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Abstract: In this work, Er3+ doped ferroelectric glass ceramics containing 

high-content BaTiO3 nanoperovskite have been prepared successfully. 

Optical behaviors with structural dependence indicate that the perturbation 

of ligand field by tunable thermal condition in glass-ceramics is beneficial 

to boost upconversion efficiency, that is, the emission intensity possesses 

multifold improvement in both green band (2H11/2, 4S3/2→ 4I15/2) and red 

band (4F9/2→ 4I15/2). And adding voltage to stimulate polarization reversal 

of ferroelectric domains has been investigated as a physical mode to 

broaden luminescence emissions in visible range. Compared with the 

unpolarized glass-ceramics, over 1.5 folds higher luminescence intensity 

can be obtained by polarizing the samples. The multiple mechanisms to 

achieve upconversion enhancement in ferroelectric materials will stimulate 

and expand the use of innovative optoelectronic devices.  
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1. Introduction 

Within the past few years, variety of devices have focused on emerging 

stimulative effect by coupling two or more proprieties in a single 

compound, including light-emitting diodes [1], solar cell [2], non-volatile 

random access memories and tunable microwave [3, 4]. As a typical 

ferroelectric material exhibited great dielectric, piezoelectric properties 

and electrocaloric effect, Barium titanate (BaTiO3) is widely used in fields 

of energy storage and photocoupling [5-9].  

In previous reports, photo-electrical applications of perovskite BaTiO3 

particles were in great progress, mainly including nonlinear integrated 

photonics [10], biomedical temperature sensor [11-13], and probes for 

structure [14, 15]. The manufacture of low-loss BaTiO3-Si waveguides 

with propagation loss of only 6 dB/cm took the photonic integrated 

circuits a further step [10]. Because of the innocuity of BaTiO3, a number 

of sensors for detecting biological target temperature were underway to be 

fabricated [13]. Moreover, the enhancement of upconversion fluorescence 

was achieved in lead-free thin films and ceramics by providing electric-

field stimulation [16, 17]. The relevant structural principle was revealed by 

means of first-principles calculations [18] and 3D imaging of ferroelectric 

kinetics [19]. The phenomenon can be described as a modulable electron 

transition mechanism of luminescent ion by perturbing structural 

symmetry and crystal field. Discussions regarding the conventional 



methods to realize the change of crystal field around central ions have 

brought inevitable structural problems in disordered glassy structure, 

especially chemical inhomogeneities and defects [20-22]. Fortunately, the 

electric-stimulated polarization technique can make up for the 

imperfections and provide an opportunity to isolate the pure crystal-field 

effect from other influences in the glass-ceramics through an in-situ and 

reversible modulation process. In addition, residual polarization in the 

local environment is an indispensable part for the technique. Thanks to the 

typical ferroelectrics of perovskite BaTiO3 and tunable glass components, 

the glass-ceramics are promising and novel electric-tunable materials to 

achieve controllable and reversible tuning of upconversion luminescence. 

In this work, nano-sized perovskite BaTiO3 particles are fabricated 

regularly in matrix glass by optimizing heat treatment processes. 

Crystallization kinetics of the glass-ceramics and phase structure are 

investigated. It is confirmed that the factors of temperature and electric 

field can alter crystal-field structure properly in glass-ceramics. 

Upconversion optical properties and the corresponding energy transfer 

mechanism in glass, glass-ceramics and polarized glass-ceramics are 

discussed by incorporating Er3+ ions.  

2. Experiment procedures 

Precursor glass samples with molar composition of 66(BaO-SrO-TiO2)-

20SiO2-14(Al2O3-Na2O)-0.5Er2O3 (named BTEr) were fabricated by the 

conventional melting method, and all the raw materials were with high 

purity. After weighing precisely of the starting materials, the mixed batch 



was melted in an elevating furnace at 1500°C for 45 minutes. The 

utilization of cold-press method and primary annealing process at 600°C 

for 4 hours to remove the internal thermal stresses could easily obtain the 

precursor glass BTEr. Meanwhile, the precursor glass without rare-earth 

Er3+ named BT was melted. In the process of secondary annealing, five 

modes of heat treatment temperatures (810, 830, 850, 870°C) were 

selected. In order to precipitate crystals homogeneously, the precursor 

glass launched a nucleation process at 680°C for 2h with the heating rate 

of 2°C/min, and then a rise in temperature was carried out at the same rate. 

The glass-ceramics samples without Er3+ were named as BTT810, 

BTT830, BTT850 and BTT870, respectively, that doped with Er3+ were 

named as BTErT810, BTErT830, BTErT850, and BTErT870, 

respectively. Then, these glass-ceramics were cut into 0.2 mm thick sheets 

and then polished for structural, optical and ferroelectric properties testing. 

Adopting NETZSCH DTA 404 PC differential scanning calorimeter, the 

differential scanning calorimeter (DSC) curves were obtained. X-ray 

powder Diffract (XRD) analysis of the samples was performed with 

Rigaku D/max 2550 diffractometer using Cu − Kα1 radiation 

(λ=0.154nm). The grain orientation was measured by a transmission 

electron microscope (TEM, FEI Tecnai G2 F20 S-WTINE). The 

fluorescence spectra (400–1800nm) was measured with a computer-

controlled Triax320 type spectrometer upon excitation by 980nm laser 

diode with the maximum power of 1 W. TDS 3012 C type Digital 

Phosphor Oscilloscope (100MHz, 1.25GS/S) was used to measure and 



display the lifetime of the Er3+: 4I13/2 state. The polarization-electric field 

(P–E) curves were tested under the frequency of 10Hz by means of a 

ferroelectric testing system (Radiant Precision Premier II Technology) in a 

silicon oil bath to avoid electrical discharges. All the measurements were 

performed at room temperature. 

3. Results and discussion 

3.1 Thermal Kinetics  

The Kissinger equation [23-25] is applied to calculate the kinetic 

parameters of exothermal reaction in the process of glass transition. And 

the specific formula is given below: 

2
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Where the ψ is the heating rate, Ea is apparent activation energy, R is the 

universal gas constant, A is pre-exponential factor, and Tc is the 

crystallization temperature. 

 

FIGURE 1. (a) DSC curves of the precursor glass at different heating rates. (b) Plot of ln(ψ/Tc
2) 

versus 1/Tc and dependence of k on 1/Tc. 

The DSC curves of glassy matrix under different heating rates of 10, 15, 

20, 25, 30°C/min are recorded in FIGURE 1(a). And the linear 

relationship between 1/Tc and ln(ψ/Tc
2) launched by Formula 1 is 



presented in FIGURE 1(b), yielding the kinetic parameters of Ea (kJ/mol) 

from the slope of the straight line and A (s-1) from the intercept. The 

calculated activation energy Ea=341.64kJ/mol and factor A=2.51×1016s-1 

are lower than the previous reports on (Bax, Sr1-x)TiO3 glass-ceramics [26, 

27]. Hence, it is reasonable to believe that the BaTiO3 nanoparticles are 

supposed to be fabricated in the precursor glass at a relatively low 

temperature as illustrated. In order to further evaluate the thermal 

performance, the relevant parameters listed in table 1 have been discussed. 

It is shown that there are two exothermic peaks of different intensities in 

the diagram 1(a). In silicon-based glass, a strong peak corresponding to the 

crystallization process of BaTiO3 ferroelectric microcrystals is around 

790°C, and a weaker peak is around 910°C. Through data analyzing, the 

invariant ΔT (about 154°C) points out a high thermal stability of the 

precursor glass. Besides, the calculation of fragility [28] (m=Ea/RTg) 

indicates a dense and stable glass network structure. 

Table 1. Heating rate, crystallization temperatures, crystallization temperature, crystallization peak 

temperature, stabilization temperature, fragility obtained from activation energy, activation energy, 

reaction rate and crystal growth dimension of precursor glass. 

𝜓𝜓(°C/min) Tg(°C) Tx(°C) Tc(°C) ΔT Ea(kJ/mol) A m k 

10 619.2 768.4 786.7 149.3 

341.64 2.51×1016 

46.05 0.37 

15 621.4 778.2 797.5 156.8 52.80 0.54 

20 627.3 784.0 805.2 156.7 52.41 0.71 

25 633.4 786.7 811.2 153.4 52.23 0.88 

30 636.3 790.2 816.0 154.0 52.00 1.03 



Arrhenius theory [26], k=Ae-Ea/RT, is an important equation to compute the 

rate of crystallization, and the relationship between k and 1/Tc is plotted in 

FIGURE 1(b). It is illustrated that the crystallization rate k is increased 

accompanying by the crystallization temperature Tc, which implies that 

manifold effective collision particles activate the crystallization process. In 

terms of chemical composition, the increased non-bridged oxygen and 

reduced activation energy are presented as the addition of alkali metal 

carbonate Na2CO3. These results stimulate the increase of crystallization. 

3.2 Phase analysis 

 

FIGURE 2. (a) The XRD patterns of the glass ceramics. (b) The variation trends of peak position 

of (110) surface and the grain size of nanoparticles. 

The X-ray diffractometer (XRD) patterns of glass ceramices BTT810, 

BTErT810, BTErT830, BTErT850, and BTErT870 are depicted in 

FIGURE 2(a). It can be clearly seen that all peaks from 20° to 60° 

correspond well to the XRD pattern of cubic BaTiO3 phase (JCPDS card 

No.79-2263 with space group Pm-3m and the lattice constants of 

a=b=c=4.006Å, z=1), except for two unknown tiny diffraction peaks 

located at 29.26° and 35.69°. Contrasting monitoring data, the 

characteristic peaks gradually shift towards larger angle with the 



increment of crystallization temperature, and the tendency is established in 

FIGURE 2(b). It is revealed that the reduced crystallite volume provides 

the possibility of Er3+ ions percolating into the BaTiO3 structure. Referring 

to previous report came from Prf. Hao [17], the conclusion of Er3+ 

replaced Ti4+ in BaTiO3 glass ceramics can be obtained by analogy, as 

displayed in model S1 in FIGURE 3(a). Besides, the embed model S2 

demonstrates the substitution of Er3+ for Ba2+, due to the atomic size of 

Er3+ (1.03Å) is smaller than Ba2+ (1.75Å). In addition, model S3 contains 

both of the above two cases. 

The crystallitesize can be calculated by using Scherer formula [29], as 

follows: 

K
cos

=
λd

β θ
                                                                                                                    (2) 

where K is the shape factor (0.94), λ is the wavelength of Cu Ka line 

(1.54Å) and β is the full width at half maximum. The grain size obtained 

at different heat treatment temperatures is plotted in FIGURE 2(b). By 

differing temperature, the same positive trends of the peak position and 

grain size are obtained at 850°C. But continuing to grow up the 

temperature, a weakened result will be found. In addition, this anomaly 

can also be observed in the subsequent spectroscopic analysis. 



 

FIGURE 3. (a) 3D substitution models of BaTiO3 unit cell. (b) Local atomic distribution of 

BaTiO3 perovskite particles and the offsets of Ti-O atoms after polarizing. 

3.3 Emission characteristic effected by rmodynamics 

As a typical rare-earth luminescent ion, the emission intensity of Er3+ is 

affected by the crystal symmetry of host materials whether to emit 

upconversion visible or downconversion near infrared photoluminescence 

(PL) [22, 30]. The PL spectrums of Er3+ incorporated into BaTiO3 

ferroelectric glass-ceramics in the visible region are measured and 

depicted in FIGURE 4. It is presented that there are three main emission 

peaks around 534nm, 557nm and 665nm, corresponding to 2H11/2→ 4I15/2, 

4S3/2→ 4I15/2, and 4F9/2→ 4I15/2, respectively. Obviously, the upconversion 

luminescence is enhanced by secondary annealing process, and the 

maximum multiples located in main green band (557nm) can reach up to 

10.05 folds. Meanwhile, the PL intensity ratio between glass ceramics 

(heat-treated at 850°C) and the precursor glass is up to 17.96 at the red 

band. But the emission intensity begins to fade down along with the 



continuous heating-up to 870°C. This phenomenon is related to the 

concentration quenching effect since more Er3+ ions incorporates into the 

BaTiO3 crystallites with the increasing of crystallization temperature [31].  

 

FIGURE 4. Upconversion emission spectra of Er3+. 

A Hamiltonian [32, 33] is introduced to describe the energy transition of 

the entire system. The formula is as follows:  

0 − −= + + +crystal field EM ion ionH H V V V                                                                               (3) 

Where H0 is the role of electron and spherical symmetry ion core, Vcrystal-

field is the effect of lattice field, VEM is an interaction between ions and 

electromagnetic fields, Vion-ion is the interaction of two Er3+. How the 

internal electrons of Er ions affected by crystal field can be further 

understood from the perspective of quantum mechanics. In the precursor 

glass, the change of crystal field has little impact on the oninner ground 

state electrons due to the 4f-4f electrons of Er3+ are shielded by the outer 

electron, and only can be regarded as a small disturbance [34]. But in 

FIGURE 4, the obvious stark split peaks indicate that the weak change 

around the Er3+ after crystallizing drives the crystal field asymmetrical so 



as to increase the Vcrystal-field. Since Er3+ can replace Ti4+ and occupy the 

center of the octahedron surrounded by oxygen ions, the deviated Er3+ 

caused by unbalanced electrovalence changes the H0. Notably, the increase 

of H opens a reliable gate to explain the unusual emission enhancement 

phenomenon.  

3.4 Emission characteristic effected by electric field 

Further enhanced emission of the green band has been achieved, as 

reflected in a series of exploratory experiments in FIGURE 5, by applying 

a high bias voltage (160V) to the glass-ceramics subtlety. It is obvious that, 

the glass-ceramics obtained at 850°C get the best up-conversion 

luminescence. 

 

FIGURE 5. Fluorescence emission spectra of different glass-ceramics at the green band. 

Optical tests on the glass-ceramics sample BTErT850 (fabricated at 850°C) 

are carried out in depth, referring to previous reports [9, 35]. The 

luminescent properties of BTErT850 samples are measured and depicted 

in FIGURE 6(a) and (b). In addition to the heightened multiples mentioned 

above, it is observed in FIGURE 6(a) that the 2H11/2, 4S3/2→ 4I15/2 and 



4F9/2→ 4I15/2 emissions of Er3+ are almost enhanced about 1.5 times by 

applying a voltage of 160V to the BTErT850 for polarization. By contrast, 

the unpoled BTErT850 and poled BTErT850 both showed a weaker 

emission than the precursor glass in the near-infrared band, resulting in a 

gap of about 2.5 times.  

 

FIGURE 6. (a) Upconversion emission spectra of Er3+. (b) Near-infrared emission spectra of Er3+ 

(1.54μm). (c) Energy transfer mechanism of Er3+. (d) Measured near-infrared decay curves. 

The decreased near-infrared (1.54μm) emission of Er3+ is attributed to 

enhance upconversion emission of Er3+. To verify this point, energy level 

transition dynamic is provided in FIGURE 6(c). Upconversion 

luminescence of RE ions is the result of a dynamic process or a 

combination of several processes. The 980nm laser excites the electrons of 

4I15/2→4I11/2 of Er3+ with a ground state absorption (GSA), which acts as a 

two-photon process. On account of the increasing particles at the 4I11/2 



level with the changing in glass conditions (precipitating crystallites and 

electric-field polarization), the excitation state absorption (ESA) and 

energy transfer up-conversion processes (ETU) are enhanced appreciably. 

In consequence of the increased number of Er3+ transitioning from the 

4I11/2 level to 4F7/2 and rapidly relaxed to 4S3/2 and 4F9/2 through the non-

radiative transition, the green light (557nm) and the red light (665nm) are 

excited to a greater extent. Comparatively, the radiation transition of 4I11/2

→ 4I13/2 is noticeably attenuated corresponding to the weakness of 

luminescence at 1.54μm. The time-resolved near-infrared fluorescence 

spectra were conclusively showed in FIGURE 6(d). According to the 

fitting calculation, the fluorescence lifetime of the precursor glass is 

2.07ms. Conversely, much shorter lifetimes are present to the glass-

ceramic samples of unpoled BTErT850 (0.55ms) and poled BTErT850 

(0.79ms). The polarization-dependent time-resolved luminescent behaviors 

are in good agreement with the near-infrared emission spectra of Er3+ at 

1.54μm. The data consistency verifies that the effect of electric-induced 

polarization allows the luminous efficiency of Er3+ to be enhanced at both 

up-conversion and down-conversion luminescence. 

 



FIGURE 7. (a) Polarization hysteresis loop of samples obtained at different treatment 

temperatures. (b) Fluorescence emission pattern of sample BTErT850 under different electric fields. 

For purpose of verifying the positive correlation between remanent 

polarization and photoluminescence, the typical E-P loops at different dc 

bias voltage and the PL spectrum of BTErT850 samples poled by 

increased voltage are demonstrated in the FIGURE 7(a) and 7(b). It 

indicates that the original disordered ferroelectric domain turns to a 

relatively uniform orientation exactly as the applied electric field, which 

leads to be modified of the ligand field around rare-earth ions. More 

specially, under the modulation of the electric field, the relative 

displacement of Ti-O is altered slightly. That is, Ti4+ moves toward the 

electric field and O2- is in the opposite direction, referring to FIGURE 

3(b). Thereby the incremental emission intensity of the polarized glass-

ceramics is reflected positively as illustrated in FIGURE 7(b).  

4. Conclusions 

In summary, Er3+ doped ferroelectric glass ceramics containing BaTiO3 

nanoperovskite are successfully synthetized. The upconversion emission 

intensity in the visible is obtained to acquire significant enhancement after 

engaging in a secondary annealing progress, and the maximum intensity 

increment of green light (2H11/2, 4S3/2→ 4I15/2) is about 10.05 folds while 

the red light (4F9/2→ 4I15/2) is 17.96 folds. Furthermore, the fluorescence 

intensity of the polarized glass-ceramics suffered from a 160 V dc bias 

voltage is able to improve almost 1.5 folds. The results performs that the 



present ferroelectric glass-ceramic is promising to develop a sensitive and 

efficient optoelectronic device in the future applications. 
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