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Supplementary Note 1. Crystal structure, morphologies of BNO-O2 and BNO-N2 thin films

Figures 1 and S1 summarize the structural characterization of the as-prepared BNO thin films. According to 

X-ray diffraction (XRD) patterns, the Y2O3 and LaNiO3 (LNO) layers exhibit strong out-of-plane preferential 

orientations along the [111]* and [110]* directions, respectively, while the intense single peak around 28.3° 

can be indexed as the (121) peak of the orthorhombic BNO (Figure 1a), implying that these polycrystalline 

BNO films show out-of-plane preferential orientation along the [121]* direction. All three layers are phase-

pure and highly crystalline, and no minor phases are identified regardless of the annealing atmosphere. No 

remarkable shifts of the major peaks of the BNO thin films was observed when annealed under different 

atmospheres, indicating that the annealing atmosphere has little effect on the crystal structure of BNO thin 

films. As a consequence, the orthorhombic BNO structure was used for indexing the electron diffraction 

patterns in this report. Figure 1b shows cross-sectional TEM images of the BNO thin film annealed under O2 

for 60 minutes (BNO-O2) (Figure 1b, top) and under N2 for 60 minutes (BNO-N2) (Figure 1b, bottom). Both 

of these images indicate that the interface between BNO/LNO and LNO/Y2O3 are sharp and well-defined, and 

that the thickness of Y2O3, LNO and BNO layers are 30 nm, 10 nm, and 185 nm respectively. The AFM results 

indicate that both the BNO-O2 and BNO-N2 thin films are composed of small particles (~40 nm) which are 

aggregated as large grains with size of a few hundred nanometers (Figure S1). Both films exhibit a smooth 

surface with root square roughness of ~3.5 nm (BNO-O2) and ~4.1 nm (BNO-N2), respectively. To further 

understand the structure of the BNO films, cross-sectional HRTEM images of the BNO-O2 and BNO-N2 

samples were collected and are shown in Figures 1c and 1d, respectively. The clear lattice fringes showing in 

the images again indicate that both samples are highly crystalline, and the d121 of the BNO layers (3.15 nm) as 

well as the SAED patterns further confirm the [121]* preferential orientation of the BNO layers along the out-

of-plane direction on the LNO/Y2O3 structure.

Supplementary Note 2. Defects in BNO-O2 and BNO-N2 thin films

Figure S4 shows the Raman spectra of BNO films. For the orthorhombic BNO samples, the major Raman 

bands at 625 cm-1 can be attributed to symmetric stretching vibration (A1g) of the NbO6 octahedra (Figure S4b), 

while the bands at 195 cm-1 can be assigned to the bond angle bending, ν6 (F2u), mode of the NbO6 octahedra, 

and the bands at 137 cm-1 and 153 cm-1 are also the characteristic of orthorhombic BNO (Figure S4a).1 No 

bands of other minor phases or compounds are present. Comparing the Raman spectra between the BNO-N2 

and BNO-O2 thin films, it is found that for the BNO-N2 thin film, the Raman active modes at 137 cm-1, 153 

cm-1 and 195 cm-1 shift towards to higher wavenumber. For the A1g stretching mode, observed at 625 cm-1, 

despite the main peak position remain unchanged for BNO-N2 and BNO-O2 samples, a tiny shoulder appears 

in the BNO-N2 sample at higher wavenumber. Furthermore, the Raman bands of BNO-N2 sample are broader 

than those of BNO-O2. As the morphologies, average structure, and particle sizes of these two thin films are 

indistinguishable, the broadening and shift of the Raman active modes can be assigned to the presence of 

defects, e.g., oxygen vacancies in the crystal lattice.2, 3



S-3

X-ray photoelectron spectroscopy (XPS) spectroscopy supports this interpretation of the Raman data. Figures 

3a-3d, S5 and S6 show the binding energy of the O 1s, Bi 4f and Nb 3d electrons in the set of BNO thin films 

annealed under different atmospheres and for different durations. Figures 3a-3d shows the O 1s XPS results 

for the BNO-O2 film and the BNO films annealed under N2 with different annealing time. The O 1s peak at 

530.1 eV is attributed to lattice oxygen, while the peak located at 532.5 eV can be assigned to the presence of 

loosely bound oxygen on the thin film surface, which are normally considered to be surface absorption and 

contamination.4 The medium binding energy component centered at about 531.6 eV is associated with oxygen 

deficient regions within the BNO lattice.4 Importantly peak intensities in XPS are proportional to the 

concentration of the oxygen vacancies. To investigate the influence of annealing time on the concentration of 

the oxygen vacancies, we plotted the I531/I530, i.e., the ratio of the area of the peak at 531.6 eV (I531) to that of 

the peak at 530.1 eV (I530), as a function of the N2 annealing time. It is worth noting that the I531/I530 ratio of 

the BNO-O2 sample is representative of the oxygen vacancies formed initially, rather than those being formed 

from annealing in an oxygen deficient environment. The I531/I530 values vs. N2 annealing time are plotted in 

Figure 3e. Note that the I531/I530 ratio of the BNO-O2 sample is set as t=0 in N2 annealing time experiment. The 

linear relationship between the N2 annealing time and the I531/I530 values indicates that the generation of oxygen 

vacancies correlates strongly with the N2 annealing time. 

Figure S5 shows the Bi 4f XPS spectra of various BNO samples. For the BNO-O2 thin film, two typical Bi 

4f7/2 and Bi 4f5/2 peaks are observed located at 159.4 eV and 164.7 eV, which are typical of Bi3+-O bonds.5 As 

only a single peak is observed in the Bi 4f7/2 and Bi 4f5/2 region, the BNO-O2 film has a uniform coordination 

environment for all Bi ions. After annealing in N2 atmosphere, these peaks split into three (a triplet), with the 

most intense peak centered at the same binding energy as seen for the BNO-O2 film. It is attributed to lattice 

Bi3+ ions. The other two peaks, indicating new Bi3+ environments introduced through N2 annealing, are red-

shifted and blue-shifted with respect to the lattice transition. These are assigned to defect regions (Figures S5b 

– d). A similar peak splitting is also found in the Nb 3d spectra of the BNO-N2 films (Figure S6). The Nb 3d3/2 

and Nb 3d5/2 region of the XPS spectrum of the BNO-O2 film exhibit single peak (206.9 eV and 209.7 eV, 

respectively), which can be attributed to lattice Nb5+ ions.6 In contrast, all the BNO-N2 samples show small 

additional blueshifted shoulders on both the Nb 3d3/2 and Nb 3d5/2 (207.5 eV and 210.5 eV respectively, Figures 

S6b-d). The emergence of these new blueshifted shoulders again indicate new Nb5+ environments introduced 

through N2 annealing. Importantly, these results are inconsistent with the formation of a population of Nb4+, 

because Nb4+ instead has a much lower binding energy.7 Since peak splitting is found in the Bi 4f band and the 

Nb 3d band of the BNO-N2 samples, and the relative intensities of the new peak intensities vary systematically 

with increasing the annealing time (Table S1), it can be deduced that these new peaks arise from defect 

structures and that the defect concentration increases on increasing the N2 annealing time.

The ratios of different peak areas in the XPS spectra were further analyzed to gain a deeper insight of the defect 

structures (Table S1). As described earlier, the Bi 4f peaks at 159 eV and Nb 3d peaks at 207 eV are assigned 

to the lattice Bi3+ and Nb5+, respectively,5, 6 and can be used an internal reference. It is readily observed that 

the concentration of defect region (to the lattice) increases with increasing the N2 annealing time, indicated by 
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the ascending values of the I157/I159, I160/I159 in the Bi 4f band and the I208/I207 in the Nb 3d band. It is intriguing 

to find that the I157/I160 in the Bi 4f band remains almost constant in all the BNO-N2 samples. As the Bi 4f peaks 

at 157 eV and 160 eV are both sensitive to metal ion defects formed under oxygen deficient environment, we 

propose that these two peaks originate from the same defect regions. In other words, the defect structure formed 

in the oxygen deficient atmosphere can give rise to two different coordinated environments for the Bi3+. 

Calculations show that the acceptor defect  and the donor defect  have the lowest energy of formation Bi ''
Nb V ∙∙

O

in an oxygen poor environment.8 Considering that no characteristic Nb4+ peaks are obtained in the XPS results, 

it is believed that other typical acceptor defects such as  do not exist in these samples. To retain the Nb '
Nb

electrical neutrality of the sample, we suggest that  is generated along with the formation of oxygen Bi ''
Nb

vacancies, and the coupled acceptor-donor defects form the defect dipole expressed as . Figures 2b Bi ''
Nb - V ∙∙

O

and c portray the BNO crystal structure with  and .When a Nb5+ ion is substituted by a Bi3+ (labelled as VO BiNb

Bi1), the coordination environments of two neighboring Bi3+ (labelled as Bi2) are directly influenced by the 

oxygen vacancy. Moreover, when comparing the total areas underlying the Bi 4f and Nb 3d peaks in different 

samples, it is found the BNO-N2 sample has larger Bi/Nb ratio than that of the BNO-O2 sample, which is 

consistent with the proposed  defect. Bi ''
Nb
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Table S1. The ratios of the XPS peak areas in O 1s, Bi 4f and Nb 3d bands of different BNO thin films 

BNO-O2 BNO-N2 5 min BNO-N2 30 min BNO-N2 60 min
I531/I530 (O 1s) 0.092 0.115 0.179 0.258
I157/I159 (Bi 4f) - 0.021 0.028 0.031
I160/I159 (Bi 4f) - 0.090 0.121 0.133
I157/I160 (Bi 4f) - 0.235 0.231 0.233
I208/I207 (Nb 3d) - 0.121 0.131 0.141

Figure S1. AFM images of (a) BNO-O2 and (b) BNO-N2 thin films in a 2 µm × 2 µm region. Pristine-state 

PFM phase images of (c) BNO-O2 and (d) BNO-N2 thin films in a 2 µm × 2 µm region.
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Figure S2. The PFM phase-voltage hysteresis loops and amplitude-voltage loops of the (a) BNO-N2 and (b) 

BNO-O2 thin films.

Figure S3. Polarization hysteresis in the BNO-N2 films after different switching cycles. 
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Figure S4. (a) Polarization hysteresis in the N2-annealed BNO films with different annealing time; the 

measurement was performed at the frequency of 20 kHz. Domain patterns from a 2 µm × 2 µm region of the 

BNO films annealed at N2 for (b) 5 minutes and (c) 30 minutes; the tip bias applied on the samples are ± 15 

V.

Figure S5 Raman spectra in the (a) 100 – 250 cm-1 and (b) 550 – 900 cm-1 regions for BNO-N2 and BNO-O2 

thin films. 
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Figure S6. XPS spectra of the Bi 4f for (a) a BNO-O2 film and for BNO films annealed under N2 for (b) 5 

minutes, (c) 30 minutes and (d) 60 minutes. Dash lines represent the fitting curves to Gaussian distribution. 
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Figure S7. XPS spectra of the Nb 3d for (a) a BNO-O2 film and for BNO films annealed under N2 for (b) 5 

minutes, (c) 30 minutes and (d) 60 minutes. Dash lines represent the fitting curves to Gaussian distribution. 

Figure S8. Current-voltage curve for a BNO-O2 thin film under AM 1.5 G (100 mW cm-2) illumination. The 

top electrode is ITO, and the bottom electrode is LNO. Both the open circuit voltage and the short circuit 
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current density is ~0. As the work functions of ITO (4.5 eV) and LNO (4.4 eV) are almost identical, the built-in 

field is negligible. Therefore, no PV effect can be observed in this sample.

Figure S9. (a) Polarization-voltage hysteresis loop for the BNO-N2/BNO-O2 structure. Current-voltage curve 

for the (b) positive poled and (c) non-poled BNO-N2/BNO-O2 structure under AM 1.5 G (100 mW cm-2) 

illumination. The poling voltage is 10 V, and the poling time is 10 minutes.
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