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Abstract

Ko.5Nao.sNbO3 (KNN) ceramics and KNN ceramics doped with 0.25 mol% MnO»
(KNN-Mn) or 1 mol% CuO (KNN-Cu) have successfully been fabricated by a solid-state
reaction method. All the samples are well densified into an orthorhombic perovskite
structure. MnO» and CuO act as sintering aids for enhancing the densification. CuO can
also reduce the sintering temperature by 50°C. The grain size of the KNN ceramic is 1.4
pm on average, whereas the grain sizes of the KNN-Mn and KNN-Cu ceramics are
reduced by 0.4 um on average. The optical properties of the ceramics have been studied
based on their transmittance and diffuse reflectance spectra, and their bandgaps have been
estimated by Tauc’s relation. Our results show that the bandgap of the KNN-Mn ceramic
is slightly larger than that of the KNN ceramic. This should be attributed to the increase
in the electronegativity difference between the B-site ions and oxygen arisen from the
partial substitution of Mn3+ for Nb5+. Probably owing to the ineffective substitution of
Cu2+ for the B-site Nb5+, the KNN-Cu ceramic exhibits a similar bandgap with KNN.
The effects of the measurement methods, transmission or diffuse reflection, on the
estimation of bandgap have been studied. It has been found that the bandgaps estimated
by the transmission method are dependent on the sample thickness. Owing to the stepper
change in transmittance, the estimated bandgap for thinner samples are larger. Moreover,
the bandgaps estimated by the transmission method are generally lower than those
obtained from the diffuse reflection method. The direct bandgaps of KNN and KNN-Mn
estimated using the transmittance spectra are 3.16 eV and 3.21 eV, respectively, while
their indirect bandgaps are 3.14 eV and 3.19 eV, respectively. On the other hand, the

direct bandgaps of KNN, KNN-Mn and KNN-Cu estimated using the diffuse reflectance
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spectra are 3.34 eV, 3.41 eV and 3.35 eV, respectively, and their indirect bandgaps are
3.13 eV, 3.22 eV and 3.26 eV, respectively. The differences between the bandgaps
estimated from the transmittance and diffuse reflectance spectra have been discussed

based on their theoretical assumptions.

The ferroelectric photovoltaic properties of the samples have been studied. It has
been shown that the direction of the short-circuit current is opposite to the net polarization
or the poling field, while no short-circuit current is observed in unpoled samples under
illumination. Also, the higher the poling field, the larger the net polarization, and then the
stronger the depolarization field is. As a result, the observed Is increases with the poling
field because of the higher efficiency in separating and drifting the opposite charges. It is
suggested that the driving force of the short-circuit current is attributed to the net
polarization. As confirmed by a controlled experiment, the short-circuit current is
originated from the photo-excited electron-hole pairs. It is note that the observed I
increases rapidly to a maximum value once the sample is illuminated, but it decreases
gradually with time and becomes saturated afterwards. The variations of the observed Isc
is confirmed not contributing by the thermal effect. The repeatability of the observed Isc
has also been evaluated. The observed Isc exhibits similar variations with time in each
cycle that consists of 20-min illumination and 40-min darkness, but decreases slightly in
the consecutive cycles. However, after keeping the sample short-circuited and in the dark
for a long time (e.g., 85 hours), the I increases and reaches almost the same maximum
level as in the first illumination cycle, suggesting that the reduction in I is reversible.
Charged carriers may temporarily be trapped at the sample-electrode interfaces during
the illumination, and the release of the trapped charges is a very slow process that requires

a long period (85 hours) to complete.
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The photocurrent responses of the KNN-Mn and KNN-Cu ceramics have also
been studied. Similar to KNN, the observed Isc for both the ceramic samples exhibit
similar variations with time. However, their maximum values are much lower than that
of KNN, only about 30%. It is interesting to note that, despite the difference in the
maximum level they reached at the beginning of illumination, they all saturate at almost
the same level. The greater Isc observed in KNN may due to its higher defect density.
Charges may temporarily be trapped in the defects when the sample is stored short-
circuited and in the dark. Under the illumination, the trapped charges are excited and
released slowly, and thus contributing to the observed Is.. After the release of most of the
trapped charges, the Isc becomes saturated and reaches a level similar to those for KNN-
Mn and KNN-Cu. As all the ceramics have similar bandgaps, the saturated Isc should then
reflect to the photovoltaic effect. More investigation is needed to further understand the

phenomenon.
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Chapter 1 Introduction

1.1 Motivation and Objective of Research

Since the discoveries of piezoelectric effect by J. and P. Curie in 1880[1] and
ferroelectricity by J. Valasek in 1920[2], various types of ferroelectric materials have
been widely studied and used in different applications, such as ferroelectric memories [3,
4], transducers [S]and actuators [6]. Most of the applications adopt the piezoelectric effect
and the ferroelectric properties of ferroelectric materials. There are relatively few
researches or applications focused on the photovoltaic effect of ferroelectric perovskite
oxides, although it have been already over half a century since the first discovery of
photovoltaic effect in ferroelectric perovskite oxides [7]. Researchers have not paid
attentions on the ferroelectric photovoltaic effect mainly because of its low photocurrent
output, i.e. short-circuit current, and low photo-electric power conversion efficiency. The
mechanism of ferroelectric photovoltaic effect is intrinsically different from that of other
photovoltaic effect, e.g. the photovoltaic effect of p-n junction in semiconductor. The
higher-than-bandgap open-circuit voltage and the switchable short-circuit current in
ferroelectric perovskite oxides are the most attractive aspects and make it distinct from

other photovoltaic materials, which will be introduced in latter chapter.

In recent years, many countries, such as UK, Canada and China, have enacted
more stringent carbon emission restrictions [8-10]. Using clean energy is one of the ways
to reduce carbon emission. However, it is still too pricey for the commercialized silicon

solar energy comparing with fossil energy [11]. These two factors provide incentives for



Qa Chapter 1 Introduction

THE HONG KONG POLYTECHNIC UNIVERSITY

researchers to extensively investigate and study a new generation of solar cells over the
past decade. Ferroelectric perovskite oxides have been considered as one of the potential
candidates of new-generation solar cells because of their low-cost fabrication and the
potential of exceeding the power conversion efficiency limit of silicon-based solar cells

due to their larger-than-bandgap output voltage [12].

Among the researches on ferroelectric perovskite oxides, lead-based perovskite
oxides have been widely studied because of their relatively high photoelectric conversion
efficiency and large remnant polarization [13-19]. However, there is over 60 wt% lead
contained in lead-based ferroelectric perovskite oxides. It is highly volatile during high-
temperature sintering and thus causes severe environmental pollution. In 2014, the Waste
Electrical and Equipment Directive (WEEE) has been enacted for restricting the use of
hazardous materials, including lead, in the manufacture of electronic devices [20]. So,

investigating lead-free ferroelectric perovskite oxides is seemingly inevitable.

There are some potential candidates for lead-free ferroelectric perovskite oxides
in ferroelectric photovoltaic applications, such as bismuth ferrite (BiFeO3), bismuth
sodium titanate (Bio.sNao.sTiO3) and potassium sodium niobate (Ko.sNaosNbO3z or KNN).
Attracted by the relatively low bandgap, bismuth ferrite has been extensively studied in
recent years [21-23]. But researches have overlooked the others, which provide greater

remnant polarization despite having larger bandgap [24-28].

Potassium sodium niobate has drawn the least attention and there are very few
researches focused on its ferroelectric photovoltaic effect. Some studies have found that,
after material engineering, KNN has superior properties and is comparable to the-state-

of-art lead-based perovskite oxides[28]. Therefore, KNN may also be a good candidate

Ting Ho Fung 2
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that has potential to achieve good photovoltaic properties. In this study, the KNN-based
perovskite oxides have been fabricated and their ferroelectric photovoltaic responses have

been investigated with the use of interdigital transducer (IDT) electrodes.

1.2 Outline of Thesis

To demonstrate and study the ferroelectric photovoltaic effect in KNN-based
perovskite oxides is the main objective of this thesis. The introduction is followed by the
literature review in Chapter 2, which includes the fundamental knowledge of
ferroelectricity, the comparison between the photovoltaic mechanisms in semiconductors
and ferroelectric perovskite oxides and the-state-of-art researches on ferroelectric

photovoltaic effect.

The detailed fabrication procedures of KNN-based perovskite oxides are
described in Chapter 3, as well as the characterization of their dielectric, piezoelectric,

ferroelectric and optical properties.

Chapter 4 reports the ferroelectric photovoltaic effect of KNN-based perovskite
oxides. It provides a detailed device fabrication process, the experiment method, results

and discussion.

Finally, Chapter 5 concludes the study of this thesis and proposes suggestions for

future works.

Ting Ho Fung 3
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CHAPTER 2 Literature Review

2.1 Introduction

Ferroelectric photovoltaic effect is distinct from the photovoltaic effect in
semiconductor p-n junctions. Its unique mechanism allows ferroelectric perovskite oxides
to generate an output voltage that is higher than its bandgap as well as a switchable current
along the polarization direction when illuminated with photons of energy higher than its
bandgap. In this Chapter, the ferroelectric photovoltaic effect will be introduced and
compared with the photovoltaic effect in semiconductor p-n junction. Before that, the
fundamental concept of ferroelectricity will be introduced, which is important for
understanding the ferroelectric photovoltaic effect. Finally, the state-of-the-art researches
will be reviewed for introducing the ongoing researches in the field of ferroelectric

photovoltaic effect.

2.2 Ferroelectricity

Ferroelectricity, or ferroelectric effect, is the ability of a certain material of which
the spontaneous polarization can be reoriented by applying an electric field higher than
its coercive field (Ec) at temperature below its Curie temperature (Tc). The effect was

discovered by J. Valasek in 1921 [2]. The ferroelectric properties can be evaluated via a

Ting Ho Fung 4
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hysteresis loop (or PE-loop) measurement. Ferroelectric materials, in most cases, have a
perovskite structure [29]. It is noted that there are not many perovskites are ferroelectric
[30]. In this chapter, we will discuss the ferroelectricity in perovskite oxides only for the

sake of simplicity.

In the following sections, the perovskite structure will be first introduced with the
concept of Curie Temperature. Domains and Domain walls will then be introduced and
followed by the most important feature of ferroelectricity — hysteresis loop. Finally, the
relations between dielectric, piezoelectric, pyroelectric and ferroelectric will be

introduced.

2.2.1 Perovskite structures and Curie Temperature

Perovskite structure is commonly seen in ferroelectric materials such as barium
titanate (BTO), potassium niobate (KNO), bismuth ferrite (BFO) and lead titanate (PTO).
It is in the form of ABX3, where A and B are the atoms at position (0, 0, 0) and position
(1/2, 1/2, 1/2) of the unit cell, respectively, and X sit at position (1/2, 1/2, 0), (1/2, 0, 1/2)
and (0, 1/2, 1/2) of the unit cell. A and B are usually positively charged ions, and X is

oxygen for perovskite oxide [29, 31].

Perovskite structure can be in the form of cubic, tetragonal, orthorhombic or
rhombohedral. The cubic form exists when the temperature is above the Curie
temperature (Tc), while the other forms exist only when the temperature is below Tc [32].
The cubic structure, illustrated in Figure 2.1a, is centrosymmetric and does not produce

any (spontaneous) polarization while the tetragonal, orthorhombic and rhombohedral
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structures produce spontaneous polarizations contributed by the off-centered B ions and

off-set O ions. The tetragonal structure is illustrated as an example in figure 2.1b.

The B site ion in the perovskite structure always tends to sit at the lowest internal
energy position. As illustrated in figure 2.1c, when T > T, there exists only one minimum
state at the center of cubic. At lower temperatures (T < Tc), the energy profile distorts
and two off-center minimum states occur, which correspond to the position below or
above the tetragonal center as illustrated in figure 2.2d. The B site ion will be located at
either one of the off-center minima when it is free of external influences, e.g. electric field
and mechanical force. The A site ions will be distorted. The charges correspond to the A
site ion, B site ion and O ion thus produce a spontaneous polarization. Reorienting the
spontaneous polarization requires a sufficient energy to move the B site ion across the

energy barrier to the opposite side [32, 33].
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Figure 2.1 a) A typical perovskite structure in cubic phase with temperature higher than Curie Temperature, b) A
perovskite structure in tetragonal phase exhibit an electric dipole due to its off-centered B-site atom at temperature
lower than Curie Temperature, ¢) and d) the corresponding internal energy profile of cubic structure and tetragonal

structure, respectively.

2.2.2 Domains and Domain Walls

A domain in ferroelectric ceramics or thin films is defined as a region in which all
the spontaneous polarizations are oriented in the same direction. The regions between
domains are defined as domain walls. The spontaneous polarization in a domain induces

positive and negative surface charges on its head side and tail side. The electric field
Ting Ho Fung 7
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formed by the surface charges is defined as the depolarization field, Ege. The
depolarization field can be strong and makes the formation of single-domain ferroelectric
crystal impossible [29, 34]. By forming multiple and small domains, the depolarization

field can be reduced and the material becomes energetically stable.

For example, in a tetragonal structure, there are two types of domain walls, 90°
wall and 180° wall, as illustrated in figure 2.2. The walls separating two domains with
their polarization oriented perpendicularly are 90° walls and those separating domains
with polarizations oriented in the opposite directions are 180° walls. The depolarization
field can be reduced by both 180° walls and 90° walls, while 90° walls may additionally

reduce elastic energy [29].

/7
domain
-ps_j— +Ps  wall 7
| | region

domain wall region

Figure 2.2 Two types of domain walls, a) 180° walls and b) 90° walls. The domain wall region is the area between two

dashed line [29].

At temperatures above Tc, the perovskite is in cubic phase and the distance

between the B site ion and its six neighboring O ions are equal. There are 6 possible
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directions for the B site ion to move, with equal probabilities, as the material is cooled
through Tc. The domain formation is governed by electrical and mechanical constraints.
Usually, the material is subjected to a combination of electrical and mechanical
constraints in cooling through the Tc, and thus leading to a complex structure containing
a combination of 180° walls and 90° walls. As illustrated in figure 2.3, when the
perovskite cubic phase transforms to a tetragonal phase in cooling through Tc, 90° walls

are created to reduce elastic energy whereas 180° walls are created to minimize the

depolarization field [29].

creation of 90° walls

stress ar ar
"' Cr
..__) aT
CT PS PS
*‘
cubic d ar ar Cr
dc| phase + + + + 4+ - + -
\ Ps
Eq
a C N
© T1|Ps Cr
—— - — -+ -+

creation of 180° walls

Figure 2.3 Formation of domain walls. The creation of 90° walls under mechanical constraints and the creation of
180° walls under electrical constraints as the cubic phase transforms to tetragonal phase while it is cooled through Tc

[29].

2.2.3 Poling and Hysteresis Loop
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In an as-prepared ferroelectric ceramic or film, the domains are usually randomly
oriented and the bulk ceramic or film exhibits zero net polarization. Before utilizing the
ferroelectric materials in various applications, it is essential to align the spontaneous
polarization in each domain in the same direction to obtain their unique properties, e.g.
piezoelectric and pyroelectric effect. The process of aligning the domains’ polarizations
coercively in one direction using a high external electric field is called poling. A net
remnant polarization will be generated after poling [29]. Usually, the poling process is
conducted at a temperature slightly below the Curie temperature to reduce the potential
barrier for moving the B-site ion. The schematic diagram shown in figure 2.4 illustrates

the poling process.

before poling, Pr =0 after poling, Pr #0

Figure 2.4 The domains are randomly oriented in a polycrystalline ferroelectric material before poling and it produces
zero net remnant polarization. The domains are coercively aligned along the poling field. After poling, the material
produces a net remnant polarization [29].

The ability of ferroelectric materials to switch the polarization under an external
electric field can be evaluated from the hysteresis loop (or P-E loop), which is a loop

describing the relation between the external electric field and net polarization of the
Ting Ho Fung 10
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material. The P-E loop can be experimentally observed by using the Sawyer—Tower

circuit [35].

Figure 2.5 shows a typical hysteresis loop. At the start point A, the as-prepared
ceramic contains randomly oriented domains and exhibits a zero net polarization. An AC
electric field (E = Eosinmt) starts to apply on the ceramic. In the very beginning (i.e., the
very first section of segment AB), E is small and not high enough to orient the
polarizations in domains. The observed net polarization P is then mainly contributed by
the dielectric polarization and increases linearly with E, following the typical relationship

P = yE,where y isthe dielectric susceptibility of the material [29]. As E increases, the

polarizations start to switch along the field direction, and thus contributing to the observed
polarization. As a result, the observed P becomes increased nonlinearly with increasing
E. At point B, all the domains are aligned along the poling field, giving a maximum P
that is defined as the saturated polarization, Ps. As E decreases (i.e., from B to C), some,
but not all, domains’ polarizations relax, causing a decrease in the observed P. At point
C or E = 0, the material exhibits a net (non-zero) polarization that is called the remnant
polarization, P;. As E continues to decrease and becomes negative, i.e., alter the direction,
the domains are forced to switch to the opposite direction. As a result, the observed P
decreases and reaches a zero value at point D. The amplitude of the electric field at this
point is defined as the coercive field, Ec. At point E, all the domains are switched in
opposite direction and the observed P reaches a minimum value or -Ps. Similarly, if E
now increases, some domains relax and the observed P increases, giving a remanent
polarization in opposite direction, i.e., -Pr, at point F [29, 36]. For an ideal hysteresis loop,

the shape is rotational symmetric and |EC| = |— EC| and

P

:|_p

e
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Figure 2.5 A typical hysteresis loop of a ferroelectric ceramic [36].

2.2.3 The relations between Dielectric, Piezoelectric, Pyroelectric and

Ferroelectric
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Ferroelectric materials (after poling) provide both piezoelectric and pyroelectric
effects. However, piezoelectric materials may not be pyroelectric, and pyroelectric
materials must be piezoelectric but may not be ferroelectric [37]. The Venn diagram
shown in Figure 2.6 illustrates the relation between dielectric, piezoelectric, pyroelectric

and ferroelectric.

In the following sections, piezoelectricity and pyroelectricity will be introduced.

Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

Figure 2.6 Venn diagram of the relations between Dielectric, Piezoelectric, Pyroelectric and Ferroelectric.

2.2.3.1 Piezoelectricity
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Piezoelectricity, or piezoelectric effect, is the generation of electrical potential
across a material when a mechanical stress is applied. On the contrary, the converse
piezoelectric effect is the appearance of a physical deformation on a material when an

electric field is applied [29].

The piezoelectric effect was first demonstrated by Paul-Jacques Curie and Pierre
Curie in 1880. They demonstrated the effect on various crystals such as tourmaline, quartz,
topaz, cane sugar, and Rochelle salt [1]. The converse piezoelectric effect was first
theoretically deduced from thermodynamic principles by Gabriel Lippmann in 1881 [38].

Both the direct and converse piezoelectric effect are reversible.

A schematic explanation of piezoelectricity is shown in Figure 2. Figure 2a shows
the piezoelectric material at a natural state. Figures 2b and 2c¢ explain the relations
between the output voltage and external force in the direct piezoelectric effect while
figures 2d and 2e explain the relations between the applied voltage and induced forces in

the converse piezoelectric effect.
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Figure 2.7 a) a piezoelectric material at natural state, temperature below Curie point, b) and c) Direct piezoelectric
effect - Electric potentials induced by external compressive force or tensile force, d) and e) Converse piezoelectric
effect — Forces induced by external voltages applied on material.

The direct and converse piezoelectric theoretical equations were developed by W.

Voigh in 1910 [39],

S, =Su(E)-Ty+d,,E, - (2.1)

y

D, =d, T, + gg'(T) : Ej """ (2'2)

where S is the strain, s is the elastic compliance, T is the stress, d is the piezoelectric
coefficient, E is the external electric field, D is the electric displacement, ¢ is the
permittivity, 1, j, k, I, m = 1, 2 and 3. Equation 2.1 describes the converse piezoelectric

effect and equation 2.2 describes the direct one.

2.2.3.2 Pyroelectricity
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Pyroelectricity, or pyroelectric effect, is the generation of an electrical potential

across the material when it is heated or cooled.

The pyroelectric effect has a long history. The first discovery of the effect was in
314BC by Theophrastus [40]. The effect was named by Sir David Brewster in 1824 and

the theory of it was developed by William Thomson and WoldemarVoigt [41-43].

In a polar material, the dielectric displacement equation can be expressed in

D=¢gE+ P+ (2.3) (the format is different from eqn. 2.1 and 2.2 as well as 2.4)

where D is the dielectric displacement, & is the permittivity, £ is the electric field and Ps

is the spontaneous polarization.

Equation 2.4 is the derivative of equation 2.3 with respect to the temperature,

where p,'= % is defined as the pyroelectric coefficient[29].

2.3 Photovoltaic effect

Photovoltaic effect is the generation of free electrons and holes upon the
absorption of light. The electrons and holes are driven by a built-in field and reach the
electrodes for producing voltage or current [44]. The first demonstration of photovoltaic
effect was conducted by Edmond Becquerel in 1839 using an electrochemical cell [45].
However, most of the photovoltaic cells used nowadays are solid-state materials due to

their stabilities and promising performances.
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In this section, the physics of photovoltaic effect will be introduced. First, the
photovoltaic effect in semiconductors will be described and followed by that in
ferroelectric materials. The mechanism, advantages and drawbacks will be discussed and
compared. Finally, the state-of-the-art of researches in ferroelectric photovoltaic effect

will be given.

2.3.1 Photovoltaic effect in semiconductor

2.3.1.1 Semiconductor

Semiconductor is a kind of materials of which the electrical properties are in
between those of conductors and insulators. It can be classified using the concept of
bandgap. Bandgap is defined as the energy required to excite an electron from its bounded

state (valence band) to a free state (conduction band) in a material.

Figure 2.8 illustrates the band diagrams of these three kinds of materials. For
conductors, the valence band is overlapped with the conduction band. There always exist
free electrons in the conduction band so they are conducting. For insulators, the bandgap
is very large, contributed by its ionic bonds [12]. High energy is required to excite
electrons from the valence band to the conduction band. So, they are electrically insulated.
For semiconductors, the bandgap is much lower than that of insulators, typically 1eV to
2eV. Owing to the low bandgap, there are fistful of electrons existed in the conduction

band at temperatures above absolute zero due to thermal excitation.
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The temperature dependences of the (electrical) conductivity for conductors and
semiconductors are different. The conductivity of conductors (e.g. metals) decreases as
the temperature increases due to lattice scattering [46]. However, for semiconductors, the
conductivity increases with increasing temperature because more electrons are excited to
the conduction band due to thermal excitation. Be noted that, at sufficiently high
temperatures where significant amount of electrons are excited to the conduction band,
the semiconductor will become a conductor and its conductivity will decrease with

increasing temperature due to lattice scattering [47].

Conduction Band
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Conductor Semiconductor Insulator

Figure 2.8 The band diagram of conductor, semiconductor and insulator

2.3.1.2 p-n junction

Most of the applications do not adopt the intrinsic semiconductor (or undoped
semiconductor). In applications of energy harvesting, excited electrons cannot be

obtained in an intrinsic semiconductor because of the lack of driving force. A p-n junction
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provides an internal electric field for driving the electrons and holes to the electrodes so

that electricity can be harvested.

The electrical properties of semiconductors can be altered via doping. For
example, the free electron concentration of silicon can be increased by doping elements
in the fifth column of the periodic table (e.g. phosphorus) to make it become an n-type
semiconductor. On the other hand, if elements in the third column of the periodic table
(e.g. boron) are used as dopants, the hole concentration will be increased and the doped

silicon will become an p-type semiconductor.

When an n-type and an p-type silicon are brought together, as driven by the
electron concentration gradient, the free electrons in the n-type region will diffuse into
the p-type region, leaving positive ions in the n-type region. Space charges are then built
up at the interface and a depletion region is formed. Figure 2.9 illustrates the formation
of a depletion region at the p-n junction. The built-in electric field by the space charges
repels the electrons from further diffusion. At the equilibrium state, a potential difference

Vi, 1s created across the depletion region [44, 48-50].
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Figure 2.9 lllustration of the p-n junction and depletion region [48].

2.3.1.3 Mechanism of photovoltaic effect in semiconductor

As mentioned in the previous section, the intrinsic semiconductor cannot be used
as photovoltaic cells because of the lack of driving force for harvesting the electricity.

After introducing a p-n junction, the electrons can be driven out and collected.

In photovoltaic applications, when photons with energy higher than the bandgap
enter the depletion region, the electrons in the valence band are excited to the conduction
band and become free electrons, leaving holes in the valence band. The excitons are then
driven out the depletion region by the built-in electric field and diffuse to the electrodes
[51]. The induced voltage difference between the electrodes is called the open-circuit

voltage V. If the electrodes are connected with a wire, the electrons will flow through
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the wire and recombine with the holes at the p-type electrode. The corresponding current

is called the short-circuit current, Isc.

2.3.2 Ferroelectric photovoltaic effect

Ferroelectric photovoltaic effect is distinct from the photovoltaic effect in
semiconductors because of its intrinsically different photovoltaic mechanisms. There are
various mechanisms proposed for the anomalous photovoltaic effect appeared in
perovskite oxide since its discovery, which is a very high output voltage generated by
illumination. The mechanisms were theoretically and experimentally studied over the last
few decades but a single mechanism is still lacked for universally explaining all the

photovoltaic-related phenomena observed in ferroelectric perovskite oxides.

In the following sections, the well-developed mechanisms of ferroelectric

photovoltaic effect will be introduced.

2.3.2.1 Depolarization Field Effect

After poling a ferroelectric perovskite oxide, a net remnant polarization is
established in the material across two electrodes. Polarization charges are distributed at
the head-side and tail-side of the surfaces, respectively. Usually, the free charges at the
electrodes cannot perfectly screen the polarization charges due to the non-coincidence

between the centers of gravity of the compensating charges and polarization charges. The
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net charges produce an electric field opposite to the direction of the polarization and it is
named the depolarization field, Eqp [52, 53]. As the depolarization field is originated from
the charges at the two surfaces of the ferroelectric oxide, its magnitude will be increased
with decreasing the thickness. It is believed that the depolarization field should be the
major driving force for separating the photo-generated carriers [54]. It is also suggested
that the depolarization field may contribute to the anomalous photovoltage but a
qualitative study of the relation between the depolarization field and photovoltage has not

been reported yet [54, 55].

Different from the semiconductor cells in which only the narrow depletion region
with built-in field can separate the excitons, the depolarization field is uniform across the
whole ferroelectric oxide and thus the excitons wherever generated can be driven to the
electrodes [56]. Furthermore, the phenomenon of the switchable photovoltaic response
driven by switching the ferroelectric remnant polarization can be explained by the

depolarization field effect straightforwardly.

2.3.2.2 Bulk Photovoltaic Effect

Due to the non-centrosymmetric properties of ferroelectric perovskite oxides, the
transition probability of an electron from a momentum £ state to £’ state is not equal to
that of the reverse process. The imbalance transition probability provides a non-
symmetric momentum distribution for the photo-generated. Consequently, a short-circuit

current J. will be generated under above-bandgap illumination [57]. The short-circuit
current can be described as:
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Joo =Gal -+ (2.5)

where G is the Glass coefficient, ¢ is the material absorption coefficient and 7 is the
incident light intensity. The total current J in general case with the present of electric

field can be expressed as:

J=Js +(0, +0,,)E--(2.6)

where 0, and o, are the dark conductivity and photoconductivity of the material,

respectively, and E is the electric field. The open-circuit voltage V,. can be expressed

as:

Voe =Eped = Jscd = Gad (2.7)
o,+0,, o0,+tC

where d is the electrodes distance. From Equation 2.7, it can be seen that V. is not

dependent on the bandgap but the electrodes distance. It is believed that the anomalous

photovoltaic effect can be explained by this model [58].

In some cases, e.g. in Fe-doped LiNbO3 crystals, V. is linearly related to the
incident light intensity (I) if the photoconductivity o, is not sensitive to I and is
significantly smaller than o,. However, a constant V. can be observed over a range of
Lif o, is sensitive to I and is significantly larger than o, . This phenomenon is observed

in Fe-doped KNbO;s crystals. It is explained that the differences in photoconductivity are

contributed by the life time of the photo-generated carriers [59].
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Domain wall theory is the most recent model proposed by Yang et al. to explain
the ferroelectric photovoltaic effect. With the support of their experimental results, they
asserted that the separation of charges was attributed to the potential steps at the domain
walls [22]. The existence of potential steps in domain walls was also theoretically proofed

before the Yang’s experiment [60].

In Yang’s experiment, it was observed that the photovoltage of a BFO film
increased linearly with the electrode distance, i.e. the number of domain walls, along the
polarization direction (Figure 2.10a, ¢ and e). The potential drop at each domain wall was
calculated to be approximately 10mV, independent of the width of the domain. The
photovoltaic effect disappeared when the electrodes were deposited perpendicularly to

the polarization direction (Figure 2.10b and d) [22].

In this model, the open-circuit voltage eutput is actually the sum of the potential
drops at the domain walls. Therefore, the open-circuit voltage is, again, not dependent on
the bandgap but the number of domain walls existed between the electrodes. It is also
suggested that the ferroelectric photovoltaic effect is dominated by the domain wall effect.
Owing to the higher recombination rate, the lifetime of the photogenerated excitons in the
domains is normally shorter. Thus, the bulk photovoltaic effect is neglected in the domain

wall model [22, 61].

However, the domain wall model is still controversial as it fails to fully explain
the phenomena existed in some later studies. First, Bhatnagar et al. revealed an angular

dependency of photoresponse on the polarized incident light [62]. The domain wall model
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could not explain this phenomenon well because the photoresponse in this model is
originated from the potential drops at domain walls and then is independent of the light
polarization direction. Secondly, Nakashima et al. showed an above-bandgap open-circuit
voltage in a single-domain BFO film [63]. Obviously, the film contains no domain walls
and the open-circuit voltage should then be generated by other mechanisms rather than
the domain wall model. Finally, Alexe ef al. showed that the lifetime of photo-generated
carriers in domains has no significant difference with that in domain walls. And it is
further proposed that the anomalous photovoltaic response should not be dominated by

the domain wall effect but the bulk photovoltaic effect [62, 64, 65].
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Figure 2.10 The schematics diagrams showing the electrodes in a) parallel and b) perpendicular direction to domain
walls. The corresponding I-V characteristic of the sample shown in a) and b). e) The electrode distance dependence of
open-circuit voltage measured on 100nm, 200nm and 500nm film, as well as a single domain film with no domain walls

[22].
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Schottky barrier effect is considered as one of the driving forces for the separation
of the photo-generated charges. The effect exists only when two different materials are
used as electrodes on a homogeneous ferroelectric oxide. When two materials with
different work functions are brought into contact, an energy barrier will be formed at the
interface. A built-in electric field is formed in the region near the interface. It is analogous
to the built-in electric field at the p-n junction of semiconductors. The output photovoltage

is limited by the bandgap of ferroelectric oxides [66].

The difference between the barrier heights at the bottom and top electrodes
determines the direction and magnitude of the photo-response output. By proper selection
of electrodes material, the photovoltaic response could be enhanced by the Schottky

barrier effect [18, 67].

2.3.2.4 Optical Properties of Ferroelectric Perovskite Oxide

Ferroelectric perovskite oxides usually have a relatively large bandgap due to the
presence of ionic bonds between transition metals and oxygen. In an excitation process
across the bandgap, an electron is excited from the 2p state of oxygen (which locates in
the valence band) to the d states of transition metals (which locate in the conduction band).
The excitation requires high energy because of the large differences in electronegativity
between transition metals and oxygen. Thus, the bandgap is much larger than that in
semiconductor, which consists of covalent bonds [12]. Most of the conventional
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ferroelectric perovskite oxides have a bandgap larger than 3 eV [26, 27, 68-70], while
BFO thin films and single crystals exhibit a low bandgap of 2.7 eV and 2.2 eV,
respectively [21]. Owing to the large bandgap, the ability to utilize the solar spectrum is

limited and only 25% of solar energy can be absorbed using BFO single crystals.

2.3.3 Photovoltaic effect comparison on semiconductors and ferroelectric

perovskite oxides

For semiconductors, the solar power conversion efficiency, 77, is governed by the

short-circuit current, /., and open-circuit voltage, V.. It can be expressed as:

I, xV, xFF
ﬂ:% ...... (2.8)

where FF is the fill factor and P is the total power of incident light.

Both /. and V. are influenced by the bandgap. A narrow bandgap will lead to
a larger /¢ because a wide solar spectrum can be absorbed. At the meantime, it will
reduce V,. because V. is bounded by the bandgap. A wide bandgap will increase V.
but reduce /.. Figure 2.11 shows the theoretical maximum efficiency as a function of

bandgap energy for a single p-n junction solar cell. The maximum solar energy
conversion efficiency is 33.7% obtained in a single p-n junction semiconductor with a

bandgap of 1.34 eV [71].
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On the other hand, due to the large bandgap and poor electric conductivity of
perovskite oxides, the short-circuit current output is usually extremely low. However,
according to the bulk photovoltaic model and the domain wall model, the open-circuit
voltage theoretically has no limit. These imply that the solar conversion efficiency of
perovskite oxides may be comparable with that of semiconductor-based solar cells. To
achieve a high conversion efficiency, studies focusing on reducing bandgap and
enhancing conductivity while maintaining the remnant polarization and optimizing the

devices’ structure are suggested.
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Figure 2.11 The theoretical maximum efficiency of a single p-n junction solar cell in function of bandgap. The
bandgaps and maximum obtained efficiencies from different materials are also shown.

2.3.4 Review on the state-of-the-art researches
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The researches in the field of ferroelectric photovoltaic effect focus mainly on

engineering the bandgap or device structure to obtain higher power conversion efficiency

or to achieve other purpose.

In 2013, Grinberg et al. reported a successful bandgap engineering on ferroelectric
perovskite oxides. The solid-state [KNbOs3]o.s[BaNio sNbo.s03.qJo.2 was fabricated using
conventional methods, and the bandgap was found highly tunable with a range of 2.7 eV
and can be surprisingly low with 1.1eV (Figure 2.12a). The high concentration of Ni**
substituted the Nb>* and high density of Oxygen vacancy, V.. The large size of K and Ba
cations favor the formation of high density of vacancy. The low bandgap is attributed to
the Ni-V,-Ni bonds, confirm with the reported electronic structure simulation. Also
remark that the ferroelectric properties and the magnitude of remnant polarization were
maintained. The sample also shows a polarization direction dependence current [12].
However, the KBNNO was in ceramic form and the photocurrent was too low to be

utilized in energy harvesting applications. Better performances are expected in KBNNO

high-quality thin film.

In 2014, Nechache, R., et al. demonstrated another bandgap engineering by
modifying the cationic order and domain size. The bandgap of 1.4eV was obtained in
Bi,FeCrOs(BFCO) double perovskite via the modifications in domain size (D) and Fe/Cr
cationic ordering parameter (R). It was found that increasing R and enlarging D can
reduce the bandgap (Figure2.12b and c). The research group then fabricated a solar with
multilayered thin film structure using BFCO film with different R and D as different
layers. By superpositioning the absorption peak from different layers, a record-breaking
efficiency of 8.1% was achieved [72]. Besides, modifying the electrode materials and

film thickness would also boost the efficiency because of the enhanced photocurrent. A
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high energy conversion efficiency of 19.5% in PLZT film is predicted by simulation [73].

It would undoubtedly draw attentions to researchers for experimental verifications.c

In 2016, Wang L, et al reported a new approach of utilizing the BiFeO3 (BFO)
perovskite oxide. The BFO was used as an oxide dye and interfaced with charge-
transporting TiO» nanoparticles. The photovoltaic properties were improved by
improving the charge extraction efficiency, which 1.0 V of open-circuit voltage was
obtained and the fill factor of 55% is reached. It is the highest fill factor recorded by far.

[74]

In 2017, Wu, M, et al bandgap engineered the SrBioNb,Oo (SBNN) via Ni doping.
The Sro.91Bi2.09Nb1.91Nig.090s91 showed the lowest bandgap of 2.25 eV. The remnant
polarization was remained at a high level of 2.5 uC/cm?, despite the high concentration
of Oxygen vacancy it has. The experimental results were confirmed with first-principle

calculation. [75]

On the other side, Han, H, et al reported a new method of bandgap engineering.
The bandgap of hexagonal YbFeOs3 (h-YbFO) was reduced by introducing compressive
strain. The photovoltaic efficiency of h-YbFO/Pt/MgO heterojunction device with
compressive strain was reported 3 times better than that of h-YbFO/Pt/A1203 device with
tensile strain. Confirmed with the density functional theory, the compressive strain on h-
YbFO could enhance the polarization and reduce the bandgap as well. Thus, it leads to an

improvement on photovoltaic efficiency. [76]

In 2018, another method of improving the power conversion efficiency has been
reported by Chakrabartty, J, ef al. The power conversion efficiency of BiMnOs3 have been

improved and reached 4.20% by mixing BiMn2Os crystal phases. It was reported that the
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grains but the grain boundaries and interfaces. It is further reported that the Isc and Vo

could be tuned by tuning the electrical resistance of the device.[77]

Other than the application of solar energy harvesting, it may also possible to
utilize the ferroelectric photovoltaic effect in various applications due to its above-
bandgap photo-voltage and the polarization direction sensitive photo-current. Last but not
least, the ferroelectric perovskite oxide may combine its photovoltaic effect with

piezoelectric or pyroelectric effect in some applications to boost its multifunctionality.

Ting Ho Fung 32



QE Literature Review

THE HONG KONG POLYTECHNIC UNIVERSITY

a 10 b 1 1 1 1
— KNbO, 8 -
—x=0.1 &BNN
& 8 = — X =0.2 NN
E - X = 0.3 KBNNO ~
5 — X = 0.4 KBNNO =
N - X = 0.5 KBNNO 8
s % — Gahs 3
L3 — CdTe -
= &
X 44 Q
. 3
S
& 21
0 — T l T T T 2 ) ]
10 15 20 25 30 35 : 45 1.5 20 25 3.0
Iy (eV) Photon energy (eV)
C Wavelength (nm)
827 620 496 413
1 " 1 " 1 i L
3
N
-
=
&
K
0.0

15 20 25 30
Photon energy (eV)
Figure 2.12 Tauc plots of a) KBNNO [12], b) BFCO with various R value and ¢) BFCO

with various Domain size, L1 has the largest size (26nm) and L4 has the smallest (10nm)

[72].
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Chapter 3. Sample Fabrication

and Characterizations

3.1 Introduction

Among the lead-free perovskite oxides, KosNaopsNbO3 (KNN) has drawn
attention to the researchers due to its promising piezoelectric and ferroelectric properties,
as well as its high Curie temperature, which are comparable to those of PZT [28, 78].
However, the ferroelectric photovoltaic effect of KNN has not been widely studied. To
study the ferroelectric photovoltaic effect of KNN, one major obstacle is its poor
densification by the conventional solid state sintering. It leaves many micron-size pores
on the surface and inside the bulk. As an interdigital electrode pattern, with micro-size
electrode gaps, will be deposited on the sample surface, the pores would lead to great
problems in the pattern deposition. To overcome the problem, MnO; and CuO were
chosen as additive dopants since they have been shown to be effective sintering aids for

densifying the KNN ceramics in others’ previous studies [79-81].

In this Chapter, the fabrication of the ceramic samples will be described. Then,
the characterization method will be introduced. Finally, the result of the sample
characterization will be presented and discussed.

3.2 Sample Fabrication

Before the sample fabrication, all the equipment was cleaned by 99.9% Ethanol

to prevent contamination to samples. In this study, Ko sNao.sNbO3 (KNN), Ko.sNao.sNbO3
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+ 0.25 mol% MnO> (KNN-Mn) and Ko sNagsNbO; + 1 mol% CuO (KNN-Cu) were
fabricated. Since alkali metal carbonates are sensitive to moisture, they were kept in an

oven at 150 °C for 8 hours or above before use.

3.2.1 Conventional fabrication

The raw materials used are shown as follows:

1. Sodium carbonate - Na2CO3 (99%, International Laboratory USA)

2. Potassium carbonate - K2CO3 (99.9%, International Laboratory USA)

3. Niobium pentoxide - Nb205 (99.99%, Sinopharm Chemical Rengent Co. Ltd.)
4. Manganese dioxide - MnO2 (99.9%, International Laboratory USA)

5. Copper Oxide — CuO (99%, International Laboratory USA)

The raw powders were weighed in stoichiometric ratio with an electronic balance
(ME204, Mettler Toledo), and then were mixed and milled by zirconia balls in an ethanol-
filled milling bowl for 8 hours. The mixture was placed into an oven at 150°C to vaporize
the ethanol. The remained mixed powder was calcinated at 800°C for 2 hours in an
alumina crucible. The temperature profile is shown in the inset of Figure 3.1. The
calcinated powder was then ball-milled again for 8 hours. For KNN-Mn and KNN-Cu,

the additive was weighed and added before ball-milling.

After drying in an oven, the powders were mixed with a 5-wt% polyvinyl alcohol
(PVA) solution. The weight ratio of the powders to the PVA solution was 1 : 0.015. The
mixture were then mixed, grinded, dried, sieved with a 80-mesh screen, and finally
pressed into disc samples with a diameter of 12 mm under a pressure of ~70 MPa. The

samples were then baked at 650°C for 2 hours, with a slow increasing rate, to burn out
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the PVA binder. Finally, dense ceramics discs were obtained by sintering at 1090 —
1110°C for 2 hours in air. A brief working flow with temperature profiles for the

calcination and sintering processes is shown in Figure 3.1,.

Raw material weighing

Ball-milling
g 800°C, 2hr
Calcination ¢ 2 Jocmn |\ ccymi
Ball-milling RT———— -
Adding PVA
Dry pressing
PVA removal I
g 1090-1110°C, 2hr
SI nte rl ng <:: g 2°C/min 4°C/min
RT >
Time

Figure 3.1 Working flow of conventional sintering technique.

3.2.2 Poling
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Before poling, both surfaces of the as-sintered ceramics were polished using 2000

Grit sandpapers to reduce the surface roughness and obtain a uniform thickness. Silver

electrodes were then fired onto both surfaces at 750 °C for 30 mins.

To obtain a net remnant polarization, the ceramics have to be poled under a bias

electric field above the coercive field Ec. The sample was placed in a silicone oil bath and

heated to 150°C. A D.C. voltage was applied according to the sample thickness to provide

a poling field along the thickness direction. The sample was cooled down in the oil bath

after 30-mins poling. The poling field was remained until the temperature decreased to

room temperature. A schematic diagram of the poling system is shown in Figure 3.2

D.C. Power

Supply

Voltage
Tuner

Voltmeter

Trek P0621
Power amplifier
3000X

L Sample
10 x 10MQ —‘ /

Silicone Oil C ‘

Heater

Figure 3.2 Schematic diagram of the poling system
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3.3 Sample Characterization

In this section, the characterization methods adopted in this study will be
introduced. The characterizations are roughly divided into three parts: general and

structural characterization, electrical characterization and optical characterization.

3.3.1 Structural Characterization

3.3.1.1 Density measurement

The density of a ceramic is very dependent on the fabrication conditions. It
indicates the ceramic’s quality. Contaminations during preparation or improper sintering
conditions may cause impurities and pores inside the ceramic and lower the density.
Consequently, the performance of the ceramic, in most of the applications, will be

degraded.

In this study, the density of samples was determined using Archimedes’ principle.

The dry mass, m,, , of the sample was measured in air. The same sample was then

immersed in water and the corresponding mass, m was measured. The density of the

water

sample was calculated using Equation 3.1:

p = o ' p e (3 . 1)

My =Mygter

where p is the density of the ceramic and p, . 1s the density of water. The density of
water is assumed to be 1000 kg/m?.
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The density of a material is compared to its theoretical density, TD, to evaluate

the quality. The TD can be calculated by Equation 3.2.

k

ZniMi
TD =20 ... 3.2
G2

where 7, is the number of the i atom contained in the unit cell, M, is the molar mass of
the i™ atom, V is the volume of the unit cell and N, is the Avogadro constant. The

volume of the unit cell can be calculated with the lattice parameters obtained from XRD

results.

3.3.1.2 X-Ray Diffraction (XRD)

The X-Ray Diffraction, or XRD, is a tool to study the crystal structure of
crystalline materials by analyzing the diffraction pattern produced via the interactions
between the X-ray and the crystal lattices. XRD may be used to identify unknown crystals
or determine the lattice parameters. Absorption, transmission and scattering will be
occurred when an X-ray beam is incident on the sample. The scattered X-ray from the
lattices produces a diffraction pattern. The diffraction peaks appear at certain incident

angle according to Bragg’s Law (Equation 3.2).

2d,, sin 0, =ni-----(3.2)

where h, k and | are the miller index, d is the interplanar spacing of {hkl} set of lattice
planes, 6,,, is the incident angle of X-ray beam, n is the order of diffraction, and A is the

wavelength of the incident X-ray.
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In this study, the powder-form samples were used for the characterization. The as-
sintered ceramic samples were grinded into powder form and sieved with a 80-mesh
screen. The X-ray used was CuK,, radiation with A = 0.154 nm (SmartLab, Rigaku Co.,

Japan).

3.3.1.3 Scanning Electron Microscope (SEM)
SEM is an electron microscope that produces images with resolution in sub-nano
scale. The SEM is consisted of 3 main parts: an electron source, a lens system, and

detectors.

The system works at vacuum environment to reduce the collision between
electrons and air particles. In the operation, electrons are generated by an electron gun
and accelerated toward the lens system. The electron beam is focus by the lens system
and incident on the specimen with a spot area of few nanometers. Various signals will be
obtained, such as secondary electrons (SE), backscattered electrons (BE), auger electrons
and characteristic X-rays. The topography information can be obtained from the SE. A
secondary electron detector is placed next to the specimen with few hundred volts to
attract the low-energy SE. The number of SE generated is determined by the specimen
surface, and a greater number of SE will generate a brighter image spot. By the contrast
in brightness, a topography image is obtained. A schematic block diagram of SEM is

shown in Figure 3.3.

In this study, JEOL Model JSM-6490 was used for topography analysis. The as-

sintered ceramic samples were cleaned using acetone and ethanol to remove the organic

Ting Ho Fung 40



QQ a Sample Fabrication and Characterizations

THE HONG KONG POLYTECHNIC UNIVERSITY

substance that may adhere on sample surface. A thin layer of gold was then deposited on

the sample using sputtering before the SEM characterization.

Gun
Electron LV_J Supply
Gun
Condenser
Lens

Stigmator b |

Objective ® = Magnification Scanning
Lens ® Unit Circuit

Scanning
[ !
SD‘C"‘%P Amplifier F
— Dmlc'f Display Unit
Vocuum
System

Figure 3.3 Schematic block diagram of SEM [82]

3.3.2 Dielectric Characterization

3.3.2.1 Dielectric Properties Measurement

A Schering bridge-based impedance analyzer (4294A, Agilent) was used for

measuring the relative permittivity &, and dielectric loss tano of the samples. The

properties were measured at room temperature with 1k Hz measuring voltage. The

relative permittivity ¢, was calculated from Equation 3.3.

Ting Ho Fung 41



QQ a Sample Fabrication and Characterizations

THE HONG KONG POLYTECHNIC UNIVERSITY
where C is the measured capacitance, ¢, is the permittivity of the free space, 4 is the

area overlapped by two electrodes and d is the sample thickness.

The relative permittivity &, can be expressed in complex form (Equation 3.4) as

dielectric materials may dissipate energy.

where &' and &" are the real part and imaginary part of the permittivity, respectively.

The dielectric loss tan o is then defined as Equation 3.5

tans =---(3.5)
&

3.3.2.2 Piezoelectric Properties Measurement

The piezoelectric coefficient d is the relation between the charge generated at the
electrodes and the applied stress or the relation between the induced strain and the applied

electric field. (Equation 3.6 and 3.7)

induced strain

= m cccccc
applied electric field (™/v) (3.6)

short circuit charge density

(C/N) ...... (3.7)

applied mechanical stress
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The direction of the applied mechanical stress can be depicted by subscript “1”,
“27,37, “4” “5” and “6”, where “1” and “2” are the direction perpendicular to the
polarization axis “3” and “4”, “5”, and “6” are the shear planes perpendicular to the
directions “17, “2” and “3”, respectively. The piezoelectric coefficient is presented as
dij, where 1 represents the induced polarization direction and the j represents the
direction of applied mechanical stress. In this study, the ds3 coefficient was measured

using the d33 meter (ZJ-3D, Beijing Institute of Acoustics) after poling.

3.3.2.3 Ferroelectric Hysteresis Loop Measurement (P-E loop)

As introduced in Chapter 2, the remnant polarization P; and coercive field Ec can
be obtained from the P-E loop. The measured Ec is a reference for estimating the poling
field for the sample. The measured P: is a reference for estimating the performance in
applications. In this study, the P-E loop was measured using the Sawyer-Tower circuit
[35], which contains a ferroelectric capacitor Cr (i.e., the sample) and a reference
capacitor Cr. The Schematic setup is shown in Figure 3.4 The capacitance of Cr is 1000
times larger than that of Cr. An A.C. voltage signal was generated using a function
generator (HP 8116A). The signal was then amplified using a high voltage amplifier (Trek
609D-6) before applying to the sample. The output voltage from the amplifier (i.e. the
input voltage to the sample) and the voltage of the reference capacitor were measured
using a digital oscilloscope (HP54645A). The applied electric field and the polarization

were calculated using the known area and thickness of the sample and the measured
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voltages, similar to the calculation reported in [83]. The post-calculated data were then

recorded in computer.

Computer

HP54645A Computer controlled
DSO %& < >

1 2
O O EXT Trigger O
HP8116A
Function Generator
|
1/2000 of output voltage Trek 609D-6
High Voltage Amplifier (X2000)
Sample (Cy)

\ thermocouple

—
+ Temperature
= \ Controller
Heater ‘ ‘
Silicone Qil

Figure 3.4 Schematic diagram of the setup for the P-E loop measurement

3.3.3 Optical Characterization

In this study, the transmittance and diffuse reflectance of the samples were

measured using bulk samples and powdered-form samples, respectively. A UV-Vis
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spectrophotometer (UV—2550, Shiadzu Co.) was used for the measurement. The
measured range was 300-800nm for both transmittance and diffuse reflectance
characterizations. Finally, the bandgaps of the samples were estimated using Tauc’s plot

by manipulating the data of transmittance and diffuse reflectance.

3.3.3.1 Transmittance

The as-sintered ceramic discs are too thick for light to transmit. Therefore, they
were first grinded down to <100 pm to become semi-transparent. Then both surfaces were
polished using 1-um diamond lapping film to obtain mirror-like surfaces to reduce light
scattering. The thickness of sample was measured using a thickness gauge (VL-50
Mitutoyo) before the measurements. Since the thin ceramic sample is very fragile, it was
attached onto a thin glass using hot glue. The measured transmittance without putting the
sample in the light path was taken to be 100%. The sample was then inserted in the light
path and the transmittance spectrum was measured. The schematic setup of the

measurement is shown in Figure 3.5.

UV-2550
e N\ Reference beam
Photomultiplier Sample
“ I Sample beam
j < |

\ /

Figure 3.5 Schematic setup for the measurement of transmittance spectra using bulk sample.
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3.3.3.2 Diffuse Reflectance

When a light beam strikes on a sample surface, part of it is reflected with respect
to the incident angle, which is the specular reflection, and part of it is reflected randomly
to different directions, which is the diffuse reflection. Some of the wavelengths may be
absorbed during the diffuse reflection, depending on the material, and thus the diffuse
reflected beam contains information of the optical properties of the sample. The optical

properties of an opaque sample can then be obtained by measuring the diffuse reflectance.

In this study, the diffuse reflectance of the samples was measured using the
spectrophotometer (UV-2550) equipped with an integrating sphere attachment (ISR-
240A). The inner surface on the integrating sphere is coated with BaSO4 powders. The
schematic setup of the measurement and the light paths are shown in Figure 3.6. The
sample beam strikes perpendicularly on the sample surface, so most of the specular
reflected beam would leave the integrating sphere through the window. As a result, the

measured reflectance is mainly contributed by the diffuse reflection.

The samples to be measured were first grinded into powder form and sieved using
an 80-mesh screen. Then the sample powder was spread and pressed tightly on a layer of
BaSO4 powder in a sample holder. A standard BaSO4 white board was first placed in the
sample holder, and its reflectance was taken to be 100%. Then, the sample holder was

placed in and the corresponding diffuse reflectance spectrum was measured.
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UV-2550

Mirror
Reference beam

Window -}

BaSO, standard
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Sample beam

\ /

Photomultiplier

Figure 3.6 Setup for diffuse reflectance measurement. A hole is located at the bottom of the integrating sphere and the
photomultiplier is underneath the hole.

3.3.3.3 Tauc’s Plot

Tauc’s plot is a method to estimate the bandgap of a material, which was proposed

by J. Tauc in 1968 [84]. The Tauc’s relation is expressed as Equation 3.8.
(hva)" = A(hv—E ) (3.8)

where h is the Plank’s constant, v is the frequency of the photon, « is the absorption
coefficient, Ey is the bandgap, A is a proportional constant, and n is a constant relating to

the type of transitions. n = 2 and 1/2 indicate the direct and indirect allowed transitions,
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respectively, while n = 2/3 and 1/3 indicate the direct and indirect forbidden transitions,

respectively.

To estimate the bandgap, (hva)" was plotted against 4v. By extrapolating the

linear region of the curve to the horizontal axis, the intersection of the extrapolating line
and the horizontal axis indicates the bandgap energy. A Tauc’s plot for Cdo.s2Zno38S is

shown in Figure 3.7 as an example [85].

3.0x10" —
2.5
E 20
>
2 15+
2
§ 10-
0.5 —
0.0 - 4

rrrr T T T T T T Y
24 2.6 28 3.0 3.2
hv (eV)

Figure 3.7 A typical Tauc’s plot. The red dashed line is the linear fit and the bandgap was estimated to be 2.78 eV
[85].

Tauc’s Plot obtained from transmittance spectrum and diffuse reflectance spectrum

To obtain a Tauc’s plot from a transmittance spectrum, the absorption coefficient

a of sample was first calculated from the transmittance T using Equation 3.9.
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a=d" m(%) ------ (3.9)

where d is the sample thickness.

To obtain a Tauc’s plot from a diffuse reflectance spectrum, the absorption
coefficient o of sample was first calculated from the diffuse reflectance R using the

Kubelka-Munk function F (Roo) (Equation 3.10).

3.4 Results and discussion

The densities of the KNN ceramics added with different additives are shown in
Table 3.1. All the samples have reached above 95% of the theoretical density. The KNN-
Mn and KNN-Cu ceramics show higher densities. Among them, the KNN-Mn ceramic
has the highest density, reaching 98% of the theoretical density. The results are consistent
with that reported in ref [81]. MnO> and CuO are effective additives for enhancing
densification of KNN-based ceramics. Moreover, CuO could decrease the sintering
temperature by forming a liquid phase during sintering [79-81]. In this study, the sintering
temperature of the KNN-Cu ceramic is decreased from 1110°C to 1060°C. It is believed
that the decrease in sintering temperature is attributed to the formation of a liquid phase.
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The SEM micrographs of the ceramics are shown in Figure 3.8. All the samples
show a dense structure and the grains are generally of rectangular shape. The grain size
distributions for the samples are in Figure 3.9. The sample size and bin size for all
histograms are 120 and 0.2 pum, respectively. The measured average grain size of the KNN
ceramic is 1.4 um, whereas the grain sizes of both the KNN-Mn and KNN-Cu ceramics
are 1.0 um, smaller than that of the KNN ceramic. The XRD patterns of the KNN, KNN-
Mn and KNN-Cu ceramics are shown in Figure 3.10. All the samples show a single-phase
orthorhombic perovskite structure. No impurity phases are observed within the XRD
detection limit. For the KNN-Mn ceramic, Mn*>" may stably exist at the high sintering
temperature [86]. The ionic radius of Nb>" (0.68 A) is close to those of Mn** (0.66 A) and
Cu?* (0.73 A). Therefore, it is suggested that some of the Mn*" and Cu®" may have entered

the KNN lattices and substituted the Nb>* ions.

Table 3.1 Density of KNN with different additive

Sample Density (g/cm?) Relative Density
KNN 4.29 95%
KNN-Mn 4.44 98%
KNN-Cu 4.32 96%
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Figure 3.8 SEM micrographs of (a) KNN, (b) KNN-Mn and (c) KNN-Cu, respectively
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Figure 3.9 Distribution of grain size count on the SEM micrographs (a) KNN, (b) KNN-Mn and (c) KNN-Cu,
respectively
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Figure 3.10 XRD pattern of KNN, KNN-Mn and KNN-Cu.

Optical measurement

The measured diffuse reflectance spectra for all the ceramics are shown in Figure
3.11. The measured diffuse reflectance of KNN increases sharply as the wavelength
increases from ~350 nm, and then becomes almost unchanged in the range of 400 nm —
800 nm. The KNN-Mn ceramic exhibits similar spectra, except that its diffuse reflectance
is lower and increases slowly in the range of 400 - 800 nm. For the KNN-Cu ceramic, the
diffuse reflectance is even lower in the range of 400 - 800 nm, and varies more
significantly with increasing wavelength, in particularly near 600 nm. The differences in

diffuse reflectance may be attributed to the additives [87]. This may also explain why the
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KNN-Cu ceramic is greenish dark in color, while the KNN and KNN-Mn ceramics are

white and yellowish white, respectively.

The low diffuse reflectance observed for all the ceramics at wavelengths shorter
than ~400 nm is attributed to the bandgap absorption. When the incident photons have

energy larger than the bandgap (i.e., shorter wavelengths), they will be absorbed and thus

leading to a low reflectance.

100

Reflectance (%)

| ! I '
400 600 800
Wavelength (nm)

Figure 3.11 The diffuse reflectance spectra of KNN, KNN-Mn and KNN-cu

The Tauc’s plots obtained from the diffuse reflectance for the direct (n = 2) and
indirect (n = 0.5) transitions are shown in Figure 3.12 and 3.13. The dashed lines show
the linear fitting for the linear regions. For the indirect transitions (Fig. 3.13), two fitted

lines are obtained for each sample to estimate the indirect bandgap value, i.e., the x value
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of the intersection. The estimated bandgaps, both direct and indirect, are listed in Table
3.2. The bandgap of the KNN-Mn ceramic is slightly larger than that of KNN. The
electronegativity of Mn (1.55) is lower than that of Nb (1.6) [88]. As some of the Mn*?
may substitute the B-site Nb>", the electronegativity difference between the B-site ions
and oxygen may increase. Consequently, the bandgap of the KNN-Mn ceramic may thus
be increased. Despite the higher electronegativity of Cu (1.9), the estimated bandgaps of
the KNN-Cu are similar to those of KNN. This may be attributed to the limited
substitution of Cu2+ for the B-site Nb>" arisen from the large difference in ionic radii (Cu

radius 0.73 A vs Nb radius 0.64 A).
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Figure 3.12 Tauc'’s plot for direct bandgap estimation obtained using diffuse reflectance spectra data.
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Figure 3.13 Tauc’s plot for indirect bandgap estimation obtained using diffuse reflectance spectra data.

Table 3.2 Bandgap values of KNN, KNN-Mn and KNN-Cu estimated from the Tauc’s plot obtained using diffuse
reflectance spectra data

Sample Direct Bandgap (eV) Indirect Bandgap (eV)
KNN 3.34 3.13
KNN-Mn 341 3.22
KNN-Cu 3.35 3.26

The measured transmittance spectra for all the ceramics are shown in Figure 3.14.
All the samples have been ground to around to a thickness of 80 pm and adhered to a thin
glass using hot glue for the measurements. The transmittance spectrum of the thin glass
with a layer of hot glue has been measured for deducting their effects from the overall

transmittance spectra. Owing to the greenish dark color, the KNN-Cu ceramic is still
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opaque at a thickness of 80 um, and thus giving relatively low transmittances in the visible
range as shown in Figure 3.14. Consequently, the corresponding absorption edge cannot
be clearly observed. In contrast, the transmittances of the KNN and KNN-Mn ceramics

in the visible range are higher, and thus their absorption edges can be clearly observed at

around 400 nm.
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Figure 3.14 Transmittance spectra of KNN, KNN-Mn, and KNN-Cu

The Tauc’s plots obtained from the transmittance spectra for the direct (n =2) and
indirect (n = 0.5) transitions are shown in Figure 3.15 and 3.16. As the absorption edge
for the KNN-Cu ceramic is not clear, the linear fitting cannot be precisely conducted and
thus no bandgap values are reported for it. The estimated bandgaps, both direct and

indirect, for the KNN and KNN-Mn ceramics are listed in Table 3.3. The bandgap of the
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KNN-Mn ceramic is larger than that of KNN, which is consistent with the results obtained
from the diffuse reflectance spectra (Figs. 3.12). However, the estimated direct bandgaps
for both samples are lower than those obtained from the diffuse reflectance spectra, while

their indirect bandgaps are similar.

—— KNN-Cu
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hu(eV)

Figure 3.15 Tauc's plot for direct bandgap estimation obtained using transmittance spectra data
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Figure 3.16 Tauc'’s plot for indirect bandgap estimation obtained using transmittance spectra data

Table 3.3 Bandgap values of KNN, KNN-Mn and KNN-Cu estimated from the Tauc’s plot obtained using transmittance
spectra data

From Transmittance spectra From Diffuse Reflectance spectra
Sample Direct Bandgap Indirect Direct Bandgap Indirect
(eV) Bandgap (eV) Bandgap
(eV) (eV)
KNN 3.16 3.14 3.34 3.13
KNN-Mn 3.21 3.19 3.41 3.22
KNN-Cu N/A N/A 3.35 3.26
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The transmittance of a sample is affected by its thickness. The transmittance
spectra of the KNN ceramics with different thicknesses (33 um, 47 um and 88 pum) have
then been measured for studying the effects on the estimation of bandgap. As shown in
Figure 3.17, the transmittance at all wavelengths increases with decreasing thickness. As
the thickness decreases, the total loss in scattering or absorption becomes lesser in the
bulk and thus the transmittance is enhanced. The increase in transmittance is more
significant for the the 33-um thin sample. It may be attributed to the defects such as pores
existed on the surface and inside of the bulk. Some of the pores are as large as 5-10 um.
Light beam may be diffracted through the sample via the pores, and the diffraction is
more significant at longer wavelength. As a result, the transmittance is higher at longer

wavelength for the 33-pum sample.

The Tauc’s plot for the direct and indirect transitions are shown in Figure 3.18
and 3.19, respectively. It can be seen that the estimated bandgaps shift to higher energy
as the thickness decreases. As the bandgap of a material should not be affected by its

thickness, the change in bandgap should be resulted from the curve fitting.
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Figure 3.17 Transmittance spectra of KNN with different thickness
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Figure 3.18 Tauc’s plot for direct bandgap estimation for KNN in thickness obtained using transmittance spectra.
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Figure 3.19 Tauc'’s plot for indirect bandgap estimation for KNN in thickness obtained using transmittance spectra.

Table 3.4 Bandgap values of KNN in different thickness estimated from the tauc’s plot obtained using transmittance
spectra data

Thickness of KNN Direct Bandgap (eV) Indirect Bandgap (eV)
33 um 3.27 3.24
47 pm 3.23 3.21
88 um 3.16 3.14

Our results show that the values of bandgap estimated using different methods are
slightly different. Both methods have their own assumptions for the calculation and thus

lead to the difference in the estimated bandgaps. For the transmittance method, it is
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assumed that the sample is highly transparent and thin enough to reduce the light path for
high energy photons (the region where the sample exhibits strong absorption). And the
energy loss of light beam should be mainly contributed to the absorption inside the bulk,
instead of reflection, scattering or diffraction on the surface or at the grain interfaces. But
owing to the poor density of KNN fabricated by the conventional method, the pores in
the samples would be unavoidable. The Tauc’s plot curve fitting may thus be affected,
especially for thin samples. And for the diffuse reflectance method, it is assumed that the
sample particles are highly light scattering and in sub-micron size to maximize the
scattering efficiency. The diffuse reflected light passes through the powder and absorption
may be occurred. It is similar to the transmittance method, but the light path in powder
could be greatly reduced. Comparing to the transmittance method, in the region of strong
absorption, because of the reduced light path, more detail could be shown in the diffuse
reflectance spectra. However, in the region of weak absorption, it may result in stronger
signal than the transmittance method [89, 90]. The curve fitting in tauc’s plots obtained
from the diffuse reflectance method is clearer than that obtained from transmittance
method. However, the powders are not in sub-micron size, due to the technical limit, and
it may have some effect on the curve fitting, i.e. the estimated bandgap. The effect of

powder size on tauc’s plot fitting is suggested to be further investigated.

3.5 Conclusion

KNN, KNN-Mn and KNN-Cu ceramics with a dense structure have successfully

been fabricated by a conventional solid-state reaction method. In agreement with the other
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studies, MnO2 and CuO are effective in enhancing the densification of KNN, leading to

a higher density in KNN-Mn and KNN-Cu.

As demonstrated by SEM micrographs, all the samples are dense and the grains
are generally of rectangular shape. The grain sizes of KNN-Mn and KNN-Cu are 1.0 pm,
which are smaller than that of KNN (1.4 pm). All the samples show a single-phase
orthorhombic perovskite structure, suggesting that some of the Mn3+ and Cu2+ may have

entered the KNN lattices and substituted the Nb5+ ions.

The optical properties of samples have been evaluated based on the diffuse
reflectance and transmittance spectra. Tauc’s plots have also been plot based on both
spectra for estimating the bandgap of the samples. The direct bandgaps of KNN and
KNN-Mn, both are 80 um thick, estimated using the transmittance spectra are 3.16 eV
and 3.21 eV, respectively, while their indirect bandgaps are 3.14 eV and 3.19 eV,
respectively. On the other hand, the direct bandgaps of KNN, KNN-Mn and KNN-Cu
estimated using the diffuse reflectance spectra are 3.34 eV, 3.41 eV and 3.35 eV,
respectively, and their indirect bandgaps are 3.13 eV, 3.22 eV and 3.26 eV, respectively.
The difference between the bandgaps estimated from the transmittance and diffuse

reflectance spectra has also been discussed based on their theoretical assumptions.
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Chapter 4 Ferroelectric

Photovoltaic Measurement

4.1 Introduction

In this Chapter, the study of the short-circuit current, one of the ferroelectric
photovoltaic properties, of the KNN and MnO,/CuO-added KNN (KNN-Mn and KNN-
Cu) ceramics are presented. The temperature effect and the origin of the short-circuit
current is discussed. The feasibility of I-V characteristic measurement conducting on
ferroelectric photovoltaic materials is discussed. First, the fabrication of devices is
introduced. Then, the measurement method is described. Finally, the results and

discussion are presented.

4.2 Device Fabrication and Measurement Setup

In recent years, the devices used in most of the research works are the sandwich-
like device, of which electrodes are deposited on the top and bottom surfaces of a thin
film sample. The output electrical signal is measured across the sample thickness. In this
study, such the sandwich-like device is not practical as it is nearly impossible to obtain a
few-micron thick device by the top-down method using bulk samples. Also, the thick
sample does not favour the transmission of light and flow of electrons. Therefore, an
interdigital electrode (IDE) device have been adopted for this study. Electrodes with inner

gap distance as short as 10 um are deposited on the top surface of a bulk sample using a
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conventional method. The schematic diagram of the IDE pattern used in this study is
shown in Figure 4.1. a is the overlapped length of the electrodes, b is the gap distance and

n is the number of gap. In this study, the parameter of the used IDE pattern are a = 5600

um, b=10 pm and n = 20.

Figure 4.1 The schematic diagram of the IDE pattern used in this study
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Photolithography

The as-sintered ceramic disc was first polished using 1-pm diamond lapping film
until a mirror-like surface was obtained. The IDE pattern was then deposited on it by a
conventional photolithography technique. First, a layer of positive photoresist was spin-
coated on the mirror-like surface. Then, it was exposed to UV light under a mask with the
designed pattern. After that, the exposed photoresist was removed by a developer, leaving
a pattern (the white region in Figure 4.1) on the sample surface. Finally, Cr/Au was
deposited on the sample by magnetron sputtering. After removing the remaining
photoresist, a Cr/Au IDE pattern (the black lines in Figure 4.1) was obtained. Figure 4.2
shows the schematic diagram of the working procedures for the fabrication of the IDE
pattern. The patterned sample was then adhered on a PCB board for the ease of handling

in the subsequent measurements.

Cr/Au deposition
0 s s s

| —>

l Spin-coating l Remained r|e5|st
remova

l UV exposure

l Exposed resist removal

Figure 4.2 Schematic diagram of the working flow for the fabrication of Cr/Au IDE patterns
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Poling

The poling setup is simpler than that used for poling the thick bulk samples. The
IDE patterned sample was connected to a DC power supply. As the electrode gap distance
is short, the required poling voltage is relatively low. Thus, no amplifier was needed for

the poling. The schematic diagram for the poling setup is shown in Figure 4.3.

D.C.
Power Supply

s

Sample

j / thermocouple

Temperature
Controller

Silicone Qil C

Heater C X )

Figure 4.3 Schematic diagram of the poling setup for IDE patterned samples

Measurement setup

The schematic diagram of the measurement setup is shown in Figure 4.4. The
electrodes on the IDE pattern were connected to a sourcemeter (Keithley 2410) and placed

under a solar simulator (Newport) that was controlled by an attached power controller.
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The measurements including the data collection were controlled by a computer

programme written in LabView.

Solar simulator

+

:

Keithley 2410

Power
controller

Computer

Sample

Figure 4.4 The schematic diagram of the setup for the photovoltaic measurements

4.3 Result and discussion

The Cr/Au IDE patterns have been successfully deposited on the fine-polished
sample surfaces. Figure 4.5 shows a microscopic photography of the Cr/Au IDE pattern
deposited on a KNN bulk sample. The electrode gap distance is 10 pm and the overlapped

electrode length is 5600 pm.
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Figure 4.5 A microscopic photograph of the Cr/Au IDE pattern deposited on the surface of a KNN bulk sample

Photocurrent response of KNN

The photovoltaic response of the patterned KNN samples poled with different
poling fields has been measured using a solar simulator (Newport) and a sourcemeter
(Keithley 2410). The poled samples have been short circuited and stored in the dark for
1 day before the measurement. The short-circuit currents, Isc, of the samples exposed to
solar light with an intensity of 0.4 sun (or 40 mWcm) are shown in Figure 4.6. The two
dashed line indicate the duration of the illumination. The total illumination time is 20
minutes. As shown in Figure 4.6, the observed Isc for the unpoled sample is 0 nA during

the whole measurement. The net polarization of the sample is zero. Therefore, there is no
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driving force for separating and then drifting the photo-generated electrons and holes to
different electrodes. Nevertheless, it indicated the thermal energy at room temperature in
not sufficient to dissociate the excitons generated by above-bandgap photons. Apparently,
because of the net polarization, the observed Is. for the poled samples in enhanced and
increases with the poling field (Fig. 4.6). It also indicated that the potential energy
between the net polarization charges (which contribute to the depolarization field) and
the photo-generated carrier is greater than the binding energy of the photo-generated
exciton, the exciton, therefore, is dissociated and the electron is driven to the electrodes.
As illustrated in Figure 4.7 in which the interdigital electrode (IDE) is simplified as a pair
of parallel plates, a depolarization field is formed in the poled sample because of the (net)
alignment of the spontaneous polarization. Under illumination, electron and hole pairs
are produced by the photovoltaic effect, and separated and drifted by the depolarization
field to different electrodes. The direction of the short-circuit current is opposite to the
net polarization or the poling field, which is in agreement with our observation. Obviously,
the higher the poling field, the larger the net polarization, and then the stronger the
depolarization field is. As a result, although the light intensity and then the number of
photo-generated electrons and holes are unchanged, the observed Isc increases with the
poling field because of the higher efficiency in separating and drifting the opposite
charges. However, it is noted that the observed Isc increases rapidly to a maximum value
once the sample is illuminated, but it decreases gradually with time and becomes saturated
afterwards. Nevertheless, the observed Isc should be mainly resulted from the photovoltaic

effect.
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Figure 4.6 The photocurrent response of KNN after poling with different field
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Figure 4.7 Illustration of the physical properties of the sample after poling.

For confirming the source of the observed Iy, the photovoltaic response of the
KNN sample poled with a field 5 kV/mm has been studied under different illumination
conditions. Besides the data collected beyond the illumination period as shown in Figure
4.6, the sample also gives no current response when the illumination is switched off (Fig.
4.9). Moreover, a high-pass filter with a cut-off wavelength 420 nm has been used to
adjust the illumination. The transmittance spectrum of the filter is shown in Figure 4.8. It
exhibits a sharp edge at 420 nm, suggesting that it can effectively eliminate the light with
wavelengths shorter than 420 nm. As the bandgap of KNN is measured to be 3.34 eV
(Refer to Fig. 3.11), only the photons with wavelengths shorter than ~370 nm will be
absorbed for producing the photovoltaic effect. Therefore, when the 420-nm filter is
inserted in the light path for the measurement, almost all the photons with sufficient
energy to excite the electrons in KNN are removed, and then no photo-generated electrons

and holes are produced. As a result, the observed I is greatly reduced to a level almost
Ting Ho Fung 73



QQ a Chapter 4 Ferroelectric Photovoltaic Measurement

THE HONG KONG POLYTECHNIC UNIVERSITY

identical to that observed for without illumination as shown in Figure 4.9. This can thus
deduce that the observed I, including the decreasing trend with time, is mainly originated

from the photo-generated electrons and holes or in other words, the photovoltaic effect.
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Figure 4.8 Transmittance spectrum of the 420-nm high pass filter
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Figure 4.9 Short-circuit current measurement for 5kV/mm poled KNN with filtered illumination

The temperature effect on the observed Isc has been studied for investigating the
cause of the gradual decrease in the observed Isc.. A controlled experiment has been
conducted for investigating the temperature change of the sample under illumination. The
experiment setup is schematically shown in Figure 4.10. The sample is placed on a Peltier
cooler, and a thermocouple is attached on the sample surface using silver paste for
measuring the temperature during the illumination. Figure 4.11 shows the observed Isc
and temperature for the KNN sample poled with a field of 5 kV/mm. Similar to the
previous results, the observed I increases very rapidly to a maximum value once the
illumination is switched on, and then decreases gradually with time. Meanwhile, the

observed temperature also increases from room temperature (20°C) to ~30°C with similar
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trend, i.e., changes rapidly at first and then becomes slowly. This seemingly implies a
relationship between them. However, when the Peltier cooler has been switched on for 1
minute with keeping the illumination on, the temperature decreases rapidly from 27°C to
13°C but the observed Isc decreases only slightly (Fig. 4.11). Similarly, after the Peltier
cooler is switched off, the sample temperature increases gradually back to 27°C and the
observed Isc increases only slightly. These clearly indicate that the observed Is, in

particular its variation with time, is not contributed by the thermal effect.

Solar simulator

Silver paste
W
o0
Thermometer
Power Sample
controller

Peltier cooler

DC power supply

Figure 4.10 Experimental setup for temperature measurement during illumination
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Figure 4.11 The 5kV/mm poled KNN was placed on a peltier cooler. The peltier cooler started cooling after 12 minutes
illumination and stopped cooling after 1 minute. The temperature raised to original level in 3 minutes. The rapid drop
in temperature induced an insignificant drop in short-circuit current

The repeatability of the observed photocurrent has then been evaluated. Before
the measurement, the KNN sample (poled with a field of 5 kV/mm) has been short
circuited and kept in the dark for a few days. In the measurement, the illumination is first
switched on for 20 minutes and then off for 40 minutes. Such an illumination cycle is
then repeated for five times. The observed I as well as sample temperature are shown in
Figure 4.12, in which the illumination periods are marked in yellow and the dark period
are marked in grey for the ease of observation. Similar to the previous results, the
observed I increases rapidly at first and then decreases gradually while the sample

temperature increases gradually to ~30°C in each illumination period. Once the
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illumination is switched off, the observed Isc decreases almost instantaneously to zero
whereas the sample temperature decreases gradually back to the room temperature,
suggesting that the observed I is mainly caused by the illumination. In the consecutive
illumination cycles, the sample temperature exhibits almost the same variation with time,
1.e., increases gradually to ~30C during the illumination-on period and then decreases
back to room temperature after the illumination-off period. However, although the
observed I exhibits similar variations with time in each illumination-on period, it cannot
reach the same maximum value that in fact decreases in the consecutive cycles. However,
if the sample has been kept in the dark as well as short-circuited for longer time, e.g., 85
hours as illustrated in Figure 4.12, the observed I can reach almost the same maximum
value once the illumination is switched on. These indicate that the reduction in Is is
reversible if the recovery time is long enough. These suggest that there should be effects
other than photovoltaic effect contributing to the observed Isc. Moreover, the response
time of those effects should be rather slow as indicated by the gradual decrease and long
recovery time of the observed Isc. We thus propose that these should be attributed to the
reduction in the depolarization field. During the illumination, the photo-generated
electrons and holes (or charge carries) are separated and driven to the electrodes by the
depolarization field. The charge carriers may temporarily be trapped and accumulate at
the sample-electrode interfaces, slowly build up an electric field opposite to the
depolarization field, and thus lowering the efficiency of driving the photo-generated
charges to the electrodes. The release of the temporarily trapped charges is a very slow
process, such that only a small portion of them is released during the 40-minute
illumination-off period and it takes a long period of 85 hours to release all of them. As a

result, the observed Isc reaches almost the same level again once the sample is illuminated.
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Similar phenomenon has been reported by Park et al. [91]. However, they have not

investigated the reversibility of the process.
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Figure 4.12 The Isc of 5kV/mm poled KNN, the temperature was 21 °C at the beginning of each 20-minute illumination
cycle. During the whole measurement, the sample was in short-circuit condition. The I in the first 5 hours of
meausrement was gradually weakening. The Isc was recovered after resting in dark and short-circuit condition for 85
hours.

Photocurrent response of KNN-Cu and KNN-Mn

The photocurrent responses of the KNN-Mn and KNN-Cu ceramics deposited
with the same IDE pattern have been studied. However, as the IDE patterns become
partially damaged when a poling field higher than 3 kV/mm is applied, the photocurrents
of both the ceramics poled with a field of 3 kV/mm have only been measured, giving the

results shown in Figure 4.13 and Figure 4.14, respectively. Both the poled ceramic
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samples have been short circuited and kept in the dark for one day before the
measurements. Similar to KNN, the observed Isc for both the ceramic samples exhibit
similar variations with time, i.e., reach a maximum value once the illumination is
switched on and then decrease gradually with time. However, their maximum values are

much lower than that of KNN, only about 30% (Fig. 4.15).

However, it is interesting to note that the observed Iy for all the three ceramics
saturate at almost the same level, ~0.8 nA (Fig. 4.15). Also, the Isc of KNN-Mn and KNN-
Cu reach the saturate level much earlier than that of KNN. The Isc measured before the
saturation may be attributed to effects other than photovoltaic effect. KNN has been
known as defective ferroelectric perovskites, owing to the high volatilities of Na and K
[92]. The doping of Mn and Cu have been shown effective for improving the densification
of KNN. The defect density in KNN should thus be higher than those of KNN-Mn and
KNN-Cu. When the sample is short-circuited and stored in the dark, the defects may
temporarily be charged up. Under the illumination, the charges are excited and released
slowly, and thus contributing to the observed Is.. After the release of most of the trapped
charges, the observed Isc becomes saturated and reaches a level similar to those for KNN-
Mn and KNN-Cu. As all the three ceramics have similar bandgaps, the saturated Isc should
then reflect to the photovoltaic effect. More investigation are needed to further understand

the phenomenon.
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Figure 4.13 The photocurrent response of KNN-Mn.
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Figure 4.14 The photocurrent response of KNN-Cu
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Figure 4.15 The photocurrent response of KNN, KNN-Mn and KNN-Cu, all the samples were poled with 3kV/mm and
have been placed in dark and short-circuit condition for one day before measurement.

Discussion on IV characteristic measurement

The IV characteristic (or IV curve) is one of the typical measurements for
characterising the common semiconductor-based solar cells. A number of characteristics,
such as the short-circuit current, open-circuit voltage and fill factor, which is related to
the power conversion efficiency of the device, can be determined from the IV curve. A

typical IV curve of a semiconductor solar cell is shown in Figure 4.16.
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Figure 4.16 A typical IV curve of a semiconductor solar cell. Isc is the short-circuit current, Voc is the open-circuit
voltage, Vimp and Lup are the voltage and current at maximum generated power. The fill factor is defined as
(Vmp[mp/[,\'(‘ V()()

The IV curve has also been used for studying the ferroelectric photovoltaic effect
in most of the publications. However, the observed IV curve is quite different from that
for the semiconductor solar cell, making the determination of I and Vo becomes
ambiguous. Figure 4.17 shows the IV curve for the KNN sample poled with a field of 5
kV/mm. In the measurement, an AC voltage with an amplitude of 50 mV sweeping first
to the positive direction has been applied to the sample. As shown in Figure 4.17, a loop
instead of a single curve is observed for the sample. The amplitude of the ac voltage for
the measurement is only about 0.5% of the coercive field. Therefore, the observed
variations of Isc and V. should not be caused by the change in polarization. These may
be attributed to the charging and discharging of its capacitor or trapping of charges by
defects. More in-depth investigations are needed for further understanding the

phenomena. It has also been noted that the sweeping direction of the ac voltage can
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change the values of Isc and V.. Larger values are generally observed when the ac voltage
is first sweeping to the positive direction. Unfortunately, the sweeping direction of the ac
voltage has not been mentioned in most of the publications studying the ferroelectric
photovoltaic effect [12, 13, 17, 21, 22, 93-97]. Because of these ambiguities, it is then not
proper to determine the values of Isc and Vo, let alone determining the efficiency of the
device. Nevertheless, based on the above results and discussions, the photovoltaic effect

has been confirmed in the ferroelectric KNN ceramics.

Current (nA)

T T T T T T

I
-0.02 0.00 0.02 0.04 0.06
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T
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Figure 4.17 1V curve of 5kV/mm poled KNN. A sine voltage with 50 mV amplitude was applied.
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4.4 Conclusion

The photovoltaic effect of ferroelectric KNN ceramics has been demonstrated.
The short-circuit current has been studied. For the KNN ceramic poled with a field of 5
kV/mm, the observed Isc is 1.1 nA at the beginning of a sunlight illumination with an
intensity of 40 mW/cm?. It then decreases gradually and saturates at a level of 0.5 nA
after 10 minutes. The observed Isc has been confirmed to be induced by the incident
photons with energies larger than the bandgap or the photovoltaic effect. Based on the
results of the sample temperatures, the decrease in I is concluded not contributed by the
change in temperature arisen from the illumination. It is suggested to be due to the
weakening of the depolarization field by the trapped charges at the sample-electrode
interfaces. Moreover, the decrease in Isc has been shown as a reversible process despite
requiring a long recovery period during which the sample is short circuited and kept in

the dark.

The photovoltaic effect has also been demonstrated in poled KNN-Mn and KNN-
Cu ceramics. Because of the inferior quality of the IDE, both the ceramics can only be
partially polarized with a poling field of 3 kV/mm. The observed Is. for the ceramics
exhibit similar variations with time, but of lower values as compared to KNN. The greater
Isc of KNN is suggested to be attributed to the higher concentration of oxygen vacancies.
Charges may temporarily be trapped in the defects during the storage in the dark. Under
the illumination, the trapped charges are excited and released slowing, and thus
contributing to the observed Is.. After the release of most of the trapped charges, the Is
becomes saturated and reaches a level similar to those for KNN-Mn and KNN-Cu. As all
the ceramics have similar bandgaps, the saturated Isc should then reflect to the

photovoltaic effect. More investigation is needed to further understand the phenomenon.
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Chapter S Conclusion

Ko.5Nao.sNbO3 (KNN) ceramics and KNN ceramics doped with 0.25 mol% MnO»
(KNN-Mn) or 1 mol% CuO (KNN-Cu) have been successfully fabricated using a solid-
state reaction method. Their optical properties have been studied via transmittance and
diffuse reflectance spectra. Their dielectric, piezoelectric and ferroelectric properties have
also been studied, while the ferroelectric photovoltaic effect has been demonstrated and

studied.

It has been found that all the samples possess a dense structure. As demonstrated
by SEM micrographs, the average grain size of the ceramic is reduced from 1.4 um to 1
um after the doping of MnO; or CuO. All the samples also exhibit a single-phase
orthorhombic structure, as revealed by the XRD patterns. The bandgap of the samples has
been estimated from the transmittance and diffuse reflectance spectra based on Tauc’s
relation. Our results reveal that the bandgap of KNN-Mn is slightly larger than that of
KNN. It is suggested that the increase in bandgap is attributed to the increase in the
electronegativity difference between the B-site ions and oxygen after the substitution of
Mn** to the B-site Nb>*. The bandgap of KNN-Cu is similar to that of KNN, suggesting
that the CuO additive has no significant improvement on optical properties. The direct
bandgaps of KNN and KNN-Mn, both are 80 pum thick, estimated from the transmittance
spectra are 3.16 eV and 3.21 eV, respectively, while their indirect bandgaps are 3.14 eV
and 3.19 eV, respectively. On the other hand, the direct bandgaps of KNN, KNN-Mn and

KNN-Cu estimated from the diffuse reflectance spectra are 3.34 eV, 3.41 eV and 3.35 eV,
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respectively, and their indirect bandgaps are 3.13 eV, 3.22 eV and 3.26 eV, respectively.
The difference between the bandgaps estimated from the transmittance and diffuse

reflectance spectra has been discussed based on their theoretical assumptions.

The ferroelectric photovoltaic responses of the samples have been studied by
using solar simulator. For the KNN sample poled with a field of 5 kV/mm, the observed
short-circuit current Isc under an illumination of 40 mW/cm? is suggested to be originated
form the electron-hole pairs excited by higher-than-bandgap photons and driven by the
internal field (i.e. depolarization field). As expected, the observed s increases with the
poling field. It is suggested that the larger net polarization leads to a stronger
depolarization field, which imposes a stronger effect on separating and drifting the photo-
generated charges. However, it is noted that the observed Isc decreases gradually with
time after reaching a maximum value at the beginning of the illumination and becomes
saturated afterwards. As confirmed by a controlled experiment, the decrease in Isc during
the illumination is not contributed by the thermal effect. The repeatability of the Isc has
been evaluated. It has been found that the observed Isc exhibits similar variations with
time in each cycle that consists of 20-min illumination and then 40-min darkness, but
decreases slightly in the consecutive cycles. However, after keeping the sample short-
circuited and in the dark for a long time (e.g., 85 hours), the I increases and reaches
almost the same maximum level as in the first illumination cycle, suggesting that the
reduction in I is reversible. Charged carriers may temporarily be trapped at the sample-
electrode interfaces during the illumination, and thus weakening the depolarization field
and then reducing the Is.. The release of the temporarily trapped charges is a very slow

process that requires a long period (e.g. 85 hours) for the completion.

Ting Ho Fung 87



Qa Chapter 5 Conclusion

THE HONG KONG POLYTECHNIC UNIVERSITY

The short-circuit photocurrent of KNN-Mn and KNN-Cu have also been studied
and compared with that of KNN. Owing to the poor quality, the samples are only poled
by a weaker field of 3 kV/mm. The observed Isc for both ceramic samples exhibit similar
variations with time as KNN, but their maximum values are about 30% lower than that
of KNN. Nevertheless, the I for all the three samples saturate at almost the same level,
~0.8 nA. The time required for the saturation is much longer in KNN as compared to
KNN-Mn and KNN-Cu. It may be attributed to effect other than photovoltaic effect. KNN
has higher defect density than KNN-Mn and KNN-Cu. The defects may temporarily be
charged up when the sample is stored short-circuit and in the dark. Under the illumination,
the trapped charges are excited and released slowly, and thus contributing to the observed
Isc in particular for the beginning of the illumination. It is suggested that, based on the

similar bandgaps, the saturated Isc is mainly contributed by the photovoltaic effect.

The ferroelectric photovoltaic effect on KNN, KNN-Mn and KNN-Cu has been
successfully demonstrated. For the future work, it is suggested to improve the optical
properties (i.e. reducing the bandgap) of KNN via the doping of different types of dopants
or other methods. By reducing the bandgap, the number of photo-excited electron-hole
pairs would be increased and the photovoltaic response would thus be enhanced. Since
KNN has been shown as a promising candidate for replacing the lead-based perovskites,
studying the photovoltaic effect of it may open a window for it to become a

multifunctional perovskite oxide.
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