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Abstract: Aurivillius phases have been routinely known as
excellent ferroelectrics and have rarely been deemed as ma-
terials that luminesce in the near-infrared (NIR) region.
Herein, it is shown that the Aurivillius phases can demon-
strate broadband NIR luminescence that covers telecommu-
nication and biological optical windows. Experimental char-
acterization of the model system Bi2.14Sr0.75Ta2O9�x, combined
with theoretical calculations, help to establish that the NIR
luminescence originates from defective [Bi2O2]2 + layers. Im-
portantly, the generality of this finding is validated based on

observations of a rich bank of NIR luminescence characteris-
tics in other Aurivillius phases. This work highlights that in-
corporating defects into infinitely repeating [Bi2O2]2+ layers
can be used as a powerful tool to space-selectively impart
unusual luminescence emitters to Aurivillius-phase ferroelec-
trics, which not only offers an optical probe for the examina-
tion of defect states in ferroelectrics, but also provides possi-
bilities for coupling of the ferroelectric property with NIR lu-
minescence.

Introduction

The ability to control a variety of functions with external stimu-
li is at the heart of modern materials science.[1] In this pursuit,
the incorporation of intrinsic or extrinsic atomic defects in
structures that either exhibit naturally occurring vacancies or
those with synthetically or postsynthetically introduced vacan-
cies has been established as a powerful approach to the fine-
tuning of the properties of a wide range of functional materi-
als. Many of today’s prominent materials, such as high-transi-
tion-temperature superconductors,[2, 3] solar-driven photocata-
lysts,[4–7] photovoltaic materials,[8] metal–organic frame-

works,[9–11] and ferroelectrics,[12–14] are imperfect systems with
defect-induced, locally broken periodic structures, in which im-
perfection plays a pivotal role in governing, or at least affect-
ing, their physiochemical properties.[15–20]

Materials consisting of a sequence of infinitely repeating
stacks of [Bi2O2]2 + layers, such as bismuth-based cuprate super-
conductors, bismuth oxyhalides, and Aurivillius phases, have
attracted intensive attention because they exhibit an array of
tantalizing properties, such as superconductivity, photocatalyt-
ic, photoluminescence (PL), and ferroelectricity.[4–7, 12–14, 21, 22] In
recent years, it has been shown that the macroscopic physio-
chemical properties of these materials are closely linked to
their defect states. For instance, Zeljkovic et al. showed that
nanoscale spatial variations in the pseudogap states in Bi2 + yS-
r2�yCaCu2O8 + x are particularly correlated with the presence of
apical oxygen vacancies.[3] Additionally, defect engineering of
materials with [Bi2O2]2+ layers can make them superior to the
corresponding defect-free counterparts for some targeted ap-
plications. It has been shown that the intentional introduction
of defects into BiOCl nanosheets can significantly promote
solar-driven photocatalytic activity, even with an extremely low
photocatalyst loading.[4] These advancements thus spur great
interest in utilizing defect chemistry for the discovery of new
physical or chemical properties in materials with [Bi2O2]2 +

layers to maximize their potential. One of the most attractive
features of bismuth-containing materials lies in the near-infra-
red (NIR) luminescence in the telecommunication and biologi-
cal optical windows.[23–25] However, [Bi2O2]2 + layers have rarely
been deemed to be active in NIR luminescence. Given that in-
corporating atomic point defects in [Bi2O2]2+ layers can break
the local periodicity and affect the electronic structure of the
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crystalline lattice, we therefore hypothesized that this could
offer chances to impart NIR luminescence to these materials,
which would potentially provide new platforms to couple fer-
roelectricity with unusual photophysical properties.

Herein, we report on the discovery of ultrabroad NIR lumi-
nescence in defective Aurivillius phases that have been rou-
tinely known as excellent ferroelectrics. By taking
Bi2.14Sr0.75Ta2O9�x as a prototypical model system, we show that
the Aurivillius structure can luminesce over an ultrabroad spec-
tral range of l= 720–1500 nm. Experimental characterization,
including high-resolution synchrotron X-ray diffraction (SXRD),
AFM, PL spectroscopy, and positron annihilation lifetime spec-
troscopy (PALS), combined with theoretical calculations, help
us establish that the unconventional NIR luminescence origi-
nates from the defective [Bi2O2]2 + layers. We propose a con-
cept of the spatial separation of constituting structural units
(i.e. , chemically separating different luminescence emitters in
one structure) for an in-depth understanding of the NIR PL
mechanism, which has never been tried in the field of NIR-lu-
minescent, bismuth-bearing photonic materials. Crucially, the
generality of this finding is validated by the observation of a
rich variety of NIR luminescence characteristics in other Aurivil-
lius phases, including Bi2�xSrTa2O9�y, Bi2�xCaTa2O9�y, and
Bi4�xTi3O12�y. Our work highlights the important role of defects
located in [Bi2O2]2 + layers in endowing Aurivillius ferroelectrics
with ultrabroad luminescence properties, which provides a
new avenue for further coupling of the ferroelectric property
with NIR luminescence.

Results and Discussion

The layered perovskite, with a nominal composition of
Bi2.2Sr0.8Ta2O9, was prepared by using a solid-state reaction
method to yield micrometer-sized powders (Figure S1 in the
Supporting Information). Elemental analysis through inductive-
ly coupled plasma atomic emission spectrometry (ICP-AES)
gives a Bi/Sr/Ta molar ratio of 2.14:0.75:2.00. The XRD pattern
can be well assigned to the orthorhombic phase with the
space group of A21am, which confirms that the sample is a
single phase (Figure S2 in the Supporting Information). To
glean more structural information, Rietveld refinement of the
high-resolution SXRD data was conducted by utilizing the gen-
eral structure analysis system (GSAS) program (Figure 1 a).[26]

The structure and corresponding refinement result are shown
in Figure 1 b and Table S1 in the Supporting Information.
Owing to the presence of more Bi and fewer Sr atoms in
Bi2.2Sr0.8Ta2O9, compared with Bi2SrTa2O9, partial Bi atoms
occupy the crystallographic site of Sr ; thus forming a disor-
dered Aurivillius structure. Upon maintaining the occupancies
of oxygen atoms as unity, while refining the occupancies of Sr
and Bi atoms, introducing cation disorder at the Sr/Bi1 site
leads to a satisfactory reliability factor (Rwp = 3.34 %, x2 = 5.55)
with reasonable isotropic displacement factors for all atoms;
this yields a chemical composition of Bi2.1413Sr0.7538Ta2O9. Nota-
bly, the refined composition is almost identical to that ob-
tained from ICP-AES, which strongly signifies the off-stoichiom-
etry of the product. We surmise that this may be due to the

evaporation of reactants at high temperatures. Considering all
of this information, we took Bi2.14Sr0.75Ta2O9 as the composition,
which can also be written as [Bi1.95O2][Bi0.19Sr0.75Ta2O7] .

We next separated different Bi atoms in Bi2.14Sr0.75Ta2O9

through a soft chemical exfoliation reaction,[27] yielding perov-
skite nanosheets as a result of the removal of Bi1.95O2 layers
(see details in the Experimental Section). The TEM image of the
exfoliated product clearly shows irregular sheet-like morpholo-
gy, with a lateral size larger than 300 nm (Figure S3 in the Sup-
porting Information). The AFM height profiles indicate that the
nanosheets are of an average thickness of about 1.1 nm, which
corresponds to the thickness of a perovskite-like monolayer in
Bi2.14Sr0.75Ta2O9 (Figure 1 c). These results indicate successful ex-
foliation of layered Bi2.14Sr0.75Ta2O9 to monolayer nanosheets.
No characteristic peaks of other phases and impurities are ob-
served, which indicates the high purity of the nanosheets (Fig-
ure S2 in the Supporting Information). The molar ratio of Bi/Sr/
Ta measured by means of ICP-AES is 0.20:0.74:2.00 for the
nanosheets; this further confirms the disorder feature of the
Sr/Bi1 site in Bi2.14Sr0.75Ta2O9. Interestingly, the absorption edge
blueshifts from l= 368 nm for Bi2.14Sr0.75Ta2O9 to l= 356 nm for
the nanosheets (Figure S4 a in the Supporting Information).
The band gaps of Bi2.14Sr0.75Ta2O9 and nanosheets were deter-
mined to be 3.56 and 3.76 eV, respectively, based on the analy-
sis of the diffuse-reflectance absorption spectra (Figure S4 b in
the Supporting Information). This can be attributed to structur-
al changes in the perovskite layer before and after exfoliation,
as suggested by the XRD and Raman spectra (Figures S2 and
S5 in the Supporting Information).

The aforementioned experimental results suggest that the
obtained Aurivillius phase contains atomic point defects and
that chemical exfoliation provides the possibility of decoupling
the photophysical behavior of Bi atoms at the Bi1.95O2 and per-
ovskite layers. As plotted in Figure 2 a, Bi2.14Sr0.75Ta2O9 shows a
visible PL band at l= 525 nm with two characteristic excitation
bands at l= 304 and 344 nm, whereas the nanosheets display
a blueshifted PL at l= 510 nm with an excitation maximum at

Figure 1. a) Rietveld fit to the high-resolution SXRD pattern of
Bi2.14Sr0.75Ta2O9. b) Structure of Bi2.14Sr0.75Ta2O9. c) AFM image of the perovskite
nanosheets. Insets show the corresponding height profiles of marked nano-
sheets.
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l= 302 nm and an excitation shoulder at l= 339 nm. Notably,
the visible PL from both Bi2.14Sr0.75Ta2O9 and nanosheets are
akin to those from Bi3 +-doped materials ; this can be attributed
to the electronic transition of 3P0!1S0 under excitations corre-
sponding to 1S0!3P1 and 1S0!3P2 transitions.[23, 28] The blueshift
of PL, as observed for the nanosheets, is in good agreement
with the blueshift of the absorption bands, which we thus as-
cribe to the structural changes that occur in the perovskite
layer (Figures S4 and S5 in the Supporting Information). Inter-
estingly, close inspection of the photophysical properties in
the NIR region reveal that Bi2.14Sr0.75Ta2O9 exhibits ultrabroad PL
ranging from l= 720 to 1500 nm, with an excitation maximum
at l= 331 nm and a long excitation tail from l= 360 to
550 nm, which, however, is absent in the perovskite nano-
sheets (Figure 2 b). The line shape of the NIR emission is asym-
metric and can be decomposed into two emission bands at
l= 926 and 1142 nm after Gaussian fitting. Notably, a narrow
NIR PL is observed in Na0.5Er0.5Bi4Ti4O15; this stems from the
electronic transition of Er3 + ions.[22] We emphasize that our
finding represents an advance in work concerning the observa-
tion of ultrabroad NIR PL in ferroelectric Aurivillius phases, and
thus, greatly enriches the bank of Bi-bearing NIR-luminescent
materials.[23] On the basis of all structural and spectroscopic re-
sults, we conclude that the unconventional NIR emission stems
from the defective [Bi1.95O2] layer, whereas the visible PL is
from the perovskite layer.

We sought to explore further why the defective [Bi1.95O2]
layer could show NIR PL through accurate examination of the
defect states. PALS is a powerful technique to study defects in
solids, and measuring the lifetime of the positron can offer in-
formation on the type and relative concentration of defects or
vacancies, even at the ppm level.[4, 29] Figure 3 a shows the mea-
sured positron lifetime spectrum of Bi2.14Sr0.75Ta2O9, of which
the corresponding fitted lifetime parameters are summarized
in Table 1. Bi2.14Sr0.75Ta2O9 exhibits three lifetime components,
t1, t2, and t3, with relative intensities of I1, I2, and I3, respective-
ly. The relative intensities can quantify the relative abundance
of different defects. The longest lifetime components (t3 =

1922 ps), with a negligible relative intensity (I3 = 0.6 %), could
be attributed to positrons annihilated in certain large voids of
Bi2.14Sr0.75Ta2O9.

[4] Based on the theoretically calculated positron
lifetimes (Table 2), the shortest one (t1 = 188.8 ps; Table 1) ob-

served in the experimental positron lifetime spectrum can be
assigned to positrons trapped at single isolated oxygen vacan-
cies, V��O3, whereas another component (t2 = 308.8 ps) can be at-
tributed to positrons trapped at Bi�O vacancy associates (Fig-
ure 3 b).[4, 29] Clearly, the V��O3 and V000Bi2V��O3V000Bi2 defects are predomi-
nant in Bi2.14Sr0.75Ta2O9. PALS analysis was further complement-
ed by X-ray photoelectron spectroscopy (XPS). As shown in
Figure S6 in the Supporting Information, three peaks at 529.9,
531.5, and 532.7 eV can be identified from the O 1 s core-level
spectrum of Bi2.14Sr0.75Ta2O9, which can be assigned to lattice
oxygen with perfect coordination, oxygen atoms in the vicinity
of an oxygen vacancy, and surface-adsorbed oxygen, respec-
tively.[4, 30, 31] These results indicate the existence of oxygen va-
cancies in Bi2.14Sr0.75Ta2O9. Although thermogravimetric analysis
in an oxidizing atmosphere can be used for the determination
of oxygen stoichiometry in some oxygen-deficient sys-
tems,[17, 18] it is difficult to apply it to oxygen- and cation-defi-
cient Bi2.14Sr0.75Ta2O9 because the lack of cations cannot stabi-
lize the introduced oxygen atoms. Therefore, herein, we
merely term defective Bi2.14Sr0.75Ta2O9 as Bi2.14Sr0.75Ta2O9�x. Col-
lectively, these analyses strongly indicate that defects in
Bi2.14Sr0.75Ta2O9�x, predominantly in the forms of V��O3 and
V000Bi2V��O3V000Bi2, concentrate in the [Bi1.95O2] layer, which thus leads
us to connect the observed NIR PL with these defects.

Figure 2. a) Visible PL and PL excitation spectra of Bi2.14Sr0.75Ta2O9 and the
perovskite nanosheets. b) NIR PL and PL excitation spectra of Bi2.14Sr0.75Ta2O9

and nanosheets. The PL spectrum of Bi2.14Sr0.75Ta2O9 was decomposed into
two Gaussian peaks, as indicated by blue and pink lines.

Figure 3. a) Positron lifetime spectrum of Bi2.14Sr0.75Ta2O9. b) Positron density
in Bi2.14Sr0.75Ta2O9 along the (001) plane for trapped positrons in V��O3 vacan-
cies and V000Bi2V��O3V000Bi2 vacancy associates.

Table 1. Positron lifetime parameters of Bi2.14Sr0.75Ta2O9.

Sample t1 [ps] t2 [ps] t3 [ps] I1 [%] I2 [%] I3 [%]

Bi2.14Sr0.75Ta2O9 188.8 308.8 1922.0 34.9 64.5 0.6

Table 2. Calculated positron lifetimes of Bi2.14Sr0.75Ta2O9.

Defect Bulk V��O3 V000Bi2V��O3V000Bi2

lifetime [ps] 179.3 185.4 313.8
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Importantly, we find that the NIR PL is not limited to
Bi2.14Sr0.75Ta2O9�x, but also exists in other ferroelectric Aurivillius
phases. For instance, Bi2�xSrTa2O9�y demonstrates similar a NIR
PL to that of Bi2.14Sr0.75Ta2O9�x under excitation at l= 332 nm,
whereas Bi2�xCaTa2O9�y displays a broad NIR emission at l=

810 nm under excitation at l= 376 nm; Bi4�xTi3O12�y has two
NIR emission bands with maxima at l= 810 and 1472 nm
under excitation at l= 366 nm (Figure S7 in the Supporting In-
formation). We note that, akin to Bi2.14Sr0.75Ta2O9�x, these sam-
ples also possess oxygen vacancies (Figure S8 in the Support-
ing Information). All of these results suggest the generality of
our findings.

To better understand the NIR PL mechanism, we then per-
formed DFT calculations to establish the relationship between
defect states and the observed PL behavior. Because
Bi2�xSrTa2O9�y has a virtually identical PL to that of
Bi2.14Sr0.75Ta2O9�x (Figure S9 in the Supporting Information), we
next calculated the band structure and the density of states
(DOS) of Bi2�xSrTa2O9�y because of the computational cost to
clarify the influence of defects on its electronic structure. The
calculated band gap of pristine Bi2SrTa2O9 is 2.6 eV (Figure S10
in the Supporting Information), which is smaller than that ob-
tained experimentally.[32] Notably, the valence band maximum
(VBM) is mainly composed of O 2 p orbitals, whereas the con-
duction band minimum (CBM) consists mostly of Ta 5 d orbi-
tals. V��O3 was confirmed to be the most stable oxygen vacancy
by calculating the formation energies of the five systems con-
taining oxygen vacancies (Table S2 in the Supporting Informa-
tion); this is consistent with experimental results. The Bader
charge estimates the nearby charges of an atom by calculating
the charges that are enclosed within the Bader volume.[33]

Figure 4 shows the amount of charges of all Bi atoms in
Bi2SrTa2O9, with serial numbers (nos. 1 to 32) labeled in Fig-
ure S11 in the Supporting Information. If oxygen vacancies
exist in the [Bi1.95O2] layers, four Bi atoms (nos. 2, 15, 20, and
21) around the vacancies gain electrons, resulting in the de-

creased valence state of Bi, as indicated by the calculated
Bader charge of Bi atoms for perfect and deficient Bi2SrTa2O9,
with V��O3 (Figure 4). This can be viewed as the occurrence of
subvalent Bi in an undercoordinated geometry.[17] If V000Bi2V��O3V000Bi2

defects exist in the Bi1.95O2 layers, the valence state of Bi
around the vacancies does not notably change (Figure 4). We
also tested the chemical states of Bi atoms using XPS; the re-
sults suggest the absence of Bi metallic atoms (Figure S12 in
the Supporting Information). The band structure with V��O3

oxygen vacancies does not change clearly (Figure 5 a), but lo-
calized energy levels appear below the Fermi level
(Figure 5 b–f). Interestingly, the localized energy levels mainly

consist of Bi 6 p and O 2 p orbitals (Figure 5 c). Under light exci-
tation, in addition to charge transitions between VBM and
CBM, there are also chances of charge transitions between this
occupied mid-gap state and the CBM, which will result in the
additional observed emission in the NIR region. If V000Bi2V��O3V000Bi2

defects exist in the Bi1.95O2 layers, the band structure also does
not change clearly (Figure 6 a), and localized energy levels,
mainly consisting of O 2 p orbitals, appear (Figure 6 b–f). The
shallow empty localized energy levels located above the VBM
can be thermally populated, and then charge transitions to the
CBM can occur upon light excitation, which could also contrib-
ute to NIR emissions. If two kinds of defects coexist, the two
groups of localized energy states could cause at least two
series of emissions; this agrees well with the two experimental-

Figure 4. Bader charge of Bi atoms for perfect and deficient Bi2SrTa2O9, with
V��O3 and V000Bi2V��O3V000Bi2.

Figure 5. a) Band structure, b) DOS, and c) enlarged DOS of the mid-gap lo-
calized level of Bi2SrTa2O9 with V��O3, and partial densities of d) VBM and
e) CBM, and f) the mid-gap localized level. Bi, blue; Sr, green; Ta, gray; and
O, red.
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ly observed NIR emission bands (Figure 2 b). The difference be-
tween the calculated and experimental results may result from
the DFT method used in the calculation; this will not influence
the prediction of the localized energy levels and the relative
change of the band gap.[34, 35]

Conclusion

We have demonstrated that conventional Aurivillius-phase fer-
roelectrics show ultrabroad NIR PL that covers the telecommu-
nication and biological optical windows. A wide range of ex-
perimental and theoretical characterizations helped us to as-
certain that the NIR luminescence originated from the defec-
tive [Bi2O2]2 + layer. This allowed us to ask interesting questions
about how the defect states could be fine-tuned in a well-con-
trolled manner and how the ferroelectric and photophysical
properties interacted with each other; this deserves to be fur-
ther studied. It is also of interest to use the PL as a probe for
the examination of defect states in ferroelectrics. We believe
that the concept of spatial separation of constituting structural
units demonstrated herein can be applied to the study of
many Bi-containing luminescent materials, in particular, if more
than one luminescent center coexists in one structure. We en-
visage that, as this family of [Bi2O2]2 +-layer-containing struc-
tures expands, defect engineering will enable us to discover
many tantalizing physiochemical properties beyond those typi-
cally observed.

Experimental Section

Synthesis of Bi2.2Sr0.8Ta2O9

Bi2.2Sr0.8Ta2O9 powder was synthesized through a conventional
solid-state method. Stoichiometric quantities of Bi2O3 (Aladdin,
99.99 %), SrCO3 (Aladdin, 99.95 %), and Ta2O5 (Aladdin, 99.99 %)
powders were thoroughly ground to form a homogeneous fine
powder as the starting compound. Mixtures were first calcined at
900 8C in air for 12 h. After cooling to room temperature naturally,
the products were reground and subsequently sintered for 4 h at
1150 8C under a flow of pure oxygen (200 mL min�1, >99.999 %) to
obtain the fully oxygenated powders. Afterwards, the products
were slowly cooled to room temperature and white powders were
collected.

Protonation of Bi2.2Sr0.8Ta2O9

The protonated powder was obtained through the acid treatment
of Bi2.2Sr0.8Ta2O9. In detail, this process was carried out by stirring
as-synthesized Bi2.2Sr0.8Ta2O9 (0.3 g) dispersed in a 3 m aqueous so-
lution of HCl (100 mL) for 5 days at room temperature. The solu-
tion of HCl was replaced daily to ensure complete ion exchange.
After the reaction, the obtained precursor was isolated through fil-
tration and washed with distilled water several times to remove re-
sidual chloride ions. The as-prepared product was then dried at
80 8C for 12 h in a drying oven.

Exfoliation of the protonated powder

Exfoliation was typically performed by stirring the protonated pow-
ders (0.1 g) with a 0.1 m solution of ethylamine (10 mL) for 5 days
at room temperature. The suspension was then centrifuged two
times at 5000 rpm for 10 min to separate fully the sediment and
supernatant solution, and the supernatant was used as the nano-
sheet solution.

Characterization

The composition of the samples was determined by ICP-AES (710-
ES, Varian). Laboratory XRD data were obtained at room tempera-
ture by using a diffractometer (D2 PHASER, Bruker) with a CuKa ra-
diation source (l= 1.5418 �). The high-resolution SXRD measure-
ments were recorded on the BL02B2 beam line of SPring-8 to
obtain high-quality diffraction patterns at room temperature. The
samples for high-resolution SXRD were sealed into Hilgenberg
glass capillaries with an inner diameter of 0.1 mm. The capillary
was rotated during measurements to reduce the preferred orienta-
tion effect and average the intensity. The X-ray wavelength used
was l= 0.4141 �. Rietveld structural refinements were performed
against the XRD data by utilizing the GSAS program. Confocal
Raman scattering measurements were carried out by using a
micro-Raman spectrometer (Horiba Jobin Yvon, Labram HR 800)
with a l= 532 nm laser line and a power of 2 mW. XPS measure-
ments were performed by using a Thermo Scientific ESCALAB
250Xi spectrometer, with an ALKa source and 20 eV analyzer pass
energy. Binding energies were corrected by the C 1 s peak at
284.8 eV. The field-emission SEM images were obtained by using a
Hitachi SU8010 scanning electron microscope. TEM images were
collected from samples added to copper grids by using a FEI
Tecnai G20 S-TWIN TMP microscope operating at an accelerating
voltage of 200 kV. Tapping-mode AFM images of as-prepared nano-
sheets were measured by using a Multimode 8 microscope (Bruker,
USA). Room-temperature diffuse-reflectance spectra were mea-
sured with a UV/Vis/NIR spectrophotometer (Cary 5000, Agilent)

Figure 6. a) Band structure, b) DOS, and c) and enlarged DOS of the mid-gap
localized level of Bi2SrTa2O9 with V000Bi2V��O3V000Bi2, and partial densities of d) VBM,
e) CBM, and f) the mid-gap localized level. Bi, blue; Sr, green; Ta, gray; and
O, red.

Chem. Eur. J. 2019, 25, 1 – 8 www.chemeurj.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


equipped with an integrating sphere accessory. The obtained re-
flectance spectra were converted into pseudoabsorbance spectra
by means of the Kubelka–Munk transformation. Room-temperature
steady-state emission and excitation spectra were acquired by
using an FLS 980 spectrofluorometer with a continuous (450 W)
xenon lamp (Edinburgh Instruments).

Positron annihilation measurements

To detect structural defects in the as-prepared sample, positron an-
nihilation spectrometry measurements were carried out with an
ORTEC fast–fast coincidence system with a time resolution of
about 200 ps in full-width at half-maximum (FWHM) at room tem-
perature. The as-prepared sample was pressed into a round disk
with a diameter of 8 mm and a thickness of 1 mm, and then a
20 mCi positron source of 22Na was sandwiched between two iden-
tical samples. The total counts of each lifetime spectrum exceeded
three million. Positron lifetime spectra were deconvoluted by using
the LT9 code. One channel represents a time of 12.7 ps. Positron
lifetime calculations were performed by using DFT together with
the generalized gradient approximation (GGA), in which the posi-
tron densities were obtained in the self-consistent two-component
DFT schemes. Models of 2 � 2 � 1 supercells were used for positron
lifetime calculations of Bi2.2Sr0.8Ta2O9 with an unrelaxed structure va-
cancy. The crystal structure and electron-density distributions were
drawn with the VESTA program.

DFT calculations

Spin-polarized DFT calculations were performed by using the
Vienna ab initio simulation package (VASP) codes with the projec-
tor augmented wave (PAW) potentials.[36, 37] We employed the
Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA) for the exchange-correlation function.[38] The cutoff energy
for the plane-wave basis, the self-consistent total-energy differ-
ence, and the convergence criterion for forces on atoms were set
to 500 eV, 10�4 eV, and 0.01 eV ��1, respectively. A Monkhorst–Pack
grid of 5 � 5 � 1 was selected in the first Brillouin zone. In the band
structure and DOS, the Fermi level of intrinsic Bi2SrTa2O9 was set to
zero. The energy shift for the Fermi levels of systems with defects
were corrected by the average potential of Sr atoms far away from
the defect site.
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Defective [Bi2O2]2 + Layers Exhibiting
Ultrabroad Near-Infrared
Luminescence

Beyond ferroelectricity : The defective
[Bi2O2]2 + layers in Aurivillius phases
show broadband near-IR luminescence
that covers the telecommunication and
biological optical windows (see figure).
The luminescence was identified to
stem from oxygen vacancies and defect
complexes. This offers a probe for the
examination of defect states in Aurivil-
lius-phase ferroelectrics and possibilities
for coupling both physical behaviors.
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