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ABSTRACT: Exploring and manipulating domain configu-
rations in ferroelectric thin films are of critical importance for
the design and fabrication of ferroelectric heterostructures
with a novel functional performance. In this study, BiFeO;
(BFO) ultrathin films with various Bi/Fe ratios from excess Bi
to deficient Bi have been grown on (Lag;Sro;)MnO;
(LSMO)-covered SrTiO; substrates by a laser molecular
beam epitaxy system. Atomic force microscopy and
piezoresponse force microscopy measurements show that
both the surface morphology and ferroelectric polarization of

Bi-excess Bi-deficient

Upward polarization Downward polarization

the films are relevant to Bi nonstoichiometry. More significantly, a Bi-excess thin film shows an upward (from substrate to film
surface) uniform ferroelectric polarization, whereas a Bi-deficient thin film exhibits a downward uniform polarization, which
means the as-grown polarization of BFO thin films can be controlled by changing the Bi contents. Atomic-scale structural and
chemical characterizations and second-harmonic generation measurements reveal that two different kinds of structural
distortions and interface atomic configurations in the BFO/LSMO heterostructures can be induced by the change of Bi
nonstoichiometry, leading to the two opposite as-grown ferroelectric polarizations. It has also been revealed that the band gap of
BFO thin films can be modulated via Bi nonstoichiometry. These results demonstrate that Bi nonstoichiometry plays a key role
on the ferroelectric domain states and physical properties of BFO thin films and also open a new avenue to manipulate the

structure and ferroelectric domain states in BFO thin films.

KEYWORDS: BiFeOj; ultrathin films, Bi nonstoichiometry, ferroelectric domain states, structural distortion,

interface atomic configuration

1. INTRODUCTION

Ferroelectrics are widely used in various applications, including
sensors, actuators, and memories, for their spontaneous
electrical polarization."” Ferroelectric materials typically form
domains during the cooling through the paraelectric—ferro-
electric phase transition in order to minimize the total free
energy of the system. Not only the domain structures play a
role in the ferroelectric properties, but also the domain walls
themselves possess exotic properties such as electronic
conduction.’™® Thus, the effective control of ferroelectric
domain configurations is crucial in the ultimate properties of
the material. Owing to the strong coupling between the
polarization and the charge or lattice degrees of freedom in
ferroelectrics, electrical and elastic boundary conditions have a
direct effect on ferroelectric domain states. In general, the
formation of ferroelectric domains in as-grown ferroelectric
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thin films relies on the out-of-plane component of the electric
displacement field and the in-plane components of the strain at
the interface between ferroelectric thin films and substrate.” It
has been demonstrated that strain® and interface electro-

. 9,10
statics”

are the key factors to modulate the polarization in
ferroelectric thin films.

Multiferroic BiFeO; (BFO) possesses both strong ferro-
electric polarization and G-type antiferromagnetic order at
room temperature.'”'> Bulk BFO has a rhombohedrally
distorted perovskite structure with pseudocubic lattice
parameters a, = 3.96 A and @, = 89.4°, and ferroelectricity

originates from the displacement of Bi ions relative to the FeOy
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octahedra along the pseudocubic [111] direction.”>™"° The
polarization can point along any of the four body diagonals of
the perovskite unit cell, with two antiparallel polarities for each
direction, which can give rise to potentially complicated
domain patterns with up to eight possible domain variants.
Because of the biaxial strain from the lattice mismatch with the
substrate, epitaxial BFO thin films have shown various complex
structural distortions, intrigning domain patterns, and novel
physical properties.'®~*° Moreover, by exploiting the interfacial
valence mismatch and the electrostatic potential step across the
interface, Yu et al. have demonstrated that the BFO thin films
grown on TiO,-terminated and SrO-terminated SrTiO; (STO)
substrates have distinct upward and downward polarizations."’
Therefore, the as-grown polarization directions can be
determined by the interface termination with the fine level
control of the interface electrostatic potential. In addition,
strain gradient (i.e. flexoelectric effect)”””* and even defects
introduced at specific growth conditions™ can also affect the
domain states of ferroelectric thin films. Nevertheless, the
underlying mechanism for domain formation and structure
distortion in BFO thin films is yet to be fully understood.

Because of the highly volatile nature of Bi ions at high
temperature, Bi-excess BFO compositions in raw materials are
often used to fabricate pure-phase and stoichiometric BFO thin
films. Actually, BFO thin films often exist in nonstoichiometric
compositions accompanied with charge defects such as
bismuth, iron, and oxygen vacancies and the valence
fluctuation of Fe ions.”**> Studies have shown that both the
Bi-excess and Bi-deficient nonstoichiometry in BFO thin films
have important effects on their physical properties.”” >’ Dedon
et al. have observed that the BFO thin films with Bi-deficient
and Bi-excess compositions exhibit significant differences in
surface and domain morphology, and especially the Bi-deficient
BFO thin films show stabilized atomically smooth surfaces and
ordered stripe domains.”” Ultrathin BFO thin films have
attracted a lot of attention for their potential a]zoé)lications in
multiferroic and ferroelectric tunnel junctions.””° In this
work, we focus on the effect of Bi nonstoichiometry on the as-
grown polarization states in epitaxial BFO ultrathin films on
(Lag~Sry3)MnO; (LSMO)-covered STO substrates. Bi-excess
BFO thin films show a uniform upward polarization (from
substrate to film surface), whereas with the decrease of Bi/Fe
ratio, nearly stoichiometric BFO thin films are obviously in the
multidomain state with both upward and downward polar-
izations randomly, and surprisingly, the most Bi-deficient BFO
thin film exhibits a uniform downward polarization. Different
structural distortions and interface terminations have been
revealed for Bi-excess and Bi-deficient BFO thin films,
respectively, which should be responsible for the formation
of opposite uniform ferroelectric domains.

2. EXPERIMENTAL SECTION

2.1. Growth of Thin Films. BFO ultrathin films with various Bi
nonstoichiometry were grown on LSMO-covered (001) STO
substrates using a laser molecular beam epitaxy system (Laser-
MBE). BFO ceramic targets with various nominal Bi/Fe ratios of 1.5,
1.3, 1.1, 1.0, 0.9, and 0.8 were used to achieve different Bi contents in
the BFO thin films. An XeCl excimer laser with the wavelength of 308
nm was employed to irradiate the ceramic targets at an energy density
of 1.5 _]/cm2 and a repetition of 2 Hz. The STO substrates were
etched by buffered hydrofluoric acid and annealed in flowing oxygen
to get the atomic flat TiO,-terminated surface. During the growth of
BFO thin films, the substrate was kept at 630 °C, and the oxygen
pressure in the chamber was 15 Pa. The thickness of all the BFO thin

films was controlled to be 10 nm by the number of laser ablation
pulses, and before the deposition of BFO, a 20 nm-thick LSMO layer
was deposited at 800 °C and 30 Pa as the bottom electrode layer.
Corresponding to the targets, the BFO thin films were labeled as
BFO1.5, BFO1.3, BFO1.1, BFO1.0, BFOO0.9, and BFOO0.8, respec-
tively, in this paper.

2.2. X-ray Diffraction Measurements. X-ray diffraction (XRD)
(6—20 scan) measurements were performed to identify the phase
structure of BFO thin films by a Rigaku SmartLab (9 kW) high-
resolution (Ge 220 X 2) X-ray diffractometer with 1.5406 A X-rays.

2.3. Atomic Force Microscopy and Piezoresponse Force
Microscopy Measurements. The surface morphology and ferro-
electric domain configurations were characterized by a commercial
atomic force microscope (Asylum Research, MFP-3D). The images
were collected using Pt-coated silicon tips with a nominal spring
constant of ~2 N/m and a free-state resonance frequency of ~70
kHz.

2.4. High-Resolution Scanning Transmission Electronic
Microscopy and Atomically Resolved Energy-Dispersive X-
ray Spectroscopy Map Measurements. To identify the atomic
structures of BFO thin films, high-resolution aberration-corrected
scanning transmission electronic microscopy (STEM) of high-angle
annular dark field (HAADF) was employed. HAADF imaging was
performed on an ARM-300 (JEOL) scanning transmission electronic
microscope operated at 300 keV with double-spherical aberration
(Cs) correctors. The collection angle for HAADF images is 54—220
mrad. The atomically resolved energy-dispersive X-ray spectroscopy
(EDXS) maps were also recorded to determine element distribution
at the interface.

2.5. Second-Harmonic Generation Measurements. Second-
harmonic generation (SHG) measurements were carried out in a
general reflection geometry. The central wavelength of the incident
laser is 800 nm with a pulse duration of 120 fs and a repetition of 82
MHz. The angle between incident light and sample normal was set to
45°, and the polarization angle of the incident light can be regulated
by a half-wave (4/2) plate assembled on a stepping motor controlled
by a computer. The SHG intensities as a function of polarization angle
of the incident light were recorded in P-out and S-out configurations
that denote the analyzer polarization parallel and perpendicular to the
plane of incidence, respectively.

2.6. Raman Spectroscopy Measurements. Ultraviolet polar-
ized Raman spectroscopy was studied using a HORIBA HR Evolution
800 Raman spectrometer with a laser wavelength of 325 nm in a back
scattering geometry. The excitation laser spot was about 0.5 gm and
the incident laser power was kept at 1 mW.

2.7. Spectroscopic Ellipsometry Measurements. The optical
properties of thin films were characterized using a dual rotating-
compensator spectroscopic ellipsometer RC-2 (J. A. Woollam) with a
focus prober around 400 pum in the spectral range from 193 to 1000
nm. The data were acquired at different incident angles from 50 to
75° in steps of S° to increase the accuracy. The ellipsometry
parameters ¥ and A, related to the amplitude ratio and the phase
difference between the p-polarized and s-polarized reflected light,
respectively, were well fitted with an air/BFO/LSMO/STO multilayer
optical mode.

3. RESULTS AND DISCUSSION

3.1. XRD and Compositional Characterization. BFO
thin films with various Bi/Fe ratios were epitaxially grown on
LSMO-covered (001) STO substrates by laser molecular beam
epitaxy. The variation of Bi/Fe ratios in BFO films was
controlled by using different BFO ceramic targets described in
the Experimental Section. Figure 1 shows the XRD 6—26 scan
results for BFO thin films with various Bi/Fe ratios. Besides the
STO substrate and LSMO bottom layer, the BFO thin films
only exhibit (00) diffraction peaks, suggesting an epitaxial
growth without signature of any impurity. (For convenience,
the pseudocubic notation is used throughout the text.) Despite
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Figure 1. XRD 6-26 patterns for BFO ultrathin films on LSMO-
covered STO substrates deposited using ceramic targets with nominal
Bi/Fe ratios from 1.5 to 0.8. The (00]) reflection peaks for BFO thin
films are marked.

the variation of Bi/Fe ratios, the diffraction peaks of the films
have no obvious change in the peak position or shape, which
means all the films have a similar lattice constant and crystal
quality. Compared with the bulk BFO, the BFO thin films
show the (00!) diffraction peaks at a lower value of 26,
indicating that the ultrathin films have an elongation in the
out-of-plane lattice parameter, induced by the in-plane
compress stress from the substrate. The calculated out-of-
plane lattice constant ¢ for the 10 nm-thick BFO thin films is
about 4.06 A, which is equal to that of the films grown on
SrRuO;-covered STO?' and much larger than the value of 3.96
A for bulk BFO. In terms of epitaxial growth, a c/a lattice
constant ratio can be estimated to be 1.04, which is consistent
with the maximum values reported for BFO ultrathin films
epitaxially grown on STO.’>** For BFO thin films epitaxially
grown on STO, when the thickness is thinner than 30 nm, it is
in a fully strained state with a maximum out-of-plane lattice
parameter.”* Thus, the present 10 nm-thick epitaxial BFO thin
films should be in a fully strained state.

@)

Figure 2. AFM surface topography (a—f) and PFM (a’—f") images for BFO1.5, BFO1.3, BFO1.1, BFO1.0, BFO0.9, and BFOO.8 ultrathin films. All
the images are in a size of 2 X 2 um® The topography images have a scale bar in the range of +400 pm, and the PEM phase images have a scale bar

of 0—200°.
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To know the actual Bi/Fe ratios in the thin films and
ceramic targets, chemical composition analyses have been
performed for them by X-ray photoelectron spectroscopy
(XPS) and energy-dispersive spectrum, respectively. The BFO
thin films show expected Bi-excess or Bi-deficient compositions
with Bi/Fe ratios from 1.02 to 0.96, and interestingly, all the
thin films are slightly off-stoichiometry rather than those of the
targets from 1.25 to 0.78 (Table S1). It needs to be mentioned
that the BFO0.9 and BFOO.8 thin films have Bi/Fe ratios larger
than those in the corresponding ceramic targets. This result
should be caused by the different ablation rate for Bi and Fe
elements, indicating that more bismuth element, compared to
iron, would be ablated out by the pulsed laser ablation during
deposition. For the same reason, we found that the Bi/Fe ratio
in the ablated surface of a BFO ceramic target was decreased
dramatically after long-term use for laser ablation. In addition,
the results for Bi-excess samples show that even more Bi
content can be ablated out from the ceramic targets, the Bi
content remained in the single-phase BFO thin films is not so
much and it is just close to the stoichiometry composition.
This can be related to a self-regulation process,”*® and part of
the Bi content might be wasted by volatilization. Actually, apart
from the factor of target composition, to get high-quality pure
phase or stoichiometric BFO thin films, many other
parameters37‘38 need to be optimized and well controlled,
such as substrate strain, substrate temperature, oxygen
pressure, laser energy and frequency, target density, target—
substrate distance, and so forth. For example, low temperature
and high oxygen pressure conditions can reduce the volatility
of Bi, whereas the opposite conditions lead to the larger loss of
Bi and result in the formation of iron oxide in BFO thin
films.*”*’ To guarantee the attainment of high crystallinity and
pure phase of BFO thin films, the slight off-stoichiometry BFO
thin films have been fabricated with our optimized deposition
conditions. Our results indicate that, by using either Bi-excess
or Bi-deficient BFO targets, BFO thin films can be epitaxially
grown in a single-phase crystal structure with slight Bi
nonstoichiometry, which can be ascribed to the different
ablation rate for Bi and Fe elements and a self-regulation
process during the film g1‘0wth.36’40 Undoubtedly, the Bi
nonstoichiometry in the BFO thin films would result in
microstructural defects that may have a significant impact on
physical properties, which is not detectable by the above
analyses. By the way, the valence states of Fe ions analyzed by
X-ray absorption spectroscopy and XPS are very close to be
trivalent in all the thin films and has a slight increase with the
Bi/Fe ratio decrease (Figure S1).

3.2. Evolution of Surface Topography and Ferro-
electric Domains with Bi Nonstoichiometry. Figure 2a—f
shows the atomic force microscopy (AFM) images of BFO
ultrathin films to demonstrate the evolution of surface
morphology with the Bi/Fe ratio. All the BFO thin films
maintain an atomically flat surface in terms of the small root-
mean-square (rms) roughness around 0.2 nm, and the
roughness shows a slight increase with increasing Bi/Fe ratio.
A discernable terrace-like surface can be observed for Bi-
deficient BFOQO0.8, BFO0.9, and BFO1.0 thin films, whereas the
terrace-like surface is gradually damaged with the increase of
Bi/Fe ratio. It needs to be mentioned that all the BFO thin
films were grown on TiO,-terminated STO substrates with the
clear and regular unit-cell step-and-terrace surface obtained
with etching and thermal annealing process,”" and the surface
of the bottom LSMO layer was almost identical to that of the

underlying STO substrate (Figure S2). The Bi-deficient BFO
thin films show the terrace-like surface, which are correspond-
ing to that of the LSMO/STO and STO substrates. The
observed terrace-like surface indicates a layer-by-layer growth
mode without the formation of three-dimensional islands,
which can be ascribed to the coherently epitaxial growth at the
fully strained state. In other words, the Bi-deficient
compositions might facilitate the layer-by-layer epitaxial
growth of BFO films. The evolution of surface morphology
of BFO thin films with Bi/Fe ratios is consistent with the
observation in a reported work, wherein the morphology of Bi-
deficient BFO thin films exhibit atomic-level terraces and steps,
but upon increasing the Bi composition, the rms roughness
increases.”’

Out-of-plane piezoresponse force microscopy (PFM) images
of BFO thin films are shown in Figure 2a’—f’, respectively. It is
observed that the as-grown ferroelectric domain of the thin
films has a great evolution from a uniform upward polarization
in the Bi-excess thin films to a uniform downward polarization
in the most Bi-deficient thin film. (Upward means the
polarization pointing from the substrate to the surface, and
downward means from the surface to the substrate, denoted as
O and ®, respectively, in this paper.) The Bi-excess BFOL.5,
BFO1.3, and BFO1.1 thin films clearly show the uniform
upward polarization, and the Bi-deficient BFOO.8 thin film
shows the uniform downward polarization, while the less
deficient BFO1.0 and BFOO0.9 thin films exhibit both upward
and downward polarizations randomly distributed in an
obviously multidomain state. To demonstrate the switchable
ferroelectricity of ultrathin films, four strip domains were
written on the thin films in a 1.5 X 1.5 um” square by PEM
scanning with tip voltages of +5, =5, +5, and =5 V,
respectively. Figure 3a—f shows the written domains for
BFO1.3, BFO0.9, and BFOO.8 thin films and the correspond-
ing amplitude images. This confirms the ferroelectricity for all
the thin films and further validates the as-grown domain
orientations. The observed evolution of ferroelectric domain
states with Bi nonstoichiometry indicates conclusively that the
as-grown polarization of the BFO thin films can be controlled
by changing the Bi contents.

3.3. Atomic-Scale Structural and Chemical Character-
ization at the Interface. To have an insight into the
formation of as-grown polarization in BFO thin films,
aberration-corrected STEM measurements have been per-
formed for upward polarization Bi-excess BFO1.3 and
downward polarization Bi-deficient BFOO0.8 samples. Low-
magnification cross-sectional STEM images (Figure S3) show
the clear interfaces and expected thickness for the BFO (10
nm)/LSMO (20 nm) heterostructures on STO substrates.
Figure 4a,b shows high-resolution HAADF STEM images of
the BFO/LSMO interfaces for BFO1.3 and BFOO0.8,
respectively. The images show the brighter BFO layer and a
relatively darker LSMO layer based on the difference of atomic
numbers of the elements, and both the heterostructures have
atomically sharp BFO/LSMO interfaces. Above the interface,
the brighter dots in the images correspond to the heavier Bi
ions and the weaker dots correspond to the lighter Fe ions. For
the Bi-excess BFO1.3 thin film, as shown in Figure 4a, first, we
can see a slight tilt or distortion in the (101) plane above the
interface. In other words, the angle f between lattice vectors a
and c is not equal to 90°. Second, the magnified image in the
inset shows an upward polarization along the pseudocubic
diagonal direction according to the atomic displacement of the
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Figure 3. Ferroelectric polarization switching. (a—c) PFM phase
images of the written domains. (d—f) Corresponding amplitude
images for BFO1.3, BFO0.9, and BFOO0.8, respectively. All the images
are in a size of 2 X 2 um?.

Figure 4. HAADF STEM images of (a) BFO1.3/LSMO and (b)
BF00.8/LSMO along the [010] zone axis. The insets show the
magnified images to display the unit cells (where green circles
represent Bi atoms, whereas brown circles represent Fe atoms, the
relative displacement of Fe atom with respect to the center of four
surrounding Bi atoms is in the opposite direction of the polarization)
and the schematics to describe the lattice tilt and polarization. Red
arrows indicate the polarization direction, and white dotted lines
indicate the interface between BFO and LSMO.

Bi cation relative to the Fe sublattice. Both the observations
suggest a monoclinically distorted structure for the Bi-excess
BFO1.3 thin film. In contrast, for the Bi-deficient BFOO0.8 thin
film, the STEM image in Figure 4b does not show the tilt and
the angle f is a right angle. The magnified image in the inset
shows a downward polarization with a near-vertical atomic
displacement. These imply a tetragonal-like structure for the

Bi-deficient BFOO0.8 thin film. Therefore, the STEM images
reveal that the Bi-excess BFO1.3 and the Bi-deficient BFOO0.8
thin films have different polarization orientations and crystal
structures. The different polarization directions for the two
samples are further confirmed by the polarization maps
calculated by the relative displacements of each atom with
respect to the center of four surrounding atoms, which are
consistent with the PFM measurements, whereas the evolution
of structural distortion is to be further discussed with more
information in Section 3.4.

Atomic-scale characterization of chemical composition
across the oxide interfaces is important for understanding the
physical properties of epitaxial oxide heterojunctions. Atomi-
cally resolved EDXS in aberration-corrected STEM has been
performed to clarify element distribution at the interface of
BFO/LSMO heterostructures. Figure S shows the EDXS

(a) (d)

1.0 nm

(b)

SR

w "

-~ -
3 =S
® ©
& A
z i z
e

2 Sr 2
2 QL
£ £

T T L) T T L] T T T T
00 05 10 15 20 25 00 05 10 15 20 25

Distance(nm) Distance (nm)

Figure 5. EDXS elemental maps and line profiles crossing the BFO/
LSMO interface. (a) Mn- and Bi-combined map, (b) Sr- and Fe-
combined elemental map, (c) line profiles for the BFO1.3 thin film,
(d) Mn- and Bi-combined elemental map, (e) Sr- and Fe-combined
map, and (f) line profiles for the BFO0.8 thin film.
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Figure 6. SHG intensities as a function of polarization angle of the incident light, recorded in P-out and S-out configurations, respectively. (a,b)
BF0O0.8 thin film; (c,d) BFO1.3 thin film. Black dots denote the experimental data and solid lines represent the theoretical simulated data by using
a tetragonal structure for BFOO0.8 and a monoclinic structure for BFO1.3, respectively.

elemental maps and the line profiles crossing the BFO/LSMO
interface for the BFO1.3 and BFOO0.8 samples. Figure Sa,d
shows the Bi- and Mn-combined elemental maps for the two
samples, respectively, both of which show a dimmed gap at the
interface, whereas the Sr- and Fe-combined elemental maps in
Figure Sb,e show a relatively sharp interface for both the
samples. There are two possible interface configurations in the
[001]-oriented BFO/LSMO heterostructures, namely,
(MnO,)*""—=(BiO)"* (for MnO,-terminated interface) and
[(Lag,Sry3)0]%7*—(Fe0,)" (for Lay,Sry;0-terminated inter-
face). Generally, the existence of the gap between Mn and Bi
elements at the interface of BFO/LSMO excludes the interface
termination configuration of (MnO,)®”"—(BiO)'* and sug-
gests that [(La,,Srg3)0]%"*—(FeO,)'” is the interface
termination configuration on account of the —A—B—A—-B—
stacking sequence in ABOj; perovskite structures. To clearly
demonstrate the interface chemical composition, the line
profiles of the EDXS maps are shown in Figure Scf. The
profile lines have been taken along the diagonal direction at the
BFO/LSMO interfaces. For the Bi-excess BFO1.3 sample, the
profile line of Bi in Figure Sc shows a lower peak close to the
Mn peak with an interval about 0.28 nm, which is equal to one
half of the face diagonal length of a unit cell, indicating that the
interface termination formed by (MnO,)*’~ and (BiO)'*
layers are observed. In comparison, for the Bi-deficient
BFOO0.8 sample, the closest Bi and Mn peaks shown in Figure
5f have a larger interval about 0.85 nm corresponding to one
and a half of the face diagonal length; therefore, Bi and Mn
could not be the nearest cations for each other and the
interface termination would be completely formed by
[(Lay,Sry3)0]%"*—(Fe0,)!". The interface termination is
usually determined by the chemical termination of the
substrate,'® but the two different interface configurations
have been observed in our BFO/LSMO heterostructures with
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the same TiO,-terminated STO substrates, which is
undoubtedly related to the Bi nonstoichiometry in the films.
According to the previous reports,”'” it is reasonably expected
that Bi ions appear at the interface layer of BFO/LSMO on
TiO,-terminated STO. However, for the Bi-deficient BFO
sample, Fe ions are located at the interface layer, which would
be induced by ion diffusion or other unrevealed mechanisms
during the growth of BFO thin films. This result indicates that
the Bi/Fe ratio in BFO has direct influences on the interface
configurations and can be used to modify the interface
configuration of BFO heterostructures.

The electrostatic potential at the interface induced by
interfacial valence mismatch is one of the important factors to
determine the physical properties of oxide heterostructures.’
Studies by Yu et al.”** have shown that the BEO on MnO,-
terminated LSMO has an upward polarization because of the
BiO—MnO, interface, and the BFO on (LaSr)O-terminated
LSMO has a downward polarization for the FeO,—(La,Sr)O
interface. This has been interpreted in terms of the existence of
two different interface dipoles at the BFO/LSMO interface by
the polar discontinuity mechanism. The interface polar
discontinuity or valence mismatch is mainly screened through
the Thomas—Fermi screening in the metallic LSMO layer;
thus, the spatial separation between the interface charge and
screening charge will lead to an interface dipole at the
interface. Therefore, the upward and downward interface
dipoles will be formed for the (MnO,)*’ —(BiO)'* and
[(Lag,Sr3)0]%7*—(FeO,)'” interfaces, respectively. These
interface dipoles can develop into an electrostatic potential
barrier across the interface and further influence the polar-
ization states in the ferroelectric layer.”** In our case, the
observed (MnQ,)%”~—(BiO)'* interface should contribute to
the upward polarization in the Bi-excess BFO1.3, and the
[(Lag;Sro3)0]%7*—(FeO,)'” interface will be responsible for
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the downward polarization in the Bi-deficient BFOO0.8. As a
result, the two different interface atomic configurations of
(MnO,)%~—(BiO)"* and [(Lay,Sry3)0]%7*—(FeO,)'” have
been observed for the Bi-excess BFO1.3 and Bi-deficient
BFO0.8 samples, respectively. The origin of the opposite
polarization for the BFOL.3 and BFOO0.8 samples can be
attributed mainly to the different interface terminations.

3.4. Structural Information from SHG Measurements
and Raman Spectra. SHG is a nonlinear optical process in
which an incident light with an electric field E and a frequency
o interacts with a nonlinear material and induce a polarization
P at frequency 2. The induced frequency-doubled light wave
can be expressed by P2w) = eqyE(w)E(w), where y is a
tensor as SHG susceptibility. SHG occurs in materials that lack
inversion symmetry and hence y is sensitive to local polar
order and structural symmetry. Thus, SHG has become a
useful tool for probing ferroelectricity and determining the
ferroelectric domain states and structural symmetry by
modeling of the polarimetry data.”™* To get further
structural information of BFO thin films, SHG measurements
were carried out in a general reflection geometry as described
in detail in ref 46. SHG intensities as a function of polarization
angle of the incident light, recorded in P-out and S-out
configurations, respectively, are shown in Figure 6. The
observed SHG signal indicates the existence of ferroelectric
phase, whereas the distinctly different SHG patterns for the
two samples imply two different symmetric structures for them.
The s-out SHG feature is 4-fold symmetric with peaks
appearing at ~45, ~135, ~225, and ~315° for BFOO.8, as
shown in Figure 6b. However, the 4-fold symmetry degrades
into a 2-fold rotational symmetry with two major peaks and
two minor ones for BFO1.3, as shown in Figure 6d, and the
peak positions have rotated away from the standard angles
mentioned above. This indicates the change of polarization
orientation and crystal structure. We consider a tetragonal
structure in point group 4mm for the Bi-deficient BFOO0.8 thin
film, and the corresponding simulated curves are in good
agreement with the experimental data as shown in Figure 6a,b.
For the Bi-excess BFO1.3 sample, the SHG data can be fitted
well using a monoclinic structure in point group m, as shown
in Figure 6¢,d. These results demonstrate that the Bi-deficient
BFO0.8 thin film has a tetragonal structure and the BFOL.3
sample shows a monoclinic distortion, which is in agreement
with the STEM observations. The observed structure
distortion is accompanied by the ferroelectric polarization
evolution with Bi nonstoichiometry, which suggests that the
structure distortion may also be relevant to the as-grown
polarization state.

Raman spectra have also been measured to reveal the
structure information of BFO ultrathin films. Ultraviolet
polarized Raman spectroscopy was performed because of its
effectivity of detecting the weak signal of thin films on bulk
substrates for its shorter penetration depth.47 Even so, the
obtained effective Raman signals for the BFO ultrathin films
are very weak because of the ultrathin thickness. Figure 7
shows the Raman spectra of the BFO ultrathin films collected
in Z(XY)Z scattering configurations. Only two peaks at 175
and 220 cm™' are identifiable for the BFO thin films by
comparing the spectra with that of the substrate. These two
peaks are obvious for the Bi-excess BFO thin films, but they are
very weak or almost vanished for the Bi-deficient BFO0.9 and
BFO0.8 samples. The change of the Raman modes indicates
the structural variation between the Bi-excess and Bi-deficient
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Figure 7. Ultraviolet Raman spectra of BFO ultrathin films collected
in Z(XY)Z scattering configurations.

BFO thin films. The Raman selection rules for the
rhombohedral, tetragonal, and monoclinic crystal structures
of BFO are given in Table I in ref 48. According to the Raman
selection rules, the Raman spectra collected in perpendicular
Z(XY)Z scattering configurations will show E modes for the
rhombohedral structure, A’ modes for the monoclinic
structure, and no modes for the tetragonal structure.
Therefore, in consideration of the TEM and SHG results,
the Raman peaks observed in the Bi-excess BFO thin films can
be ascribed to the monoclinic structure, which is consistent
with the reported studies.** > Weakening or absence of these
peaks for Bi-deficient BFO thin films suggests a tetragonal
structure for these films. Béa et al.’’ have reported a similar
observation in BFO thin films with different thicknesses, and
disappearance of the Raman peaks at thinner films has been
attributed to the increased symmetry of the thin films because
of the structure change from monoclinic to tetragonal. Thus,
the structure evolution of BFO ultrathin films with Bi content
is further confirmed by the Raman observation.

3.5. Modulation of the Band Gap of BFO Thin Films
via Bi Nonstoichiometry. Spectroscopic ellipsometry has
been employed to investigate the optical properties of BFO
thin films. The real and imaginary dielectric constants or the
optical parameters of refractive index n and extinction
coefficient k versus photon energy can be extracted from the
obtained ellipsometry parameters of ¥ and A. Figure 8 shows a
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Figure 8. Plots of (ahv)? vs photon energy of BFO ultrathin films.
The inset shows the band gap variation of BFO ultrathin films with
the nominal Bi/Fe ratio of BFO targets.
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plot of (ahv)* versus photon energy hv, where h is Plank’s
constant, v is the frequency of illumination, and « is the
absorption coeflicient calculated by # and k. The band gap E,
can be obtained through the Tauc relation (ahv)" = A(hv —
E,), where A is a constant and n = 2 for the direct band gap.
The direct band gap values acquired by the linear extrapolation
of (ahv)? for BFO ultrathin films are shown in the inset of
Figure 8. The BFOI1.1 thin film that almost has an exact
stoichiometric composition shows the largest band gap of 2.65
eV. Then, the band gap of thin films decreases with the
increase of off-stoichiometry for both the Bi-excess and Bi-
deficient films. In other words, the band gap of BFO thin films
has been modulated to a narrow band gap by using either Bi-
excess or Bi-deficient nonstoichiometry. The band gap of 2.65
eV is consistent with the reported values.”"*” Thlefeld et al.>’
have also observed a lower onset of optical absorption for the
bismuth-deficient BFO film compared with the stoichiometric
epitaxial film. For the existence of Bi nonstoichiometry, the
BFO thin films would have various defects, such as Bi or Fe
vacancies, oxygen vacancies, even some interstitial defects, and
so forth. Those defects may give rise to p-type or n-type
doping effects and various degrees of lattice distortion, all of
which may contribute to the reduction of band gap.**™’
Ferroelectric photovoltaic effects have attracted much
attention for its unique light energy conversion based on
polarization-driven carrier separation and above-band gap
voltages.® However, ferroelectrics often have a wide band gap
and then suffer from poor absorption of visible light.
Therefore, the modulation of the band gap in BFO thin
films via Bi nonstoichiometry will be valuable for the
applications in photovoltaic and photocatalytic materials.

4. CONCLUSIONS

In summary, it has been observed that the ferroelectric
polarization and crystal structure of BFO thin films can be
manipulated artificially by controlling Bi nonstoichiometry. By
decreasing the Bi/Fe ratio from excess Bi to deficient Bi, the
as-grown polarization of BFO ultrathin films on LSMO-
covered STO substrates can be changed completely from
upward to downward orientation, and in the meantime, the
surface morphology becomes better and eventually shows clear
atomic steps and terraces in the Bi-deficient samples. High-
resolution TEM, SHG measurements, and Raman spectra
indicate that the upward polarization Bi-excess BFO thin film
shows a monoclinic distortion with the (MnO,)*’~—(BiO)"*
interface atomic configuration, whereas the downward polar-
ization Bi-deficient BFO thin film has a tetragonal structure
with the [(Lay,Sry3)0]%7*—(FeO,)' interface atomic config-
uration. The interface configuration, controlled by Bi
concentration, should be mainly responsible for the as-grown
polarization directions as well as the structural distortion.
Moreover, it has been revealed that the band gap of BFO thin
films can be modulated via Bi nonstoichiometry. Finally, we
conclude that Bi nonstoichiometry plays a crucial role in
structural distortion and ferroelectric domain state in the BFO
thin films, and this study will be important for the design and
fabrication of BFO-based thin-film devices.
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