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high-density nonvolatile random access 
memories[4] and prototype devices in elec-
tronics, optoelectronics, and electrome-
chanics, have been proposed based on the 
coupling between the ferroelectric polari-
zation and other functional properties, 
i.e., mechanical, optical, and magnetic 
properties of ferroelectric materials.[2,5–7] 
However, as the size of the device with fer-
roelectrics is reduced to the scale required 
for practical industrial semiconductor 
devices, this development is challenged 
by the long-standing issue concerning the 
“dead layer” or size scaling effect, where 
ferroelectric polarization in films with 
a thickness down to a few nanometers 
is hampered due to the strong depolar-
izing electric field, which arises from the 
incomplete screening at the surface or 
interface.[8–10] On the other hand, several 
experimental studies have indicated that 

the spontaneous polarization in a ferroelectric thin film can be 
retained down to the thickness of only several unitcells,[7,11–14] 
but with reduced transition temperature[11] and polarization.[13] 
Therefore, given the thriving practical industrial applications 
of nanoelectronic devices, it is of great importance to pursue 
enhanced ferroelectric properties at the reduced dimension. 
Using atomistic simulations, it has been demonstrated that 
an overall enhancement of ferroelectricity can be produced in 
ultrathin ferroelectric capacitors by controlling the chemical 
environments at the metal/oxide interfaces.[15] Recent experi-
mental work suggested that a reduction in size to a scale of a 
few nanometers can lead to the emergence of weak room-tem-
perature ferroelectricity in an otherwise nonferroelectric SrTiO3 
film, a result of electrically induced alignment of polar nanore-
gions due to Sr vacancies.[16] However, a direct experimental 
observation of enhanced polarizations at reduced dimensions 
in common ferroelectrics has not yet been deterministically 
identified. In this study, a 2 nm thick ultrathin BFO film was 
prepared, and its structural properties were investigated to 
demonstrate that a prominent enhancement of ferroelectric 
polarization and the formation of MPB-like domain structure 
can be achieved by changing the surface boundary condition 
through single atomic Bi2O3−x layers.

The films studied here are epitaxially grown on TbScO3 
(TSO) (110)O substrates by molecular-beam epitaxy; the growth 
direction for BFO is [001]PC (the subscripts O and PC stand 

Tailoring and enhancing the functional properties of materials at reduced 
dimension is critical for continuous advancement of modern electronic 
devices. Here, the discovery of local surface induced giant spontaneous 
polarization in ultrathin BiFeO3 ferroelectric films is reported. Using aberra-
tion-corrected scanning transmission electron microscopy, it is found that the 
spontaneous polarization in a 2 nm-thick ultrathin BiFeO3 film is abnormally 
increased up to ≈90–100 µC cm−2 in the out-of-plane direction and a peculiar 
rumpled nanodomain structure with very large variation in c/a ratios, which 
is analogous to morphotropic phase boundaries (MPBs), is formed. By a com-
bination of density functional theory and phase-field calculations, it is shown 
that it is the unique single atomic Bi2O3−x layer at the surface that leads to 
the enhanced polarization and appearance of the MPB-like nanodomain 
structure. This finding clearly demonstrates a novel route to the enhanced 
functional properties in the material system with reduced dimension via engi-
neering the surface boundary conditions.

Ferroelectrics

The integration of ferroelectric thin films into electronic devices 
has led to an upsurge of interest in exploring novel devices 
with exotic physical properties, owing to the multitude of func-
tionality of ferroelectrics.[1–3] A number of applications, e.g., 
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for orthorhombic and pseudocubic indices, respectively). At 
ambient conditions, a BFO/TSO (110)O thin film is typically 
of rhombohedral (R) phase, with its spontaneous polarization 
PS (≈90 µC cm−2) pointing in one of the symmetrically equiva-
lent <111>PC directions (Figure 1a).[17,18] The ultrathin film was 
characterized by scanning transmission electron microscopy 
(STEM) high-angle annular dark field (HAADF) imaging and 
Figure 1b shows the atomic-resolution image viewed along the 
[100]PC direction. Note that the film has two remarkable struc-
tural features. First, unlike conventional epitaxial thin films 
with flat surface, the film is not homogeneous in terms of its 
out-of-plane lattice, but characterized by a peculiar periodic 
rumpled structure. This rumpling essentially takes the form 
of periodic lattice dilations along the film’s growth direction,  
i.e., [001]PC. Second, as indicated by the yellow arrows, there 
also exist unique structures on the film’s surface. These par-
ticular surface structures are discontinuous and only one single 
atomic layer in thickness (see the inset of Figure 1b for a better 
view of the surface structure). Their reduced image contrast 
with respect to the film is probably due to the discontinuous 
distribution of these monolayers along the beam direction 
as well (see Supporting Information for details). As shall be 
shown below, these two structural features are closely associ-
ated with each other and give rise to a large enhancement in 
the ferroelectric polarizations.

The rumpling structure and ferroelectricity of the film are 
characterized by measuring the relative displacements of B-site 
Fe atoms DFB with respect to the center of four surrounding A-
site Bi atoms.[19,20] Local ferroelectric polarization PS is related 
to DFB as PS ∝ −DFB since, in general, the relative displacement 
of the Fe atom is in the opposite direction of the polarization. 
Figure 2a shows the map of the local Fe displacements and 
clearly illustrates the local ferroelectric polarization and domain 
structure. Unlike the conventional R-phase BFO (shown in 
Figure 1a), the domain structure of the film is similar to those 

expected for the mixture of tetragonal (T) phase and R-phase 
ferroelectrics and closely resemble the “morphotropic phase 
boundary” found in Pb(Zr0.5Ti0.5)O3.[21] Here the “morpho-
tropic” term is used to refer to the different symmetry of the 
domains. In the following text, we will denote the domains with 
large out-of-plane component as c-type domains, while those 
with attenuated polarization are denoted as a-type domains. 
The alternating c-/a-type domain structures and lattice dilations 
can be seen more clearly in the maps of the out-of-plane dis-
placement FB

( )D z−  (Figure 2b) and the c/a ratios (Figure 2c). Note 
that there is a perfect one-to-one match between the domains 
and the appearance of the surface monolayer, where the single 
atomic layer appears exclusively on top of the c-type domains.

Careful analysis of the c/a ratios, |DFB| and FB
( )D z−  of these 

two types of domains is given in Figure 2d–f. At the interface, 
the c/a ratios of both c-type and a-type domains are close to 
the bulk value (≈1.0). The c/a ratio of c-type domains mono-
tonically increases from the interface to the surface, while that 
of a-type domains seems relatively uniform through the film. 
At the top surface, the c/a ratio of c-type domains reaches 
up to a value of ≈1.15. Meanwhile, the ferroelectric displace-
ments |DFB| and FB

( )D z−  of c-type domains behave in a similar 
manner to their c/a ratios. At the interface, |DFB| of c-type 
domains (≈0.28 ± 0.05 Å) is comparable to the bulk value 
≈0.33 Å. At the top surface of the film, |DFB| increases dramati-
cally to a value of ≈0.5 ± 0.08 Å, nearly 30% greater than the 
bulk value. The corresponding FB

( )D z−  is also markedly enhanced 
to ≈0.4 ± 0.02 Å. To estimate the resulting polarization, we 
assume that PS is proportional to |DFB|[19] and given a polariza-
tion of ≈90 µC cm−2 for |DFB|= 0.33 Å, a giant polarization of 
≈136 µC cm−2 is obtained for |DFB|= 0.5 Å. Similarly, the out-of-
plane polarization is estimated to be ≈109 µC cm−2 for FB

( )D z−  =  
0.4 Å. In comparison, the out-of-plane polarization of a-type 
domains is significantly suppressed, and FB

( )D z−  is only about 
≈0.05–0.13 (±0.07) Å, much smaller than its bulk counterpart. 
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Figure 1. The atomic structure of BiFeO3 and an STEM HAADF image of a 2 nm thick BiFeO3/TbScO3 (110)O  film. a) Schematic structure of the 
rhombohedral phase of BiFeO3. b) Cross-sectional STEM HAADF image of a 2 nm thick BiFeO3/TbScO3 film viewed along the [100]PC zone axis, where 
the interface is indicated by the green dashed line. The yellow arrows indicate the unique single atomic layers on the surface. For a better view of the 
surface structure, see the inset for a magnified image.
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Using the same approximation, the polarization is estimated 
to be only about ≈14–35 (±19) µC cm−2. While the suppression 
of polarization due to the presence of a depolarizing field is 
expected in ultrathin ferroelectric films, an anomalous polari-
zation enhancement up to ≈136 µC cm−2 is very surprising. 
This value is even comparable to that of super-tetragonal BFO 
films, in which a polarization up to ≈150 µC cm−2 can be 
induced by a large compressive epitaxial strain.[22] More impor-
tantly, according to conventional understanding of ferroelectric 
polarization in ultrathin films, its spontaneous polarization is 
expected to be substantially suppressed by the surface and the 
depolarizing field.[8,9] Our results for the first time clearly dem-
onstrate that ferroelectricity can be prominently enhanced and 
novel MPB-like domain structure can form in an ultrathin fer-
roelectric film by changing the surface condition.

The driving force of the as-observed enhanced polarization, 
as well as the large lattice dilations, cannot be simply explained 
by the epitaxial strain applied by the substrate (the lattice mis-
match between BFO and TSO is <0.14%)[19,23] and should have 
other explanation. The one-to-one correspondence between 
the appearance of the c-type domains with enhanced polariza-
tion and the surface monolayers might be a possible mecha-
nism. In fact, it was found that a parasitic bismuth compound 
in BFO could lead to a tetragonal BFO phase with a giant c/a 
ratio,[24] which suggest that the abnormally enhanced polariza-
tion and c/a ratios might be related to the surface monolayers. 
In order to gain deeper insights into the underlying physics of 
the enhanced ferroelectric and the surface monolayer, we carry 
out further chemical analysis of the surface structure. As is 
shown in the inset of Figure 1b, the single atomic layer does 

not comply with the ABAB (A – BiO plane, B – FeO2 plane) 
stacking order of BFO. Instead, the atoms are shifted with 
respect to the lower BiO planes and result in a characteristic 
zigzag-like structure. The chemical composition of the sur-
face layers was investigated via electron energy-loss spectros-
copy (EELS) line scans from the substrate to the surface (see 
the Experimental Section for details of EELS experiments). 
Six individual spectra, five for the BFO film, and one for the 
single atomic surface layer, are extracted from the line scan pro-
file and the processed spectra are displayed in Figure 3. While 
the lower five spectra of the BFO film all show the elemental 
O K (≈530 eV) and Fe L2,3 (≈708 eV) energy-loss peaks, the 
surface layers are deficient in Fe. Meanwhile, the proportion 
of O changes much less. Direct evidence of Bi in the surface 
monolayer is difficult to obtain straightforwardly from EELS 
due to its extremely high energy loss (≈2580 eV). But provided 
that the HAADF image contrast of the surface layers is similar 
to that of the film, it is strongly inferred that the surface layer 
is primarily a compound of Bi and O, and the most probable 
candidate is nonstoichiometric Bi2O3−x. In fact, Bi2O3−x has a 
relatively small lattice mismatch with BFO[25] and its structure 
(Figure S1, Supporting Information) is also in reasonably good 
agreement with the characteristic zigzag-like structure discov-
ered in the HAADF images. The formation of such surface 
monolayers is possibly due to certain surface reconstruction or 
relaxation processes.[26,27] Another plausible explanation is that 
these atomic layers originate from an outward migration of the 
lower BiO planes due to the volatility of Bi. It should also be 
noted that similar structure with elongated lattice parameters 
occur in the form of antiphase boundary in doped BFO,[28,29] 
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Figure 2. Maps of the ferroelectric polarization and c/a ratio of the 2 nm thick BiFeO3 film. a) −DFB map, b) − FB
( )D z  map, c) c/a ratio map of the film. 

The scale bars in (a)–(c) are 1 nm. d) c/a ratio as a function of distance from the interface, e,f) |DFB| (e) and − FB
( )D z  (f) of c-/a-type domains. The green 

dashed lines in (d)–(f) indicate the c/a ratio, |DFB| and − FB
( )D z  of bulk BiFeO3, respectively.
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which suggests that these surface monolayers might be nuclea-
tion sites during growth. If more FeO2 is added, this transient 
state would become proper BFO. In fact, such an implication 
is supported by a sequence of films grown at different thick-
ness, in which the same surface structure can be observed 
(see Supporting Information for the discussions of the surface 
structure, Figure S2 and S3, and experimental results of films 
with different thickness, Figure S4 and S5). Nonetheless, these 
structures are directly associated with the c-type domains and 
possibly a dominant factor in the enhanced ferroelectricity.

DFT calculations were carried out to corroborate the pro-
posed surface enhanced polarization mechanism. In the calcu-
lation, a single Bi2O3 layer was placed on top of BFO and a full 
structural relaxation was performed (see Supporting Informa-
tion for details of calculation). Figure 4a displays the atomic 
structure after the relaxation, and the lattice dilation can be 
readily observed at the top BFO layer. The calculated c/a ratio 

and |DFB| are summarized in Figure 4b and 
they match the experimental values very well. 
First, the c/a ratio increases monotonically 
along the [001]PC direction, starting from 
≈1.0 at the interface and reaching a value of 
≈1.2 at the surface. Second, the calculated 
|DFB| at the interface is ≈0.33 Å and increases 
substantially to a value of ≈0.58 Å at the top 
surface. Local polarization was then calcu-
lated from the relaxed structure. According 
to modern theory of polarization,[30,31] the 
polarization Pi of unit cell i is:[32]

1
,

*
,Zi

i
i j i j

j

PP uu∑ δ=
Ω

 
(1)

where Ωi is the volume of unit cell i and 
,

*Zi j  and δui,j are the Born effective charge 
tensor, and relative displacement of jth atom, 
respectively. The calculated total polariza-

tion, including the in-plane and out-of-plane components, are 
shown in Figure 4c. Near the BFO/TSO interface, |Pi| is close 
to the bulk value ≈90 µC cm−2. At the Bi2O3/BFO interface, 
|Pi| reaches a value as large as ≈140 µC cm−2 and matches the 
experimental result (≈136 µC cm−2) very well. The out-of-plane 
polarization (≈86 µC cm−2) is also in reasonable agreement with 
the experiment (≈109 µC cm−2). It is worthwhile to point out 
that even the out-of-plane polarization alone is already compa-
rable to the total polarization of bulk BFO and indicates a better 
ferroelectric property. The strong coupling between the surface 
monolayer and the polarization of BFO can be attributed to the 
break of local symmetry and the change of the ionic charge 
of the Bi atoms at the surface. Table S1 and Figure S6 (Sup-
porting Information) summarize the Bader charge analysis[33] 
and layer-resolved density of states of Bi and O atoms for our 
simulated structure. Our results show that, although the ionic 
charge of Bi in BFO is +1.87 (close to the +2 oxidation state), its 
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Figure 4. DFT and phase-field calculation results of ultrathin BiFeO3 film with a single atomic Bi2O3 layer on the surface. a) Atomic structure after 
structural relaxation, b) c/a ratio, |DFB|, and c) ferroelectric polarization by DFT. The blue and red dashed lines indicate |DFB| and total polarization of 
bulk BiFeO3, respectively. d) Phase-field simulation results.

Figure 3. Line scan profile of Fe L2,3 and O K energy-loss spectra. The position of each EELS 
spectrum (from bottom to top) is indicated by the circles in the left panel and the corre-
sponding spectrum is shown in the right panel from bottom to top. As is indicated by the red 
arrow, the energy-loss peak of Fe L2,3 (≈708 eV) vanishes at the surface layer, while that of O K 
changes much less through the film.
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value at the Bi2O3/BFO interface reduces to +1.64 and down to 
only +1.27 in Bi2O3 layer, indicating that the nominally empty 
Bi 6p orbitals become occupied near the surface (see Sup-
porting Information for further details). The lower ionic charge 
of Bi atoms in Bi2O3 weakens the attraction between Bi and O 
atoms compared to BFO and increases their bond length. Con-
sequently, the imbalance between the weaker Bi–O bond in 
the vicinity of the surface and the comparatively stronger bond 
in BFO leads to a strong dipole field, which effectively coun-
teracts the depolarizing field and causes the enhancement in 
polarization.

The formation of the rumpling c-/a-type MPB-like domain 
structure can be explained by incorporating the surface single 
layer structures into phase-field simulations (see Supporting 
Information for details). The interaction between the surface 
layer and BFO film was modeled by applying an effective built-
in potential on the surface with the surface monolayer. The 
result is shown in Figure 4d, which qualitatively reproduces the 
rumpling c-type/a-type domain structure. The simulated c/a 
ratio and |Pi| of c-type domains are consistent with both experi-
ments and DFT calculations as well (see Figure S7 and S8, Sup-
porting Information). Without such surface layer, the polari-
zation in this ultrathin film would otherwise be substantially 
suppressed, due to the depolarizing field as well as the surface 
effect. This is clearly observed at the bottom layers of the film 
from both phase-field simulation and the experimental data, 
where the polarization is less affected by the surface layer. Near 
the surface layers, the polarization is mainly upward, indicating 
a super tetragonal-like phase. Meanwhile, a polarization com-
ponent normal to the mapping plane is also found in the simu-
lation and consistent with the strain induced super tetragonal 
phase.[34] In summary, our DFT and phase-field simulations 
fully reproduce the key experimental results and reveal a novel 
polarization enhancing scenario, where a potential enhance-
ment of ultrathin films’ ferroelectricity can be realized via the 
introduction of specific surface structures.

We remark that the unique Bi2O3−x monolayer observed by 
our STEM experiments and the enhanced polarization is non-
trivial and it might be ubiquitous for BFO films. As a matter 
of fact, the same surface structures are also observed in 5 and 
20 nm thick BFO films. With the increase of thickness, their 
effects become less prominent and hence these films exhibit 
the conventional 109° domain structures of R-phase BFO (see 
Figure S4 and S5, Supporting Information). Nevertheless, 
the ferroelectricity in the vicinity of the surface layers is still 
affected. For example, Figure S4a (Supporting Information) dis-
plays a map of the c/a ratio and FB

( )D z−  for a 5 nm BFO film. Sim-
ilar to the ultrathin 2 nm film, a substantial increase of FB

( )D z−  up 
to ≈0.48 Å near the surface is found. Similar phenomena have 
also been reported in BFO/La0.7Sr0.3MnO3/SrTiO3 thin films by 
Kim et al.[35] Using STEM, they discovered a sudden increase of 
displacement (≈90–100%) and lattice spacing (≈10%) at the sur-
face and these structural anomalies are interpreted as surface 
dielectric dead layers. The unique MPB-like nanodomain struc-
ture and the very large c/a ratio (≈1.2) of the c-type domains 
suggest a possibly very good piezoelectric response property 
of the ultrathin film because the domain structure is similar 
to MPB[36] and a change of the overall polarization of the thin 
film could lead to large strain variations. Therefore, it might 

be useful to develop high-performance ultrathin piezoelectric 
response nanodevices. However, in order to exploit these struc-
tures to obtain well-controlled enhanced polarization and MPB-
like domain structure in the ferroelectric thin films, a very fine 
control of the surface chemistry is mandatory. A possible route 
is to combine molecular beam epitaxy (MBE) growth together 
with electron lithography. Furthermore, it is also worthwhile 
to note that whether similar polarization enhancement mech-
anism could be applied to other perovskite ferroelectric mate-
rials, e.g., the classical BaTiO3, Pb(Ti1−xZrx)O3 systems at the 
reduced dimension is still an open question and follow-up work 
is still undergoing. We note that recent work by Fan et al.[37] 
showed that by doping BFO film with Ga, a super-tetragonal-
like structure with largely enhanced polarization could be stabi-
lized regardless of film thickness. This finding, along side with 
our results, could possibly give rise to material systems of far 
more superior performance.

In conclusion, our combined experimental and theoretical 
studies clearly demonstrate how an enhancement of ferroelec-
tricity can be achieved in ultrathin ferroelectric films through 
the engineering of its surface. This is nontrivial because sur-
face relaxation, reconstruction, and defects are very common in 
a variety of ferroelectric oxides.[38–40] The change of the surface 
structure will not only introduce lattice disorder and coordina-
tion distortion, but also give rise to long-range electrical dipole 
interactions because of the nature of ionic crystals. As a con-
sequence, instead of being confined only at the surface, unex-
pected behaviors permeating throughout the whole film could 
be introduced. For example, a reversible switching of ferroelec-
tric domains can be achieved by controlling the surface chem-
ical potential.[41] In our case, the surface monolayer plays a sim-
ilar role by introducing effective polarizing fields and leads to 
the unexpected giant polarizations and MPB-like nanodomains 
with large variations in c/a ratios. Our results demonstrate that 
novel or better physical properties can be exploited and explored 
by modifying the boundary condition of an ultrathin ferroelec-
tric film’s surface. These findings offer a new dimension and 
route to designing thin film structures and tailoring its proper-
ties by means of precise control of local ferroelectricity through 
the engineering of boundary conditions.

Experimental Section
Materials Synthesis and Characterization: The BiFeO3 films were grown 

on single crystal (110)O  TbScO3 substrate by reactive-MBE. The 2 nm 
thick BiFeO3 layer was deposited at a substrate temperature of 625 °C 
in distilled ozone (≈80% ozone) at a partial pressure of 1 × 10−6 Torr. 
This window was determined for the estimated elemental fluxes of ≈2 × 
1013 at cm−2 s−1 for Fe and ≈1 × 1013 at cm−2 s−1 for Bi as measured on a 
quartz crystal monitor prior to growth. The 5 nm films and 20 nm films 
were grown in a similar fashion with a growth temperature determined 
in the same manner prior to their growth. Cross-sectional transmission 
electron microscopy samples were prepared by mechanical polishing 
followed by argon ion milling. STEM HAADF and EELS experiments were 
carried out on an FEI Titan 80–300 microscope equipped with double 
aberration correctors at 300 kV. The accelerating voltage, convergence 
angle of the incident electrons, and the collection angle for HAADF 
imaging are 300 kV, 29 mrad, and 79–200 mrad, respectively. EELS 
experiments were performed with the convergence angle, the collection 
angle, and energy dispersion 22 mrad, 36 mrad, and 1 eV per channel, 
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respectively. For each pixel, a dwell time of 0.1 s was used to acquire the 
EEL spectra.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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