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Doping of rare earth elements into Big Ti3O1, can significantly enhance the upconversion photoluminescence (UCPL)
properties, but its structure—property relationship is still unclear. In this work, Er-doped bismuth titanate Bis_Er, TizO,
(x=0,0.1, 0.2, 0.3, 0.4, 0.5) ceramics were synthesized via solid-state reaction method. The x-ray diffraction analysis
confirmed the orthorhombic crystalline structure of the Biy_Er,TizO;; ceramics without any secondary phases. Exper-
iments and calculations of positron annihilation spectroscopy were carried out to characterize their defect structure. The
comparison between the experimental and calculated lifetime revealed that vacancy clusters were the main defects in the
ceramics. The increase of the intensity of the second positron lifetime component (/;) of Biz sErysTi3O1, ceramics in-
dicated the presence of a high concentration of vacancy clusters. The UCPL spectra showed the sudden enhanced UCPL
performance in Bi3 7Erg3TizO;2 and Bis sErg 5Ti3O;; ceramics, which were consistent with the variation of the second
positron lifetime component (/2). These results indicate that the enhanced UCPL properties are influenced not only by the
concentrations of rare earth ions but also by the concentration of vacancy clusters present within the ceramics.

Keywords: bismuth layered structure, positron annihilation lifetime spectroscopy, upconversion photolumi-

nescence, vacancy clusters
PACS: 61.72.jd, 78.70.Bj, 78.40.—q

1. Introduction

The UCPL process is a nonlinear anti-Stokes phe-
nomenon known for its ability to absorb two or more longer
wavelength photons, typically near-infrared (NIR) or infrared
(IR) light, and emit a shorter wavelength photon in the visible
or ultraviolet spectrum. ">l This unique characteristic has gar-
nered significant interest in rare-earth-doped oxide materials
due to their promising applications in areas such as bioimag-
ing, three-dimensional (3D) displays, solid-state lasers, and
dispersive thermodynamics of localized carriers.!*® The
UCPL materials consist of two essential components: the lu-
minescent center, typically comprised of rare earth ions, and
the matrix material, which provides a suitable crystal field for
the luminescent center to facilitate the UCPL process.!’"! In
order to achieve high UCPL efficiency in the visible and mid-
infrared spectral regions, the selection of appropriate matrix
materials is crucial. Common upconversion matrix materials
include fluorides, oxides, phosphates, and sulfides. Among
these materials, Aurivillius-type bismuth layered structured
ferroelectric (BLSF) materials are highly regarded for their ex-
cellent thermal stability, mechanical properties, ease of prepa-
ration, and eco-friendliness. BLSF materials belong to an
important group of ferroelectric substances and are consid-
ered one of the most promising substrate materials for upcon-
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version processes. The general formula of BLSF materials
is (Bi202)* (Ajn—1BmO3m—1)>", where A is a mono-, di-, or
trivalent ion or a mixture of them, B is a transition element
suited for octahedral coordination (Ti*t, Nb>*t, V3+, Moft,
wot, etc.), and m is the number of octahedral layers in the
perovskite slab, which can range from 1 to 6.11°-121 Bismuth
titanate (BisTizO1,) is a typical Aurivillius-type bismuth lay-
ered ferroelectric material with m = 3, including (Bip0,)*+
layers and (Bi; TizO 1002~ perovskite-like layers.

Rare earth ions, including Er**, Tm**, Ho’*, Nd**, and
Pr37, serve as the luminescent centers in conjunction with var-
ious matrix materials, leading to the emission of intense vis-
ible light upon excitation with IR light.['314] Among these
rare earth ions, Er’* stands out as the most efficient upconver-
sion luminescent activator, owing to its ability to effectively
absorb pump energy at 800 nm and 980 nm due to its sub-
stable energy levels *Io /2 and I, /2- [13-15] Trivalent rare-earth
ion dopants interaction with surrounding ions can cause the
energy levels of the rare-earth ions to split and shift, while
If the

frequency of lattice vibrations closely matches the excitation

the matrix material itself exhibits lattice vibrations.
light frequency, more excitation light will be absorbed, en-

hancing its own vibration. And the excitation UCPL will be
weakened. [16-18]
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Good ferroelectric and UCPL properties have been ob-
tained in Er-doped BisTi3Oj> ceramics, but the correlation
between defects and its UCPL characteristics remains insuf-
ficiently investigated. The UCPL properties of Er-doped fer-
roelectrics are closely related to the crystal field, which is in-
fluenced by both the crystal symmetry and the chemical en-
vironment of the matrix materials. The changes in the crys-
tal microstructure of the matrix material can cause changes in
the crystal field, which in turn affects the changes in the en-
ergy level of the activating ion and the improvement of the
UCPL efficiency. However the direct experimental evidence
validating the impact of vacancy defects on UCPL properties
is scarce, primarily due to the absence of a suitable methodol-
ogy for characterizing atomic-scale vacancy defects.!’!

Positron annihilation spectroscopy (PAS) stands out as a
highly sensitive tool for examining and understanding atomic-
scale defects in solids.[?*?!l Positrons, due to their positive
charge, exhibit a tendency to preferentially captured by va-
cancy defects in materials with lower electron density, en-
abling the selective identification of vacancy-type defects.
This technique has been widely used to study vacancy de-
fects in a variety of functional materials.?>?*! In this study,
BisTizOq, ceramics doped with different concentrations of
Er’* were synthesized by the solid-state reaction method. The
defects within the ceramics were analyzed using positron an-
nihilation lifetime spectroscopy (PALS). By combining with
first principles theoretical calculations, the impact of defects
on the UCPL properties of the samples was systematically ex-
plored.

2. Experiments

Bis_,Er,Ti30y, ceramics compositions with varying
Ert concentrations x=0,0.1, 0.2, 0.3, 0.4, 0.5) were syn-
thesized through a conventional solid-state reaction method.
High-purity BiO3 (99.9%), TiOy (99.5%), and Er,O3
(99.9%) were used as the initial raw materials. The powders
were carefully measured according to the stoichiometric for-
mula and subsequently milled in an agate mortar for 2 hours
using ethanol as a dispersing medium. These mixed oxides
were then calcined at 850 °C for 3 hours in the air. Follow-
ing calcination, the resulting powder was mixed with 5-wt%
polyvinyl alcohol (PVA) binder. After a thorough mixing pro-
cess, the dry powder was pressed into circular discs of approx-
imately 1.0-mm thickness and 10.0-mm diameter using a hy-
draulic press. The pellets were then sintered in air at 1050 °C
for 3 hours, with intermittent heat treatment at 600 °C for
2 hours to ensure complete burning out of the PVA binder. Fi-
nally, the samples were naturally cooled to room temperature.

The structural characteristics of the samples were investi-
gated using x-ray diffraction (XRD) analysis with Cu K« ra-
diation (SmartLab). The UCPL spectra were measured using a

steady-state/lifetime spectrofluorometer (Fluorolog-3-Tau and
Deltaflex) under 980-nm diode laser excitation at room tem-
perature. Positron annihilation lifetime spectroscopy (PALS),
as shown in Fig. 1, was used to analyze the variabilities of
defect characteristics within these samples. Detection of the
gamma rays was achieved using BaF, scintillators coupled
with Hamamatsu H3378 photomultiplier tubes. A sandwich
structure of 2>Na positron source with an activity level of
30 uCi was employed. The PALS has a time resolution of
200 ps and each spectrum contained approximately 6 x 10°
coincidence counts. Yttria-stabilized zirconia (YSZ) samples
were employed for source correction in the PALS experiments.

All spectra were fitted using the LTv9 program. 24!
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Fig. 1. Schematic diagram of the experimental setup of positron annihilation
lifetime spectroscopy.

3. Results and discussion
3.1. Structural properties

The phase purity and crystallinity of the Bis_ Er,TizO12
ceramics were evaluated based on x-ray diffraction (XRD).
Figure 2 shows the room temperature XRD patterns of the
Er3+—d0ped Bis_,Er, Ti301, series ceramics in the range of
20°=70°. The diffraction peaks in Fig. 2 align with those of the
standard pattern (PDF card: No. 72-1019) for the orthorhom-
bic structure, signifying the absence of secondary phases in the
Biy_,Er,Ti301, samples. This confirms the successful fab-
rication of Bis_Er,TizO» with a single-phase structure via
solid-state synthesis. The highest peak intensity correspond-
ing to the (117) plane of Bis_,Er, Ti3O1, represents the BLSF
with m = 3, which agrees with the former explanations that the
strong intensity diffraction peak corresponds to the (112m+ 1)
plane for BLSF materials in the Aurivillius phase. > Notably,
certain peaks like (028), (117), and (0014) exhibited signifi-
cant changes in intensity with increasing Er’* doping concen-
tration, suggesting an influence of Er>* doping on the lattice
structure of the material. This effect is attributed to the smaller
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ionic radius of Er*™ compared to Bi’*, resulting in a slight
shift of the (008) peak towards larger diffraction angles.
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Fig. 2. XRD patterns of Bis_ Er,TizOj, ceramics with different Er
contents.

The average grain size of the Biy_,Er, Ti3O; ceramics
are calculated by Scherrer’s formula:

KA

D= ma (D

where D is the average grain size, K is the shape factor (usu-
ally taken as 0.89), A is taken as the x-ray wavelength of Cu
Ko radiation (A = 0.15418 nm), 8 is the FWHM (full width

at half maximum) of the XRD peak (every observed peak in
the spectra was fitted with a Gaussian function), and 6 is the
Bragg angle. The impact of instrumental broadening on the
FWHM has been considered./?®! The calculated grain sizes
of the Er3+-d0ped Bis_Er, Ti3O1, samples are illustrated in
Fig. 3. As the Er’* content x increases, the grains exhibit ran-
dom growth patterns. Among the series, Biz sEr 5TizO12 ex-
hibits the largest grain size.
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Fig. 3. The grain size of Bis_,Er,TizO1, ceramics calculated from
XRD patterns.

3.2. PALS experimental and theoretical analysis

In order to obtain a more detailed microstructural anal-
ysis of Bis_,Er,Ti301;, positron annihilation lifetime mea-
surements were carried out. Utilizing the LTv9 program, the
obtained spectra for all samples could be resolved into three
components. The longest lifetime component 73 (longer than
1.5 ns) was the ortho-positronium annihilation lifetime formed
at the surface or the interspace between the materials.>!) The
measured positron lifetimes and their intensities are presented
in Table 1. The average positron lifetime T,y (Toy = 7111 +
Iy + 1313) of Big_Er, TizO;, ceramics were calculated. (27)

Table 1. Analysis results of positron annihilation lifetime spectra of Bis_,Er, Tiz O, ceramics.

x 71 (ps) 7 (ps) 73 (ns) I (%) I (%) I3 (%) Tav (PS)

0 213.6 £0.7 3308 £1.2 23+£0.1 79.0 £ 0.6 20.3 £ 0.6 0.7£0.1 2519 £25
0.1 210.8 £0.5 347078 1.9+0.1 789 £ 09 199+£09 1.3+0.1 260.1 £11.1
0.2 209.2 £ 0.4 3739+23 23+£0.1 80.6 £0.1 18.0£0.1 1.4+0.1 266.5 £ 7.1
0.3 198.0 £ 2.1 3226 £6.7 22+£0.1 76.7 £ 1.7 226+1.7 0.7+0.1 240.1 £7.0
0.4 2014 £0.5 3449 +£5.4 20+£0.1 79.8 £0.7 192 +£0.7 1.0+0.1 2478 £3.2
0.5 209.0 £ 0.6 3934 +£22 22+0.1 722 +04 258 +0.4 20+£0.1 2955 £2.1

As the Er-doped content increases, the slight variations
in lifetime 7; with increasing Er-doped content reflect the
structural perfectiveness of the Bis_Er,Ti301, ceramics. The
changes in the average positron lifetime, 7,y, are illustrated in
Fig. 4(c), with the intensity of /5 being negligible and thus dis-
regarded in subsequent discussions. Both positron lifetimes 7,
and T,y follow a similar trend. The positron lifetimes 7, Tay,
and the intensity I, increase obviously at x = 0.5, as depicted
in Fig. 4.

Notably, there is a lack of reports on the positron lifetime
in BigTizO1,. With the aim of understanding our experimental
results better, theoretical positron lifetimes in Bi4 TizO1, were

calculated,?8) and the calculated results are presented in Ta-
ble 2. The initial structure of the constructed bismuth titanate
crystal comprised 76 atoms, including 16 Bi atoms, with a
CODID of 1528445 and a space group of Aba2. To enable
Er atom doping, the cell is expanded into a 1 X 1 x 5 super-
cell. At a doping level of x = 0.2, the substitution involved
replacing 4 Bi atoms with Er atoms in the desired proportion.
Without considering the influence of the relative position of
atoms, the calculated theoretical positron lifetimes are listed
in Table 2. The data indicate that the bulk and vacancy-type
positron lifetimes at different doping levels exhibit a similar

trend, with a slight upward tendency. The lifetime associ-
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ated with Ti-vacancy decreases with increasing doping con-
centration, while the lifetime linked to Bi-vacancy increases
marginally with higher doping. Thus, it is believed that the
doping concentration does not significantly alter the bulk and
vacancy positron lifetimes in the samples. The calculated
positron density distribution for the (010) plane is shown in
Fig. 5. The Bi-vacancy and Ti-vacancy serve as effective trap
centers for positrons due to their negatively charged nature, as
demonstrated in Figs. 5(a) and 5(b). Additionally, the positron
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Fig. 4. Variation of positron lifetime (a) 7j, 72, (b) I, and (c) Tay in
Biy_,Er, TizO, with different Er contents.

(d) Vi-si
Fig. 5. Schematic representation of the positron density at (a) Vg; monovacancy, (b) Vp; monovacancy, (¢) Vpi_1; divacancy, (d) Vpi_i
divacancy, (e) Vr1i_o divacancy, and (f) Vri_1; divacancy in BigTi3Oj5.

distribution around the Bi-vacancy center was more concen-
trated than that around the Ti-vacancy center, as shown in
Fig. 5(c).

Table 2. Calculated positron annihilation lifetime values (in units of ps)
of different vacancy states in Bis_,Er,Ti3O1, ceramics.

X Bulk Vo Vi VrieTi Vi VBi-Bi
0 161.1 161.0 185.0 193.6 237.5 245.4
0.2 161.1 161.8 185.6 193.7 238.5 256.3
0.4 161.2 161.5 184.7 194.0 240.6 258.0
0.6 161.8 161.9 182.6 193.2 242.0 258.2
0.8 161.9 161.9 182.1 193.4 243.4 258.7

A comparison between the experimental and calculated
data shows that the second lifetime component 7, significantly
exceeded the calculated positron lifetimes in divacancies from
Table 2. This discrepancy indicates that 1, is likely attributed
to positron annihilation occurring within multi-vacancies or
intricate vacancy clusters. In order to investigate defect varia-
tions further, positron lifetimes of certain vacancy complexes
were computed and listed in Table 3. By examining the two
positron lifetime components of Er-doped Bis_Er, TizO1, ce-
ramics, it appears that all positrons were completely trapped
by defects. The first positron lifetime components 7, closely
align with the calculated lifetimes associated with Vri_g given
in Table 3 and Vri_1; given in Table 2, indicating that 7; is
likely attributed to positron annihilation in Ti-related divacan-
cies. The second positron lifetime components 7, has a range
from 322.6 ps to 393.4 ps in Table 1. Analysis of the calcu-
lated results in Table 3, it is evident that the cluster created by
removing both two Bi and a Ti cation, along with one near-
est oxygen neighbor, exhibits a lifetime of 326.2 ps. Further-
more, the removal of an additional neighboring oxygen from
this complex led to a further increase in the lifetime, reach-
ing 342 ps. This analysis supports the notion that 7, is as-
sociated with positron annihilation within vacancy clusters or

grain boundaries.
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Table 3. Calculated positron annihilation lifetime values of vacancy complexes in BigTi3O1,.

Defect type Vti—o VBi-Bi VBi-o-Ti

VaBi—o-Ti VaBi—20-Ti Vi4Bi—20 V4Bi-30

Lifetime (ps) 220.1 2454 284.8

326.2 342.0 375.0 437.8

The lifetime components 7, and 7,y reached a maximum
at x = 0.5 (Biz 5Erg 5TizO12) as shown in Figs. 4(a) and 4(c),
indicating that Biz 5Erg 5Ti3O> sample possesses the largest
defects among all samples. In addition, figure 4(b) illustrates
a significant increase in the I, values for the Bijs 5Erg 5Ti3012
samples, indicating a higher prevalence of vacancy clusters in
these samples.

3.3. Upconversion photoluminescence properties

The UCPL spectra of the Er-doped Bis_Er,TizO, ce-
ramics under 980-nm excitation at room temperature are
shown in Fig. 6. The spectra of all the samples exhibit three
distinct luminescent bands. These include two green bands
with luminescence peaks at 528 nm and 548 nm, correspond-
ing to the transitions 2H”/z %4115/2 and 4S3/2 %4115/2 re-
spectively, as well as a red band with a luminescence peak at
661 nm corresponding to the transition F, /2 =45 /2- The ob-
served UC emission bands are consistent with previous reports
on other Er** doped materials.[?*% It is important to note
that the luminescence of rare earth ions is primarily attributed
to radiation transitions between energy levels. The lanthanide
contraction of rare earth ions allows the 4f orbitals to be well
shielded from external crystal field environments, thereby re-
maining largely unaffected.l®!! Consequently, changing the
doping concentration of Er’* ions will not shift the position of
the emission peak, but only change the intensity of the emis-
sion peak. The spectra of the Er’" transitions represent some
discrete set of narrow lines, suggesting that the Er** occupies
the crystalline site, which is also consistent with the experi-
mental results of XRD.

.
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Fig. 6. UC emission spectra of Big_Er,Ti3O;, ceramics with varying
Er contents under 980-nm excitation.

For the UCPL process, the UCPL mechanism must be
discussed based on the energy level diagram of Er’*. Fig-
ure 7 exhibits the energy level diagram of Er’* ions as well
as the probable UCPL mechanisms accounting for the green

and red emissions. The UCPL process of Er** typically in-
volves six main steps: ground state absorption (GSA), excited
state absorption (ESA), energy transfer (ET), multiphonon re-
laxation (MPR), cross relaxation (CR), and emission. When
Er**-doped samples are excited with 980-nm laser, Er** ions
at the ground level *1;5 /2 absorb photons and transition to the
1y, /2 level through GSA. Subsequently, some excited Er3t
ions at the I, /2 level can absorb one more photon, elevat-
ing them to the *F; /2 level via the ESA process. In addition,
two excited state Er’t ions at *I;; /2 can interact with each
other through (*Iy; /o + *Iyj o =*115/2 + *F7) ET process.
Both of the above processes can amass the ion numbers of the
4F, /2 level. Then, the population Er’* ions at the *F, /2 level
will decay non-radiatively to the Hj, /2 43, /2, and 4F, /2 lev-
els by the MPR process, resulting in the emission of green
2Hyy2/*S3/2 —*1y5, and red *Fg/; —*1j5, bands.’? The
mechanism involved in the UC emission in the green bands
can be expressed as

“Frp = Hipp, S50 = Lisp. (2

For red emission, the Er*" ions at the *Fq /2 level can be pop-
ulated by four possible ways and represented as

4 4 4
S3/2 = "Foso = 152, (3)
4 4 4
Ii32 +ESA = "Fy 5 — "Ii5)2, 4)
4 4 4 4
Lizp+ L2 = "Fopp = L5, 5
4 4 4 4
Frp+ L2 = "Fopp = "ispa. (6)
20 4F7/2
/4 \I\QE ZHH/Z
/ \ S3/3
/
Lf 151 / < “Fop
£ /) ET g )
Q B I9/2
CCO /
= 10 ; Lip
> | 5
2 : = 4
g | Lisp
H 5F g ' £ £ £
o o o o o
O 1 o0 I o
X \ 2y " )
1
Y 4
0 Er3+ Er3+ fis2

Fig. 7. Schematic diagram of the UCPL mechanism of Er** ions.

In Fig. 6, it is evident that at lower Er** doping con-
centrations, the UCPL efficiency is notably weak when ex-
cited under 980-nm lasers, causing the corresponding GSA,
ESA, and ET processes limited and the emissions are weak.
Figure 8 shows the UCPL peak intensities as a function of
the Er’* contents. As shown in Fig. 8(a), the UCPL peak
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intensities of 528 nm, 548 nm, and 661 nm increase with in-
creasing the concentration of Ert (x < 0.3). Afterward, a
sudden decline in emission intensity (x) is considered to be
due to the intensified concentration quenching effects. At high
concentrations of activated Er*T ions, the distances between
centers fall below a critical threshold, leading to cascading
energy transfers, or energy migration, from one center to an-
other until reaching a quenching center, eventually resulting in
luminescence quenching. Nevertheless, the UCPL peak inten-
sities start to increase again with the increasing Er** content.
In general, the UCPL intensity is dependent on the structural
distortion and the symmetric crystal field is unfavorable for
the UC emission because the f—f transition is originally pro-
hibited under high spherical symmetry. The rise in crystal
structure defects altered the microstructural environment in
which Er’* was located, thereby modifying the symmetry of
the crystal field. Combined with the analysis of positron an-
nihilation results, high concentration vacancy clusters exist
in Biz sErg5Ti3012 (x = 0.5), leading to increase in crystal
lattice distortion. The ratio Isag nm/Is28 nm €Xperiences a sharp
decrease at x = 0.3 and x = 0.5 as presented in Fig. 8(b),
possibly indicating a reduction in the emission intensity of
48, 2= ;s /2 through non-radiative relaxation to the lower
4Fy /2 state. Furthermore, figure 8(c) demonstrates a rapid in-
crease in the Igg1 nm/Is48 nm ratio, possibly attributed to CR
processes from the *F; /2 state to the red-emitting “Fy /2 state
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Fig. 8. Comparison of the (a) UCPL peak intensities, (b) /548 nm /1528 nm»
(©) Z661 nm /1548 nm Of Bis—xEryTizOjy ceramics as a function of the Er
contents.

(“F; )2t T, 2 24F, /2), facilitated by a decrease in the dis-
tance between Er** ions. Within the Er’* concentration range
from x = 0.3 to x = 0.5, the Ig61 nm/I548 nm ratio remains rela-
tively stable. The interionic CR rate is inversely proportional
to the sixth square of the distance between ions reported in
the literature. 33 When x > 0.3, enhanced interactions and CR
processes (483/2 + 4115/2 — 419/2 + 4113/2, 4F7/2 + 41“/2 —
2%Fy/2. s jn + *lgjn — 2*113)5) between Er*t play a domi-
nant role.

The UCPL intensity has a peak at x = 0.3. As the Er con-
tent increases, the concentration of vacancy clusters reaches
a maximum, coinciding with the maximum UCPL intensity.
This suggests that the concentration of Er’* as active ions
predominantly influences UCPL intensity for x < 0.3. When
x > 0.3, arapid decrease in UCPL intensity is observed along
with an enhanced interaction between Er’* ions. At x = 0.5,
vacancy-type defects mitigate concentration quenching effects
and subsequently contribute to a decrease in UCPL decline.
The grain size of Bij sErg 5Ti3012 has a maximum value, in-
dicating that grain size may indeed play a role in modulating
UCPL intensity. High concentration vacancy clusters reduced
the probability of concentration quenching, resulting in a sig-
nificant increase in the UCPL intensity.

4. Conclusion

In summary, Biy_,Er, Ti30p; (x =0, 0.1, 0.2, 0.3, 0.4,
0.5) ceramics were synthesized by solid-state reaction method.
The doping of Er** did not induce any phase changes in the
Biy_,Er, Ti30q, ceramics. A strong UCPL was observed in
the Er-doped BisTi301y ceramics. The impact of rare earth
ion concentration was the primary factor influencing UCPL
intensity until x = 0.3, beyond which rare earth ions concen-
tration saturation resulted in concentration quenching. Thus,
higher concentrations of rare earth ions directly affected the
abundance and size of defects in the samples, thereby influ-
encing UCPL intensity variations. The results show a clear
correlation between the UCPL behavior and the defects distri-
bution, which gives an important insight into the role of va-
cancies in UCPL properties. This suggests a way to enhance
UCPL properties by controlling defect concentrations.
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