.

In addition, the substitution of different transition-metal ions may also affect the
crystallite structure as well as the ferroelectric properties of the oxides. Therefore, the
effect of the B-site dopant on the crystal structure, dielectric, piezoelectric and
ferroelectric properties will be studies in detail as well. Their inter-relationships with the
optical band gap will be revealed for optimizing the chemical composition. As a result,
the optimal composition of ferroelectric oxides with low optical band gap and high
piezoelectricity can be developed. The newly developed ceramic may also exhibit better
ferroelectric photovoltaic performance comparing with the Bag.9Cao.1 Tio.9Sno.103 ceramic.

On the other hand, several researches have reported that the migration of oxygen
vacancies 1s as essential as the polarization switching in producing the switchable
photovoltaic effect [81, 82, 83]. It has been reported that the flow direction of the
photocurrent is independent of the polarization orientation but opposite to the voltage
direction in the last treatment [84]. However, most of the works have discussed the effects
of oxygen vacancies in ferroelectric materials. It is then hard to distinguish the
contributions of the spontaneous polarization and oxygen vacancies in the switchable
photovoltaic response. For evaluating the role of oxygen vacancies in the photovoltaic
effect, non-ferroelectric ceramics will be developed, e.g., by heavily doped Fe*" into BCT.
It is expected that, without the influence of spontaneous polarization, the contribution of
oxygen vacancies to the photovoltaic effect can be studied in detail in non-ferroelectric

ceramics.
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1.5. Scope of work

The main objectives of this work are to demonstrate the ferroelectric photovoltaic
effect and study the relationship between the optical band gap and photovoltaic
performance of BTO-based perovskite oxides. The thesis consists six chapters:

Chapter 1 briefly introduces the background of ferroelectricity and corresponding
materials. It also reviews the photovoltaic mechanisms in semiconductors and
ferroelectric materials. Together with the possible pathways for enhancing ferroelectric
photovoltaic response, the motivation and objectives of the present work are given.

Chapter 2 provides experimental details on sample preparation and equipment setup.
It includes the characterization instruments and techniques for the dielectric, piezoelectric,
ferroelectric properties as well as the optical properties.

Chapter 3 presents the dielectric, piezoelectric and ferroelectric properties of Fe/Sn-
doped BCT ferroelectric ceramics. The studies of the relationship between the optical
band gap and Fe doping level of BCT perovskite oxides are also presented.

Chapter 4 demonstrates the ferroelectric photovoltaic effect on Fe/Sn-doped BCT
ferroelectric oxides. Two types of electrode configuration (i.e., in-plane and vertical) will
be used together to examine the wavelength-dependent current of samples. In addition,
different poling fields will be applied to the samples and then demonstrates the switchable
photocurrent of ceramic.

Chapter 5 examines the photovoltaic performances of non-ferroelectric Fe-doped
BCT perovskite oxides. The studies of the oxygen vacancies effect on the photovoltaic
response of Fe-doped BCT ceramics are also presented.

Chapter 6 gives the conclusion.
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Chapter 2 Sample Fabrication and Characterization

2.1. Preparation of the samples
2.1.1. Fabrication procedure of the ceramics

The Bag.oCao.1Tio.9Sno.103 and Bag oCao.1 Ti1-xFexO3.5 ceramics were synthesized by a
conventional solid state reaction method using high purity metal oxide or carbonate
powders: BaCO3 (99.5%), CaCO3 (99%), TiO2 (99.9%), SnO2 (99.9%) and Fe,0s
(99.5%). A flow chart of the fabrication process is shown in Figure 2-1. The raw materials
in the stoichiometric ratio were mixed using ethanol as medium and ball-milled for 10
hours using zirconia ball, and then dried at 120 “C and calcined at 1000 °C for 4 hours.
The calcined powers were ball-milled again for 10 h, dried and mixed with a polyvinyl
alcohol (PVA) binder solution (5wt%). The mixture was sieved through an 80-mesh
screen and then pressed into disk samples of diameter 12 mm and thickness 0.5 mm by a
hydraulic press. After burning out the binder at 650°C, the samples were finally sintered
at 1430 °C-1490 °C for 2 hours. The sintering temperature was varied depending on the

composition.
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Figure 2-1 Flow chart of sample fabrication.

2.1.2. Preparation of In-plane electrode

An interdigitated electrode (IDE) was deposited on the polished sample surface
using the left-off photolithography technique and dc-magnetron sputtering. First, a layer
of positive photoresist (AZ5214E) was deposited on the sample surface by spin-coating.
After baking at 100 °C for 2 min, the sample with photoresist layer was exposed to UV
light under a mask with the designed pattern. The exposed photoresist was removed using
a developer (AZ300MIF), leaving the desired pattern on the sample surface. A layer of
Cr/Au was deposited on the sample surface by dc magnetron sputtering. After removing
the remaining photoresist using acetone, a Cr/Au IDE pattern was obtained. The

workflow of the electrode fabrication is shown in Figure 2-2.
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Figure 2-3 Microscopic photograph of the Cr/Au IDE pattern deposited on the

surface of a BCTSn-0.1-0.1 bulk sample
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The obtained Cr/Au IDE pattern is shown in Figure 2-3. The overlapped electrode
length is 3600 um and the electrode gap is 50 um. The total number of the gap is 20 and
then the effective area of the sample is calculated as the width of the electrode gap
multiple by the overlapped electrode length. The resulted effective area is 3.6x10° m?.
When an electric field is applied, the width of the electrode gap is considered as the
thickness of samples.

The IDE pattern allows a direct irradiation of light on the surface of ferroelectric
materials to achieve direct interaction without any weakening of the light intensity by the
top electrode. Also, under the direct illumination, the generated electron-hole pairs can
be uniformly distributed between the two electrodes, resulting in an efficient charge
carrier transportation. On the other hand, due to the symmetric electrode configuration,
the photovoltaic effect arising from asymmetric Schottky barriers can be ruled out [57].
2.1.3. Preparation of vertical electrode (ITO/Au)

In order to conduct the photovoltaic measurement with larger active area under
illumination, an indium tin oxide (ITO) transparent electrode, was deposited on the
surface of the ceramic samples. The thick ceramic samples were first adhered on a glass
plate as a substrate and then polished to a thickness of 0.1 mm using sandpapers and
diamond films. The polished ceramic sample was deposited with an ITO electrode using
RF magnetron sputtering as a bottom electrode. The sample has adhered at the surface of
the glass which already deposited Au using silver paste. Then, the top surface was
deposited with another ITO electrode with a shadow mask. The diameter of the top
electrode is 8 mm. The deposition parameters for preparing Cr/Au and ITO electrodes are

summarized in Table 2-1. Figure 2-4 shows the transmittance of the ITO electrode
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deposited on a quartz glass plate which does not absorb the visible light. The electrodes

were then connected with wires for the photovoltaic measurement.

Table 2-1 the summary of deposition parameter for Cr/Au and ITO electrode

Cr/Au electrode ITO electrode
Type of sputtering DC magnetron sputtering | RF magnetron sputtering
Deposition temperature 25°C 200°C
Power 70w 0w
Gas mixture Pure Ar 02:Ar(1:60)
Pressure 6x107 Torr 5x107 Torr
Deposition time Cr(36s)+Au(4min) 40min
Annealing N/A 1 hour at 200°C
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Figure 2-4 The transmittance of ITO electrode
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2.2. Characterization procedure
2.2.1. Crystalline structure

X-ray diffraction (XRD) is a technique to study the crystalline structure, materials.
During the measurement, a beam of X-ray is incident on the sample surface with an angle
of 8. The crystal lattices interact with and scattered the X-Ray beam. The scattered X-ray
beams from difference crystalline planes interfere with each other and thus the intensity
of the resultant X-Ray beam varies with the incident angle due to the constructive or
destructive interferences. The profile of the intensity of the X-ray beam versus the
incident angle is called XRD pattern. By analyzing the XRD pattern, the crystalline
structure can be determined. According to the Bragg law, the diffraction peaks appear
when the incident angle of X-ray satisfies the following condition:

2dpiSinBy; = ni (2.1
where h,k,l are the Miller indices, dj; is the interplanar spacing of {hkl} set of lattice
planes, 6y;; is the incident angle, n is the order of diffraction, and A is the wavelength
of the X-ray.

In this study, the powder form samples were used for the XPD analysis. The as-
prepared ceramics were first grinded and sieved through an 80-mesh screen. An X-Ray
diffractometer (SmartLab, Rigaku Co., Japan) with Cu Ko (A = 1-5418 A) radiation was
used for the measurement.

2.2.2. Dielectric properties

The ceramic samples were polished using sandpapers to obtain flat and smooth
surfaces. The polished ceramic was then coated fired-on silver electrode on both surfaces
at 750°C for 30 min for the measurements of dielectric, piezoelectric and ferroelectric

properties.
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2.2.2.1.Dielectric constant and dielectric loss at room temperature

The dielectric constant (&) and dielectric loss (tan 98) of samples were measured at 1
kHz using an impedance analyzer (HP 4294A, Agilent Technologies Inc., Palo Alto, CA)
at room temperature. The dielectric constant is also known as relative permittivity, which

is calculated from:

Eo&rA

C=d

(2.2)

where C is the capacitance, £ is the permittivity of vacuum (~8.85x107'? F/m), A and d
are the electrode area and thickness of the sample. & can be expressed as &, = &' + ig”,
where ¢’ and &' are the real and imaginary parts of the relative permittivity,

respectively. tan d is then given as:

n

tan§ = i— (2.3)

Especially for tan 9, the dielectric property can indicate the quality of ceramics for
practical uses.
2.2.2.2. Temperature dependence of dielectric properties

The ceramic samples were placed on a temperature-controlled probe stage
(HFS600E-PB4, Linkam Scientific Instrument, UK) and connected to the impedance
analyzer for the measurement of the temperature dependence of dielectric properties. A
LabVIEW program was used to control the measurement stage and record the data. The
temperature varies from -100°C to 200 °C at a heating rate of 1 *C/min. The schematic

diagram of the experimental setup is showed in Figure 2-5
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Figure 2-5 The schematic diagram of equipment setup for the temperature

dependence dielectric measurement.

2.2.3. Ferroelectric properties (P-E loop)

As mentioned in Chapter 1, polarization-electric field (P-E) hysteresis loops are used
to examine the ferroelectric properties of ceramics, including the spontaneous
polarization (Ps), remnant polarization (P;) and coercive field (E¢). In this study, the PE
loop of ceramics were measured by a modified Sawyer-Tower circuit at 100 Hz. As shown
in Figure 2-6, a function generator is used to produce a AC voltage signal which is then
amplified for 2000 times by an amplifier (Trek 609D-6) and applied to the sample. A
reference capacitor, which has a capacitance 1000 times smaller than that of the ceramic
samples, is used to collect the charges generated from ceramic sample. A digital
oscilloscope (HP 54645A, Agilent Technologies Inc., USA) is used to measure the
voltages across the sample and the reference capacitor. For preventing electrical
breakdown, the ceramic is immersed in silicone oil during the experiment. The
polarization (P) of ceramics can be calculated from the voltage (V,) across the reference

capacitor as:

p =% (2.4)
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where A is the area of electrode and Cr is the capacitance of reference capacitor.

Controlling and
data correction

e

T

i o . Sample
| Sawyer-Tower Circuit -~ !

Figure 2-6 The schematic diagram of PE loop measurement setup.
2.2.4. Piezoelectric properties
Before measuring the longitudinal piezoelectric properties (ds3), the samples coated
with silver electrodes were poled under a DC E field of 3 kV/mm in a silicone oil bath at
room temperature for 30 min. The schematic diagram of the poling setup is shown in
Figure 2-7. After poling, the d33 of samples was measured using a piezo ds3 meter (ZJ-

3B, Institute of Acoustics Academia Sinica).
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Figure 2-7 The schematic diagram of poling
2.2.5. Optical band gap estimation
Due to the advantage of insensitivity to surface defects, diffuse reflectance
spectroscopy was chosen for the optical band gap estimation [85]. The top view of the

diffuse reflectance measurement set up is shown in Figure 2-8.

Uv-2550
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Sample beam
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Figure 2-8 The top view of diffuse reflectance measurement set up.
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The diffuse reflectance of the powder samples was measured in the range of 300-800 nm
using an UV-Vis spectrophotometer (UV—2550, Shiadzu Co.). BaSO4 powder was
used as a non-absorbing standard. The absorption coefficient of samples was calculated

using the Kubelka-Munk (K-M) function based on the reflectance data [86]:

_ 2
U-Ry _X 2.5)

F(R) - 2R S

where R is the observed reflectance, K and S are the absorption and scattering coefficients,
respectively. Assuming that the scattering coefficient S is wavelength independent, F(R)
is proportional to K. After that, Tauc’s plot was used to estimate the optical band gap. The
Tauc equation is expressed as follow [85]:

(hva)'/™ = A(hv — Eg) = [hvF (R)]Y/™ (2.6)
where h is the Planck constant, v is the frequency of vibration, a is the absorption
coefficient, Eg is the band gap, and A is a proportional constant. The value of the exponent
n depends on the type of the transition. For the direct allowed transition, n= 0.5, while n
= 2 for the indirect allowed transition. Together with Equation 2.5, the optical band gap
value was determined as the x-intercept of the extrapolation of the Tauc’s plot. A typical
tauc’ plot is shown in Figure 1-13 in chapter 1.

2.2.6. Photovoltaic response

Both the in-plane and parallel-plate electrodes are used to examine the photovoltaic
performance of the ceramics.

A solar simulator (Newport 91160,300W) was used as a light source of AM1.5 (100
mW/cm?). The AM1.5 standard spectrums, which corresponds to the sunlight received at
an angle of 48.19° from zenith, is a common illumination for solar cell characterization.

The output current and voltage of the samples were measured using a source meter
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(Keithley 2410) and recorded by a computer together with a LabVIEW program. The
light intensity was calibrated by a standard silicon solar cell.

The wavelength dependence of the photovoltaic response of the samples was
measured using a standard system which includes a Xenon Lamp (Oriel 66902,300W)
and a monochromator (Newport 66902). The intensity of the monochromatic light, which
came from a narrow aperture, was recorded by a dual channel power meter (Newport
2931 C) together with a Si detector (Oriel 76175 71580). During the measurement, the
sample was fixed on the holder and placed at the position the same as photodetector. It
ensures that the intensity of light received by the sample is the same as that in the
calibration. A schematic diagram of the wavelength dependence photovoltaic

measurement is shown in Figure 2-9.
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Monochromator
| | |EEE to USB
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Figure 2-9 Schematic diagram of wavelength dependence photovoltaic measurement.
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Chapter 3 BCTSn-0.1-0.1/BCTFe-0.1-x Ceramics

3.1. Introduction

As discussed in Chapter 1, the optical band gap reduction of ferroelectric oxides via
chemical doping is an attractive research topic for enhancing the performance of the
ferroelectric photovoltaic effect [3, 54, 57]. Previous studies have reported that a
reduction of the optical band gap can be achieved by doping transition metals with high
electronegativity into the B-site of perovskite ferroelectric oxides, although the new
systems also shows a severe degradation of ferroelectric properties [70, 73, 87]. In most
of the optical band gap modulation works, the new compositions always end up with a
lower optical band gap but inferior ferroelectric properties.

In this chapter, Bao.9Cao.1Ti0.9Sno.103 (BCTSn-0.1-0.1) ceramics are used as the
starting ferroelectric oxide for the optical band gap modulation because of its good
ferroelectric and piezoelectric properties (d33 ~520 pC/N) [27]. It is believed that the (total)
replacement of Sn** with the high electronegativity transition metal Fe** will not affect
the ferroelectric properties significantly due to the similar ionic radii of Sn** and Fe*".
The new ceramics Bao.oCao.1 Ti1xFexOs.5 (abbreviated as BCTFe-0.1-x) with x=0.1, 0.5
and 0.025 have been prepared by a solid-state reaction (SSR) method. The optimum
sintering temperature has been determined as 1450 °C. The crystalline structure of the
BCTFe-0.1-x ceramics have been investigated for confirming the perovskite structure and
ferroelectric phase of the ceramics. Besides, the effects of the doping level of Fe*" on
dielectric, piezoelectric and ferroelectric properties together with the optical band gap
value have been examined. On the basis of the results, the optimal composition has been

determined for the studies of ferroelectric photovoltaic responses.

CHAN MAN KIT 42



Qb Chapter 3
& THE HONG KONG POLYTECHNIC UNIVERSITY

3.2. Crystalline structure

The XRD patterns of the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics measured in
the range of 20° to 80° are shown in Figure 3-1(a) for revealing the formation of the
polycrystalline perovskite structure of the ceramics. No additional peaks related to
secondary phases are observed within the detection limit of XRD, suggesting that both
Sn** and Fe** have diffused into the Ba0.9Ca0.1TiO3 (BCT) lattices, respectively, to form
a new homogenous solid solution. Figure 3-1(b) shows an expansion of the (200) peak
for further analysis. A dotted line is added for showing the shifting of the (200) peak.
Similar to previous results, the broad peak of the BCTSn-0.1-0.1 ceramic at 45-46° is
resulted from the coexistence of the orthorhombic and tetragonal phases [27].

Besides, after replacing Sn*" with Fe*" in the BCT system, the (200) peak of the
BCTFe-0.1-0.1 ceramic is shifted towards a larger angle. Considering the ionic radius
and charge difference between Sn*'(r=0.69 A) and Fe**(r=0.645 A), the shifting should
be resulted from the shrinkage of the lattices arisen from the smaller ion radii of Fe** and
formation of oxygen vacancies [26, 88, 89]. In addition, when the content of Fe*" is
reduced from 0.1 mol to 0.025 mol, the (200) peak shift towards larger angles continually.
This should be due to the increase of the Ti*' content. Ti*" is smaller (0.605 A) than Fe*",
and thus the lattice shrinkage increases with increasing the content of Ti* or decreasing
the content of Fe*".On the other hand, the BCTFe-0.1-0.1 and BCTFe-0.1-0.05 ceramics
exhibit a relatively sharp and symmetric peak at 45-46°. Even after enlarging the pattern,
no splitting of the (110) and (111) peaks are observed, implying a cubic-like or pseudo-
cubic symmetry of the ceramics. It has been known that the doping of Fe3* in BaTiOs

may induce distortion of the tetragonal structure [88,90]. Similarly, the BCTFe-0.1-0.1
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and BCTFe-0.1-0.05 ceramics may transform from a ferroelectric tetragonal phase to a
paraelectric cubic phase at room temperature due to the high doping levels of Fe3*.
Additional evidence of the paraelectric cubic phase for the two ceramics will be provided
from the experimental results of the temperature dependences of the dielectric constant
and dielectric loss, which will be discussed in the following section. By reducing the
doping level of Fe** to 0.025 mol, the (200) peak becomes split, comprising the (002) and
(200) peaks attributed to the tetragonal structure. It has been known that BCT possessed
a tetragonal symmetry suggesting that doping 0.025 mol of Fe** into BCT has not affected
the crystal structure significantly [27]. The tetragonal symmetry nature is also obtained

on another Fe-doped BCT system [91].
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Figure 3-1 The XRD patterns of the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics in the

range of (a) 20°-80° and (b) 44.5°-46.5°.
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3.3. Dielectric properties

3.3.1. Dielectric constant and dielectric loss

The dielectric constant (er) and dielectric loss (tan &) of the BCTSn-0.1-0.1 and
BCTFe-0.1-x ceramics are measured at room temperature and 1 kHz are summarized in
Table 3-1. The observed &r (8400) and tan & (1.9%) of the BCTSn-0.1-0.1ceramic are
comparable to those reported in previous studies [27], suggesting that the ceramic is well
sintered and of good quality. By replacing Sn** with Fe3*, the observed & of the BCTFe-
0.1-0.1 ceramic decreases greatly to 700. When the doping level of Fe** is reduced to
0.05 mol, the observed ¢ increases significantly to 3500. However, when the doping level
is further reduced to 0.025, the observed & increases only slightly to 3800. Such a "non-
regular variation" of & can be understood in terms of the phase transition of the ceramics,
which will be discussed in the following section. Nevertheless, all the ceramics exhibited
a low dielectric loss (<3 %), indicating that they are dense and suitable for practical

applications [1].

Table 3-1 The dielectric constant (&;) and dielectric loss (tan d) of the BCTSn-0.1-0.1 and

BCTFe-0.1-x ceramics at room temperature and 1 kHz.

Sample er | tan d (%)

BCTSn-0.1-0.1 8400 1.9

BCTFe-0.1-0.1 700 2.3

BCTFe-0.1-0.05 | 3500 0.6

BCTFe-0.1-0.025 | 3800 1.2
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3.3.2. Temperature dependence of dielectric properties

The temperature dependences of & and tan d for the BCTSn-0.1-0.1 and BCTFe-
0.1-x ceramics measured at 1 kHz, 10 kHz and 100 kHz in a temperature range of 25°C
to 150°C are shown in Figure 3-2. A phase transition peak is observed at 57°C for the
BCTSn-0.1-0.1 ceramic, which is consistent with the previous report [27]. No transition
peaks are observed for both the BCTFe-0.1-0.1 and BCTFe-0.1-0.05 ceramics in the
temperature range studied. The temperature has been extended to 300°C for searching the
phase transition (data not shown); but the ceramics became very leaky (i.e., tand >100%) .
It has been shown that high doping level of Fe** can lower the transition temperature of
BTO-based systems significantly [92]. Therefore, it is suggested that the Curie
temperature of the BCTFe-0.1-0.1 and BCTFe-0.1-0.05 ceramics should be below room
temperature. This is consistent with the XRD results that the ceramics should be in the
cubic phase at room temperature. On the other hand, when the doping level of Fe*" is
reduced 0.025 mol, the observed &r achieve a maximum at 53 °C. Combining with the
XRD analysis, it should be associated with a transition from ferroelectric tetragonal phase

to paraelectric cubic phase.
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Figure 3-2 Temperature dependence of dielectric properties of (a) BCTSn-0.1-0.1, (b)
BCTFe-0.1-0.1, (¢)BCTFe-0.1-0.05, (d) BCTFe-0.1-0.025 ceramics.

For confirming the phase transition of the BCTFe-0.1-x ceramics, the temperature
range for the dielectric measurement has been extended to -100°C, giving the results
shown in Figure 3-3. For the BCTFe-0.1-0.025 ceramic, in addition to the Curie transition
peak at 55°C, a weak &r peak is observed at -50°C. With reference to the phase transitions
of BTO [93], it should be associated with a transition from tetragonal phase to
orthorhombic phase. As shown in Figure 3-3, the Curie transition temperature of the
ceramics shifts to lower temperatures with increasing the doping level of Fe**. The
transition temperature of the BCTFe-0.1-0.05 ceramic is around -25°C, whereas that of
the BCTFe-0.1-0.1 ceramic is most likely below -100°C. Consequently, both the BCTFe-
0.1-0.1 and BCTFe-0.1-0.05 ceramics are non-ferroelectric at room temperature, while

the BCTFe-0.1-0.025 ceramic remains ferroelectric. The shifting of the transition
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temperature should also be the cause for the "non-regular variation" of & shown in Table
3-1.

Figure 3-3 also illustrates that the Curie transition peak of the BCTFe-0.1-0.05
ceramic is broader than that of the BCTFe-0.1-0.025 ceramic. In the BCTFe-0.1-x
ceramics, part of Ti*" is replaced with Fe**, and thus oxygen vacancies should be formed
due to the charge imbalance. Under the same fabrication conditions, a larger amount of
oxygen vacancies should be formed in the BCTFe-0.1-0.05 ceramic as compared with the
BCTFe-0.1-0.025 ceramic due to the higher doping content of Fe**. Such oxygen
vacancies should play a role as disorder dipole inside the materials, and thus a broadened
transition temperature peak is observed in the BCTFe-0.1-0.05 ceramic [73]. Similar

results have been reported for Fe-doped BCT ceramics [91].
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Figure 3-3 Temperature dependence of dielectric constant of BCTFe-0.1-x ceramics at 1

kHz.
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3.4. Ferroelectric properties

The P-E loops of the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics measured under an
E field of 3 kV/mm at 100 Hz are shown in Figure 3-4. The observed saturated
polarization (Ps), remnant polarization (P;) and coercive field (E.) are listed in Table 3-2.
The P-E loop of the BCTSn-0.1-0.1 ceramic is similar to that reported in the previous
study, although the observed P; is slightly lower (6.0 pC/cm? vs 6.2 pC/cm?) [27]. As
shown in Figure 3-4, the observed P: of the BCTFe-0.1-0.0.5 and BCTFe-0.1-0.1
ceramics are almost zero, confirming their cubic structures at room temperature. On the
other hand, because of the ferroelectric tetragonal structure, the BCTFe-0.1-0.025
ceramic exhibits a large Pr (4.5 uC/cm?) and Ps (18.5 uC/cm?), which are helpful for

separating the photo-generated electron-hole pairs in the ferroelectric photovoltaic effect.

204| —— BCTSn-0.1-0.1
15]| — BCTFe-0.1-0.1
. || —— BCTFe-0.1-0.05
2; 104| —— BCTFe-0.1-0.025
S 5_‘ @100 Hz
@) |
S 0
c 4
S 5.
b ]
2 -10-
(‘_5 ]
o . ]
g 15 _
-20-

-3 -2 -1 0 1 2 3
Electric field (kV/mm)

Figure 3-4 PE loop of the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics
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On the other hand, the BCTFe-0.1-0.025 ceramic exhibits a higher E. as compared
to BCTSn-0.1-0.1. This should be attributed to the oxygen vacancies which will form

defect dipoles hindering the switching of the polarizations and thus making the ceramic

to become hardened [94, 95].

Table 3-2 ferroelectric properties of the BCTSn/Fe ceramics

Sample Pr (uC/cm?) | Ps (nC/cm?) | Ec (KV/mm)
BCTSn-0.1-0.1 6.0 194 0.11
BCTFe-0.1-0.1 0.1 2.2 0.22
BCTFe-0.1-0.05 0.3 7.4 0.11
BCTFe-0.1-0.025 4.5 18.5 0.25

3.5. Piezoelectric properties

The piezoelectric coefficients (ds33) of the BCTSn-0.1-0.1 and BCTFe-0.1-x
ceramics are summarized in Table 3-3. As evidenced by the results of XRD, temperature
dependence of dielectric constant and P-E loop measurements, the BCTFe-0.1-0.1
ceramic is non-ferroelectric at room temperature and thus exhibit a zero ds3 at room
temperature. As the doping level of Fe** decreases to 0.05 mol, the transition temperature
shifts to near the room temperature. Although it should be non-ferroelectric as shown by
the results of XRD and P-E loop measurements, a small ds33 of 5 pC/N is obtained. Indeed,
the phase transition of the BCTFe-0.1-0.05 ceramic is relatively board, suggesting a

coexistence of the tetragonal and cubic phases at room temperature [96]. As a result, a
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weak piezoelectricity remained in the ceramic. Both the BCTSn-0.1-0.1 and BCTFe-0.1-
0.025 ceramics are ferroelectric and thus exhibit a large ds3 of 300 pC/N and 190 pC/N,

respectively. Among the samples, the BCTFe-0.1-0.025 and BCTSn-0.1-0.1 ceramics

show promising piezoelectric properties for practical applications.

Table 3-3 The piezoelectric coefficient (d33) of BCTSn-0.1-0.1 and Fe-0.1-x ceramics

BCTSn-0.1-0.1 | BCTFe-0.1-0.1 | BCTFe-0.1-0.05 | BCTFe-0.1-0.025

d33(pC/N) 300 0 5 190

3.6. Optical band gap estimation

3.6.1. Reflectance of BCTSn/Fe-0.1-x ceramic powder

The diffuse reflectance spectra of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025
ceramics, in powder form, are shown in Figure 3-5, in which the spectrum of a
0.94Bi¢.5sNao sTi03-0.06BaTiO3z (BNT-6BT) ceramic is plotted for comparison. The
reflectance of the BCTSn-0.1-0.1 ceramic increases rapidly from ~360 nm and reaches
above 90% at wavelengths > 450 nm, suggesting that it only absorbs the violet region of
the visible spectrum, which is normal for typical ferroelectric oxides [47, 64]. On the
other hand, for all the BCTFe-0.1-x ceramics the reflectance is low in the whole range of
the visible spectrum. At each wavelength, the reflectance decreases with increasing the

doping level of Fe**.
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Figure 3-5 Diffuse reflectance spectral of BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics.

As discussed in Section 3.3.2, because of the valence difference and charge
neutralization, oxygen vacancies are formed in the BCTFe-0.1-x ceramics. Because of
the oxygen vacancies, band tail states are formed on top of the valence band [97, 98].
Therefore, the low reflectance of the ceramics should be attributed to the presence of
oxygen vacancies. The more the vacancies, the lower the reflectance. Similar effects of
oxygen vacancies on the reflectance have been reported for Ni/Nb-codoped BTO
ceramics [76].

Two shoulders are observed for all the ceramics, which are indicated by black and
red arrows for the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics, respectively, in Figure 3-
5. Unlike the ceramics, the reflectance of the BNT-6BT ceramic exhibits a sharp and
smooth reduction of reflectance in the wavelength range from 350 nm to 450 nm. The

BNT-6BT ceramic contains a single type of transition metal, i.e., Ti*" in the B-sites, while
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the BCTSn-0.1-0.1 ceramic contains two types, i.e., Ti*" and Sn*". Therefore, it is
suggested that the shoulders are contributed to the absorptions from the O 2p state at the
top of the valence band to the Ti 3d and Sn 3d hybridized state at the bottom of the
conduction band. Similar results have been reported for (Ba,Ca)TiO3-Ba(Sn,Ti)O3
ceramics [99].

For the BCTFe-0.1-x ceramics, the increase of the reflectance is not as sharp as that
in the BCTSn-0.1-0.1 ceramic, which should be due to the presence of oxygen vacancies.
Moreover, the shoulders shift to longer wavelengths, i.e., from the violet region to the
green region. It has been shown by the fist-principles calculation that the Fe 3d state will
associate with the defect band and appears between the Ti 3d state and O 2p state when
Fe is doped into BTO [100, 101, 102]. The calculations have also predicted a redshift of
the absorption spectra for Fe-doped BTO ceramics. Therefore, the shoulders for the
BCTFe-0.1-x ceramics should be attributed to the charge transfer from the Fe 3d state to

O 2p state.
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3.6.2. Tauc’s plot of BCTSn-0.1-0.1 and BCTFe-0.1-0.025
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Figure 3-6 Tauc’s plot of BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics

The optical band gap of the BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics is estimated from
the diffuse reflectance spectra. The Kubelka-Munk (K-M) function has been used to
calculate the absorption coefficient from the reflectance and then the Tauc's plots as
shown in Figure 3-6. According to Tauc’s model, the direct optical band gap is
determined as the x-intercept of the extrapolation of the Tauc's plot [103]. For the BCTSn-
0.1-0.1 ceramic, owing to the strong absorption in the violet region, a linear fitting is
easily achieved, and the estimated optical band gap is 3.30 eV. However, for the BCTFe-
0.1-x ceramics, the initial linear region of the curve is ambiguous due to the presence of
oxygen vacancies and the relatively weak absorption in the region between 450 nm and
550 nm. As shown in the inset of Figure 3-6, the x-intercept is shifted towards lower

photon energies (hv) after enlarging the scale of (hva)?. As a result, the estimated
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optical band gap of the BCTFe-0.1-x ceramics varies a lot with the scale of (hva)?, while
the variation for the BCTSn-0.1-0.1 ceramic is not significant (<0.05 eV). The variations
of the estimated optical band gap are summarized in Table 3-4. The estimated direct
optical band gap of the BCTFe-0.1-x ceramics are 2.64 eV, 2.74 eV and 2.78 eV for x =
0.1, 0.05 and 0.025, respectively. Unfortunately, most of the previous works have not
discussed the dependence of the optical band gap on the scale of (hva)?[70,73,74].

Therefore, the optical band gap of the BCTFe-0.1-x ceramics will be further confirmed

based on their photovoltaic responses.

Table 3-4 Estimated optical band gap of BCTSn-0.1-0.1 and BCTFe-0.1-x samples

BCTSn-0.1-0.1 | BCTFe-0.1-0.1 | BCTFe-0.1-0.05 | BCTFe-0.1-0.025

Eq (eV) 3.30 2.64 2.74 2.78

AEg(eV) 0.05 0.4 0.12 0.05

3.7. Conclusions

BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics have been successfully fabricated by a
solid-state reaction method. Within the detection limit of XRD, no additional peaks are
observed, indicating that the ceramics have crystallized in a pure perovskite structure.
Together with the results of the dielectric, piezoelectric and ferroelectric properties, the
ferroelectric tetragonal to non-ferroelectric cubic phase transition of the BCTFe-0.1-x
ceramics has been investigated. The observed Curie temperature is 53°C for the BCTFe-
0.1-0.025 ceramic and decreases with increasing the doping level of Fe**. Because of the

ferroelectric tetragonal structure at room temperature, the BCTFe-0.1-0.025 ceramic
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exhibit a large d33 (190 pC/N) and P; (4.5 nC/cm?), which are comparable to those of the
BCTSn-0.1-0.1 ceramic (300 pC/N and 6 pC/cm?). On the other hand, the absorption
edge of the ceramics shows a redshift from 450 nm to 550 nm after replacing Sn** with
Fe’*. The optical band gap of the BCTFe-0.1-x ceramics decreases with increasing the
doping level of Fe**. The BCTFe-0.1-0.025 ceramic thus exhibits the optimized

properties for photovoltaic responses, i.e., a low optical band gap (2.78 eV) and good

piezoelectric properties (190 pC/N).
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Chapter 4 Ferroelectric Photovoltaic effect on

BCTSn-0.1-0.1/BCTFe-0.1-0.025 ceramics

4.1. Introduction

In Chapter 3, the influence of the dopant Fe*" on the electric properties and optical
properties of BCT system has been discussed, and the optimal composition showing a
low optical band gap (2.78 eV) and a sufficiently large remnant polarization (P, ~ 4.5
1C/cm?) has been obtained, i.e., of BCTFe-0.1-0.025.

In this chapter, the study of the ferroelectric photovoltaic response of the BCTSn-
0.1-0.1 and BCTFe-0.1-0.025 ceramics deposited with in-plane electrodes (i.e., IDE
pattern of Au with 50 um electrode gap) will be presented. The usage of the in-plane
electrode is to rule out the interface effect (i.e. Schottky barriers) arisen form the
asymmetry electrode configuration. It also allows the ceramics to be illuminated directly
without any reduction arisen from the electrodes. The short-circuit current of the samples
will be first examined under 1 sun illumination for demonstrating the ferroelectric
photovoltaic response. The temperature effect (i.e, pyroelectric current) on the observed
short-circuit current of the samples will be considered. Besides, the wavelength-
dependent photovoltaic response will be examined using un-poled samples for
confirming the optical band gap measurement. The usage of un-poled samples aims to
exclude the pyroelectric current. Before the examination, the photocurrent of the un-poled
samples under different electric fields will be measured for determining the bias electric
field that is just large enough for producing an observable photocurrent for confirming

the cut-off photon energy and then the optical band gap of ceramics.
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BCTFe-0.1-0.025 and BCTSn-0.1-0.1ceramics with vertical electrodes of large area
(i.e., 8 mm in diameter) will be also used for demonstrating the ferroelectric photovoltaic
response. The samples have been thinned down to 100 pm and deposited with ITO
electrodes on both surfaces before the measurement. Similarly, as the ITO electrode has
been used on both surfaces, the interface effect arisen from Schottky barriers can be ruled
out. The thin thickness (i.e., 100 um) is beneficial for reaching thermal equilibrium. At
last, the poling field-dependent ferroelectric photovoltaic current and the wavelength-

dependent photovoltaic current of the BCTFe-0.1-0.025 and BCTSn-0.1-0.1 ceramics

will be presented, based on which the switchable photocurrent is demonstrated.

4.2. Interdigitated electrode (IDE)
4.2.1. Ferroelectric photovoltaic response under 1 sun illumination for
30s
Before the ferroelectric photovoltaic measurements, the samples are poled with an
electric field of 3 kV/mm at room temperature. The poling field is defined as the poling
voltage divided by the electrode gap (i.e., 50 um) of the IDE pattern. The short-circuit
current of the poled samples (without a bias electric field) is then measured under 1 sun
illumination.
A schematic diagram showing the poling direction and the photocurrent direction is
shown in Figure 4-1. The interdigital electrode (IDE) is simplified as a pair of parallel
stripes. After poling, the observed positive photocurrent is in opposite direction of the

poling field, which agrees with the literature report [104].
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Figure 4-1 The simplified electrode structure of samples

Figure 4-2(a) shows the short-circuit current as a function of time for the BCTSn-
0.1-0.1 and BCTFe-0.1-0.025 ceramics when the 1 sun illumination is repeatedly turned
off (i.e., Off state) and on (i.e., ON states). Before poling, both the ceramics (as in the as-
fabricated state) exhibit no photocurrent under the illumination, indicating that the
Schottky barriers formed at the interfaces do not have contribution to the photo-response.
After poling, the observed short-circuit current reaches a steady value of 0.07 nA and 0.22
nA for the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics, respectively. As shown in
Figure 4-2(a), both the BCSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics exhibits a current
peak at the beginning of the ON and OFF states. It has been known that poled ferroelectric
oxides will exhibit the pyroelectric effect upon the change in temperature. When the
temperature becomes steady, no pyroelectric current will be observed. As also mentioned

in Section 1.1.2., the induced pyroelectric current is in opposite direction of the
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polarization direction upon heating and vice versa. Therefore, the observed current peak
for the poled ceramics should be contributed by the pyroelectric effect [105], and the
photocurrent observed after the peak should be mainly originated from the ferroelectric
photovoltaic effect [53]. This agrees with the temperature measurements on the sample
surfaces under similar illumination conditions as shown in Figure 4-2 (b). It can be seen
that the sample temperature does not saturate in the 30-s illumination period. Therefore,
the observed short-circuit current for both the BCTFe-0.1-0.0.25 and BCTSn-0.1-0.1
ceramics should contain the pyroelectric current. In fact, there can be other factors
contributing to the observed current peak. Because of the complicated distributions of the
electric field and polarization orientation, the pyroelectric current is hard to estimate on
the ceramic with the in-plane electrode. The contribution of the pyroelectric effect on the

peak current will be further discussed in detail in section 4.3.1.
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Figure 4-2 (a) The short circuit current of BCSn-0.1-0.1 and BCTFe-0.1-0.0025 poled at
3 kV/mm and the un-poled sample; (b) The temperature record of sample surface under

1 sun between On and Off.
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4.2.2. Ferroelectric photovoltaic response under 1 sun illumination for
600 s

The illumination time has been prolonged to the 600 s with the expectation of
allowing the ceramic surface temperature to become saturated and then eliminating the
pyroelectric effect. The observed photocurrent for the BCTSn-0.1-0.1 and BCTFe-0.1-
0.025 ceramics are shown in Figure 4-3(a) and (b), respectively, while the surface
temperature is shown in Figure 4-3(c). Unfortunately, probably because of the high light
intensity, the ceramic surface temperature does not saturate within the 600-s illumination
period. Moreover, the observed photocurrent of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025
ceramics become very noisy after 100 s of ON state, and that of the BCTSn-0.1-0.1
ceramic even becomes indistinguishable from the noise signal. As discussed in Section
3.3.2, a dispersive phase transition has been observed in both the BCTSn-0.1-0.1 and
BCTFe-0.1-0.025 ceramics, indicating that they undergo a gradual change from the
ferroelectric phase to the paraelectric phase near their Curie temperature, i.e., 57°C and
53°C, respectively. When the temperature increases to near the Curie temperature, the
portion of the non-ferroelectric phase of the ceramic increases and thus the remnant
polarization 1s weakened, which regarded as a depolarization process [62]. As a result,
the observed peak current is weakening in the second illumination period due to the
irreversible depolarization process. On the other hand, the change of the surface
temperature is being stable under illumination and then resulted in weakening
pyroelectric current. The observed current is disappearing during illumination because of
the relatively weak photovoltaic response. These should be the reasons for the weakening
and eventually “disappearing” of the observed photocurrent for the BCTSn-0.1-0.1

ceramic.
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For the BCTFe-0.1-0.025 ceramic, because of the stronger photovoltaic response,
1.e., showing a larger photocurrent as compared to the BCTSn-0.1-0.1 ceramic (0.22 nA
vs 0.07 nA), the observed photocurrent can still be distinguished from the large noise
signal in the prolonged illumination. An abnormal current peak (around 150 s after the
illumination is turned on) is observed which is different from the typical photovoltaic
current observed in other ferroelectric oxide systems [106, 107]. This may be attributed
to the interrelationship of the pyroelectric effect and the ferroelectric photovoltaic effect.
When the illumination is turned on, the BCTFe-0.1-0.025 ceramic is heated up, and then
resulting in a pyroelectric current peak. After a while (e.g. the 50s), the heating rate
becomes lower and thus observed current is weakened and decreases gradually before
100 s. Meanwhile, the ferroelectric photovoltaic response should exist at any time under
illumination. The conductivity of the BCTFe-0.1-0.025 ceramic is increase upon
illumination and then heating [108, 109]. According to Equation 1.4 discussed in Chapter
1, the short-circuit current increases when the conductivity increases. Therefore, the small
(abnormal) current peak observed around 150 s is resulted from the increased
conductivity. However, when the BCTFe-0.1-0.025 ceramic is heated up to near the Curie
temperature (i.e., 53°C), it may be partially depolarized (i.e., weakened P;), and thus
resulting in a gradually decreasing photocurrent [37, 110]. This depolarization process is
irreversible and then the observed current peaks in the consecutive cycle (e.g. at the 1200s
and 1350s) is declined [111].
The illumination intensity has been reduced from 100 mW/cm? to 50 mW/cm? (data
not shown) for lowering the sample temperature and then eliminating the pyroelectric
effect. However, owing to the reduced light intensity, the observed photocurrent for both

the ceramics decreases and becomes close to the detection limit of the Keithley 2410
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source meter (i.e., 10 pA). Therefore, the approaches of elongating the illumination time
or reducing the light intensity may not be appropriate for eliminating the pyroelectric
effect so as to compare their ferroelectric photovoltaic effect. As the ceramics deposited
with vertical electrodes exhibit larger photocurrents, they have been used for the
investigation of the ferroelectric photovoltaic response which will be discussed later.

Before that, the wavelength-dependent photovoltaic current of the poled and un-poled

samples are presented.
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Figure 4-3 The short circuit current of (a)BCTSn-0.1-0.1 and (b) BCTFe-0.1-0.025 and

(c) the temperature profile under A.M. 1.5 illumination.
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4.2.3. Wavelength-dependent photovoltaic current of poled ceramics

The vibration of the wavelength-dependent photovoltaic current is commonly used as an
alternative method for determining the optical band gap of materials [108, 112, 113].
Figure 4-4 shows the photocurrent of the BCTFe-0.1-0.025 poled ceramic under 1 sun
illumination. Different band-pass filters with a bandwidth of 30 nm are inserted before
the ceramic sample to limit the wavelength components of the illumination. Owing to the
low light intensity, the observed photocurrent of the BCTFe-0.1-0.025 ceramic is weak
and decreases quickly to zero after reaching a peak (arisen from the pyroelectric effect).
Such a transient and weak photocurrent is observed for the wavelength ranging from 650
nm to 365 nm. Similar results (with weaker photocurrent) have also been observed for
the BCTSn-0.1-0.1 ceramic (data not shown). It is worth to note that the optical band gap
of BCTFe-0.1-0.025 has been estimated to be 2.78 eV. The energy of light with the
wavelength of 650 nm is much lower than the optical band gap of BCTFe-0.1-0.025.
Therefore, it is believed that the photovoltaic response could not be observed under the
illumination of the light with wavelength > 650 nm. These imply that the photo-response
of the ceramics are mainly resulted from the pyroelectric effect, and little from the
photovoltaic effect. This may be due to the weak internal electric field which cannot
separate the (small amount of) photo-generated charge carries effectively for producing
a large observable current. Therefore, an external electric field (or bias field) is used to

separate the charge carriers for investigating the optical band gap in the next section.
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Figure 4-4 The wavelength dependent photovoltaic current of BCTFe-0.1-0.025 ceramics.

4.2.4. Wavelength-dependent photovoltaic current of un-poled ceramics
As discussed in Section 3.6.1, both the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics
show strong absorption in the ultra-violet (UV) region. A monochromatic light with a
wavelength of 350 nm is thus chosen as a light source to determine the bias voltage for
separating the photo-generated charge carries without distributing the polarization state
of the ceramics. The un-poled ceramic samples are used to exclude the pyroelectric effect
arisen from heating or cooling.

The current responses of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics under
different bias voltages are shown at Figure 4-5. The current observed before the light is
turned on is defined as the dark current. As shown in Figure 4-5, the BCTSn-0.1-0.1 and

BCTFe-0.1-0.025 ceramics exhibit very similar dark currents under each bias voltage,
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indicating that they have similar (dark) conductivity. To confirm this, the D.C.
conductivity of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics (in the form of disk
with a thickness of 0.5 mm and a diameter of 10 mm) have been measured to be 1.15x10"

2 0lem? and 1.5x10'2 Q'cm!, respectively, which are similar to those of other

ferroelectric oxides [68].

(a) (b)
4 —=— 380nm OV 4 ! . —=— 380 nm OV
1 &— 350nm 4V T | | #— 350 nm 4V
—h— 350nm 8V : : —a— 350 nm BYW

341 OFF ON OFF ON OFF 34 i i |

Current (n&)

Current (nA)

0 30 60 80 120 150 0 30 80 90 120 150
Time (s} Time (s)

Figure 4-5 The bias voltage dependent photocurrent of (a) BCTSn-0.1-0.1 and (b) BCTFe-0.1-0.025.
When the light is turned on, the BCTSn-0.1-0.1 ceramic exhibits a large
photocurrent of 1 nA under a bias voltage of 8V (or a bias field of 0.16 kV/mm). However,
the BCTFe-0.1-0.0.025 ceramic shows almost no photocurrent as shown in Figure 4-5
(b). A higher bias voltage of 20 V has been applied, but the observed photocurrent of the
ceramic is still very weak. It seems to suggest that the BCTFe-0.1-0.0.25 ceramic has a
low photoconductivity. A low photoconductivity has also been observed in a BiFeOs3
(BFO) with an in-plane Au electrode having a gap of 25 um [84]. In addition, the dark
current of the BCTFe-0.1-0.025 ceramic becomes noisy when the bias voltage increases
to 30 V. This equivalent to an electric field of 0.6 kV/mm, which is larger than the coercive
field (0.25 kV/mm) of the ceramic and thus polarizing the ceramic (to a certain extent).

The photocurrent induced by the external electric field may be canceled out by that
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induced by the ferroelectric photovoltaic effect as well as the pyroelectric current. On the
other hand, as discussed in Section 3.3.2, oxygen vacancies should form in the BCTFe-
0.1-0.025 ceramic due to the trivalent dopant Fe. Under the bias voltage, the oxygen
vacancies may migrate and accumulate at one side of the electrodes, following the field
direction [114]. Thus, the migrated oxygen vacancies may play a role as extra positive
carriers and form a diffusion gradient between two sides of the electrode. The carriers
may diffuse from the high-density to low-density regions, which is called the diffusion
current [115]. The weak photocurrent of the BCTFe-0.1-0.025 ceramic may be a

combined result of the drift current induced by the bias voltage, the diffusion current and

the polarization-induced photocurrent.
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Figure 4-6 (a) The light wavelength dependent of photocurrent of BCTSn-0.1-0.1 at 8V
bias voltage; (b) A responsivity spectrum of BCTSn-0.1-0.1 correlated with F(R).

For distinguishing the photovoltaic response of BCTSn-0.1-0.1 at each wavelength,
the bias voltage should be large enough. Comparing with the photovoltaic response of
BCTSn-0.1-0.1 under the bias voltage of 4 V and 8 V shown in Figure 4-5 (a), the bias
voltage of 8 V seems more suitable used in wavelength dependence photovoltaic

measurement. In fact, the bias voltage of 8V (or 0.16 kV/mm) is large enough to partially
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polarize the BCTSn-0.1-0.1 ceramic due to its relatively small coercive field (0.11
kV/mm). The current induced by the partially aligned polarization of BCTSn-0.1-0.1 is
negligible comparing that of induced by bias voltage (e.g. 0.04 nA vs 4 nA at the
wavelength of 340 nm). Therefore, the bias voltage of 8V rather than 4 V is chosen for
the wavelength-dependent photovoltaic current measurements. The photocurrent of the
BCTSn-0.1-0.1 ceramic is measured from the wavelength of 450 nm to 300 nm with an
interval of 10 nm. To simplify the view, Figure 4-6 (a) only shows the plots from the
wavelength of 440 nm to 300 nm with an interval of 20 nm. The photocurrent is defined
as the difference between the current in the ON and OFF states. The photocurrent in each
cycle does not show significant variation, implying that the photocurrent is stable and
repeatable. To evaluate the response of the photovoltaic response to the light intensity,
the responsivity R of BCTSn-0.1-0.1 is calculated as R = I/(PS), where P is the incident
light intensity and S is the effect irradiated area defined in Section 2.1.2. After
normalizing the photocurrent with the light intensity at each wavelength, the photo
responsivity is plotted as a function of wavelength, together with the K-M Function F(R),
as shown in Figure 4-6 (b). The photovoltaic response of BCTSn-0.1-0.1 is unobservable
when the wavelength of incident light is larger than 400 nm. The responsivity of BCTSn-
0.1-0.1, which matches well with that of F(R), is in agreement with the estimated lowest
optical band gap of the BCTSn-0.1-0.1 ceramic (i.e., 3.26 eV or 381 nm). The
responsivity starts to increase significantly when the wavelength becomes shorter than
380 nm and reaches a maximum at 340 nm. This may be attributed to the efficiency of
electron-hole pairs generation at each wavelength. Similar observations of the maximum

(i.e., 340 nm) have been reported for other ferroelectric materials as a result of the fast
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band to band excitation [112, 116, 117]. After the maximum, the photo responsivity
decreases owing to the rapid electron-hole pairs recombination [118].
4.3. Vertical electrode

As discussed in Section 4.2.2., the photocurrents of the BCTSn-0.1-0.1 and BCTFe-
0.1-0.025 ceramics with IDE patterns are too weak for comparing their photovoltaic
responses. Therefore, the vertical electrode configuration with a large electrode area has
been used for examining the ferroelectric photovoltaic response. The schematic diagram
of the vertical electrode configuration is shown in Figure 4-7. The transparent ITO top
and bottom electrodes allow the ceramics to be illuminated by the light efficiently. The
use of ITO as the top and bottom electrodes can exclude the effects arisen from Schottky
barriers formed at the interfaces. As shown in Figure 4-7 (a), the so-called negative poling
is achieved by the application of a negative electric field (i.e., applying a positive voltage
to the top electrode of the ceramic. The (short-circuit) photocurrent resulted from the
ferroelectric photovoltaic effect is opposite to the poling field, i.e., flowing out from the

top electrode of the sample (Fig. 4-7b), which is defined as negative in this work.
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Figure 4-7 The schematic diagram of the current direction for (a) a negative poling

process and (b) ferroelectric photovoltaic effect.

4.3.1. Ferroelectric Photovoltaic response under 1 sun illumination
Similar to the observations for the ceramics with IDE patterns, both the un-poled
BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics (with vertical electrodes) exhibit
insignificant photo-response under a zero bias (top panel in Figure 4-8(a) and (b)). Indeed,
a small current is observed at the beginning of the ON and OFF states, which decays
rapidly to a very small value (~0.1 nA) in 30 s. In addition, the current peak becomes
smaller in the consecutive illumination cycles. Based on the repeated measurements (e.g.,
with new as-fabricated samples, annealed samples, different electrical connections), it is

suggested that the current should not be arisen from the pyroelectric effect of samples.
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Similar results have also been observed for un-poled ITO/PbTiO3-BiFeO3-Bi(Nii/2Tii-

)O3/Ag system [74]. On the other hand, our results have confirmed that the Schottky

barriers formed at the interfaces do not have any significant effect on the photo-response.
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Figure 4-8 Ferroelectric photovoltaic response of (a) BCTSn-0.1-0.1 and (b)BCTFe-0.1-

0.025 under 1 sun. Top: photocurrent for light on/off cycles after negatively poling;

middle: un-poled state; bottom: after positive poling.

The ceramics (with a thickness of 100 um) have then been poled under 100 V (or 1

kV/mm) for 30 min at room temperature in the negative direction and then in the positive

direction. As shown in Figure 4-8, all the poled samples exhibit reproducible photo-

responses, i.€., the observed photocurrent (for each poled ceramic) does not change, both

the pattern and magnitude, significantly in the consecutive illumination cycles. Moreover,

the photocurrent is governed by the poling direction, i.e., a negative (positive) poling
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produces a negative (positive) photocurrent. This clearly confirms that the separation of
the photo-generated charge carriers is realized by the aligned polarization, which is the
major characteristics of the ferroelectric photovoltaic effect. For the negatively poled
samples, the BCTFe-0.1-0.025 ceramic exhibits a photocurrent with larger peak (-42 nA
vs -4.7 nA) and steady (-5.5 nA vs -1.5 nA) values as compared to the BCTSn-0.1-0.1
ceramic. The steady value of the current is the value evaluated from 5 s to 20 s during the
ON state. After taking the electrode area into consideration, the steady current density of
the BCTFe-0.1-0.025 ceramic is 11 nA/cm?, which is comparable to those of lead-based
ferroelectric oxides, e.g., (Pbo.o7 Lao.03)(Zro.52 Tio.48)O3 and PbTiO3-BiFeO3-Bi(Nii2Tii/-
)O3 [60,74]. Apart from the direction, the positively poled ceramics exhibit similar
photocurrents to those poled in a negative direction, i.e., the positively poled BCTFe-0.1-
0.025 ceramic exhibit a photocurrent with larger peak (38 nA) and steady (4.3 nA) values
as compared to the positively poled BCTSn-0.1-0.1 ceramic (3.2 nA and 1.5nA,
respectively).

As discussed in previous sections, the current peak (regardless of the direction) may
be mainly contributed by the pyroelectric effect. The room-temperature pyroelectric
coefficient of BCTSn-0.1-0.1 and BCTFe-0.1-0.025 have been measured to be 2.3x10*
C/m?-K and 4.8x10™* C/m*-K, respectively, which are comparable to the values found

elsewhere [119, 120]. The pyroelectric current i can be calculated by [121]:
. dr
i=Ap p 4.1)
where A is the effective area of the samples, p is the pyroelectric coefficient, and % is

the rate of change of the temperature. In this work, the electrode area is 5.03x10° m* and

the heating rate at the beginning of the ON state is 0.15°C/s (Fig. 4-3c). The (maximum)
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pyroelectric current of the BCTSn-0.1-0.1 and BCTFe-0.025 ceramics has then been
estimated to be 1.7 nA and 3.6 nA, respectively. They are less than those peak values
observed for both ceramics, suggesting that the pyroelectric effect may not play a
dominant role in the observed current peak.

In ferroelectric materials, a significant change in photocurrent with time (i.e., the
current peak) is frequently attributed to the pyroelectric effect arisen from the heating
upon illumination as discussed in Section 4.2.1. [74,105]. However, it is difficult to
estimate the pyroelectric current in the samples with IDE because of the complicated
distributions of the electric field and polarization orientation. Similar current peaks have
also been observed in (Pb, La)ZrOs ceramics with different bottom electrodes [60].
Although the authors attribute the current peak to the pyroelectric effect, it is not
reasonable to obtain different current peak under same illumination condition just
replacing the bottom electrode. Also, a change in the current direction has been observed
for PbTi03-BiFeOs3-Bi(Ni12Ti12)Os ceramics under illumination with light of different
wavelengths, which should not be resulted from the pyroelectric effect [74, 106, 109].
The difference in the current peaks may be attributed to their different rates of charge
recombination [57]. Therefore, it seems that the current peak observed in the samples
with vertical electrode is mainly contributed by other factors (e.g. charge recombination)
rather the pyroelectric effect [122]. On the other hand, the current peak has also been
observed in non-ferroelectric ceramics (e.g., BCTFe-0.1-0.1) after applied electric field,
which will be discussed in Chapter 5. This also suggests that the pyroelectric effect should

not be the only factor producing the current peak.
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4.3.2. Poling field dependent photocurrent

In order to examine the polarization-dependent photocurrent in detail, the ceramics
(with vertical electrodes) have been poled progressively from -0.01 kV/mm to -1 kV/mm
(i.e., Part I), and then from 0.01 kV/mm to 1 kV/mm (i.e., Part II), with an interval of
0.05 kV/mm. After each poling step, the ceramics have been stored in the dark and shorted
circuit for 24 hours for removing any injected charges. The photocurrent is then measured
under 1 sun illumination. Figure 4-9 shows the variations of the steady value of the
photocurrent (i.e., the average value evaluated from 5 to 20 s after the illumination is
switched on) with the poling field for both the BCTSn-0.1-0.1 and BCTFe-0.1-0.025
ceramics.

In Part I (i.e., poling the ceramics with a negative electric field), the magnitude of
the (steady) photocurrent increases with increasing the magnitude of the electric field,
and becomes saturated with the same value mentioned before (i.e., -1.5 nA and -5.5 nA
for BCTSn-0.1-0.1 and BCTFe-0.1-0.025, respectively) at a poling field of -1 kV/mm.
This clearly shows the significance of the (net) polarization in separating the photo-

generated charge carries in producing photocurrent.
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fields.

In Part II (i.e., applying a positive electric field, from 0.01 to 1 kV/mm, to the
ceramic that has been just poled by an electric field of -1 kV/mm), the observed
photocurrent for both ceramics decreases only slightly after the application of a small
field (e.g. 0.05 kV/mm). As the electric field increases, the observed photocurrent
decreases rapidly and reaches a zero value at 0.29 kV/mm and 0.59 kV/mm for the
BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics, respectively. It is interesting to note that
these values are about two times larger than the coercive field (0.11 kV/mm and 0.25
kV/mm, respectively) measured from the P-E loops of the ceramics. This may be due to
the different measurement conditions. For the photocurrent measurement, the ceramics

are poled by a D.C. electric field and the photocurrent (or polarization) is evaluated after
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the removal of the electric field. But for the P-E loop measurement, an A.C. electric field
is used and the polarization is evaluated under the electric field. As also shown in Figure
4-9, the observed photocurrent for both ceramics increases continuously as the poling
field increases to 1 kV/mm. For each ceramic, the magnitude of the photocurrent after
poled by -1 kV/mm and 1 kV/mm are almost the same. These clearly demonstrate that
the photocurrent of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics are switchable

and strongly related to the magnitude and direction of the (net) polarization, which are

commonly observed for ferroelectric photovoltaic devices [60, 74, 105].

4.4. Conclusions

The ferroelectric photovoltaic responses of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025
ceramics has been investigated using the IDE and vertical electrode configurations.

For the ceramics with IDE pattern, the observed photocurrent of the BCTFe-0.1-
0.025 ceramic under 1 sun illumination is larger than that of the BCTSn-0.1-0.1 ceramic
(0.22 nA vs 0.07 nA). The photocurrent is mainly contributed by the pyroelectric effect
and the photovoltaic effect. The photocurrent observed in the beginning of the
illumination is predominated by the pyroelectric effect while the steady photocurrent is
mainly contributed by the photovoltaic effect. For both the (poled) ceramics, the observed
photocurrent is weak and mainly contributed by the pyroelectric effect. The photocurrent
of the unpoled ceramics has been measured for eliminating the pyroelectric effect. Under
a bias voltage of 8 V, the photocurrent of the BCTSn-0.1-0.1 ceramic exhibit a strong
dependence on the wavelength of the illumination. Based on the results, the optical band

gap has been determined to be 3.26 eV, which is similar to the value determined from the
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optical measurement. On the other hand, the photocurrent of the unpoled BCTFe-0.1-
0.025 ceramic under the same bias voltage is very weak.

Probably because of the larger illuminated region, the photocurrent of the (poled)
ceramics with vertical electrodes are larger. Both the BCTSn-0.1-0.1 and BCTFe-0.1-
0.025 ceramics exhibit a photocurrent peak in the beginning of the illumination (3.6 nA
and 42 nA, respectively) followed by a steady photocurrent (1.5 nA and 5.5 nA, or 3
nA/cm? and 11 nA/cm?, respectively). As the estimated photocurrent arisen from the
pyroelectric effect (1.7 nA and 3.6 nA, respectively) is smaller than the current peak, it is
suggested that there may be other effects contributing to the photocurrent, particularly in
the beginning of the illumination. Further experiments are needed to investigate the
mechanism of the observed current peaks.

In conclude, the BCTFe-0.1-0.025 exhibited stronger ferroelectric photovoltaic
response on both in-plane and vertical electrode configuration. By ruling out the
contribution of the pyroelectric effect and conductivity of two ceramics (i.e. BCTSn-0.1-
0.1 and BCTFe-0.1-0.025), it suggests that the improved photocurrent of BCTFe-0.1-

0.025 is attributed to the broadening absorption of the visible spectrum (or lower optical

band gap) of BCTFe-0.1-0.025.
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Chapter 5 Photovoltaic effect on BCTFe-0.1-0.1 non-

ferroelectric ceramics

5.1. Introduction

In Chapter 3, it has been shown that the optical band gap of the BCTFe-0.1-x
ceramics decreases with increasing the doping level of Fe*" (i.e., 2.78 eV). The
ferroelectric photovoltaic response of the BCTFe-0.1-0.025 ceramic has been studied in
Chapter 4. However, probably because of the insufficient input light intensity or low
photoconductivity, the wavelength-dependent photocurrent of the ceramic is weak and
then the optical band gap of the ceramic could not be confirmed based on the
measurements.

In this chapter, the optical band gap of the BCTFe-0.1-0.1 ceramic is studied with
the aim of providing additional evidence of the optical band gap reduction. The
photocurrent of the ceramic under zero bias voltage will be investigated. Unlike BCTFe-
0.1-0.025, the BCTFe-0.1-0.1 ceramic is non-ferroelectric and does not contain
(significant) spontaneous polarization, and then there should not additional effect such
as pyroelectric current.  The current and voltage of the ceramic with asymmetric vertical
electrode configuration (i.e., ITO/BCTFe-0.1-0.1/Ct/Au) under different bias voltages
will be also examined, and then its conductivity will be estimated. In addition, the
wavelength-dependent photocurrent of the ceramic will also be measured for confirming
the reduction in the bang gap.

Besides, the influence of oxygen vacancies on the photovoltaic response of the

ceramic will be investigated. Symmetric vertical electrode configuration (i.e.
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ITO/BCTFe-0.1-0.1/ITO) will be used for eliminating the effect arisen from the interfaces.
The switchable photovoltaic response will also be demonstrated.
5.2. Asymmetric electrode (ITO-Cr/Au)

Similar to the vertical electrode configuration used in Chapter 4 (Figure 4.3), the
ITO top electrode has a diameter of 8§ mm. Theoretically, the Schottky barrier of
ITO/BCTFe-0.1-0.1 is determined by the difference of work function between ITO and
BCTFe-0.1-0.1. It has been reported that an asymmetric band structure arisen from
different Schottky barriers formed at the ceramic/electrode interfaces between the top and
bottom electrodes can induce photovoltaic response [81, 123]. Assuming the work
functions of ITO, BCTFe-0.1-0.1 and Cr are ~4.5 ¢V and~3.9 eV and ~4.6 eV,
respectively [104, 107, 124]. the net built-in field, which may be defined as the difference
between the built-in field of top and bottom Schottky barriers, should induce photovoltaic
response in the BCTFe-0.1-0.1 ceramic [82]. Therefore, with the aim of constructing the
Schottky barriers, Cr/Au bottom electrodes are used. The deposition parameters for the
Cr/Au bottom electrode are same as those for the IDE pattern mentioned in Section 2.1.3.
The short-circuit current of the as-fabricated BCTFe-0.1-0.1 ceramic is measured under

1 sun illumination.

5.2.1. Photovoltaic performance under 1 sun

The short-circuit current (under zero bias voltage) and open- circuit voltage (under
zero current flow) of the BCTFe-0.1-0.1 ceramic under 1 sun illumination are shown in
Figure 5-1 (a) and (b), respectively. For the open-circuit voltage, the voltage of the sample
1s measured under zero-current condition. It could be considered as the voltage that must

be applied to the sample to stop the current. Therefore, the so-called open circuit voltage
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is opposite to the sign of short circuit current. For confirming the contribution of the
photovoltaic response, the ceramic has been connected to the Keithley 2410 source meter
in both positive (i.e., connecting the ITO electrode to the positive port of the source meter)
and negative directions. Except for the sign, the observed current and voltage for both
connections are almost the same, giving a value of 5.5 nA (or 10.9 nA/cm? in current
density) and 0.16 V, respectively. These suggest that they are mainly contributed by the
photovoltaic response of the BCTFe-0.1-0.1 ceramic. The short-circuit current and open-
circuit voltage are the average values evaluated from 5 s to 20 s during the ON state. As
also shown in Figure 5-1 (a), no current peak is observed, indicating the insignificant
contribution of the pyroelectric effect or other factors observed for the BCTFe-0.1-0.025
ceramic. On the other hand, the short-circuit current increases gradually in the
consecutive ON states, while the open-circuit voltage decreases gradually. This should be
attributed to the increase in conductivity resulted from the illumination and then heating,

which will be discussed in the following section.

(a) (b)

10| —=— Positive 024 —s— Positive
+— MNegative ’ +— Megative

10 -0.24

Cument (nA)
Voltage (V)

0 60 120 180 240 300 360 0 B0 120 180 240 300 380
Time (s} Time (s)

Figure 5-1 The (a) short-circuit current and (b) open circuit voltage of BCTFe-0.1-0.1 as

function of time measured at forward/reverse connection.
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5.2.2. I-V characteristic

The photocurrent of the BCTFe-0.1-0.1 ceramic has been measured at different bias
voltages under 1 sun illumination, giving the results shown in Figure 5-2. The bias voltage,
ranging from 0 to 0.24 V with an interval of 0.04 V, is applied to the bottom electrode of
the ceramic. For demonstration purposes, only part of the results is shown in Figure 5-2
(a). The average current evaluated from 5 s to 20 s during each ON and OFF states are
plotted as a function of bias voltage in Figure 5-2 (b). It can be seen that the observed
photocurrent is negative as the bias voltage is below 0.16 V, while it becomes positive as
the bias voltage is above 0.16 V (Figure 5-2b). This indicates that there is a net electric
field which changes the direction as the bias voltage increases. As demonstrated in Figure
5-1 (b), the observed open-circuit voltage, which pointing towards the bottom electrode,
is ~0.16 V. When the bias voltage pointing towards the top electrode is lower than 0.16
V, the sign of net electric field has not changed the direction, and thus the photocurrent
flows out from the bottom electrode (which is defined as negative). As the bias voltage
increases, the net electric field and then the photocurrent change the direction. As shown
in Figure 5-2(b), the bias voltage for reversing the photocurrent is about 0.16 V, which is

in agreement with the observed open-circuit voltage shown in Figure 5-1.
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Figure 5-2 (a) Time-dependent short-circuit current of BCTFe-0.1-0.1 on reverse
connection with different bias voltage; (b) The I-V curves of BCTFe-0.1-0.1 measured in

dark and under illumination.

Based on the initial dark current (i.e., the current in the first OFF state) under each
bias voltage (Fig. 5-2a), the resistance of the BCTFe-0.1-0.1 ceramic is calculated as 23
MQ. It can also be seen that the observed dark current decreases gradually in the
consecutive cycles, which should be resulted from a decrease of the resistance. As
discussed in Section 4.2.1, the sample will be heated up by the illumination. As the
temperature increases, the conductivity increases, and thus resulting in a lower resistance.
This phenomenon has always been observed in oxygen vacancies-rich ferroelectric
ceramics [115, 116]. Because of the increased conductivity (or decreased resistance), the

observed photocurrent also increases gradually in the consecutive illumination cycles.
5.2.3. Wavelength dependence photovoltaic effect

For determining the optical band gap, the short-circuit photocurrent of the BCTFe-

0.1-0.1 ceramic under illumination of different wavelengths, ranging from 800 nm to 300
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nm, has been measured, giving the results shown in Figure 5-3 (a). To simplify the view,
only the photocurrents under UV illumination (i.e., 450 nm to 300 nm) are shown. At
each wavelength, the observed photocurrent remains almost unchanged in each ON state,
implying an insignificant change in the conductivity. It is probably because of the
relatively weak intensity of each monochromatic light (~4 mW/cm?). After normalizing
the photocurrent with the light intensity at each wavelength, the photo responsivity is
plotted as a function of wavelength as shown in Figure 5-3(b). The K-M function F(R),
which is related to the optical absorption as discussed in Section 2.2.5, is also plotted for
comparison purposes. In Region 1 (i.e., 300 nm to 390 nm), the photo responsivity is
large, which should be partly attributed to the strong absorption as evidenced by the large
F(R). In this region, the F(R) is increasing while responsivity is decreasing. It may
attribute to the difference between the generation and recombination rate of electron-hole
pairs [118]. In agreement with the decreasing F(R), the photo responsivity decreases
rapidly, by almost two orders of magnitude, in Region 2 (390 nm to 580 nm), and becomes
almost unobservable is Region 3 (590 nm or above). The difference between the
observable and unobservable photocurrent is shown in the inset of Figure 5-3 (b). Based
on the agreement between the responsivity and F(R), the results confirm that the Fe**
dopants can extend the optical absorption of BCT ceramics from the U-V region (i.e.,
below 400 nm) to the green light (i.e., 580 nm). Therefore, the optical band gap of the
BCTFe-0.1-0.1 ceramic should be estimated to be 2.24 eV, which is lowest value

estimated based on the reflectance results shown in Table 3-4.
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Figure 5-3 (a) The wavelength-dependent photocurrent of BCTFe-0.1-0.1 on U-V region;
(b) The plot of photocurrent and F(R) of BCTFe-0.1-0.1 as function of wavelength, the

inset is the time-dependent photocurrent under 590 nm and 580 nm illumination.

5.3. Symmetric electrode (ITO —I1TO)

A BCTFe-0.1-0.1 ceramic with symmetric vertical electrodes (i.e., ITO-ITO) has
been prepared for further investigating the photo-response of the non-ferroelectric
ceramic. Figure 5-4 shows the observed photocurrent of the ceramics with symmetric
electrodes and asymmetric electrodes (ITO-Au) underl sun illumination. It is interesting
to note that a significant photocurrent is observed for the ceramic with symmetric
electrodes, implying that there should be factors other than Schottky barrier to generate
the photocurrent in the non-ferroelectric ceramic. Similar to the ceramics with
asymmetric electrodes, the observed current is changed the direction when the connection

is reversed confirming that the observed current is contributed by photovoltaic response.
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Figure 5-4 Time-dependent photocurrent of BCTFe-0.1-0.1 in ITO/ceramic/ITO and
ITO/ceramic/Au configuration.
The ferroelectric photovoltaic effect should not be the originate of the photocurrent.
As discussed in Chapter 3, the BCTFe-0.1-0.1 ceramic is non-ferroelectric at room
temperature and thus no spontaneous polarization can be aligned for inducing the
photovoltaic response. The built-in field induced by the Schottky barrier at the
ITO/BCTFe-0.1-0.1 interfaces should be canceled out due to the symmetric electrode
configuration. Ji et al have suggested that the built-in field induced in BFO is resulted
from a non-uniform distribution of oxygen vacancies [68]. The accumulation of oxygen
vacancies at one side induces different energy band bending behavior at the two interfaces
although the top and bottom electrodes are the same. In addition, a high concentration of
oxygen vacancy at the interface can reduce the barrier height [125]. Therefore, it believed
that a net built-in field could be formed due to an un-uniform oxygen vacancy distribution

although the extra experiments are needed to confirm the formation of net built-in field.
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Under the illumination, the built-in field drives the separation of the electron-holes pairs
and results in a “drift current”. On the other hand, oxygen vacancies can trap the photo-
induced electrons and the photo-induced holes become the extra charge carriers [81, 126].
Thus, a diffusion gradient is formed inside the sample under illumination. The extra
charge carriers diffuse from high concentration to low concentration and induce a
diffusion current. As discussed in Section 3.6, oxygen vacancies exist in the BCTFe-0.1-
x ceramics. For easy description, the “top” electrode is defined as electrode deposited on
the top of ceramic with 8 mm diameter and the “bottom” electrode is defined as deposited
on the bottom of ceramic with 10 mm diameter, although the “top” and “bottom”
electrode are of the same material (i.e., ITO). On the other hand, there are not experiment
evidence shown that the photovoltaic response of ferroelectric ceramics will be affected
by the difference between the size of top and bottom [55, 74]. Therefore, in our study, it
assumed that the photovoltaic response would not be affected by the size difference
between the top and bottom electrode. The observed photocurrent in the as-fabricated
BCTFe-0.1-0.1 ceramic with symmetric electrodes should be attributed to the oxygen
vacancies, which accumulate at the top ITO electrode and induce a current flowing from
the top electrode to the bottom electrode. Although further experiments are needed for
investigating the accumulation mechanism, the suggestion of the accumulation of oxygen
vacancies at the top electrode is based on the experimental observed and will be evaluated
by additional experimental results (discussed below). A schematic diagram showing the
flow of the photocurrent in the ceramic at different states under illumination is shown in
Figure 5-5. For the as-fabricated ceramic as shown in Figure 5-5 (a), the oxygen vacancies
accumulated at the top electrode. Under illumination, a net (short-circuit) photocurrent

combining the drift current and diffusion current is formed and flows from the top to the
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bottom electrode. Here, we hypothesis that the point defect, such as oxygen vacancies,
possibly exist and act as mobile ions with positive charges although the density of ions
(defects) may need further estimations. They can move through the samples under electric
filed to achieve a new thermodynamic equilibrium [128,129]. If a positive electric field
is applied, the oxygen vacancies (mobile ions) will migrate and accumulate at the bottom
electrode as shown in Figure 5-5(b). After the removal of the electric field, the net (short-

circuit) photocurrent will then flow from the bottom electrode to the top electrode under

illumination.
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Figure 5-5 Schematic diagrams of short-circuit current flow at different state: (a) oxygen
vacancies accumulated at top electrode as-fabricated BCTFe-0.1-0.1; (b) oxygen

vacancies accumulated at bottom electrode after applied external E-field.
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5.3.1. Switchable photovoltaic response on non-ferroelectric BCTFe-

0.1-0.1 ceramic

It is worth to note that the poling condition (1 kV/mm, room temperature) for
triggering the ferroelectric photovoltaic response of BCTFe-0.1-0.025 and BCTSn-0.1-
0.1 had been also applied to the non-ferroelectric ceramic BCTFe-0.1-0.1. The observed
photocurrent is consistent before and after applying 1 kV/mm at room temperature. It
implies that oxygen vacancies (mobile ions) may not been redistributed under the poling
condition (i.e., 1 kV/mm for 30 min, room temperature). Therefore, it is believed that the
distribution of the oxygen vacancies (mobile ions) in the ferroelectric materials (BCTFe-
0.1-0.025 and BCTSn-0.1-0.1) will not change after poling. As a result, the switchable
photocurrent observed in ferroelectric devices should mainly raise from the (net)
polarization rather than the re-distribution of the oxygen vacancies (mobile ions). For
confirming the suggestion discussed above, an external electric field of 1 kV/mm (which
is the same as the poling field for the ferroelectric BCTFe-0.1-0.025 ceramic) has been
applied to the (non-ferroelectric) BCTFe-0.1-0.1 ceramic at 100°C for 30 min or 60 min,
and its short circuit photocurrent of BCTFe-0.1-0.1 under 1 sun illumination has been
measured, giving the results shown in Figure 5-6. Chen et al. have reported that the
photovoltaic performance of BFO films can be improved by the application of an external
electric field (smaller than the coercive field) at high temperatures (e.g. 100°C) [82]. It is
suggested that the high temperature favors the migration and then the accumulation of

oxygen vacancies (mobile ions). Therefore, the external electric field is applied to the
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BCTFe-0.1-0.1 ceramic at 100°C for accelerating the migration of the oxygen vacancies
(mobile ions).

As shown in Figure 5-6(a), the observed photocurrent of the as-fabricated ceramic
increases with time because of the heating arisen from the illumination. The current is
flowing out from the top electrode and is defined as positive. After the application of the
electric field (pointing from the top electrode to bottom electrode) for 30 min, the
photocurrent exhibits a small positive peak at the beginning of the On state, becomes
negative. Similarly, the magnitude of the photocurrent increases gradually with time
because of the heating. Apparently, the migration and accumulation of oxygen vacancies
(mobile ions) can be enhanced by extending the application time of the electric field. As
a result, the observed photocurrent (magnitude) of the ceramic after applying the field for
60 min increases considerably. Then the ceramic has been annealed at 100°C for 360 min
with the aim of restoring the oxygen vacancies (mobile ions) to the “original” distribution.

As shown in Figure 5-6(d), the observed photocurrent becomes positive, i.e.,
returning to the original flow direction, but the magnitude cannot be entirely restored.
This indicates that the re-distribution is not completed, which may be due to the low
migration rate contributed mainly by thermal energy. To enhance the migration, an
electric field of -1 kV/mm (i.e., pointing from the bottom electrode to the top electrode)
has been applied to the ceramic at 100°C for 60 min. As shown in Figurer 5-6(¢), the
observed photocurrent becomes larger than that of the as-fabricated ceramic. These
demonstrate that the observed photocurrent in the non-ferroelectric BCTFe-0.1-0.1
ceramic is driven by the non-uniform distribution of oxygen vacancies (mobile ions)
which can be changed by an external electric field, in particular at high temperatures (e.g.,

100°C).
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Figure 5-6 The short-circuit current of BCTFe-0.1-0.1 under 1 sun illumination for
different state: (a) as-fabricated; (b) applied 100V (i.e., 1 kV/mm) for 30 min at 100°C;
(c) applied 100 V (i.e., 1 kV/mm) for 60 min at 100 °C; (d) annealed for 360 min at

100°C; (e) applied -100 V (i.e., -1 kV/mm) for 60 min at 100 °C.

The results also demonstrate that the oxygen vacancies (mobile ions) accumulate
originally at the top electrode of the as-fabricated ceramic. Nevertheless, as discussed
above, the reasons for them to accumulate at the top electrode but not the bottom electrode
of the same material is not known yet. In fact, there are also observations needed further
investigation. For examples, the current peak observed at the beginning of the ON and
OFF states for the ceramic after being subjected to an external field, and the different
photocurrent behaviors observed in the OFF state for the ceramic at different states. They

may be attributed to the change of the surface charge recombination rate and the
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conversion of Schottky-Ohmic contact induced by the migration of the oxygen vacancies

(mobile ions) [82,84,114].

5.4. Conclusions

The photovoltaic response of the BCTFe-0.1-0.1 ceramic has been investigated
using vertical asymmetric and symmetric electrode configurations, i.e., ITO-BCTFe-0.1-
0.1-Cr/Au and ITO-BCTFe-0.1-0.1-ITO, respectively.

The short-circuit photocurrent and open-circuit voltage of the ITO-BCTFe-0.1-0.1-
Cr/Au ceramic under 1 sun illumination is 10.9 nA/cm? and 0.16 V, respectively. Upon
illumination and then heating, the short-circuit photocurrent increases with time because
of the increase in the conductivity, while the open-circuited voltage decreases slightly.
Besides, the open-circuit voltage has been confirmed by the measurements at different
bias voltages. It has been demonstrated that the photovoltaic response of BCTFe-0.1-0.1
and confirmed that the conductivity of ceramics is increased during illumination. Also,
based on the measurements under illumination of different wavelengths, the optical band
gap of the BCTFe-0.1-0.1 ceramic is determined to be 2.24 eV. It is the additional
experimental evidence for supporting the optical band gap reduction of BCTFe-0.1-x
series ceramic.

On the other hand, the photo-response of the [ITO-BCTFe-0.1-0.1-ITO ceramic has
been investigated. As the BCTFe-0.1-0.1 ceramic is non-ferroelectric, the observed
photovoltaic response should be attributed to the accumulation of oxygen vacancies
(mobile ions) inside the samples. Our results have shown that the distribution of oxygen
vacancies (mobile ions) can be modulated by an external electric field at high

temperatures (e.g., 1 kV/mm at 100°C), and thus the photocurrent is switchable. It
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demonstrated that the switchable photocurrent can be also obtained on the non-
ferroelectric ceramic. It may be the other path for designing the switchable photovoltaic

devices by modulating the oxygen vacancies (mobile ions) inside the ceramic.
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Chapter 6 Conclusions

This study demonstrates an improvement of the ferroelectric photovoltaic response
by reducing the optical band gap of ferroelectric oxides. It shows a pathway for designing
new ferroelectric oxides with a low optical band gap and high piezoelectricity for
multifunction applications. Intriguingly, oxygen vacancies play a crucial role in the
photovoltaic performance as evidenced by the observations in non-ferroelectric oxides
with ITO symmetric electrodes. Switchable currents have been observed in both
ferroelectric BCTFe-0.1-0.025 and non-ferroelectric BCTFe-0.1-0.1 ceramics.

BCTSn-0.1-0.1 and BCTFe-0.1-x ceramics with x= 0.025, 0.05 and 0.1 have been
successfully fabricated by a solid-state reaction method. The pure perovskite structure of
the ceramics has been confirmed by the XRD pattern. Together with the results of the
dielectric, piezoelectric, and ferroelectric properties, a non-ferroelectric cubic to
ferroelectric tetragonal phase transition has been confirmed in the BCTFe-0.1-x ceramics.
The phase transition temperature increases with decreasing the doping level of Fe**. The
observed Curie temperature is 53°C for the BCTFe-0.1-0.025 ceramic. Because of the
ferroelectric tetragonal structure at room temperature, the BCTFe-0.1-0.025 ceramic
exhibits a large ds3 (190 pC/N) and P; (4.5 uC/cm?), which are comparable to those of the
BCTSn-0.1-0.1 ceramic (300 pC/N and 6 pC/cm?). Moreover, the absorption edge of the
ceramics shows a redshift from 450 nm to 550 nm after replacing Sn*" with Fe**. The
optical band gap of the BCTFe-0.1-x ceramics decreases with increasing the doping level
of Fe**. The BCTFe-0.1-0.025 ceramic thus exhibits optimized properties for ferroelectric
photovoltaic response, i.e., a low optical band gap (2.78 eV) and good piezoelectric

properties (190 pC/N).
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The ferroelectric photovoltaic response of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025
ceramics has been investigated using IDE pattern and vertical ITO electrode
configuration. For the sample with IDE pattern, the photocurrent of BCTFe-0.1-0.025 is
slightly larger than that of BCTSn-0.1-0.1(0.22 nA vs 0.07 nA). Based on the bias
voltage-dependent photo-responses, the optical band gap of the BCTSn-0.1-0.1 ceramic
has been confirmed as 3.26 eV. On the other hand, the steady photocurrent of the BCTFe-
0.1-0.025 ceramic with vertical electrode configuration is 5.5 nA or 11 nA/cm?, which is
3 times larger than that of the BCTSn-0.1-0.1 ceramic (1.5 nA or 3 nA/cm?).

The photovoltaic properties of the non-ferroelectric BCTFe-0.1-0.1 ceramic have
also been investigated using vertical asymmetric ITO-Cr/Au electrodes. The short-circuit
current and open-circuit voltage of the ceramic, which has been directly measured using
Keithley 2410 under 1 sun illumination, are 10.9 nA/cm?and 0.16 V, respectively. The I-
V curves have been investigated, based on which the conductivity is found to increase
during the illumination. Also, the wavelength-dependent photovoltaic response has
confirmed the reduction of the optical band gap to 2.24 eV.

The BCTFe-0.1-0.025 ceramics with both the in-plane and vertical electrode
configurations exhibit improved ferroelectric photovoltaic response. The conductivities
of the BCTSn-0.1-0.1 and BCTFe-0.1-0.025 ceramics are similar, i.e., 1.15x107'? Qlcm"
Pand 1.5x10"? Q'em™, respectively. The pyroelectric effect is not the predominant effect
for the observed photocurrent. It is then suggested that the enhanced ferroelectric
photovoltaic response of the BCTFe-0.1-0.025 ceramic should be attributed to its broaden
absorption (or lower optical band gap). It demonstrates that it is possible to improve the
ferroelectric photovoltaic response by reducing the optical band gap and retaining the

piezoelectricity at the same time.
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On the other hand, the photovoltaic response has also been observed in the BCTFe-
0.1-0.1 ceramic deposited with symmetric ITO electrode configuration. This should be
attributed to the accumulation of oxygen vacancies (mobile ions) in one side of the
ceramics. The distribution of oxygen vacancies (mobile ions) can be modulated by an
external field and thus the photocurrent is switchable. Our results also show that the

switchable photovoltaic response can be obtained in the non-ferroelectric ceramic, which

confirms the effects of oxygen vacancies (mobile ions) on the photovoltaic response.
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