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Abstract Bi4Ti3O12 (BTO) doped with different con-

centrations of Er3? was prepared using sol–gel method.

Their structures and surface morphology were examined by

X-ray diffraction, Raman spectroscopy and scanning

electron microscopy, respectively. All XRD peaks can be

indexed according to orthorhombic BTO phase, which is

consistent with Raman measurement results. Strong

upconversion green luminescence is observed in the Er3?

doped BTO powders pumped by 980 nm at room temper-

ature. Three upconversion emission bands centered at

about 525, 550 and 662 nm are due to the radiative

relaxation of Er3? from 2H11/2, 4S3/2 and 4F9/2 to the ground

level 4I15/2, respectively. The upconversion emission

mechanism of the samples were identified and analyzed. In

addition, the doped BTO ceramics show obvious hysteresis

loops, demonstrating the ferroelectric properties of the

samples. These results illustrate the potential of this class

of materials for photonic applications in optoelectronics

devices.
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1 Introduction

Bi4Ti3O12 (BTO), a kind of bismuth layer structure ferro-

electrics, has emerged as highly promising materials in

nonvolatile ferroelectric random access memory and high

temperature piezoelectric devices because of their low

dielectric constant, high Curie temperature and excellent

fatigue-free properties [1]. Rare earth doped BTO ferro-

electric materials have been intensively investigated for

their applications in optoelectronics and microelectronics

[2]. The addition of the rare earth ions with optical activity

in bismuth layer structure brings the possibility of new

research as luminescent material of high performance [3].

Near-infrared to visible upconversion (UC) is an important

approach for the generation of visible luminescence. More

recently, the interest in upconversion emission has been

increased due to the needs for all-solid compact laser

devices and three-dimensional displays. Trivalent rare

earth ions such as Pr3?, Ho3? and Er3? are doped as

emission centers in upconversion materials. Among these

rare earth ions, the Er3? ion is the most popular as well as

one of the most efficient ions because the metastable 4I11/2

and 4I9/2 levels of Er3? can be easily populated by com-

mercial low-cost and high-power 980 and 800 nm laser

diodes [4]. The downconversion and upconversion emis-

sion spectra of PbTiO3 powders doped by Er3? have been

investigated [5]. Moreover, upconversion emissions of

Er3? doped BaZrO3 and BaTiO3 powders have also been

reported [6, 7]. More recently, upconversion luminescence

of Bi3.95Er0.05Ti3O12 film has been reported [8], however,

the upconversion mechanisms and the ferroelectric prop-

erties of Er3? doped BTO have yet seldom to be discussed.

In this work, structure, surface morphology, strong

upconversion luminescence and ferroelectric properties in

BTO materials doped with different Er3? contents were
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investigated. The effects of concentrations of Er3? on the

upconversion emissions and the upconversion mechanisms

have been systematically discussed. The results open the

possibility of ferroelectric photoluminescent (PL) materials

in the application of both memories and displays.

2 Experimental procedure

Bi4-xErxTi3O12 (BETO) powders with x = 0.05, 0.1, 0.2,

0.3, 0.4 and 0.5 were synthesized by a sol–gel process.

Er3? doped Bi4Ti3O12 precursor solutions were synthesized

using Bi(NO3)3�5H2O, Er(NO3)3�5H2O, and Ti(OC4H9)4

were used as the Bi, Er and Ti sources, respectively.

Bi(NO3)3�5H2O was 10% excess in the solutions to com-

pensate for the Bi loss during the thermal annealing. Gla-

cial acetic acid and acetylacetone were used as cosolvents

and stabilizer, respectively. The solutions were stirred for

2 h and adjusted to 0.1 M. The solutions were dried at

90 �C for 48 h, and then calcined at 750 �C in air for 3 h

by a conventional muffle furnace to get the powders. The

crystal structure of the powders was investigated by X-ray

diffraction (XRD) on a DX-2500 X-ray diffraction appa-

ratus with Cu Ka radiation (1.54056 Å). The surface

morphology of the ceramics was examined using scanning

electron microscopy (JSM5600LV). Raman spectra were

recorded by a confocal microscopic Raman spectrometer

(Renishaw RM-1000) with a 457.5 nm solid state laser.

Visible upconversion emission spectra were measured

using a SBP500 luminescence spectrometer with a PMTH-

S1-CR131 photomultiplier detector and a 980 nm laser as

the excitation source. To measure the ferroelectric prop-

erty, the dry powders were pressed into a ceramics pellet

with a diameter of 10 mm and thickness of 1 mm, then

sintered at the temperature of 1,100 �C for 3 h in air. All

the measurements were carried out at room temperature.

3 Results and discussion

The formation of crystalline phases was confirmed by

powder XRD measurements. Figure 1a shows the XRD

patterns of BTO doped with different concentrations of

Er3?. All the intense diffraction peaks can be indexed on

the basis of a bismuth layered perovskite orthogonal phase

(JCPDS, PDF#35-0795). No impurity phases was observed

within the limitation of X-ray difframeter, indicating the

Er3? ions are effectively built into the host lattice. Based

on XRD data, the lattice parameters (a, b, c) and cell

volume (V) of BETO were calculated, which were shown

in the Fig. 1b. The value of a, b, c and V decreased with

increasing Er3? content. The variations of lattice parame-

ters and cell volume can be ascribed to the substitution for

larger ion radius Bi3? (0.103 nm) by smaller Er3? ion

(0.088 nm) in the BTO lattice.

The Raman spectra of BTO powders with different Er3?

contents were displayed in Fig. 2. The spectra exhibit

intense phonon modes at about 268, 538 and 850 cm-1,

together with some weak features. The characteristic

modes can be labelled according to the assignments of the

Graves et al. [9]. These modes can be classified into two

groups. Those at about 226, 324, 348, 538 and 560 cm-1

belong to B2g or B3g symmetry originating from the lifting

of Eg degeneracy [10]. When x is over 0.3, the split

between B2g and B3g modes (324 and 348 cm-1, 538 and

560 cm-1) decreases. Similar combination behaviors were

recorded in the Raman spectra of simple perovskite

CaTiO3 with increasing temperature and BTO with

increasing La content [11, 12]. This composition-depen-

dent mode behavior is associated with the structure dis-

tortion caused by Er3?doping [12]. Therefore, it is

suggested that structure distortion in the BETO lattice

became larger when the concentration of Er3? ions is more

than 0.3 mol%. Other modes at about 268, 614, and

850 cm-1 are due to the stretching of the TiO6 octahedron

and could be assigned as A1g character [10, 11]. Raman

selection rule allow 24 Raman active modes for ortho-

rhombic BTO [13]. However, the amount of modes of all

the samples can not obey the selection rule, which is par-

tially due to possible symmetry breaking, distortion of

TiO6 octahedron and low peak intensity as well as overlap

of vibration modes [14]. Referred to the assignment of

BTO single crystal [15], the peak at about 850 cm-1 was

attributed to the symmetric Ti–O stretching vibration,

while the 614 cm-1 to asymmetric vibration. The 226 and

268 cm-1 modes were ascribed to the O–Ti–O bending

vibration. The modes at 324 and 348 cm-1 were from a

combination of the stretching and bending vibrations. The

two modes at 538 and 560 cm-1 corresponded to opposing

excursions of the external apical oxygen atoms of the TiO6

octahedra. The appearance of 268, 538, and 850 cm-1

indicates the presence of layer perovskite structure, which

was also verified by the XRD measurements [16]. Usually,

the peak at 226 cm-1 is Raman inactive, it is observed

under the current circumstances because of the distortion of

the TiO6 octahedron [15]. Raman scattering measurement

is more sensitive to the structure and crystal symmetry than

that of XRD measurement. As seen from Fig. 2, no peaks

of impurity phase were observed besides those assigned to

the phonon modes of BTO, further indicating that the Er3?

rare ions have effectively entered into the BTO lattice.

Figure 3 gives the SEM micrographs of the BETO

ceramics. It is clearly seen that the samples (x = 0.1 and

0.3) exhibit plate-like grains, overlapping one another. The

plate-like grains have an average thickness of approxi-

mately 600 nm, and they are random orientation according
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to XRD peaks and SEM. Such morphology is also a typical

characteristic for layer structure of the Aurrivillius type

[17]. The microstructure of the ceramics was varied by

further increasing the Er content. It can be seen that the

aspect ratio of the grains has a tendency to decrease with

addition of more than 0.3 mol% of Er.

The visible emission spectra of Er3? doped BTO pow-

ders under infrared excitation (980 nm) are presented in

Fig. 4. For comparison, PL behavior of undoped BTO

powders excited by a 450 W xenon lamp or 980 nm laser

were measured, No PL emission was observed, which

means the BTO powders are highly ordered at long and

short-range. Similar results were also found for the BTO

powders [18]. As seen from Fig. 4, the spectra of all the

samples exhibit three distinct emission bands. The peaks in

the green region of 525–534 nm and 545–555 nm are

assigned to the 2H11/2 ? 4I15/2, 4S3/2 ? 4I15/2 of Er3? ions,

respectively, the red peak between 658 and 671 nm origi-

nates from the 4F9/2 ? 4I15/2 transitions [19]. It has been

well addressed that the green emissions are attributed to the

intra spin-allowed f-f radiative transitions of Er3? ions,

while the red emission is attributed to another spin-allowed

f-f radiative transition of Er3? ions [20]. The spectra of the

Er3? transitions represent some discrete set of narrow lines,

suggesting that the Er3? occupies the crystalline site [5],

which is also consistent with the experimental results of

XRD and Raman. The splitting of the emission peaks is

ascribed to the stark splitting of the degenerate 4f levels

Fig. 1 a XRD patterns of

Bi4-xErxTi3O12 powders with

x up to 0.5. b The lattice

parameters (a, b, c) and cell

volume (V) of BETO as

functions of Er3? concentrations
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under the crystalline fields of the host materials BTO. The

green emission centered at about 550 nm is about 2–4

times as strong as the red emission centered at 662 nm,

indicating that the 4S3/2 levels are predominantly excited in

these materials. It is worth noting that the upconversion

fluorescence can be easily seen with naked eyes when the

980 nm diode laser is focused on the sample, even at very

low pump power of the laser. The predominance of the

green upconversion luminescence behavior in relation to

red emission upconversion luminescence behavior was

also reported in Er3? doped BaTiO3 powders and Er3?

doped Bi4Ti3O12 film for excitation wavelength of 980 nm

[7, 8]. While for Er3? doped PbTiO3 or BaZrO3 perovskite

powders, the green emissions (2H11/2, 4S3/2 ? 4I15/2) are

almost negligible and the main upconverted emissions

correspond to the red band [5, 6], showing the medium

have obvious influence on the photoluminescence emission

of perovskites.

For the upconversion process, the UC emission intensity

I is proportional to the nth power of the incident intensity

P, i.e. I � Pn, where n is the number of pump photons

absorbed per up-converted photon emitted. A plot of log

I versus log P yields a straight line with sloped n. For the

samples of various Er3? concentrations, n varied from 1.65

to 2.08, indicating that two photons are participating in this

UC process [6]. From Fig. 4, it is also observed that the

peak intensities of the up conversion emissions of the

powders increase with increasing the concentration of Er3?

(x = 0.05–0.2), and then a concentration quenching effect

appeared as the x = 0.3. The quenching of the PL fluo-

rescence of Er3? ions would become considerable when the

concentration of Er3? ions further increased [21], which is

associated with the formation of Er3? clusters at higher

Er3? concentration [4]. Interestingly, the peak intensities of

the upconversion emissions of the powders start to increase

with the increasing x from 0.3 to 0.5. Generally speaking,

the PL intensity of Er3? is dependent on the structural

distortion and symmetric crystal field is unfavorable for the

upconversion emission because the f-f transition is origi-

nally prohibited under high spherical symmetry [22]. It

should noticed that the ion radius of and Er3? is smaller

than that of Bi3?, size-mismatch due to the substitution of

Er3? in the Bi3? sites will increase crystal lattice distortion,

and the larger the Er3? content, the greater the lattice

Fig. 2 Raman spectra for Bi4-xErxTi3O12 powders as a function of Er

content

Fig. 3 SEM micrographs of

Bi4-xErxTi3O12

ceramics(x = 0.1, 0.3, 0.4, 0.5)
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distortion [23]. So it is inferred that as the Er3? concen-

tration further increases the additional lattice distortion

accounts for an overall increase of sites with lower sym-

metry, giving rise to the increase in the PL intensity. From

the above analysis of the Raman data, the structure dis-

tortion became larger when the x is more than 0.3 mol%,

which can explain the increasing intensities of the upcon-

version as the x in the range of 0.3–0.5.

The mechanisms associated with the infrared-to-visible

upconversion luminescence process of Er3? doped oxides

and oxyfluorides have been discussed in the literatures

[24–26]. Although they are analogous, there are still some

discrepancies due to diverse host materials. Figure 5

exhibits energy level diagram of Er3? ions as well as the

probable up-conversion photoluminescence mechanisms

accounting for the green and red emissions. For the Er3?

doped BTO powders, the excitation wavelength from

980 nm matches well the absorption transition between

the ground state (4I15/2), and the excited level (4I11/2). This

is a ground state absorption process (GSA) [19]. After

first-level excitation, the Er3? ions at the 4I11/2 level may

absorb a second photon and then are excited to the 4F7/2

level. This is an excited state absorption process (ESA).The

energy level diagram for the Er3? ions indicates that there

is a 4F7/2 level which is approximately at twice the exci-

tation energy of 980 nm. Moreover, two excited Er3? ions

at 4I11/2 level can interact with each other through energy

transfer, and one is de-excited to 4I15/2 while the other is

excited to 4F7/2 level: 4I11/2 ? 4I11/2 ? 4I15/2 ? 4F7/2. Both

of the above processes can amass the ion numbers of the
4F7/2. Afterwards, the population in the 4F7/2 will decay

non-radiatively to the 2H11/2 and 4S3/2 levels and the energy

mismatch is compensated by the emission of phonons due

to the small energy gap involved between the 4F7/2 and
2H11/2, 4S3/2 levels [27]. The mechanism involved for the

UC emission in the green region may be expressed as

4F7=2 !2 H11=2;
4S3=2 !4 I15=2 þ photon in the green region

ð1Þ

For red emission, the luminescent 4F9/2 level can be

pumped via three possible ways. Firstly, Er3? ions on the
4S3/2 level populated as pointed out previously relax

nonradiatively with a moderate rate to the 4F9/2 level.

Secondly, the long living 4I13/2 level which is nonradiative

relax from the 4I11/2 level was excited to the 4F9/2 level by

ESA process. Thirdly, a cross relaxation process between

the 4I13/2 and 4I11/2 also contributes to the population of the
4F9/2 level. The mechanism involved for the UC emission

in the red region can be represented as

4S3=2 !4 F9=2 !4 I15=2 þ photon in the red region ð2Þ
4I13=2 þ ESA!4 F9=2 !4 I15=2 þ photon in the red region

ð3Þ
4I13=2 þ4 I11=2 !4 F9=2

!4 I15=2 þ photon in the red region ð4Þ

In the above three ways, ways of (3) and (4) are

dominant because of the long lifetime of the 4I13/2 level and

the quite low nonradiative relaxation probability from the
4S3/2 level due to the large energy gap between 4S3/2 and
4F9/2 levels [28]. However, the process of (1) is leading

since the intensity of red emissions is lower than that of

green emissions for all the samples. The weaker red UC

emission is also associated with the relatively small phonon

energy of the BTO lattice [7].

Ferroelectricity in the BETO ceramics was performed

with a radiant precision workstation ferroelectric tester at a

frequency of 1 Hz and an applied voltage in the order of

7.5 kV/mm and typical ferroelectric loops were shown in

Fig. 6. The loops are not fully saturated with the largest

remnant polarization (2Pr) of 0.85 lC/cm2. This value is

Fig. 4 Upconversion spectra of Bi4-xErxTi3O12 ceramics as a

function of Er content

Fig. 5 Probable up-conversion photoluminescence mechanisms of

the Er3? doped BTO powders
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lower than that of pure BTO (3 lC/cm2), comparable with

Fe doped BTO ceramics and Nb doped BTO ceramics

fabricated by the polymeric precursor method [29, 30].

Although the loops are lack of saturation, the loops are

strong evidence to indicate that the BETO ceramics have

ferroelectricity. It was found that the rare earth element Er

can not improve the ferroelectric properties, which implied

that Er3? substituting for Bi3? could not efficiently

decreased the concentration of oxygen vacancies and

weakened the influence of domain pining on the polariza-

tion. From Fig. 6, it is clearly that the value of 2Pr firstly

increases and then decreases. The variation trend in 2Pr

with the Er contents is consistent with the variation trend of

grain size, which is verified by the SEM images shown in

Fig. 3. The increase of grain size reduces the coupling

between grain boundaries and the decrease of domain wall

can appear due to more difficult reorientation and the

domain wall motion [31]. Although the remnant polariza-

tion of the BETO is small, for the area of the ferroelectric

gate field effect transistor is enough, because it does not

need to have a large remanent polarization [32].

4 Conclusions

In summary, Bi4Ti3O12 doped with different concentrations

of Er3? were synthesized by a sol–gel technology. The

results of XRD and Raman spectra suggest that all the

BETO samples consist of the Bi-layered Aurivillius phase.

Results of SEM micrographs of the BETO ceramics show

that the aspect ratio of the grains has a tendency to decrease

with addition of more than 0.3 mol% of Er. Efficient

infrared-to-visible upconversion in the Er3? doped BTO

powders is observed at room temperature, with generation

of green emission. Three upconversion emission bands

centered at about 525, 550 and 662 nm are due to the

radiative relaxation of Er3? from 2H11/2, 4S3/2 and 4F9/2 to

the ground level 4I15/2, respectively. The Bi3.8Er0.2Ti3O12

powders have the highest relative emission intensity. The

effect of concentrations of Er3? on the upconversion

emissions and the upconversion mechanisms has been

discussed in detail. In addition, the BETO ceramics show

clear ferroelectricity with the largest remnant polarization

(2Pr) of 0.85 lC/cm2. The results illustrate the large

potential of this class of materials in integrated photolu-

minescence ferroelectric devices.
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