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Confined low dimensional charges with high density such as two-dimensional electron gas (2DEG) at
interfaces and charged domain walls in ferroelectrics show great potential to serve as functional elements
in future nanoelectronics. However, stabilization and control of low dimensional charges is challenging,
as they are usually subject to enormous depolarization fields. Here, we demonstrate a method to fabricate
tunable charged interfaces with ~77�, 86� and 94� head-to-head polarization configurations in multifer-
roic BiFeO3 thin films by grain boundary engineering. The adjacent grains are cohesively bonded and the
boundary is about 1 nm in width and devoid of any amorphous region. Remarkably, the polarization
remains almost unchanged near the grain boundaries, indicating the polarization charges are well com-
pensated, i.e., there should be two-dimensional charge gas confined at grain boundaries. Adjusting the tilt
angle of the grain boundaries enables tuning the angle of polarization configurations from 71� to 109�,
which in turn allows the control of charge density at the grain boundaries. This general and feasible
method opens new doors for the application of charged interfaces in next generation nanoelectronics.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Interfaces with high density of charges possess some intriguing
properties such as insulator–metal transitions [1–3], superconduc-
tivity [4,5], magnetoelectric coupling [6–8] and photoconductivity
[9,10], which enable charged interfaces to act as active elements in
future nanoelectronics [11–13]. These charged interfaces usually
occur as either heterointerfaces between different semicondutors
and metal oxides [5,14–16] or homointerfaces in ferroic materials
such as ferroelectric domain walls [1,17–22]. While heterointer-
faces are fixed in space, homointerfaces like charged domain walls
in ferroelectrics can serve as powerful tools to control the charged
interface due to the switchability of the spontaneous ferroelectric
polarization. This phenomenon, which has attracted attention of
researchers recently [1,17,20,21], is attributed to the polarization
orientation-dependent screening charges at the interface that com-
pensates the depolarization field [23–25]. The formation of a sheet
of degenerate charged gas at the interface can exert dramatic
changes in local electronic structure and evoke unusual physical
properties over a range of several nanometers [26,27].

Unfortunately, charged domain walls with head-to-head or tail-
to-tail polarization configurations are typically unstable due to
incomplete screening of the bound charges that induce enormous
depolarizing fields [26,27]. Nevertheless, there are sparse reports
of charged domain walls, which suggest charged interfaces might
be energetically favorable under some specific conditions [20,26].
For example, head-to-head and tail-to-tail charged domain walls
have been observed in flux-closure domain pattern in BiFeO3/
GdScO3 heterostructures [28]. A tetragonal-like crystal structure
at the head-to-head charged domain wall can be locally stabilized
at the surface and interface of BiFeO3 thin films [24]. In addition,
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charged domain walls are commonly observed during the ferro-
electric switching process [29], although the very tiny size and
intermediate nature make them impossible to be manipulated
for practical purposes.

Here, we explore the controllability of stable charged interfaces
in multiferroic BiFeO3 thin films by grain boundary engineering.
SrTiO3 bicrystal substrates are used as templates to grow BiFeO3

thin films with grain boundaries. Results of aberration-corrected
scanning transmission electron microscopy (STEM) and piezore-
sponse force microscopy (PFM) suggest that 10�, 22.6� and 36.8�
BiFeO3 grain boundaries exhibit head-to-head polarization config-
urations. We characterize the atomic structure of these charged
grain boundaries and find their width to be as narrow as ~1 nm.
The polarization vectors on both sides of grain boundaries suggest
unsuppressed polarization near the charged interfaces, indicating
the polarization charges are likely to be well screened by mobile
charges at grain boundaries. These results validate our strategy
and provide a feasible way to obtain tunable charged interfaces
in multiferroics via defects engineering for applications in
nanoelectronics.
Fig. 1. (Color online) BiFeO3 bicrystal thin film. (a) Schematic diagram of epitaxial
BiFeO3 thin films grown on SrTiO3 bicrystal substrates. BiFeO3 have eight possible
polarization orientations. (b) XRD profiles of BiFeO3/SrTiO3 heterostructures
revealing the highly crystalline quality of BiFeO3 thin films.
2. Experimental

2.1. Film growth

BiFeO3 thin films were grown via pulsed laser deposition on 10�,
22.6�, and 36.8� SrTiO3 bicrystals. SrTiO3 bicrystals with [001]
symmetric tilt grain boundaries were purchased commercially
(Shinkosha Co. Ltd.). The orientation relationship of two single
crystals is shown in Fig. S1 (online). The tilt angle can be defined
as the angle between [100] direction of neighboring SrTiO3 single
crystals with [001] as the rotation axis. The temperature and gas-
eous environment during growth were fixed at 650 �C and 100
mTorr (1 Torr = 133.3 Pa) O2 respectively. The laser (KrF,
k = 248 nm) energy density was 1.5 J cm�2 at the target surface
and the repetition rate was 10 Hz for BiFeO3. After the growth,
the samples were cooled down to room temperature at 10 �Cmin�1

in 760 Torr oxygen ambient. The sample thickness was controlled
by the growth time.

2.2. Samples preparation and STEM characterization

TEM samples were prepared by conventional mechanical pol-
ishing and subsequent argon ion milling in a Precision Ion Polish-
ing System 691 (Gatan). The procedure for ion milling consisted
of two steps. During the first stage, the guns were operated at
4 keV and at angles of 6�. During the second stage, the guns were
operated at 1 keV for 5 min and at angles of 3�, and lowered further
to 0.1 keV for 2 min for final surface cleaning. High-angle annular
dark-field (HAADF) images and energy-dispersive X-ray spec-
troscopy (EDS) images in this work were obtained using probe
Cs-corrected FEI Titan 60–300 (Titan Themis G2 in Electron Micro-
scopy Laboratory of Peking University) operated at 300 kV. Atom
positions were determined by simultaneously fitting two-
dimensional Gaussian peaks to a perovskite unit cell using a
home-developed code running in MATLAB. Polar displacements
of the Fe cations were measured relative to the center of the sur-
rounding Bi cations in HAADF images.

2.3. PFM test

PFM was performed on a commercial scanning probe micro-
scope system (Asylum Research 3D) using commercial Pt/Ir-
coated Si tips (Nanosensors) and Pt-coated Si tips (MikroMasch)
at room temperature under ambient conditions. The PFM signal
772
was collected at the contact resonance frequency with an AC tip
bias of 2 V.

2.4. X-ray diffraction (XRD) test

XRD measurements were carried out with a high-resolution
diffractometer (Smartlab, Rigaku) using monochromatic Cu Ka1
radiation (k = 1.5406 Å).

3. Results and discussion

50-nm-thick BiFeO3 thin films were deposited on SrTiO3 bicrys-
tal substrates. At room temperature, BiFeO3 with the rhombohe-
dral R3c structure is characterized by two perovskite unit cells
connected along their body diagonal [30,31]. All Miller indices of
BiFeO3 in this study are based on the pseudocubic lattice. The
spontaneous polarization is along the [111]pc axis (where pc
denotes pseudocubic indices) [32–34]. The tilt angle b of grain
boundaries is tunable as illustrated by the schematic in Fig. 1a.
Technically, BiFeO3 could have eight possible polarization orienta-
tions in each grain. Due to the epitaxial relationship between films
and substrates, grain boundaries in BiFeO3 are expected to vary
depending on grain boundaries of the underlying SrTiO3. Fig. 1b
depicts three XRD patterns corresponding to the epitaxial BiFeO3

thin films on 10�, 22.6� and 36.8� SrTiO3 bicrystals respectively,
all of which clearly exhibit peaks corresponding to SrTiO3 (001)
and BiFeO3 (001). The XRD scan in Fig. 1b indicates a high-
quality epitaxial single-crystalline nature of BiFeO3 thin films.
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To determine their domain structure, 10�, 22.6� and 36.8�
BiFeO3 grain boundaries were subjected to PFM analysis. Topo-
graphic and out-of-plane PFM measurements of grain boundaries
revealed a small roughness (less than 6 nm) and uniform out-of-
plane polarization (Fig. S2 online). Fig. 2a–c show the in-plane
measurements near grain boundaries while Fig. 2d–f depict similar
measurements in the same areas, albeit in the perpendicular scan
directions. We also characterized the polarization orientation at
BiFeO3/SrTiO3 interfaces (Fig. S3 online). The polarization orienta-
tion can be clearly determined by the contrast which suggests
the head-to-head polarization configuration at grain boundaries.
Two uniform constrast regions appear in the vicinity of ~400 nm
from each grain boundary, evidencing while near the grain bound-
aries a monodomain structure exists. Sharp changes in contrast at
the grain boundaries resemble those of the domain wall in adja-
cent BiFeO3 thin films, but the limited resolution of PFM precludes
evaluation of their width. The schematics in Fig. 2g–i unambigu-
ously illustrate the polarization configuration at grain boundaries
which retain their head-to-head polarization configuration regard-
less of the grain boundary angle. Moreover, increasing the films to
100 nm in thickness did not evoke a change to the head-to-head
polarization configuration of the 10�, 22.6� and 36.8� grain bound-
aries (Fig. S4 online). In other words, the head-to-head polarization
configuration is energetically favorable at these BiFeO3 grain
boundaries, which is likely because the positive bound charges
can be more effectively screened by negative free carriers in BiFeO3
Fig. 2. (Color online) Domain structure of BiFeO3 grain boundaries. (a–c) In-plane PFM m
scan directions. (d–f) PFM measurements for the same areas of the 10�, 22.6� and 36.8� B
(a–c). Dashed rectangles denote the same area. Arrows indicate scan directions. (g–i) Sc
green arrows show polarization of BiFeO3 towards the grain boundary.
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[35,36]. Bismuth-based ferroelectric oxide films such as BiFeO3

prepared by pulsed laser deposition (PLD) have been reported as
n-type semiconductors [36–38], suggesting the negative charges
(electrons and negatively charged point defects) in BiFeO3 films
could be accumulated at defects such as grain boundaries to screen
the positive polarization bound charges. Besides, grain boundaries
in oxides usually prefer to be non-stoichiometric which can lead to
charge accumulation at these defects [39]. For example, Ti enrich-
ment and deficiency has been reported at different SrTiO3 grain
boundaries [40,41], and oxygen vacancy was also detected at
yttria-stabilized zirconia grain boundaries [42]. In our cases, the
quantitatively elemental analysis of BiFeO3 grain boundaries by
EDS indicates the slight deficiency of Bi3+ and Fe3+ at grain bound-
aries (Fig. S5 online). Thus, the relative enrichment of oxygen can
provide negative charges to screen the positive polarization bound
charges at grain boundaries, which stabilizes the head-to-head
polarization configurations.

To investigate the structure of charged grain boundaries at
atomic scale, 10�, 22.6� and 36.8� grain boundaries were character-
ized by aberration-corrected STEM. The HAADF image in Fig. 3a
shows the atomic structure of the 10� grain boundary. From this
Z-contrast image [43], it is possible to distinguish the columns
comprised of Bi atoms and Fe atoms, respectively. The correspond-
ing fast Fourier transform (FFT) image confirms a tilt angle of 10� in
BiFeO3 grain boundary (Fig. S6 online). The width of the 10� grain
boundary is about 2 unit cells (~1 nm). The atomic structures of the
easurements for 10�, 22.6� and 36.8� BiFeO3 bicrystals thin films. Arrows indicate
iFeO3 bicrystals respectively, albeit in the scan directions perpendicular to those in
hematic diagrams showing polarization configurations near grain boundaries. The



Fig. 3. (Color online) Atomic structure of BiFeO3 grain boundaries. Atomic-resolution HAADF images of (a) 10�, (b) 22.6� and (c) 36.8� BiFeO3 grain boundaries. Atomic images
overlaid with polarization vectors of (d) 10�, (e) 22.6� and (f) 36.8� BiFeO3 grain boundaries. The length of arrows indicates the magnitude of the polarization with respect to
the yellow scale bar. (g) Schematic diagram of the geometric relationship between grain boundary angle and polarization configuration, where b denotes relative crystal
disorientation angle and a denotes angle of polarization orientations. (h) a and charges C at grain boundaries as a function of b. The three stars correspond to 10�, 22.6�, and
36.8� BiFeO3 grain boundaries in this study. Q indicates the polarization of BiFeO3 films.
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22.6� and 36.8� grain boundaries are shown in Fig. 3b and c, respec-
tively. Despite many efforts, obtaining perfect atomic structure on
both sides of a BiFeO3 grain boundary simultaneously has
remained challenging. Zone axes of two grains of BiFeO3 are not
consistent, making it difficult to perfectly observe the atomic struc-
ture of both grains at the same time. This may be rooted in the dis-
torted structure of the combined rhombohedral BiFeO3 bicrystals
without the constraint from the SrTiO3 substrate in plan-view
TEM samples [44].

To further elucidate how polarization occurs at the grain
boundaries, atomic-resolution images for both sides of grain
boundaries were obtained and analyzed separately. From these
HAADF images, we can precisely determine the positions of Bi
atom columns and Fe atom columns. The polarization vectors of
unit cells near the grain boundaries were mapped according to
the relative displacement between Fe atom columns and the center
of four neighboring Bi atom columns [24]. Fig. 3d depicts the rep-
resentative HAADF images of the 10� grain boundary overlaid with
the corresponding spatial distribution of polarization vectors,
where arrow angle and length indicate the orientation and magni-
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fication, respectively, of the projected polarization in each unit cell.
Conventional understanding suggests that the polarization should
be greatly suppressed at the charged interface [22,25]. Neverthe-
less, the polarization vectors are uniform even near the grain
boundary. Similar results were obtained for 22.6� and 36.8� grain
boundaries shown in Fig. 3e and f. Fig. 3g shows a schematic rep-
resentation of a and b (where a is the angle of polarization orien-
tations at BiFeO3 grain boundaries and b is the angle of grain
boundaries). The geometric relationship between a and b is shown
in Fig. S7 (online, arrows indicate directions of polarization). For
simplicity, we consider BiFeO3 a cubic structure. The geometric
relationship between a and b can be expressed as

a ¼ cos�1 1þ 2cos bþ 90�ð Þ
3

� �
: ð1Þ

The 10�, 22.6� and 36.8� grain boundaries exhibit 77�, 86� and
94� head-to-head polarization configurations respectively, indicat-
ing that continuous tuning of the angle of charged interfaces can be
achieved by adjusting the grain boundary angle of the SrTiO3

bicrystal substrates. Fig. 3h plots this relationship. Therefore, the
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polarization charge C at grain boundaries resulting from head-to-
head polarization configurations can be expressed as a function
of b which is shown in Fig. 3h. The discrete three points in plots
represent the experimental measurements of 10�, 22.6� and 36.8�
grain boundaries in this study. These plots can guide strategic
design of grain boundaries with tunable polarization charges by
manipulating the angle of SrTiO3 bicrystal from 0� to 90�. This gen-
eral and feasible method creates new avenues towards the devel-
opment of innovative charged interfaces which are absent in
regular multiferroics.

Identifying the atomic structure is critical for a comprehensive
understanding of BiFeO3 grain boundaries. Grain boundaries of
some crystals such as SrTiO3 have been characterized thoroughly
with respect to their atomic structures and local electronic struc-
tures via advanced atomic-resolution imaging and electron energy
loss spectroscopy [39,40,45]. In contrast, there exist few reports of
the atomic structure of BiFeO3 grain boundaries, especially by TEM
methods, perhaps due to limitations of the thin-film growth tech-
nology and the low mechanical stability of BiFeO3 [46–49]. After
many careful attempts, we obtained the atomic structure reported
in this study and demonstrated that the width of BiFeO3 grain
boundaries can be as narrow as ~1 nm.

The BiFeO3 grain boundary in this study exhibits head-to-head
polarization configuration and offers an alternative tool for fabri-
cating tunable charged interfaces in ferroelectric thin films. The
width of such grain boundary is as narrow as the as-grown 180�,
109� or 71� domain walls in BiFeO3 thin films [33]. These kinds
of charged interfaces possess anomalous polarization configura-
tions compared with conventional 180�, 109� and 71� domain
walls in BiFeO3 thin films. They are also robust and therefore retain
these polarization configurations despite changes in film thick-
nesses and external stimuli. Since the maximum grain boundary
angle of tilt SrTiO3 bicrystals is 90� (schematically shown in
Fig. S7 online), adjusting the angle of SrTiO3 bicrystal from 0� to
90� enables tunable polarization configurations between 71� and
109�, indicating that precise design of the type of such charged
interfaces is possible. Such charged grain boundaries are expected
to produce many novel properties such as conductivity [18,50],
magnetoelectric properties [8] and photoconductivity [9].
Undoubtedly, further research will lead to the discovery of innova-
tive approaches to apply these promising charged grain boundaries
and achieve their practical application.
4. Conclusion

In summary, we have presented a general and viable method to
create tunable grain boundaries with head-to-head polarization
configurations in BiFeO3 thin films. We also demonstrated the
atomic structure for 10�, 22.6�, and 36.8� BiFeO3 charged grain
boundaries whose single head-to-head polarization configuration
and adjacent monodomain structure indicate that charged grain
boundaries are uniform and can therefore be readily designed
and controlled. Direct observation of the atomic structure of
charged grain boundaries via aberration-corrected STEM revealed
the identical polarization on either side of the grain boundaries.
In addition, the polarization configuration of the charged interfaces
was demonstrated to be tunable from 71� to 109� by adjusting the
angle of SrTiO3 bicrystal to control interfacial charge density. Our
strategy leverages grain boundary engineering for tunable charged
interfaces in BiFeO3, although it may be extended to other types of
ferroelectric materials with perovskite structure, such as PbTiO3

and BaTiO3. The ability to controllably fabricate charged interfaces
offers new routes towards the development of applications of mul-
tiferroic thin films in nanoelectronics.
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