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Abstract

Ferroelectric-photovoltaic (FePV) devices employing a homogeneous ferroelectric
material as the light absorbing layer, have been investigated intensively during the
past decades. The physical mechanism governing the FePV effect is distinctly
different from that of a typical p-n junction type photovoltaic (PV) effect, whose
open-circuit voltage is limited by the bandgap of the light absorbing material.
Therefore, FePV material is regarded as the potential candidate for above-bandgap
solar cells. Among all the FePV materials, BiFeOs (BFO), possessing simultaneous
ferroelectric and antiferromagnetic orders at room temperature, is most widely

studied in the last decade.

In this thesis, systematic experimental work has been carried out to investigate the

FePV effect in BFO.

First, the influence of secondary phase on FePV of BFO thin film was examined.
Pulsed laser deposition (PLD) was used to fabricate epitaxial BFO thin films. Three
different targets were used for laser ablation and different ablation parameters

(oxygen pressure and laser pulse frequency) were tried to obtain phase pure BFO
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thin film. Our results demonstrated that the photocurrent and photoconductivity of
BFO thin films are closely related to Bi>Os secondary phase and bismuth vacancies.
A large photocurrent density of 12 mA/cm?, a large remnant polarization of 60
uC/cm? and good switching behaviour were observed in optimized epitaxial BFO

films.

Second, the influence of metal-semiconductor interface effect on BFO FePV was
studied. Titanium (Ti) and gold (Au) metals are used as symmetric in-plane
electrodes, respectively, on optimized BFO thin films. Since the work functions of Ti
and Au are different, which are above and beneath the Fermi level of BFO,
respectively, Ohmic contact is formed at the Ti/BFO interface and Schottky contact
is formed at the Au/BFO interface. The contact types were confirmed by Kelvin
probe force microscopy. The photovoltaic behaviours of these two types of electrode
BFO thin films were performed and the photocurrent is larger in a BFO thin film

with an Ohmic contact.

Last, but not least, the strain effect on BFO FePV behaviour was studied.
Epitaxial BFO thin films are deposited on LaAlO3 (LAO) [1 0 0] and

0.67Pb(Mg13Nb23)03-0.33PbTiOs (PMN-PT) [1 1 1] substrates. No obvious
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increase in short circuit photo-current was detected in BFO/LAO sample which has a

tetragonal-like BFO phase, as confirmed by Raman spectroscopy. However, large

photoconductivity at large voltage bias was obtained. A small but non-trivial

photovoltaic effect was observed in BFO/PMN-PT sample with a rhombohedral

structure. It is concluded that the FePV effect is also closely related to the symmetry

group of the lattice structure. A prominent photo-response was observed in strain-

free electrospun BFO nanofibers, which may have potential applications due to the

flexible nature of the nanofibers.
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Chapter 1. Literature Review

1.1 Introduction of ferroelectric photovoltaic effect

Since 19" century, the world population has been experiencing a steady and rapid
growth, especially after the World War 1. As a result, the total energy consumption
by human beings on the earth has also roared up and reached as high as 143,851
terawatts-hours per year until 2008, and eighty-one percent of that comes from fossil
fuels. However, the traditional energy sources, such as fossil fuels (crude oils,
natural gas, etc.), are not only limited in amount, but also environmental unfriendly.
For the sustainable development of human society, the exploration of renewable
energy sources is in urgent need. Among the existed candidates, solar energy is a
promising one, since it is green, unlimited in amount and can be utilized in most
areas on the Earth. By now, various solar technologies have been employed for
efficient and effective utilization of solar energy, including solar heating, solar
thermal electricity and solar photovoltaic. In recent years, solar photovoltaic

technology has attracted the most attention because of its relatively high conversion

XING LI 1
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efficiency. And it is now generally regarded that, photovoltaic technology is such an
important complement, even a replacement, hopefully, of fossil combustion in the

near future.

XING LI 2
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Upon decades of development, various types of solar cells have been invented,

such as thin film crystalline silicon solar cells, amorphous silicon solar cells, copper

indium gallium selenide solar cells, dye-sensitized solar cells, cadmium telluride

solar cells, quantum dot solar cells, organic solar, and perovskite solar cells, etc. The

world record of conversion efficiency for these cells has been shown in Fig 1.1.

Besides these solar cells, ferroelectric solar cell has its unique structural

characteristics and mechanism. It is a single-material cell other than those based on

various p-n junctions. Its photo-electric conversion mechanism is quite different

from other solar cells. And hence, the investigation of ferroelectric photovoltaic

(FePV) phenomenon is quite hot in recent years.

The FePV effect was first observed at around 1960s in BaTiOsz single crystal,

which is a ferroelectric material lacking of central symmetry[1]. Compared with

other types of solar cells, ferroelectric solar cell can generate a high photovoltage

which is normally several orders of magnitude larger than that of p-n junction type

solar cells, and the value of photovoltage is simply proportional to the separation

distance of electrodes. Another feature of ferroelectric photovoltaic effect is that a

steady-state photocurrent is generated along the polarization direction; though the

XING LI 4
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photocurrent is relative small, which can be simply reversed by switching the

polarization to the opposite direction. This phenomenon was also found in other

ferroelectric bulk materials like LNO, SBN, PLZT and BFO[2][3]. However, due to

the small photo-electric conversion efficiency, investigations of ferroelectric solar

cell stalled shortly afterwards.

In recent years, upon the rapid development of thin film technology, the research

of FePV effect has been rejuvenated and with the help of scanning probe system, a

photo conversion efficiency of 10% has been reached. Moreover, switching of

photocurrent in ferroelectric thin film is fast with low energy loss. This feature

renders potential application of ferroelectric materials for new generation of non-

volatile memory devices. FePV effect is also applicable for light sensors and

actuators which have advantages of high accuracy, fast response and good durability.

Due to these charming and promising applications, FePV is currently one of the

major research fields in materials and physical sciences, and many novel features

associated with FePV are to be uncovered.

XING LI 5
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1.2 Possible mechanisms of FePV effect

The exciting FePV phenomenon is widely observed in most ferroelectric materials.
However, the mechanism behind it is still not fully understood. Considerable amount
of experiments were conducted aiming to uncover its physical nature, and several
theories were built up in recent years. In this section, some mainstream

interpretations of FePV effect are presented.

1.2.1 Surface charge model

a TRANSIENT b
{ PYROELECTRIC LONGER EXPOSURE
| CURRENT
EXPOSURE TIME 10 MIN
4 STEADY sl
PHOTGVOLTAIC
CURRENT
! - “4 = ALONG THE C- AXIS
LIGHT ° —— ALONG THE b-AXIS
OFF =
il ® =3
i TIME — &
g o—j—x P
=] ' N £ rd
O JUGHT ,3/ - s \
ON \ -~ -l feEgr6THWR »” N
CURVES TRACED' 7 ~
BY SLOWLY-RESPONDING - ~.
ELECTROMETER - 0 — ===
“TRANSIENT sk
PYROELECTRIC
t CURRENT seki bk
l 1 s 1 A 1 I
~C - 4 3 2 1 0 2 3

U 4= 4
DISTANCE ALONG C-AXIS (b=AXIS FOR THE DASHED LINE )
FROM THE BEAM CENTER IN 10%cm

Fig. 1.2 (a) Schematic diagram showing the time variation of the current during a slow light-
dark cycle. The pyroelectric and photo-voltaic components of the total current are indicated; (b)
Optically induced index change along the b and c axes with various exposure time. Space-charge
field Es shown in the inset causes the observed distribution of A(n, — n,). Reprinted from A. G.

Chynoweth et al[1]. and F. S. Chen et al[4].

A. G. Chynoweth’s work published in 1956 was normally regarded as the first

observation of photovoltaic effect in ferroelectric materials. As shown in Fig. 1.2 (a),

XING LI 6
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he discovered that, when BTO single crystal was under illumination, a transient
current followed by a steady state current was detected from in-plane electrodes
placed on crystal surface. Chynoweth then attributed the transient and large
photocurrent to pyroelectric effect caused by movement of impurity ions in the
space-charge layer on the crystal surface by investigating the transient pyroelectric
current below and above the Curie temperature. He concluded that the steady-state
photovoltaic current was driven by the same force for the transient pyroelectric

current. However, no specific form of this force was given in his work.

Another early work done by F. S. Chen showed that, when LiNbO3s and LiTaOs
single crystals were illuminated, the refractive indices at the illuminated area would
change, as shown in Fig. 1.2 (b). The author carefully examined the change of the
difference between ordinary and extraordinary refractive indices, i.e. A(n, —n,),
under different illumination duration and intensity. The extraordinary index of
refraction was observed to decrease by 0.001 with a focused Ar laser of 20 mW
intensity at A= 0.488 um, while the change of ordinary index was much smaller. A
model was proposed that the local change of refractive indices was attributed to the

drifting of photoexcited electrons out of the illuminated region followed by their re-

XING LI 7
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trapping near the beam periphery. The author believed that there are two types of
electron traps before light illumination, and an unknown internal electric field is
responsible for dragging of photoexcited electrons from filled traps to empty ones
until the electrons are moved out of illuminated area and immobilized. The specific
form of this internal field was not discussed in this work, except that it was in the

antiparallel direction of the spontaneous polarization.

However, the above two proposed mechanisms either failed to incorporate the
photovoltaic phenomenon, or lacked concrete details. A more fundamental theory is

required to explain the FePV phenomenon.

1.2.2 Bulk photovoltaic effect theory

In 1974, Glass et al. attributed the photocurrent in ferroelectric material to bulk
photovoltaic (BPV) effect for the first time (for the best of our knowledge)[2]. A
more comprehensive model proposed by B. Baltz and W. Kraut explained BPE as a
consequence of breakdown for spatial symmetry, not only time-reverse
symmetry[5][6][7][8]. Though the BPE was first identified in ferroelectric material,
the existence of such effect was also predicted and verified in other non-ferroelectric

materials which are belong to any non-centrosymmetric space groups. For certain

XING LI 8
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space groups (only one exception in the 21 crystal classes that lack a center of
inversion symmetry), the photocurrent arises because the real-space center of charge
for the valence bands differs from that for the conduction bands. Fig. 1.3 illustrated a
simple situation of the electron movement when a simple ferroelectric material is
illuminated: only two electron states are considered. After the absorption of photons,
electrons would move in the A-B-C direction, where the blue line represents
excitation and the purple one represents decay. Due to the breaking of spatial
symmetry, electrons moving along the reverse way, e.g. C-B-A, need larger thermal

activation, thus only happens with very small possibility.

> Radiative
transition

— “—> Nonradiative

transition
e - Electron
state

Energy

— »>
= Position
unit cell

Fig. 1.3 Illustrative diagram of movement of electrons excited by illumination in bulk

photovoltaic effect. Reprinted from Wikipedia.

Usually, the experimental result of BPV effect can be quantified as:

Jon = a(@)G(w)ly (1)

XING LI 9
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where ® denotes the frequency, Io is the radiation intensity on sample surface, a(®)
denotes the absorption coefficient of the crystal, and G(w) denotes Glass's
photovoltaic coefficient, which depends on the polarization of the radiation. This
form of expression is only suitable for the situation when the current measurement is
along the polarization direction. If the current measurement direction is not placed
parallel to the polarization, then the Glass coefficient should be replaced by a third-

rank tensor, e.g.

Ji = IBijrejey

Where e;and ey, are projections of electromagnetic field vector, and fB;  represents
the ability to respond to electromagnetic field. And the photovoltage can be

expressed as

]ph

Voe =———d 2
o= oo @

in which g4 and g, denotes dark conductivity and photoconductivity, d denotes
electrodes separation distance, which is very critical to obtain a high overall open
circuit voltage, e.g. Voc. Under this model, the photocurrent and photovoltage are

both well-defined and easily quantified. VVarious experiments have been designed to

XING LI 10
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testify its correctness, and the third rank tensor has been obtained for different

materials[9][10][11].

Although the BPV theory has successfully explained many experimental
phenomena, its microscopic origin is still lack of detailed description. In recent years,
a shift current theory is thought as the dominant mechanism to give rise to a truly
bulk effect in ferroelectric photovoltaic behavior[12][13]. The term shift current is
nonlinear optical process, giving rise to a truly bulk effect and having been verified
by first-principles calculations. The term shift current also vividly depicts the
electron movement in real space realm, e.g. from one unit cell to another, which is
different from the electron-hole flow in kinetic space in a typical semiconductor or

metal.

1.2.3 Depolarization field theory

The bulk photovoltaic theory is good enough to explain most observations performed
on bulk materials. In thin film situation, however, more factors should be considered.
One frequently mentioned mechanism for photovoltaic effect in ferroelectric thin
films is the depolarization field theory[14]. In a polarization process, after the

removal of an external DC field, the electrodes should normally be connected to

XING LI 11
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neutralize redundant free charges. Occasionally, due to impurities or defects around
the electrode-sample interface, the charge neutralization may be imperfect. Thus,
those unscreened boundary charges would build up an internal field which could be
the driving force for electron-hole separation when an atom is excited by a photon.
In bulk scale, the depolarization field is too weak to provide a strong force, but in

thin film scale, the depolarization field could play a critical role that needs careful

consideration.

1.2.4 Domain wall theory

¢ 3x10™ d 6x10
g Photo current b Phot irrent

& 2x1074 4 & 4x1074

£ | E -

o o

< 1x1074 < 2x10744

2 1 ) curre 2 ) ) curre

£ 04 Dark current = 0 Dark current

g 3 |

° 1 ©

§ -1%107+ g ~2x107 1

5 1 5

O -2x1074 4 O _4x10-4

=-3x10% Y—7——"T—"T"T e e T G T R -6x104 “r—T—Tv—T—T"T7T T e e e mm
-5 -0 -5 O 5 10 15 -5 -10 -5 O 5 10 15
Voltage (V) Voltage (V)

Fig. 1.4 Schematics of the measurement configuration with (a) perpendicular domain walls
(DW1) and (b) parallel domain walls (DW)). The corresponding I-V curves for the devices in (a)
and (b) are shown in (¢) and (d), respectively. Reprinted from Yang et al.[15].
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Recently, Yang et al. have examined the FePV effect in rhombohedrally distorted
BiFeOs (BFO) thin films with periodic stripe domains[10][15][16][17], and their
work provides a big step forward because it presents important insight into the
photovoltaic effect in ferroelectrics. Since BFO has a rhombohedral-orthorhombic
transition at its Curie temperature, three types of domain walls exist in a BFO
epitaxial thin film. By using a strain engineering method, they have successfully
separated 71° and 109° domain walls on different samples, and measured the photo-

electric response using two electrode configurations, namely, perpendicular domain

walls (DW_L) and parallel domain walls (DW), as shown in Fig. 1.4 (a) and (b),
respectively. It is observed that the photovoltage in the DW_ configuration was
prominent and much larger than the bandgap of BFO, but vanished in the DW|

configuration, as shown in Fig. 1.4 (c) and (d), respectively.
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n-type Depletion layer / — /

Fig. 1.5 Principles of operation for a conventional solar cell and the ferroelectric alternative. (a)
Band diagram of a conventional semiconductor p—n junction, showing the conduction band
(CB), valence band (VB), bandgap (Eg) and open-circuit voltage (Voc). Here, hv is the energy of
the incident photon and e is the elementary electric charge. (b) In the ferroelectric domain,
band bending occurs across the domain wall (DW). The directions of electric polarization (P)

are shown by arrows. Reprinted from Haitao Huang[17].

The authors suggested a new model to explain the phenomenon. According to
previous ab initio calculations, ferroelectric domain walls have built-in potential
steps[18][16], arising from the component of the polarization perpendicular to the
domain wall. The intrinsic potential drop at 71° domain walls (~10 mV)[16] induces
a huge electric field of ~5x10° V m™ inside the narrow domain wall, which was
suggested to be a strong driving force for the dissociation of the photo-generated
exciton. When the sample is illuminated, each individual domain wall act as a
nanoscale p-n junction connected by adjacent domains in which the photogenerated

charge carriers are localized and tightly bound, as shown in Fig. 1.5.
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The domain wall theory gives an important complementary explanation for
ferroelectric photovoltaic effect besides bulk theory, and, for the first time, the
ferroelectric domain walls are thought to be functional rather than functionless thin
layers. Recent study suggests that domain walls in epitaxial BFO thin film is more
conductive than bulk domains where the dark conductivity in the DW 1 configuration

is much smaller than that in the DW)| configuration[11].

1.3 Ferroelectric photovoltaic effect in bismuth

ferrite

1.3.1 Introduction of bismuth ferrite

Multiferroics are usually defined as single-phase crystals exhibiting both
ferromagnetism (or anti- ferromagnetism) and ferroelectricity (or antiferroelectricity)
at a certain temperature and pressure. The interest in multiferroics at present is
growing rapidly, and the interest is twofold: (1) from a fundamental point of view,
the coupling between spins and lattices in crystals has been recognized as complex
and fascinating for several decades; and (2) multiferroics also present a possible

avenue for the next generation of computer digital memories, in which information
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would be stored by magnetization, and read solely by electric fields. However, the
phase transition temperature (from para-phase to ferroic-phase) of most multiferroics
is below ambient temperature, thus room temperature multiferroics will be of great

importance, one of them being BFO[19][20][21][22][23][24].

BFO possess a rhnombohedral structure (point group R3c) at room temperature[25]
The perovskite-type unit cell has a lattice parameter of 0.3956 nm, and a
rhombohedral angle of 89.3-89.4° at room temperature[26], with ferroelectric
polarization along [1 1 1]nc[26]. The unit cell can also be described in a hexagonal
frame of reference, with the hexagonal c-axis parallel to the diagonals of the
perovskite cube, i.e., [001]nex || [1 1 1]pc. The hexagonal lattice parameters are anex =
0.558 nm and chex = 1.39 Nnm[26][27][28]. The coefficient of thermal expansion is
neither completely linear nor isotropic[29][30][27], and the reported values differ

notably, ranging from ca. 6.5 to 13 x 10° K1[29][27].

The study of BFO as a magnetoelectric (coupling between electric and magnetic
ferroic orders) material was pioneered as early as 1960s. In 1963, Kiselev et al found
BFO to be a G-type antiferromagnet with Neéel Temperature at around 640 K. [102]

In 1970 Teague et al reported the first polarization-electric field hysteresis loop at
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low temperature with a polarization value of only 6 uC/cm?[31]. The small value of
polarization is own to sample leakage, and the difficulties in preparing high a quality
BFO single crystal had prevented the investigation of its ferroelectric properties. The
rejuvenation of studying BFO material was initiated by R. Ramesh’s group in
2003[32]. In 2003°’s work, the [0 O 1]pc-oriented BFO epitaxial thin film grown on a
single crystal substrate showed a remnant polarization as high as 55 pC/cm? and an
enhanced thickness-dependent magnetism as compared with the bulk BFO. It was
the first time that a large polarization was observed in a lead-free ferroelectric
material, and the ferroelectric property was later found to be intrinsic rather than
strain induced which was proposed by the authors. In 2007, Lebeugle et al and
Shvartsman et al showed that the polarization in bulk BFO is about 100 uC/cm?

along [1 1 1]pc, which is the highest reported value in bulk ferroelectrics[33][34].

Besides exceptional ferroelectric properties, the optical properties of BFO are also
remarkable. The bandgap is low compared to most ferroelectric perovskites, with
reported values in the range of 2.6 to 3.0 eV[35]. The corresponding absorption edge
is in the visible range, which has kick-started the theoretical and experimental

investigation of FePV in BFO[33][36].
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In recent years, the study of BFO is mainly focused on fabrication and
characterization of epitaxial thin film and its physical properties. By a so-call strain
engineering method, the lattice structure and domain pattern of BFO thin film could

be modified in a way that is impossible for the bulk material.

Strain Engineering of BFO thin film

By using different substrates, the properties of BFO thin film could be changed
greatly[37][38][39][40][41]. A wide range of single crystal perovskite substrates,
with various orientations and miscuts, have enabled diverse manipulation methods of
the crystalline structure in a BFO epitaxial thin film. Reports of pure tetragonal,
tetragonal-like (T-like) Monoclinic Mc, orthorhombic, rhombohedral-like (R-like)
monoclinic Ma and monoclinic Mg BFO films can all be found in
literature[42][43][44][45][46][47][48]. The most frequently used substrates are
SrTiOsz (STO), and the lattice structure of BFO thin film deposited on STO would be
changed from pure tetragonal to rhombohedral phase at different thickness. DyScO3
(DSO) is another frequently used substrate since its in-plane lattice constant in [1 1
0]-direction is almost the same as the lattice constant of bulk BFO. Through strain-

engineering approach, an electric field driven phase transition can be achieved,
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analogical to the morphology phase boundary in piezoelectric materials. R. J. Zeches
et al. have found that BFO thin films deposited on LaAlOs (LAO), YAIOs (YAO)
substrates could exhibit a stable mixed-phase topology between pure tetragonal-like
phase and a mixture of T-like and R-like phases[42], which is tunable by electric
field. By proper choose of substrate and deposition condition, a remnant polarization
of ~150 uC/cm? could be obtained in highly strained thin film with T-like phase,
which is 1.5 times that in bulk rhombohedral phase[49]. Those features open new
prospects for BFO material for the applications in nano-sized and nonvolatile

electronic devices.

SIRUO,SrTiO,

SrRuQy/SrTi0,

SrRu0,/SrTi0,

N -
Frorlfy Rorly a, Forls a

Fig. 1.6 Schematic illustration of domain engineering of BiFeOs thin films by miscut substrates.

(a) 4-Variant BiFeOs on exact (0 0 1) SrTiOs single crystal substrate. (b) 2-Variant BiFeOs on
substrate with 4 miscut along [1 0 0]. (¢) Single-variant BiFeQs on substrate with 4 miscut along

[1 1 0]. Reprinted from J.E. Giencke et al.[40].
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It is also possible to control the ferroelectric domain pattern through strain

engineering[40][50][46][52][53]. Since strain-free phase of BFO is rhombohedral,

the polarization can point along one of the eight diagonal directions, giving rise to

eight possible domain variants, and 3 types of domain walls: 71°, 109° and 180°. The

complexity would result in random domain patterns on the thin film surface, thus

preventing further investigation of the detailed behavior and functionalities of

ferroelectric domains in BFO. However, by using appropriate-cut substrates, e.g.

vicinal STO substrate, the freedom of polarization directions can be reduced to two

or one. Fig. 1.6 shows three types of substrate: no miscut, miscut along [1 0 O]pc (2-

variant), and miscut along [1 1 O]pc (1-variant). The miscut angle is proportional to

the accumulated step height across the entire surface, and the larger angle leads to

more steps on the surface, hence smaller step area. Y. Chu et al. [50][51] showed

that there were only two types of domain walls (109° and 71°) when BFO was

deposited on 0.5° miscut STO substrate; and when the miscut angle of 1-variant STO

substrate was increased from 0.5° to 3°, the 109° domain walls gradually disappeared

and left only 71° domain walls. The reduction of domain types renders two

advantages: first, 109° domain wall is thought to be much leakier than 71° one, thus

the ferroelectric property of the thin film containing pure 71° domain walls is better
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than that deposited on no-miscut substrate; second, the separation of two types of
domain walls provides better chance to unveil new insights in photovoltaic effect of

BFO, as we have discussed in previous section[16][22][42][54].

After thirteen years of development, the understanding of BFO material is very
comprehensive, and various kinds of applications of BFO material were proposed. In
the following sections, recent work on photovoltaic effect of BFO material in single

crystals, thin films and nanofibers are presented.

1.3.2 FePV effect in BFO single crystals

Although FePV has been discovered for half a century, the investigation of
photovoltaic effect in BFO remained absence until 2008[33]. The long period of
blank is mainly due to the high conductivity of BFO samples. Compared to thin
films or ceramics, single crystals are normally viewed as of better quality and simple
in nature. Therefore, they are very important in preliminary research stage. Here we

present several work in FePV effect of BFO single crystals.
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Fig. 1.7 (a) Photocurrent flipping when applied opposite voltage to BFO single crystal; (b) J-E

curve in the dark (D) and with green-light illumination on right (R) or left (L) semitransparent

Au electrodes. Reprinted from T. Choi et al. [36]

In 2009, T. choi et al. showed a diode like behavior in BFO single crystals when
they were subjected to illumination under green light (Fig. 1.7 (b))[36][55]. One
interesting phenomenon was showed in this work: the photocurrent direction is
flipped according to opposite polarization (Fig. 1.7 (a)). The observed switching
behavior has recently been confirmed in thin film structure and is of great
application significance, since a new type of non-volatile memory device is possible
based on this discovery. Recently, R. Moubah et al. [56] have measured the
photocurrent in BFO single crystal with in-plane electrode configuration. They also
confirmed the switchable behavior of photocurrent. However, the diode-like I-V

curve was not obvious in Fig. 1.7, revealing that the optical rectification in BFO is
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not raised by bulk effect but related to self-doping induced by polarization at

electrode-sample interface. This conclusion was further verified by H.T. Yi et al.

[55].

Photocurrent (nA)
N
|

-40 -30 -20 -10 0 10 20
Applied bias (V)

Fig. 1.8 Photocurrent—voltage characteristics obtained by successively contacting three tips of a
multicantilever AFM chip. The lines represent a linear fit to extrapolate the I-V characteristic

to Voc. The inset shows an image of the three tips on the (100)-oriented BFO crystal. Reprinted
from Marin Alexe & Dietrich Hesse[57].

One drawback of ferroelectric materials that hinders their practical applications in

photovoltaic market is their low light-electricity conversion efficiency, typically

below 1%. With the accumulation of attempts, promising improvement has appeared

and some groups have claimed to have measured around 10% external quantum
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efficiency (EQE) in BFO system. An interesting work done by Marin Alexe &
Dietrich Hesse[57] showed that, by using photoelectric atomic force microscopy
(PhAFM) combined with piezoresponse force microscopy (PFM), the conversion
efficiency could be enhanced by seven orders of magnitude in BFO single domain
crystal. They also demonstrated that, by contacting multiple PFM tips on sample
surface, the photocurrent would increase with increasing number of tips, as shown in

Fig. 1.8.

1.3.3 FePV effect in BFO thin film
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Fig. 1.9 Light and dark current density as a function of applied field for BFO/SRO/STO (111)
films cooled at (a) 760 Torr, (b) 0.1 Torr, and (c) 0.001 Torr partial pressure of oxygen. (d) Log
current density for the data shown in (a)—(c). Reprinted from S.R. Basu et al. [58].
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Due to the simple fabrication process, work on BFO thin film structure is dominant
in literatures [58][59][60][61][62][63][64][65]. The earliest work in BPV of BFO
thin film was, to the best of our knowledge, done by S.R. Basu et al. [58] in 2008
(Fig. 1.9). In their work, the authors suggested an indirect bandgap of ~ 2.7 eV
according to fitted absorption coefficient vs. photon energy, which was in consistent
with previous simulation results, and they also identified an obvious photocurrent
under 80 kV/cm bias field. Later work done by S.Y. Yang et al. [59] showed a zero-
bias photocurrent density of 1.5 mA/cm?, an open-circuit voltage of 0.8 V, and an
external quantum efficiency of 10%. This prominent photovoltaic effect was
explained by Schottky junction formed at the ITO/BFO interface. However, these
two studies were conducted on samples with sandwiched structures, i.e. top
electrode/BFO/bottom electrode/substrate, which has complicated the access of

possible mechanism.

S.Y. Yang et al. [15] have proposed a new mechanism for photovoltaic effect in
BFO thin film with symmetric in-plane electrode configuration. As we have
mentioned above, with the help of strain engineering to separate stripe-like 71°

domain walls from random domain pattern, the authors observed that the
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photovoltaic effect is prominent when measurement was taken in vertical direction to

domain walls, and negligible when measured parallel to domain walls (Fig. 1.4-1.5).

Moreover, according to Kittel’s law, the width of domain is proportional to square

root of film thickness[66]. Based on this law, the domain wall theory clearly

explained the phenomenon that the open circuit voltage decreases with increasing

film thickness. This work is of great importance; not only because it provides an

alternative mechanism for BPV, but also due to its simple sample configuration that

allows later reference and further investigation. A more market driven research of

non-volatile memory device based on BFO thin film was presented by Rui Guo et al.

[63] A prototype of 16-cell memory based on cross-bar architecture is shown in Fig.

1.10. Though the overall performance of BFO-based non-volatile memory device

was not prominent better than other materials, this work provided a solid foundation

for further exploration.
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Fig. 1.10 Performance of a prototype 16-cell memory based on the cross-bar architecture. (a)
Topography of the device with preset polarization direction. Blue: polarization up, red:
polarization down. (b) V. of all 16 cells are indicated. These are measured under 20 mW c¢m

light. Reprinted from Rui Guo ez al. [63].

1.3.4 FePV effect in BFO nanowires

One-dimensional (1D) semiconductor nanowires are emerging as promising
candidates for developing next generation photovoltaic cells due to their strong light
absorption properties, which are a result of large surface areas and direct charge
transport paths along the geometry of the wires[67][68]. K. Prashanthi et al. has
investigated BFO single nanowire placed on Pt/Ti electrodes, and observed an
obvious sub-bandgap photovoltage phenomenon (Fig. 1.11). The result can be

attributed to the increased surface states resulting from the high surface-to-volume
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ratio for nanowires. This research is important to the development of FePV devices

involving the BFO nanowire array for new generation solar cells.
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Fig. 1.11 Photovoltage response at different location on nanowire. Reprinted from K. Prashanthi

et al. [69]
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1.4 Outline of the thesis

A brief literature review is given in Chapter 1, concerning the historical development

of FePV and its applications of BFO material.

Chapter 2 gives a brief introduction on those techniques that were employed in this
study, including the deposition technique, the structural characterization techniques,

and the photocurrent measurement setup.

In Chapter 3, the influences of secondary phases on BFO thin films are presented,;
and hence the fabrication conditions in our system have been optimized for large

photovoltage and photocurrent.

In Chapter 4, the influences of electrodes on FePV effect of BFO thin film are
examined. Gold and titanium electrodes were deposited on BFO thin film deposited
under optimized conditions, and the 1-V characterizations of photo-electric response
and KPFM result confirm that Schottky and Ohmic contacts are built up at Au/BFO

and Ti/BFO interfaces, respectively.

In Chapter 5, strain effect on FePV properties of BFO are examined. BFO thin films

were respectively deposited on PMN-PT and LAO substrates to study their strain-
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dependent photovoltaic behavior. In addition, FePV effect in strain-free BFO

nanofibers are also presented for comparison.

Chapter 6 gives the conclusions and future perspectives of this thesis.
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Chapter 2. Experimental Methods

2.1 Introduction

This chapter provides a brief introduction on the techniques and facilities employed

in this study. They include:

(1) Thin film deposition technique: Pulsed Laser Deposition (PLD). A KrF excimer
laser with a wavelength of 248 nm and pulse duration of 25 ns (Lambda Physik

COMPex 205) was used as laser source.

(2) Electrode patterning: DC magnetron sputtering, spin coating, oxygen plasma and

photolithography were used for electrode patterning.

(3) Techniques for thin film structural characterization: X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and

Transmission Electron Microscopy (TEM).

(4) Electrical characterizations: The ferroelectric properties were measured by the
Precision Premier 1l Ferroelectric Tester. 1-V curve was measured by Keithley 2410

sourcemeter.
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(5) Photovoltaic measurement: The light source is a 375 nm laser with its maximum

power density on sample surface of 20 mW/cm?

2.2 Pulsed Laser Deposition

The pulsed laser was applied as a direct energy source for thin film fabrication since
the discovery of laser[69][70]. The first experiment on pulsed laser deposition was
conducted in 1960s. After that, several efforts were contributed to the technique in
1970s and 1980s. In late 1980s, due to the success on epitaxial deposition of high-
temperature superconducting films, the pulsed laser deposition technique was then

globally recognized as a fast and reproducible thin film growth method.

Compared with conventional film deposition techniques, e.g. thermal evaporation,
molecular beam epitaxy (MBE), sputtering, metal-organic chemical vapor deposition
(MOCVD), etc., laser ablation has the following major advantages[15]

[35][60][24][71][72][32]:

2 The target composition is directly transferred to the film, leading to

stoichiometric deposition.
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3 Tunable deposition rate can be realized by changing the frequencies of laser

ablation.

Several weak points for current PLD technique also exist, including splashing of
particulates onto the films. For a large-area growth, the uniformity of the film is not
guaranteed during a PLD process. Thus, PLD technique is not quite suitable for large

area thin film depositions.

2.2.1 Preparation of Ceramic Target

Throughout this work, three types of bismuth ferrite targets with different
compositions have been used: BiioFeOs, BiFeOz and BiogFeOs. The target
preparation was based on solid state reaction between metal oxides, which is widely
employed in the preparation of ceramic targets for thin film deposition. Standard

synthesis of ceramics in this project can be divided into several steps:

2  The starting materials (oxide powders) were weighted according to the
chemical formula and mixed manually in an agate mortar assisted by

ethanol for 2 hours, followed by ball-milling for 10 hours.

3  The powder was then totally parched in an oven and calcined in an

alumina crucible at 780 °C for 1 hour to make the solid state reaction
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happen.

The calcined powder was then grounded again in alcohol using zirconia

balls in the ball-milling machine for 10 hours.

Before pressing the calcined powder into pellets, 5 wt% PVA (polyvinyl
alcohol) was homogeneously mixed with the powder as binder for

granulation in an agate mortar for 2 hours.

A one-inch diameter stainless steel pressing mold was filled by the
calcined powder. A uniaxial pressure of ~30 MPa was added for 5 min to
drive out the excess air inside the powder. After that, the ceramic powder

became a densely packed disc.

The organic binder PVA in the green sample was completely burnt out at

around 600 °C for 2 hours.

After complete removal of PVA, the pellets with different compositions
were sintered at 820 -850 °C for 1 hour, followed by a rapid quenching to

avoid Bi evaporation[73].

Dense and hard ceramic pallets as the targets of thin film deposition were

formed after surface polishing with sand papers.
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2.2.2 Ablation Process

Pulsed-laser deposition (PLD) is a physical vapor deposition technique where a high-

power pulsed-laser beam is focused inside a vacuum chamber by lens to evoke a

high density plasma vapor by thermal evaporation in a very short time. The ablated

plasma will then transport forward to target surface and form a plume that is

comprised of clusters of atoms, molecules, electrons, and ions. Before being

deposited onto the hot substrate, these particles may involve in very complex

reactions with surrounding gas molecules if the deposition is performed under a

background gas like oxygen. Figure 2.1 is a schematic diagram of the PLD system in

this project, where the whole setup includes a laser beam source and a stainless steel

vacuum chamber with a rotating target holder and a substrate stage whose

temperature is program controlled. The laser pulses are focused through an optical

system to ablate the target. Multiple targets can be used to enable the growth of

alternating layered thin films.

In the laser ablation process, a KrF excimer laser (with wavelength of 248 nm,

pulse duration of 25 ns, energy in the range of 0.25 to 0.4 J before the focusing lens

and a frequency of 1 -10 Hz, Lambda Physik compex 205) is used to ablate the target.
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During deposition, the target is kept rotating so that the target will not melt due to

successive incidence of laser pulses on the same point. The ablation process takes

place in a vacuum chamber - either in vacuum or in the presence of some

background gas. In the case of oxide films, oxygen is the most common background

gas.
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Fig. 2.1 Schematic setup of pulsed laser ablation in a vacuum chamber.

2.2.3 Deposition Process

During the deposition process, as mentioned before, high energy pulsed laser ablates
material from the target surface, then atoms, ions, and molecules pass through the
vacuum and finally reach the substrate surface, either being elastically reflected out

of or captured on the substrate surface. Those captured particles, called adatoms,
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would be subjected to desorption, adsorption and diffusion on the surface and steps,

and eventually nucleate and grow into a uniform film.

However, the high energetic species ablated from the target can also bombard the
substrate and re-sputter off atoms from the deposited thin film, causing damage to
the surface of the sample. Consequently, a collision region will be formed due to the
sputtered species and particles, which serves as a source for condensation of particles.
Thus, to ensure the high quality of final thin films, several influential factors, such as,
substrate temperature, working pressure (oxygen partial pressure for oxide thin
films), laser energy density, distance between target and substrate, laser frequency
and background pressure should be taken into consideration. The complexity of
interaction between these factors to each other makes it difficult to optimize the
deposition conditions for a specific material. A practical method is to fix several of
these factors throughout the whole experiment and only two or three factors are

allowed to be varied. The experiment details are presented in the following part.

2.2.4 Deposition Parameters

In this project, BFO/LSMO/substrate or BFO/substrate thin films were deposited at

an oxygen pressure of 50-100 mTorr for BFO and 300 mTorr for LSMO
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(LaSrMnQO:3). Single crystal substrates SrTiO3, LaAlO3 and PMN-PT are supplied
by HeFei Crystal Materials Co., Ltd.. Before loaded into the chamber, substrates
were treated with an ultrasonic bath in acetone, ethanol, and DI water, consecutively,
to get rid of the organic contaminations. The pressure inside the vacuum chamber
was detected by a ZDF-I vacuum gauge system (Chengdu Chenghua Electronic
Instrument Factory), which combines a manometer and an ionization gauge for low
and high vacuum monitoring, respectively. The substrate temperature was varied
from 600 to 700 °C for different thin films, monitored by a chromel-alumel
thermocouple. Distance between the target and the substrate was fixed at 5 cm. Pre-
ablation was necessary to clean the target surface. A laser energy density of ~1 J/cm?
for BFO and ~2 J/cm? for LSMO and a laser repetition rate of 1 -10 Hz were used
during deposition. An additional in-situ annealing process under 5 Torr oxygen gas
after deposition is essential for all samples to get a better degree of crystallization

before they were finally cooled down to room temperature at a rate of 5 °C/min.
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2.3 Characterizations of Thin Films

2.3.1 X-ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals
detailed information of crystallographic structure of natural and manufactured
materials. In this study, X-ray diffraction measurements were carried out in on a
Rigaku Smartlab high resolution X-ray diffractometer (HRXRD) with a 9 kW
rotating anode X-ray generator, using a Cu Ko radiation at a wavelength A =
1.540562 A. We have performed a standard set of XRD measurements for a
thorough characterization of epitaxial thin films, including 26-® scan, rocking curve

and Phi scan.

2.3.1.1 Bragg’s Law

The basic principle of crystal lattice measurement by XRD is based on diffraction of
X-rays which have a wavelength of the same order as the lattice parameters of a
crystal, i.e. Bragg’s Law. When parallel incident x-rays approach to the crystal
lattice, the periodic “planes” of lattice will elastically “reflect” the x-ray in the same

way as a mirror reflects light, as shown in Fig. 2.2. Due to elasticity, the absolute
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value of the outgoing wave vector, will keep unchanged, but the phase at the wave
frontier will be different due to different paths diffracted by consecutive planes 1°, 2’,
3’ ... Therefore, for a specific incident angle 0, the strongest interference of outgoing

waves will occur according to Bragg’s Law:
A= 2dpy; Sin Oy 1)

Here hkl indicates the Miller indices of parallel planes (h k 1) and d;y; is the d-
spacing of these planes. Since the A doesn’t change for elastic scattering, there is a

one to one correspondence between 6;,,; and dj,;;.

NN

Ay
hkl

hkl

Fig. 2.2 Principle of X-ray diffraction for crystal structure characterization.

2.3.1.2 X-ray Diffraction of Thin Films

X-ray Diffraction is a crucial technique for investigation of epitaxial thin films, since

it can provide detailed information on crystal structure of thin films, such as whether
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the resulting film is relaxed or not. Compared with powder sample, the principle for

thin film is nothing more than Bragg’s Law, but some technical considerations need

to be taken to get an accurate measurement.

Unlike powder sample, the XRD pattern of a thin film is very sensitive to its

placement on the sample holder. For common 6-26 scan, the position of light source

and light detector with respect to sample are always symmetric and will change in

the same pace. However, if the surface plane of thin film is not placed horizontally,

such as the tilt of sample caused by adhesive glue, then, in the 6-20 scan, Bragg

diffraction condition will not be satisfied. In this case, we should preset an offset

value to correct the tilt angle and use 26-w scan. By 26-w scan, the position of light

source and light detector with respect to sample are not symmetric, but in a manner

of 0’ = 0 + 2*offset. Fig. 2.3 shows the principle of 20-w scan.

Fig. 2.3 Schematic diagram of 20-® scan when the sample is tilted by 7.
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2.3.1.3 2-Theta scan, Omega scan and Phi scan

Beside 20-w and 6-26 scans, there is another important scan called Omega scan.
When applying Omega scan, the positions of X-ray tube and light detector are fixed
while the sample plane is moved in a small range, typically within several degrees.
The movement of the sample is much like rocking around the Bragg peak so that the
Omega scan is often referred to rocking curve. The full width at half maximum
(FWHM) of rocking curve is a good indicator of the quality of the resulting thin film:
the smaller the FWHM value, the better the epitaxy of thin film. Fig. 2.4 (a) shows
the working principle of Omega scan, and the broadening of the rocking curve
represents that curvature or deviation in crystallographic orientation happens in the

thin film, as shown in (b).

Fig. 2.4 (a) Working principle of Omega scan; (b) curvature of thin film would cause broaden of

rocking curve.
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Another technique that is important for thin film characterization is Phi scan. Phi

scan is similar to Omega scan, but is different in that when applying the Phi scan, the

sample is rotated around certain axis by 360 degrees, instead of “rocking”. Normally,

it is not appropriate to apply Phi scan to planes which are parallel to substrate surface,

like (0 0 1) plane on [0 0 1] orientated substrate, because this would result nothing

but a flat baseline. If the lattice of the resulting thin film is cubic, for example, when

we rotate the film along [1 O 1] axis and fix the X-ray tube and light detector at

appropriate position, there should be only four peaks appeared in the Phi scan, as

shown in Fig. 2.5 (a).

The last but not the least important scanning method is 2-theta scan. In 2-theta

scan, the X-ray tube is fixed at certain place, normally about several degrees for

small angle incidence, and the light detector moves, as shown in Fig. 2.5 (b). The 2-

theta scan is very useful when the thin film is polycrystalline and the substrate signal

is not desired.
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(b) .

Fig. 2.5 Schematic diagram of working principles for (a) Phi scan; (b) 2-Theta scan.

2.3.1.4 Bragg’s Law in Reciprocal Space

In crystallography, the crystal can be abstracted as a periodic lattice in 3-
demesion. For every real space, i.e. an abstract lattice of crystal, there is a conjugated
space that represents its momentum lattice, and we call it reciprocal space. The
detailed explanation of reciprocal space can be found in many excellent text books.
Fig. 2.6 shows a hyperplane of reciprocal space of an epitaxial thin film. The triple
digits beside each point, for example, 006, is the mark of diffraction maximum of (0

0 6) plane in thin film.
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® Layer
Sub

Fig. 2.6 Schematic diagram for reciprocal space. The coordinate at the left bottom shows the

direction in this hyperplane of reciprocal space.

In Fig. 2.3-2.5, IZ and kj are wave vectors of incident light and outgoing light. As
we mentioned above, the light is elastically scattered by the crystal so that |E| =
k| = 2m/ A, but the change of wave vector |Ak|# 0, since the propagating
direction of incident light is changed. When Bragg’s condition is met, i.e. A=

Zdhkl sin Bhkl, we Wl” have

|AFensa] = 2 * [fe| * sim Bpag = 2+ 272/ s Bppg = o @

In reciprocal space, Aﬁhkl is a vector pointing from the origin to the diffraction

maximum point. For example, if we consider plane (0 0 2) and (0 0 6), then
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g 2 2 1 i . - .. .
|Akgoz| = —— = —— = -|Akoos| ,» and since Ak, all pointing in the same
dooz  3*doos 3

. . — 1 —
direction, so Akyg, = EAkooﬁ.

When we perform 20-o scan starting from O to 90 degree, the Ak will stretch
from the origin straight up, as shown in Fig. 2.7. The red dots represent thin film
diffraction maxima and blue dots represent substrate diffraction maxima in Fig. 2.7.
The red dots are intentionally drew bigger than the blue dots because normally the
epitaxial thin film isn’t one hundred percent perfect and defects will broaden and
smear the shape of diffraction points. Whenever Ak meets a red dot or a blue dot, it

will become AEhkl, and a diffraction peak will appear.

The situations of Omega, 6-20 and 26 scans are slightly different compared with
that of 26-w scan. In Omega scan, |AE| doesn’t change (please refer to Fig. 2.4) so
that Ak actually moves like sweeping across a fan area, not a straight line in 26-®
scan, as shown in Fig. 2.7. In 6-26 scan, if a tilt angle exists, the Ak will be deviated

from that in 26-® scan. As for 26 scan, the magnitude and direction of Ak will
simultaneously change with the increasing scanning angle and an irregular curve will

be formed.
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As we mentioned above, understanding different scanning modes in the frame of

reciprocal space lattice is easy and straight forward. That is reason why X-ray

diffraction technique is so important for thin film characterization.

Fig. 2.7 Scan paths for different scan modes in reciprocal space of an epitaxial thin film. Red
and blue dots represent thin film diffraction maximum and substrate diffraction maximum,

respectively.

2.3.1.5 Reciprocal Space Mapping

By a combination of 20-w and Omega scans, we can get complete information of
the diffraction pattern in reciprocal space, which is called reciprocal space mapping
(RSM). In Fig. 2.7, RSM scanned area of point [2 2 4] is indicated by a black square.
For an ideal single crystal, each point in reciprocal space has a clear edge and round

shape; while for a low quality crystal, the edge of point is blurred and the shape is

XING LI 47



THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 2

deformed. In Fig. 2.8, four typical shapes that can be frequently observed in RSM

measurement are shown.

Real RLP shapes

Finite LS

thickness
) » Ov_v‘

effect

D —

Homoepitaxy Heteroepitaxy Heteroepitaxy Heteroepitaxy
3 3y Tensile stress d-spacing variation ~ Mosaicity (diffuse scattering)
Chang Gung University RS A uiioiig VPG 02004

Fig. 2.8 Four typical shapes that can be frequently seen in RSM measurement. The round
hollow circle represents substrate diffraction spot and the grey area indicates diffraction map of

resulting film.

2.3.2 Raman Spectroscopy

Raman Spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system. When a sample is illuminated
by monochromatic light, the molecule in the sample could have elastic or inelastic
interaction with photons, the former behavior is Rayleigh scattering and the later one

contains Raman scattering and infrared scattering. The selection rule for Raman
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spectroscopy is that only a change of polarisability of a molecule can be observed,
and because this relates to different vibrational transitions from those in Infrared
spectroscopy, the two techniques are complementary. Raman spectroscopy is widely
used as an auxiliary method to identify crystal structure of

matters[42][741[75][76][771[78][79].

HORIBA HR800 with the excitation wavelength of 488 nm was used to extract
Raman vibration information. A 100> objective was used to focus the laser beam

and to collect the Raman signal. The size of the laser spot is about 1 pm.

2.3.3 Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) has a number of different modalities such as
atomic force microscopy (topography imaging), piezoresponse force microscopy
(ferroelectric domain imaging), and magnetic force microscopy (magnetic domain
imaging), etc. The first AFM was designed in 1986 by Binnig and his colleagues. In
early 1990s, the AFM techniques began to be widely used in commercial
applications. It is a nondestructive technique used for characterization of the surface
topography of thin films, polymer coatings, and single-crystal substrates. Except for

surface morphology depicted by atomic force microscopy, piezoresponse force
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microscopy (PFM) is a powerful tool to characterize the fine ferroelectric domain
configuration and switching behavior in a local area of ferroelectric and multiferroic
thin films. Fig. 2.9 shows the principle parts of a PFM. The SPM used in this work is

Bruker Nanoscope 8 with tapping mode and electric contact mode.

Laser-beam  * '
Deteclor |*» = = » « s @ » o' . Piezo
)
Y
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¢
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Fig. 2.9 Schematic diagram of working principle of a PFM.
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2.3.4 P-E Loop Measurement

Thin film sample
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Fig. 2.10 Schematic diagram of Sawyer—Tower circuit for thin film test. Reprinted from Ying

Wang[19].

Hysteresis behavior can be found in many natural or artificial systems, and is
often associated with irreversible thermodynamic change. Electrical hysteresis
typically occurs in ferroelectric material when the sample is below its Curie
temperature (T¢). A typical Sawyer—Tower circuit, which is shown in Fig. 2.10, is
essentially used for experimental ferroelectric hysteresis loop measurement below Te.

The basic principle is that P =%= Uilc", and A is the contact area between

electrodes and sample. For the test, a metal/ferroelectric/metal capacitor should be

fabricated. Pulsed signals in square-wave or sine-wave forms are usually used for the

XING LI 51



THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 2

study of polarization switching. Ferroelectric information including the remnant
polarization Py, the spontaneous polarization Ps, and the coercive field Ec can be

obtained.

In this project, the electric field dependent electrical displacement of the
BFO/LSMO/substrate is studied by measuring the ferroelectric hysteresis loops at 1

kHz at room temperature using a ferroelectric tester (Precision Premier I1).

2.3.5 Photo-electric Response Measurement

Shielding box

UV light

/N

| Probestation

Sourcemeter

Fig. 2.11 Schematic diagram of the setup for photocurrent measurement.

In a photo-electric response measurement, the sample is placed on a probe-station
inside a shielding box. The light source is a 375 nm laser with its maximum power

density on sample surface of 20 mW/cm?. The induced current was recorded by a
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Keithley 2410 sourcemeter and the data was recorded by a home-made LabVIEW
program. Fig. 2.11 shows a schematic diagram of our setup for photocurrent

measurement.
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Chapter 3. Deposition and
characterizations of epitaxial BFO thin
films

3.1 Introduction

As one of the few room temperature multiferroics, BFO has been intensively
investigated. However, for a long time, there are practical difficulties in preparing
BFO single crystals and ceramics, which prevent further exploration of its
application potentials. For example, the high volatility of bismuth at high
temperature (typically above 650 °C) will often cause non-stoichiometric crystals or
ceramics. Fortunately, with help of the fast development of thin film deposition
techniques, these problems are improved greatly by decades of effort. In 2003,
epitaxial BFO thin film was successfully grown on STO substrates, and a huge
electrical remnant polarization of 58 pC/cm? was reported for the first time. Since
then, intensive studies have been conducted to uncover the relationship between thin

film preparation conditions and its physical properties.
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Among all of the thin film deposition techniques, PLD is an advanced technique
for thin film fabrication with unique advantages such as accurate controlling of
chemical composition in the resulting film by varying target composition, and
tunable deposition rates by changing laser frequency[80]. There are several
deposition parameters that can affect the quality of PLD-deposited thin films, i.e. the
substrate temperature, the working pressure (oxygen partial pressure for oxide thin
film), the laser energy density, the distance between the target and the substrate, the
laser frequency (molecular flux rate) and the background pressure. For BFO thin
film, a pure phase epitaxial sample can be only obtained within a small parameter
‘window’, and deviation from the optimized parameters will introduce secondary

phases that are influential to the overall physical properties.

H. Bé& et al. explored the influence of deposition pressure and temperature on
the growth of BFO thin films prepared by PLD[81]. The authors reported that pure
BFO phase was formed closed to P = 102 mbar and T = 580 °C. At lower
temperature or higher pressure, Bi>O3z precipitates were detected while at lower
pressure and higher temperature, Fe2O3 formed. Based on this work, Lu You et al.

investigated the influence of oxygen pressure on the growth of BFO thin films and
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the corresponding electrical properties[82][83]. It was found that the ferroelectric

properties and domain structure were closely related to the Bi/Fe ratio, which was

changed in response to varying of oxygen pressure even within the window where

pure phase BFO thin film could be obtained. The authors proposed that, for films

grown under oxygen pressure below 20 mTorr, high concentration Bi vacancies (Vgi)

and oxygen vacancies (Vo) may form Vgi - Vo defect-dipole complexes, which will

induce randomly aligned internal field that would reduce the overall polarization. For

films grown under 20 mTorr or above, the leakage current density is increased by

about two to three orders of magnitude, due to conductive Bi>Os phase rather than

the intrinsic properties of BFO. Another work done by Rui Guo et al. [84] studied

the influence of target composition on the ferroelectric properties of BFO thin film,

and it was observed that the domain structure varied greatly by reducing Bi content

from Bio.gFeOz to Bio4FeOs in the target.

In recent years, above band-gap photovoltage was observed in BFO epitaxial thin

film, and a great many of papers were published in this area, as discussed in Chapter

1. However, the influence of deposition parameters on photovoltaic properties of

BFO thin film is still lack of investigation. We believe that this issue is worthy of
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discussion, since the preparation conditions determine the electrical and ferroelectric
properties of BFO thin film, which are highly related to the photovoltaic behavior. In
this chapter, BFO thin films are prepared under different deposition conditions, and

their photovoltaic properties are examined by in-plane electrode configuration.

3.2 Experimental details

To explore the effects of ablation rate and oxygen pressure on thin film quality and
photovoltaic behavior, BFO thin films (100 nm in thickness) were deposited on STO
single crystal substrates along [0 O 1] direction by PLD. Three targets with different
compositions were prepared in advance, i.e. BipgFeOs, BiFeOs and Biy2FeOz. During
PLD depositions, the substrate temperature was kept at 700 °C and maintained for 20
mins after laser ablation. Then it was slowly decreased to room temperature at a rate
of 5 °C/min. A KrF excimer laser was used as the ablation source with its energy
density fixed at 0.7 J/cm?. The ablation rate was varied from 3 to 10 Hz, and the
oxygen pressure was also changed from 6 to 13 Pa. The substrate was placed 5 cm
away from the target to allow full interaction between Fe®*, Bi** and the oxygen

atoms before the plasmonic clusters arrived at the substrate.
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In the following context, different samples are marked by abbreviations of their
deposition parameters for convenience. The optimized sample is marked as 10 Hz &
13 Pa, and other samples are marked by deposition parameter which is different than
the optimized sample. For instance, the sample prepared by ablation of BiogFeOs
target is marked as Bio.gFeOs, or 0.8; and 6 Pa & 3 Hz is short for film deposited
under oxygen pressure of 6 Pa, laser frequency of 3 Hz and by ablation of target

BiFeOs.

3.3 Structure characterizations

3.3.1 XRD analysis

Fig 3.1 shows the 20— profiles of samples deposited under different deposition
conditions, and a pure phase BFO thin film was obtained under 10 Hz & 13 Pa
condition. By lowering the laser frequency from 10 to 3 Hz, Bi-O3 secondary phase
appears, while a pure phase sample can be re-obtained by lowering both the ablation
rate and oxygen pressure to 3Hz and 6Pa, respectively, as shown in Fig. 3.1 (a).
Therefore, it implies that decreasing ablation rate and increasing oxygen pressure, or

decreasing temperature have the same function in forming Bi>Os secondary phase, as
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discussed in reference[81]. However, the BFO (0 0 1) peak shifted slightly towards

the STO (0 0 1) peak in sample 3 Hz & 6 Pa, which indicates that the film is relaxed

from the constraint by substrate.

Fig. 3.1 (b) shows the 26— profiles of BFO/STO thin film prepared by ablation of

different targets while the oxygen pressure and ablation rate are fixed at 13 Pa and

10 Hz, respectively. As observed from the figure, impurity phase existed in the

sample from Bi12FeOs, which is caused by excessive bismuth in the target. Fig. 3.1

(b) also indicates that the crystal structure of sample Big.gFeQs is similar to sample 3

Hz & 6 Pa (shown in Fig. 3.1 (a), the red curve); both samples exhibited a relaxed

structure while no secondary phase can be found.
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Fig. 3.1 26-o profiles of BFO/STO thin films deposited (a) under various oxygen pressures and
ablation rates; (b) by ablation of different targets. The stars indicate Bi2O3s phase. The dashed
line shows the position of BFO (0 0 1) peak. S denotes the diffraction peak from the STO

substrate.

Fig. 3.2 shows the phi scan and omega scan of the films BiogFeOs, 3 Hz & 6 Pa

and 10 Hz & 13 Pa, and Table 3.1 lists the detailed information of their rocking
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curves. As observed, even though all the three samples showed periodic peaks in the
phi scan, the FWHM of the film BiogFeOs and 3 Hz & 6 Pa is prominently larger

than that of the film 10 Hz & 13 Pa, which indicates that the film BiosFeOs, 3 Hz &

6 Pa is relatively poor in epitaxial quality.

o
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1"
Omega

Intensity (a.u.)

Intensity (a.u.)

o

Intensity (a.u.)

0 50 100 150 200 250 300
Phi

Fig. 3.2 Phi scan of BFO/STO thin film along the (1 0 1) direction. Each figure corresponds to

the deposition condition listed in Table 1. Rocking curves of (0 0 1) peak are shown as the insets.
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The poor epitaxy and contraction of lattice parameter in samples 3 Hz & 6 Pa and

Bio.gFeOs are probably caused by two reasons. First, when changing the deposition

parameters from 10 Hz & 13 Pa to 3 Hz & 6 Pa, the thin film growth mode has

shifted from step flow model (sample 10 Hz & 13 Pa) to island model (sample 3 Hz

& 6 Pa), which is confirmed by AFM image in next section. Second, there are

bismuth vacancies in sample 3 Hz & 6 Pa and Bio.gFeOs, which cause the decrease of

lattice parameter. Although no Fe;O3 phase was detected in the 26— profile of both

samples, the Bi/Fe ratio measured by EDS confirms bismuth deficiency in the films

3 Hz & 6 Pa and BiggFeOs, as listed in Table 2. It should be noted that the EDS

result is averaged over five measurements at different spots on the films.

a. BiggFeO; b.3Hz 6 Pa c.13Pal0Hz

Peak Position 11.14° 11.18° 11.04°
d-(001) 3.988 3.974 4.024
FWHM 0.687 0.635 0.344

Table 3.1Summary of the corresponding XRD rocking curves for BFO/STO thin films at (0 0 1)

direction prepared under different conditions.

BiosFeOs 3Hz6Pa 13Pal0OHz 13Pa3Hz
Bi/Fe ratio 0.888 0.941 0.998 1.053

Table 3.2 EDS result for BFO/STO thin films at (0 0 1) direction prepared under different

conditions.
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3.3.2 AFM Image

In thin film deposition process, the growth mode is very critical to the quality of
produced films. There are three commonly observed surface growth modes: step
flow (characterized by steady advance of the steps in the vicinal direction), step
bunching (characterized by the crowding of the steps and the creation of large
terraces), and island formation (characterized by layer-by-layer growth via
nucleation and coalescence of islands). In most cases, step flow is the desired mode

of thin film growth[85].

Fig. 3.3 presents the AFM images for films 10 Hz & 13 Pa, 3Hz & 6 Pa, 3 Hz &
13 Pa, and Bio.gFeOs. As observed in these figures, we can conclude that the growth
mode of sample 10 Hz & 13 Pa is step flow, and the growth mode of other samples

is island formation.
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Fig. 3.3 AFM image of sample (a) 10 Hz & 13 Pa; (b) 3 Hz & 6 Pa; (¢) 3 Hz & 13 Pa; (d)
BiosFeOs.

3.3.3 Raman Spectroscopy

The crystal structure of BFO thin films deposited on STO substrates reported in
literature varied from tetragonal, monoclinic to rhombohedral. In order to confirm

the lattice symmetry of our samples, Raman spectroscopy with backward scattering
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were employed. Fig. 3.4 shows the Raman shifts of BFO thin films deposited under
different conditions. As observed, these four films are almost identical to each other
with peaks of A: modes at 141 cm™, 175 cm, 222 cm™. This Raman spectroscopy
confirms all of our samples belong to a Ma type monoclinic structure in the Cm

space group[86], which has none-zero projection of spontaneous polarization onto (0

0 h) plane.
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Fig. 3.4 Raman profiles of BFO thin films. Dashed lines indicate the rhombohedral phase of
BFO and stars show peaks of STO.
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3.4 Photoelectric properties of BFO thin films

prepared under different conditions

In this section, the photoelectric behaviors of BFO thin film prepared under different
conditions are examined. To measure the photocurrent and dark current, in-plane
electrode configuration was employed. Gold/Titanium electrodes were deposited by
magnetron sputtering with 5 um of separation distance. A schematic figure is shown
in the inset of Fig. 3.5. The setup for photoelectric measurement is presented in

Chapter 2.

3.4.1 Leakage current
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Fig. 3.5 Leakage current of BFO thin films.
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Fig 3.5 shows the leakage currents of BFO thin films prepared under different

parameters. Each data point presented in the figure is actually the average of 30 data

points from a 30-second measurement under each voltage. The data of Bi12FeOs3 film

are not presented here because the film is too conductive and its leakage current is

significantly larger than any of the other samples. As observed in the figure, sample

Bio.gsFeOs possesses the lowest leakage current followed by sample 6 Pa & 3 Hz, 13

Pa & 10 Hz and 13 Pa & 3 Hz, whose Bi/Fe ratio also increases in the same order.

Therefore, the leakage current, or dark conductivity, of BFO thin film is dominated

by the Bi/Fe ratio[82].
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3.4.2 The photoelectric responses
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Fig. 3.6 I-V curves of BFO thin films under illumination. The inset list is a summary of

photovoltaic behavior of BFO thin films

Fig. 3.6 shows photovoltaic behaviors of BFO thin films. Before measurement, all of

these samples are poled by 200 V for 30 seconds, and then short-circuited for 30

seconds. It can be observed in Fig. 3.6 that the influence of secondary phases on

FePV is more complex than on conductivity. Compared with a monotonic

relationship between Bi/Fe ratio and the leakage current of the film, the photocurrent

of BFO thin film is the minimum in the sample with the smallest Bi/Fe ratio
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(Bio.gFeO3) and the maximum in the sample with nearly stoichiometric BiFeOs thin
film (sample 13 Pa & 10 Hz), instead of the sample with the largest Bi/Fe ratio
(sample 13 Pa & 3 Hz). Therefore, the photovoltaic effect in BFO thin film is
essentially an intrinsic effect, and either a bismuth deficiency or a bismuth excess
will lead to smaller photocurrent. S.M. Yong et al. has proposed a shift current
theory where the electrons hop along polarization directions[10] A more detail
discussion of the mechanism of FePV effect in BFO thin film will be presented in

the next chapter in terms of electrode material.

The photoconductivity at zero bias can be calculated. According to equation (2) in
section 1.2.2, the open-circuit voltage of thin film is proportional to photocurrent and
reversely proportional to conductivity, i.e. V.= U]%d . Since the dark

ph d

conductivity is negligible to photoconductivity, the results can be calculated directly,

as listed in the inset of Fig. 3.6.
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Fig. 3.7 I-V curves of BFO thin films under illumination in a large scale. The inset is calculated

on/off ratio of BFO thin films

Fig. 3.7 shows photoelectric behaviors of all samples in a larger scale. As shown in

the figure, the photocurrent under a negative bias is much larger than that under the

positive bias, and the on/off ratios of the current density at 5 V of all the films are

listed in the inset list of Fig. 3.7. These results suggest that the FePV in BFO thin

film is an intrinsic bulk effect that requires a high thin film quality to produce a large

photovoltaic response.
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Fig. 3.8 I-V curves of the BFO thin film 10 Hz & 13 Pa.
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Fig. 3.8 shows I-V curves of film 10 Hz & 13 Pa poled by different voltages. The

dark current was measured after poling by 200 V. As shown in Fig. 3.8, with

increasing poling voltage, the photocurrent under positive external bias is deceased

and saturated quickly, while the photocurrent under negative bias is increased. Fig.

3.9 shows the on/off response of film 10 Hz & 13 Pa under zero-bias, and the result

was measured after short-circuit the film for 24 hours. As shown in Fig. 3.9, a very

stable on/off response is observed for 10 cycles.
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Fig. 3.9 Light on/off response of film 10 Hz & 13 Pa.

Fig. 3.10 shows the switching behavior of film 10 Hz & 13 Pa. The solid lines
represent poling by one direction and dashed lines represent poling by the opposite
direction. The results show symmetric shift of the I-V patterns upon poling in reverse

directions with increasing voltages.
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Fig. 3.10 Switchable photovoltaic behavior of film 10 Hz & 13 Pa.

3.5 Ferroelectric properties of BFO thin films

prepared under optimized parameters

To examine the ferroelectric properties of optimized film, 200 nm-thick BFO thin
film was deposited on LSMO buffered STO substrate. The deposition parameters for
LSMO electrode are: substrate temperature at 700 °C, oxygen pressure at 13 Pa,

ablation rate of 5 Hz, and laser energy of 1.2 mJ/cm?.
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Fig. 3.11 XRD patterns of the BFO/LSMO/STO sample and the commercial STO substrate.

Fig 3.11 shows the XRD pattern of BFO/LSMO/STO thin film, in which the

impurity peaks brought by the substrate are marked as stars. It can be seen that a

pure BFO phase is also obtained in our sample with LSMO bottom electrode. The

undesired peaks brought by the STO substrate imply that the substrate was not

perfectly cut.
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Fig. 3.12 P-E loop of BFO thin film. The applied electric fields are 500, 750 and 1000 kV/cm.

The inset schemes the device structure.

As shown in Fig. 3.12, a square P-E loop is obtained from the schemed device with a

remnant polarization of 58 pC/cm? at a driven frequency of 1 kHz. Fig. 3.13 shows a

typical PFM image of the BFO thin film. The film is first positively poled at 8 V,

and then negatively poled at -10 V in the dark area.
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Fig. 3.13 PFM image of BFO thin film. The dark area is poled negatively while the light area is

poled positively. The white scale bar represents 1 pm.

3.6 Summary

In this section, structure characterization of BFO thin film deposited under
different parameters are presented. An optimal parameter set is selected, that is,
oxygen pressure of 13 Pa and ablation rate of 10 Hz. Deviation from optimal
condition leads to either poorer epitaxy of the film or secondary phases. The leakage
current and photoelectric response of the films are examined. The bismuth vacancies
and Bi2O3z secondary phases, are confirmed to affect the dark conductivity,
photoconductivity and photocurrent of the film. The results suggest a convenient
way to control the photovoltaic behavior of BFO thin film through the fine-tuning of

deposition parameters. In the end, the ferroelectric behavior and FePV properties of
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the film prepared under optimal parameter set are presented. This work provides

some detailed understanding on the FePV effect in BFO thin film and possible

solution to BFO thin films with good photovoltaic properties.
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Chapter 4. Influence of electrode material
on FePV of BFO Thin Film

4.1 Introduction

In chapter 3, the influence of deposition conditions on FePV effect in BFO thin film
was discussed, and a large photocurrent was obtained under optimized oxygen

pressure, laser ablation rate and target composition.

In this chapter, the influence of electrode material on FePV of BFO thin film
deposited under optimized condition is investigated. Gold electrode (Au/BFO) and
titanium electrode (Ti/BFO) were used for comparison, and the electrode
configurations were the same with the one in Chapter 3 Fig. 3.5. Bin Chen et al. have
examined the effect of top electrode materials on the photovoltaic properties of
polycrystalline BFO thin film based devices[61], and it was found that the
photovoltaic efficiency in ITO/BFO/Pt is 25 times larger than that in Au/BFO/Pt
sample. However, detailed mechanism of the electrode effect is still unknown. In this
work, the effect of electrode materials on the photovoltaic properties of epitaxial

BFO thin films is studied thoroughly, and the in-plane electrode configuration was
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chosen in particular because the symmetric configuration of electrodes can exclude

unwanted factors that will affect a clear explanation on the effect of electrode

materials on FePV.

BFO samples used in this work were prepared under the optimal deposition

conditions as described in Chapter 3, i.e. sample 10 Hz & 13 Pa. Titanium and gold

electrodes were deposited by magnetron sputtering, and classical lift-off lithography

was used for electrode patterning. The shape of each electrode is rectangular with 50

um in width and 200 um in length, and two electrodes are placed in parallel with a

distance of 5 um. Dimension Icon Atomic Force Microscope (Bruker) was used for

surface potential (SPoM) measurement.
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4.2 Experimental result.
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Fig. 4.1 I-V curves of Au/BFO and Ti/BFO samples under illumination before poling.

Fig. 4.1 shows photo-response of BFO thin films in virgin state (before poling). It

can be seen that the 1-V curve of Ti/BFO sample under illumination is almost linear

around zero bias, while that of Au/BFO sample is nonlinear, which implies that the

electrode material has a significant influence on the photovoltaic properties.

According to S. J. Clark et al, the Fermi level of BFO is about 4.7 eV, and the work

functions of titanium and gold are 4.3 and 5.1 eV, respectively[35]. The band

alignment BFO thin film at the electrode/BFO interface is shown in Fig.4.2. Ohmic
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contact is formed at the Ti/BFO interface, and there is no potential barrier that

obstacles electron transport from BFO thin film to titanium electrode. On the

contrary, Schottky contact is formed at Au/BFO interface with a potential barrier of

about 0.4 eV, and excited electrons could only pass the barrier by thermal activation

at around zero bias. When the bias voltage is much larger than 0.4 V, the slope of I-

V curve, i.e. conductivity, is about the same in two samples, which means that the

intrinsic conductivity of BFO thin film is not influenced by different types of

interface contact.

I/E CB ~ E’\E CB /':

s S . s S 4
B s Wl os0 A
VB B

'/ ~

Fig. 4.2 Schematic graphs of band alignment at the interface of BFO thin film with titanium and

gold electrodes, respectively.
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Fig. 4.3 I-V curves of Au/BFO and Ti/BFO samples under illumination after poling. The inset is

summary of photovoltaic properties of two samples.

Fig. 4.3 shows the I-V curves of two samples under illumination after poling. The

photovoltaic behavior of two samples are very much different. The Jpn and Voc of

sample Au/BFO and Ti/BFO are listed in the inset list of Fig. 4.3, and it is clearly

shown that the photocurrent density of sample Ti/BFO is far more excellent than that

of sample Au/BFO, therefore it is very tempted to use titanium as electrode material

instead of gold in photovoltaic application of BFO. It can be also seen that the

conductivity of BFO thin film is distinctly different under positive or negative bias
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for both samples, and the turning point of sample Au/BFO is on the negative bias

side while that of sample Ti/BFO is on the positive bias side.. Here, the positive bias

refers to the same positive electrode used in poling process, and the negative bias

refers to the opposite bias field applied. These distinctively differences of

photovoltaic behavior in two samples are proposed to be highly related to the metal-

semiconductor contact formed at electrode interface. The reasons are presented in the

following context with the help of band alignment diagram.

=) ()
H /- H/-

Fig. 4.4 Schematic graphs of interface band alignment of Ti/BFO and Au/BFO samples at zero

bias after poling. J,» represents for photocurrent at zero bias

Fig. 4.4 shows the change of band alignment of two samples at zero bias after

been poled. After poling, the positive and negative charge centers in the BFO thin
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film are aligned along electric field. Therefore, the very thin layers beneath the
electrodes are regarded as being equivalently doped by anions and cations, and the
photocurrent flows in the opposite direction of polarization as discussed in previous
chapter. However, the magnitude of photocurrent is much different in two situations.
For Ti/BFO sample, as shown in the left graph of Fig. 4.4, there is no potential
barrier and the electrons transport fluently from BFO to electrode, which results in
the tuning point a large photocurrent density of 17.51 mA/cm?. For Au/BFO sample,
the potential barrier reduces the photocurrent greatly, which results in a small

photocurrent density of 2.53 mA/cm?.

e ———
—————

——I|l|—— 111

Fig. 4.5 Schematic graphs of the interface band alignment of Ti/BFO and Au/BFO samples at a

large positive bias after poling. The slope of Fermi level is enlarged for better presentation.
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Fig 4.5 shows the band alignment at a large positive bias. At a small positive bias,

the contact type of both electrodes in Ti/BFO is Ohmic. However, as observed in the

left figure, the contact at the negative electrode in Ti/BFO sample could transfer

from Ohmic to Schottky when the positive bias is large enough. Therefore, the

conductivity of BFO thin film becomes smaller due to the potential barrier. For

AU/BFO thin film, even though the contact at the positive electrode would transfer to

Ohmic contact under a large positive bias, the contact at the negative electrode is

always Schottky contact with an even higher potential barrier.

Fig. 4.6 Schematic graphs of interface band alignment of Ti/BFO and Au/BFO samples at a

large negative bias after poling. The slope of Fermi level is enlarged for better presentation.

The situation for negative bias is sketched in Fig. 4.6. Under a small negative bias,

both electrodes in Au/BFO samples are Schottky contacts and the positive electrode
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transfers to Ohmic contact at a larger negative bias, as shown in the right figure of

Fig. 4.6. Thus, the transportation of electrons becomes much easier and the

conductivity of BFO changes greatly. For film Ti/BFO, the conductivity under

negative bias remains unchanged since the contact type of the positive electrode is

still Ohmic.
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Fig. 4.7 AFM (upper) and SPoM (lower) results at the interface of Ti/BFO (right) and Au/BFO

(left) samples. The white line indicates the scanning trace of SPoM measurement.

To confirm the type of electrode contact in two samples, the SPoM is under taken to

measure the difference of surface potential of Ti Vs BFO and Au Vs BFO, as shown

XING LI 86



THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 4

in Fig. 4.7. The darker part in AFM images indicates BFO thin film and the lighter
yellow part is electrode. The SPoM data were measured by scanning along a straight
line marked in the AFM images. The surface potential difference of Au/BFO is 0.55
V, which indicates that the contact is Schottky type; and the surface potential
difference of Ti/BFO is -0.17 V, which indicates that the contact is Ohmic type.
Therefore, it is safe to conclude that the proposed mechanism is based on solid
ground. In addition, the Fermi level of our BFO thin film can be calculated to be

around 4.5~4.6 eV.
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Fig. 4.8 I-V curves of photo-response of Au/BFO sample around zero bias.
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Fig. 4.9 I-V curves of photo-response of sample Au/BFO at a larger scale.

Fig. 4.8-4.9 shows the I-V curves of Au/BFO sample poled by different external
voltages, and the on/off ratio of photocuurent at +5V is calculated as 6.5, which is
far less than 130 of Ti/BFO sample presented in Fig 3.7. This result further implies
that using Au as electrode in photovoltaic application affects the efficiency of
electron transportation and is suggested to be replaced by materials with small work

function like titanium.
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4.3 Summary

In this chapter, the effect of electrode materials on photovoltaic properties of BFO
thin film is investigated in detail. The photocurrent measured in Ti/BFO sample is 7
times larger than that in Au/BFO sample, while the open circuit voltage in Ti/BFO
sample is about half of that in Au/BFO sample. It is clearly shown that interface
contact plays a critical role in electron transportation from BFO thin film to electrode.
Our results recommend that Ohmic electrode contact is preferred in BFO

photovoltaic application to obtain a better performance.
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Chapter 5. Strain effect on FePV
properties of BFO

5.1 Introduction

Strained BiFeOs (BFO) has proven to show intriguing properties, many of which are
very different from the parent unconstrained BFO phase. Different substrates would
lead to different lattice structure in the upper thin film, as shown in Fig. 5.1, and
hence different physical properties. Epitaxial growth of BiFeOsz (with a lattice
constant of apc = 3.96 A) on LaAlOs (apc = 3.78 A) is under a large compressive
stress due to a lattice mismatch of 4.4%[42]. The lattice structure of the resulting
BFO thin film is varied greatly at different film thickness. In very thin films on LAO,
a pure tetragonal phase would be observed, while thicker films tend to be almost
pure R-like phase. The strain relaxation progression in BFO/LAO thin film usually
happens in sequence of pure tetragonal phase, Mc phase, mixed Mc-Ma and Ma
phase[87][88]. With the increasing of film thickness, the surface morphology of

BFO/LAO is accordingly modified[88].
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Fig. 5.1 Summary of various lattice structures in BFO thin films deposited on different
substrates. (a) pure tetragonal (T) phase; (b) T-like monoclinic (Mc) phase; (¢) R-like
monoclinic (Ma) phase; (d) bulk-like rhombohedral (R) phase; (¢) M monoclinic phase; and (f)
the orthorhombic (O) phase.

Piezoelectric single crystal (1-x)Pb(MgusNb23)O3-xPbTiOs (PMN-PT) (with a
lattice constant of a = b = 3.9969 A, ¢ = 4.0457 A) has been proven to provide a
nearly uniform linear biaxial strain to the ferroelectric thin film deposited on it and it
has been employed to reversibly control electric and magnetic properties. A
maximum compression in the in-plane lattice constant of 0.24% can be induced in
BFO/PMN-PT thin film by an external field applied on substrate. Though it is not
large enough to induce a phase transition in BFO from rhombohedral phase to Ma

phase, the strain effect on the physical properties can be quantitatively measured.
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The influence of strain effect on physical properties is also pronounced. In BFO
(1 1 1)-oriented films, a polarization of about 100 uC/cm? have been reported, which
is also observed in bulk BFO material[33]. However, in the T-like phase of BFO thin
film deposited on LAO substrate, a huge polarization of about 150 uC/cm? has been
numerically calculated and experimentally realized[49]. Moreover, the ferroelectric
Curie temperature Tc of BFO thin film was shown to be greatly reduced with

increasing compressive strain provided by different substrates[89].

In recent years, FePV effect of BFO thin film has attracted intensive attention for
its rich fundamental physics and great application potential. However, the influence
of strain effect on the photovoltaic properties of BFO thin film is still unclear. In this
chapter, the FePV effect in BFO thin film with large compressive (deposited on
LaAlOs substrate) and tunable strain (deposited on (1-x)Pb(Mg13Nb2/3)O3-xPbTiOs,
x = 0.33) are examined. In addition, FePV effect in strain-free BFO nanofibers are

also presented as complementary results.
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5.2 Influence of tunable strain

5.2.1 Structure characterization

In order to investigate the influence of tensile strain on the photovoltaic effect, 200
nm of BFO thin film was deposited on PMN-PT (1 1 1) substrate under the optimal
deposition parameter set presented in Chapter 1. 50 nm of titanium and 100 nm of
gold are deposited by magnetron sputtering in sequence as top electrodes, and 100

nm of gold is used as a bottom electrode. Schematic diagram is shown in Fig. 5.2.
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Fig. 5.2 Schematic diagram of electrode configuration and photovoltaic measurement setup.
Keithley 6517b electrometer was used to provide bias voltage (Viies) and photocurrent
measurement. Keithley 2400 was used for Vs Some parts of the diagram are intentionally

enlarged for clarity.

The crystalline quality of BFO thin film was examined by high resolution X-ray

diffractometer. In the XRD measurement, a voltage (Vsu) was applied to the PMN-

PT substrates to induce a change of lattice constant, as shown in Fig. 5. The change

of lattice constant of BFO/PMN-PT thin film under 0 and 200 V is presented in Fig.

5.3. The XRD data suggested a bulk-like rhombohedral phase in BFO thin film,
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which is also confirmed in previous work[90]. It can be seen that the diffraction peak

of PMN-PT (1 1 1) is shifted to the left under 200 V, which means that the crystal

lattice in the out-plane direction is elongated. Following the shift of the PMN-PT

peak as marked by the red star, BFO (1 1 1) diffraction peak is also shifted closer to

the PMN-PT peak. The change of out-plane lattice constant under 200 V of Vg is

calculated to be 0.24%, as compared with that under 0 V.

The Raman spectroscopy of BFO/PMN-PT thin film is showed in Fig. 5.4.

Typical peaks for A1 modes in BFO rhombohedral phase are indicated by dashed

lines, and the characteristic peaks for PNM-PT single crystal are also marked. The

Raman result confirms the rhombohedral phase in BFO thin film as suggested by the

XRD data.
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Fig. 5.3 20-® scan of BFO/PMN-PT sample.
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Fig. 5.4 Raman spectroscopy of BFO/PMN-PT sample. BFO rhombohedral phase is indicated

by dashed lines
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5.2.2 Photovoltaic measurement

In Fig. 5.5-5.6, the I-V of BFO/PMN-PT sample under illumination is presented.
Since the lattice constant would change in BFO thin film when PMN-PT substrate is
subjected to an external Vsu, as observed in XRD profile, it is natural to expect that
the photoelectric behavior of BFO thin film can be also tuned by Vsub. As observed in
Fig. 5.5, the photocurrent shifts in parallel under different Vsuw. However, the
photoconductivity does not change. Therefore, a small change (0.24%) of strain by

the substrate is not enough to change the photoelectric behavior in BFO thin film.

Fig. 5.6 shows the I-V curve of BFO/PMN-PT sample poled by different Vpias.
The poling process persists for 30 seconds, and then short-circuit for another 30
seconds. A weak photo-response is recorded in the sample, and a photocurrent
density of 2x10* A/cm? and open circuit voltage about 1V are obtained. The small
photocurrent density is resulted from two reasons: first, the PMN-PT provides a
moderate tensile strain of about 0.48% to BFO thin film, therefore the bulk
photovoltaic effect is reduced by change of lattice structure. Second, according to

equation (1) in Chapterl, the photocurrent Jpn is related to the glass coefficient f8; jik
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which is different in BFO (1 1 1) and BFO (0 0 1), resulting a smaller photocurrent

in BFO (11 1) situation[9].
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Fig. 5.5 1-V curves of BFO/PMN-PT sample under different Vsus.
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Fig. 5.6 I-V curves of BFO/PMN-PT sample poled by different voltages.

5.3 Influence of compressive strain

5.3.1 Structure characterization

In order to investigate the influence of large compressive strain on the photovoltaic
effect, 200 nm of epitaxial BFO thin film was deposited on LAO (0 0 1) substrate
under the optimal deposition parameter set presented in Chapter 1. The crystalline
quality of BFO thin film was examined by high resolution X-ray diffractometer. In
Fig. 5.7, 20-o profile of BFO/LAO sample shows the strong (0 0 1) and (0 0 2)

diffraction peaks indicating that BFO are of single phase and highly (0 0 1)-oriented.
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Fig. 5.7 20-o profile of BFO/LAO sample. Black stars mark the undesired peaks brought by
LAO substrate.
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Fig. 5.8 Omega scan of BFO (0 0 1) peak.
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As observed in Fig. 5.8 of, the FWHM of BFO (0 0 1) diffraction peak is 0.13482,

and the out-of-plane lattice parameter is 0.469 nm. The Omega scan shows a highly

epitaxial BFO thin film under a larger in-plane compression, with a strain along (0 0

1) direction of 19%. The morphology image was acquired by AFM, as showed in Fig

5.9. The roughness of BFO thin film is about 3nm, and the AFM image shows a

rather complex morphological pattern with lamella-like structures, which were

caused by the formation of T-like phase, as observed in other papers[91][92]. The

XRD and AFM results suggest mixed T- and R-like phases in the film.,

r 1
0.0 1: Height 1.5um

Fig. 5.9 AFM image of BFO/LAO sample.
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Raman spectroscopy was conducted on BFO/LAO sample to confirm the lattice
structure, as shown in Fig. 5.10. Typical Raman shift peaks of rhombohedral phase
are indicated by dash lines at 175 and 222 cm™, and they are the same as the samples
grown on STO substrates which are presented in Chapter 3 Fig. 3.4. There are also
peaks (marked by stars) at 262, 526, and 640 cm™, representing the Raman active
modes of the T-like phase[46][93]. This result confirms that the structure phase in

our sample is mixed T- and R-like phases.

Intensity (a.u.)

T l T I T l T I T ' T I T I T
100 200 300 400 500 600 700 800 900

Raman Shift (cm™)

Fig. 5.10 Raman spectroscopy of BFO/LAO sample. Dashed lines indicate peaks of typical
rhombohedral phase. Peaks marked by stars imply the existence of T-like phase.
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5.3.2 Photovoltaic behavior

In order to investigate the photovoltaic effect in BFO thin film under large

compressive strain, parallel electrode configuration was employed to measure the in-

plane photocurrent. 50 nm and 100 nm of titanium and gold are deposited by

magnetron sputtering in sequence as top electrodes, and the parallel electrodes are

separated by 5 um. As observed in Fig. 5.11, there isn’t any obvious photocurrent at

zero bias region. However, when the bias voltage was increased up to 120V, a

distinct photocurrent was produced. The difference of conductivity in dark and

illuminated thin film infers that there indeed exists photoelectric effect in highly

strained BFO thin film, which is, however, not caused by bulk effect as in the R-

phase BFO. The photocurrent in BFO/LAO is probably produced by sub-bandgap

excitation in the surface defect sites, as suggested by Bhatnagar et al. [120]

Fig. 5.12 shows time profile of photocurrent at different Vuias. Compared with the

time profile in BFO/STO sample as presented in Chapter 3 Fig. 3.9, the photocurrent

in BFO/LAO is not very stable and it takes time to reach to a steady state when the

Vbias IS changed. Especially, when an opposite Vbias Was applied to the thin film, a
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spike of current would appear, implying the slow mobility of excited electrons which

were hampered by scattered distribution of surface defects.
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Fig. 5.11 I-V curve of BFO/LAO sample.
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Fig. 5.12 Time profile of photocurrent in BFO/LAO sample under different Vias.
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5.4 Photovoltaic of strain-free BFO nanofibers

5.4.1 Introduction

Apart from thin film structure, nanofibers of bismuth ferrite are also of interest for
materials scientists as such one-dimensional structure may be employed as building
blocks to construct three dimensional functional materials and/or components. Due
to the high-symmetry crystal structure of bismuth ferrite, it is not easy to synthesis
nanofibers or nanowires of this oxide via conventional processes (such as
hydrothermal method) despite that there are successful cases in the literature.
Comparatively, electrospinning technique offers a more convenient alternative

through which the morphology control becomes very easy.

In the literature, BFO-based photovoltaic devices have a common parallel-
capacitor type of structure (also referred as a metal-insulator-metal “sandwich”
structure). The advantage for such structure is that the devices can be made using
standard semiconductor technology with a buffer layer (despite there is actually a
technical compatibility issue due to the volatility of bismuth at high temperature).
The problems associated with such configuration are that the devices may exhibit (1)

low output voltages because the output voltage of a single “sandwich” is
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proportional to film thickness (typically < 1 pm) and (2) suppressed ferroelectric

polarization due to the clamping effect from the substrate and hence relatively poor

photovoltaic coefficient. In light of this situation, we propose to develop BFO-

nanofiber based photovoltaic devices with a new configuration of

nanofibers/IDE/substrate (where IDE refers to “interdigital electrode™). In our

structure, much higher output voltage could be obtained because it is now

proportional to the length of BFO nanofibers (which could be > several micrometers

long). Meanwhile, the nanofibers are free-standing and free of substrate clamping

effect. It is noted that such laterally aligned structures have been adopted in energy

harvesting systems such as piezoelectric nanogenerators but not yet used in

photovoltaic devices. To make devices with the above-mentioned configuration, the

development of high quality BFO nanofibers is a critical step. In this work, the

electrospinning method was employed as it is a feasible and scalable technique for

making nanofibers by utilizing an electrical voltage to draw fibers from a liquid with

suitable viscosity[94]. Due to thermodynamic reasons, the synthesis of bulk BFO via

solid-state reaction is often associated with the formation of impurity phases (such as

Bi2O3/Bi2FesOg), which could be effectively suppressed via rapid annealing. A

similar problem would occur in the synthesis of BFO nanostructures through
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chemical routes unless processing parameters are carefully optimized. Among the
chemical processes in the literature, the soft chemical method first reported by
Ghosh et al. is relatively easy to handle as it simply involves the use of tartaric acid
as a template material and nitric acid as an oxidizing agent, meanwhile the
crystallization of BFO could be realized at relatively low temperature and under
ambient pressure[95]. We managed to modify the soft chemical method through
which high quality nanofibers of BFO were obtained. The electrical measurements
indicate that the nanofibers are ferroelectric and exhibit excellent photovoltaic

performance.

5.4.2 Experimental Procedure

Fig. 5.13 shows the flowchart of BFO nanofiber preparation procedure. The whole
procedure can be divided into two major sections: precursor solution preparation and
electrospinning. Different amount of PVP was added to the precursor and different
electric field was applied in the spinning process to decide best fiber growth
condition. The photo-response of optimized nanofiber was examined and the

following sections describe detail experimental procedure.
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HNO,

Transparent

Bi(NO;);:Fe(NO;); Acetone/H,O

1:1 (mol) Suspension | ——> solution

(pH: 3~4)

@ Ethanol ———
© 2,4-Pentanedione ———>
®PVYP (0.6-0.9 wt%) —>

Stirring

Drying 120 °C
Heat treatment
400-550°C,2 h

Plasticsyringe | BiFeO;precursor
-

Electrospinning solution (0.2 M)

(DC: 12-18 kV)

Fig. 5.13 Flowchart of the precursor preparation and nanofiber synthesis. Inserts: (blue)
morphology of nanofibers prepared using different amount of PVP in solutions - 0.6, 0.75 and
0.9 wt%.; and (red) morphology of nanofibers synthesized at different accelerating voltages -

12, 14 and 18kV[96].

5.4.2.1 Precursor solution preparation

The precursors were prepared via a sol-gel process. All start chemicals were of
analytical grade. In a typical procedure, 1.20 g bismuth nitrate (Bi(NO3z)3 5H20) and
1.00 g iron nitrate (Fe(NO3)s 9H20) were weighed and dissolved into a mixture of
10 ml acetone and 5 ml distilled water, followed by exposed to ultrasound for 5
minutes to give a suspended solution. Then 1 ml nitric acid (67%, mass ratio) was
added dropwise until the suspended solution became transparent. After that, a 7.5 g

solution of 10% (mass concentration) poly (vinyl pyrrolidone) (PVP, molecular
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weight of about 1 300 000) in ethanol was added dropwise and stirred for 30 minutes.
Finally, 1 ml of 2, 4-pentanedione (99+ %) was added dropwise to the solution to

form precursor solution.

5.4.2.2 Electrospinning

The processing conditions were (i) capillary-collector distance = 10 cm, (ii)
accelerating voltage = 14 kV, and (iii) solution feeding rate = 0.5 ml/h. The as-spun
fibers (collected on Al foil, Au/glass wafer, or Au/SiO2/Si wafer) were then dried at
120 <C for 2h. Thermogravimetric analysis and differential scanning calorimetry
were conducted on a TG-DSC system (NETZSCH STA 449 C Jupiter®). Based on
the analytical results, the thermal annealing were conducted at temperatures from

400 to 600 < for 2h in ambient conditions.

5.4.2.3 Electrical and photovoltaic characterizations

The optical responses of BFO nanofibers were examined using a symmetric
electrode configuration to eliminate the effects of different work functions of the
electrodes and asymmetric Schottky-Ohmic contacts on the photovoltaic properties

(asymmetric Schottky-Ohmic contact can also produce diode-like photocurrent). Au
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IDEs were sputtered on highly transparent glass substrate. The nanofibers were
deposited on Au IDE by electrospinning, as shown in Fig. 5.14. Before optical
measurement, the BFO nanofibers were poled under a voltage of 200V, much larger
then external bias applied during measurement (5V). The photocurrent-photovoltage
response was measured under AM 1.5G illumination (100 mW/cm?) provided by a
solar simulator (Model 91160, Newport-Oriel Instruments, USA) with an AM 1.5

filter, and the photocurrent was record by an electrometer (Keithley 6517b).

o dmls00um g s

Fig. 5.14 Schematic diagram of IDE used in this work (left); optical photography of interdigital
electrode pattern (right).
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5.4.3 Results and discussion

5.4.3.1 Structure Characterization

Detailed structural analysis on BFO sample (annealed at 500 °C) was conducted and

the results are shown in Fig. 5.15. Both SEM and TEM observations show clearly

the polycrystalline nature of the nanofibers and the grain size is 10~20 nm. The XRD

measurements in Fig. 5.15f indicate that BFO has a rhombohedral perovskite

structure and no impurity phase was identified. Lattice parameters of BFO

nanofibers were calculated using XRD analysis software and the results are as

following, a = b =0.5569 nm, ¢ = 1.387 nm, oo = § = 90° and y = 120°. All the values

of our sample are consistent with the literature data (JCPDS card No. 86-1518),

suggesting that our samples are pure perovskite and free of internal stress. The

SAED pattern and the corresponding high-resolution TEM (HRTEM) image further

confirm the structural analysis. From the EDS analysis shown in Fig. 5.15b, we can

calculate that the atomic ratio of Bi: Fe is almost 1: 1. All the analysis from the

HRTEM is consistent with the XRD data.
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Fig. 5.15 (a) SEM image and (b) TEM image of the BFO nanofibers annealed at 500 °C for 2h;
(¢), (d) and (e) the corresponding SEAD pattern, HRTEM image and the EDS spectra from (b)
(all un-indexed peaks in (e) are caused by the copper grid used in TEM); and (f) XRD pattern of

the annealed nanofibers.

5.4.3.2 Photovoltaic performance of BFO nanofibers

In the literature, two major types of ferroelectric thin film-based photovoltaic devices
are reported, as schematically shown in Fig. 5.16. For the structural configuration of
our devices, the calculation of material property is complicated due to the random
distribution of the nanofibers. Nevertheless, one may still estimate the values of the
parameters with an acceptable precision and accuracy. As the measured current from
the photovoltaic device is / (mA), then the average current density J in a single

nanofiber is

XING LI 112



THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 5

I
SxN (2)

where S is the average cross-section area of individual nanofiber, and N is the
number of nanofibers per unit area (of the substrate). In our sample, the average
diameter of the nanofibers is ~200 nm, so S = 3.46x1071° cm?. The averaged number

of nanofibers on the device, estimated from the SEM image, is about 7.5x107>.

Glass

Fig. 5.16 Schematic setup for measurement of random BFO nanofiber-based photovoltaic

devices.

If we preset the current of ~2.5 nA from the /-V curve, the current density can be
calculated as: J = 2.5x107/(3.46x101°%7.5x107) ~1 mA/cm? as shown in Fig.
5.17-5.18 This value is ~10 times larger than that of BFO thin films in the
literature[35]. From this result we may also estimate the light absorption coefficient

of the nanofibers using the equation

J (short-circuit current) =a x f x I,
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Where « is the light absorption coefficient, £ is the glass linear coefficient (~0.1

cm/V), and 1, is the light intensity (100 mW/cm?). If we assume Jsc to be 1 mA/cm?,

then the value of ais ~1.5x 107 cm™'. This value is twice the typical value for BFO

thin films in the literature. The photovoltaic effect of BFO nanofibers are further

confirmed in Fig 5.19 where averaged current for different deposition time was

measured, and it shows that more fibers bigger averaged photocurrent.

Current Density (mA/cm?)

—u— [|[lumination
8.0 —e— Dark
[ ]
|
4.0 ...'
0.0 1
4.0
6 4 2 0 2 4
Voltage (V)

Fig. 5.17 Photo-response profile of the nanofibers.
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Fig. 5.18 Expanded view of current density behaviour around zero bias.
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Fig. 5.19 Averaged photocurrent after several measurements for different deposition time from

1 to 4h.

5.4.3.3 Discussion
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The reasons for the nanofibers showing enhanced photovoltaic properties could be
related to several factors. First, the nanofibers are free-standing (as clearly shown by
the XRD and SEM data) while the thin films are mechanically clamped by substrates.
As it is generally believed, domain structure and dynamics are critical for the
photovoltaic behaviours of the ferroelectric oxides; it is thus understandable that the
free-standing feature of the nanofibers makes it possible for the ferroelectric domains
switching more freely and efficiently. Second, the nanofibers could trap more
photons due to geometric confinement. In the present work, the incident light is
along the cross-sectional plane of the nanofibers, which is circular. Similar idea of

“photon trapping” using reflection from a photonic crystal is widely applied in solar

cells[97].

5.5 Summary

In this chapter, BFO thin films were deposited on PMN-PT and LAO substrates. The
structure and photoelectric characterizations were conducted on these films. A small
photocurrent was observed in BFO/PMN-PT sample while none was observed in
BFO/LAO sample. The photovoltaic effect in BFO thin film is confirmed to be

stable in rhombohedral phase regardless small stress, but diminished in a
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significantly distorted film. Additionally, a relatively large photocurrent is also

obtained in strain-free BFO nanofiber, and the one dimensional structure is proposed

to have promoted FePV effect in BFO.
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Chapter 6. Conclusions and future work

6.1 Conclusions

In summary, the FePV effect of BFO thin film with planar electrode configuration
was systematically investigated. Epitaxial BiFeOs thin films were deposited on
SrTiOs substrates by pulsed laser deposition. The deposition process was optimized
to obtain high quality BFO thin films with a steady short-circuit photocurrent density
of 17.51 mA/cm? and open-circuit voltage of 0.21 V. The relative high power
conversion efficiency (2.3%), much larger than typical value (<1%) measured in top-
bottom electrode structure, infers that the planar electrode configuration is more
suitable for application in photo-electricity conversion cells, photo sensors and
memory devices. The influence of secondary phases in BFO thin film on FePV
property was also discussed in detail. The result shows that the bismuth vacancy,
which is induced by lowering oxygen pressure or ablating BigsFeOs target, is helpful
to reduce leakage current that is critical for device stability, and also enables a larger
open-circuit voltage. It is also suggested that Bi»O3z secondary phase induced by
decreasing ablation rate or ablating Bii2FeOz target is detrimental to electric

properties of BFO thin film, therefore should be avoided in future research.
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Then, the influence of electrode material to FePV property was examined. Two

types of interface contact were established on purpose. Schottky contact was formed

at Au/BFO interface while Ohmic contact was formed at Ti/BFO interface. The type

of interface contact was confirmed by I-V curve and SPoM, and the photovoltaic

behaviour of BFO thin film with different electrode contacts varied distinctively. The

results showed that the short-circuit photocurrent of BFO thin film using titanium

electrode was five times larger than the one using gold electrode which was widely

used in many of the current studies. Since the work function of titanium metal is

smaller than the electron infinity of BFO thin film, the formed Ohmic contact at

Ti/BFO interface is helpful for charge transportation. Therefore, it is recommended

to use titanium metal as the electrode in BFO material applications.

In the end, the influence of substrate-BFO interface on FePV property was

investigated. BFO thin films deposited on LAO and PMN-PT single crystal

substrates were characterized by XRD and Raman spectroscopy. A mixture of R-

and T-like phases was confirmed in BFO/LAO sample due to large difference of

lattice constant. The distortion of lattice structure along out-of-plane direction results

in an undetectable planar photocurrent density under zero bias. Therefore, unlike
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excellent ferroelectric property observed in distorted BFO thin film, the bulk-like
phase structure shows more favourable FePV effect of BFO material. For
BFO/PMN-PT sample, it is implied that the FePV of BFO is not sensitive to small
strain, different from the ferroelectric properties of BFO which is strain tunable.
Photovoltaic effect of BFO nanofibers was also investigated. A prominent
photocurrent was obtained and possible mechanism for such distinct photo-response
in nano-device is discussed. Our results indicate great potential application of BFO

nanofibers in stretchable photo-sensor devices.

6.2 Future work

Based on our work, the photovoltaic properties of BFO thin film have been
investigated thoroughly in terms of film quality, electrode contact and substrate
interface. The next big leap will be the further improvement of device for real
applications in areas of energy harvesting, photo-sensing and memory device. For
instant, we are planning to investigate the influence of asymmetric in-plane electrode
material to the FePV effect of BFO thin film. Moreover, since our work is not
particular designed for BFO only, it is also applicable for other perovskite oxide

material, and it may open more opportunities for future application.
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