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A B S T R A C T

This study analyzes the effects of doping BaTiO3 with Er3+ within its perovskite ABO3 structure, specifically 
investigating how substituting Er3+ at the Ba (A-site) and Ti (B-site) locations influences the material at different 
doping levels. Scanning electron microscopy (SEM)/energy-dispersive X-ray spectrometry (EDS) analysis shows 
that all of the samples have polygonal grains. In BTO doped with 0.01 wt% and 0.1 wt% Er3+ grain size was up to 
45 μm. With the higher amount, the growth is slowing down and grains are 2–10 μm. Raman spectra show part of 
common BaTiO3 modes only for the lowest content of Er3+. At higher Er3+ content, the usual modes are 
completely covered by strong luminescence originating from Er3+ deexcitation from energy level 2H11/2. The 
intensity of the photoluminescence (PL) bands shows the influence of not only the Er3+ concentration, but also 
the crystallinity of the sample, especially their surface. The FIR reflectivity shows а slight wavelength shift for 
higher sintering temperature, but all spectra show lower intensity comparing with pure BaTiO3. FTIR trans
mission spectra show slight shifts of characteristic Ti–O bending mode at about 480 cm− 1 confirming the 
incorporation of Er3+ in BaTiO3 at 1320 ◦C and 1350 ◦C. Near IR excitation (1530 nm) provoked upconversion 
photoluminescent (UCPL) spectra of BaTiO3:Er3+ with PL lines at higher energies. The upconversion mechanism 
for each line was determined and the fluorescence lifetime was estimated. It is observed that the obtained in
tensities of UCPL increase gradually at both sintering temperatures with increase of Er3+ content.

1. Introduction

Oxide materials, with chemical formula ABO3, such as barium tita
nate (BaTiO3) are known to belong to the perovskite family. The anion, 
mostly oxygen, is located in the center of the side of the cube [1]. The 
perovskite structure can be viewed as a cubic packing of A and O ions, 
with B ions filling the octahedral interstitial sites, but it can also be 
viewed as a three-dimensional structure composed of [BO6] octahedra, 
which is shown in Fig. 1. Therefore, each of the eight barium ions be
longs simultaneously to eight adjacent cells and each of the six oxygen 
ions is shared between two adjacent unit cells. In this sense, 8:8 = 1 
barium ion and 6:2 = 3 oxygen ions belong to each titanium ion, from 

which the empirical formula BaTiO3 follows.
Cubic BaTiO3 has the properties of a paraelectric, upon cooling it 

changes to the tetragonal phase and becomes ferroelectric, and Ti4+ ions 
occupy positions outside the center of the octahedron [2]. The 
displacement of the oxygen and titanium ions leads to a slight distortion 
of the unit cell [3]. The axis along which the ions move is stretched while 
the remaining two are shortened, thus changing the cubic structure to a 
tetragonal one. This phase transition is accompanied by remarkable 
dielectric anomalies, the transition temperature is called Curie’s point Tc 
[4]. Above 130 ◦C, these materials have a centrosymmetric cubic 
perovskite structure. However, as the temperature decreases, the 
structure goes through three characteristic phase transformations, each 
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of which involves a small distortion of the cubic unit cell. Barium tita
nate exists in several crystalline modifications, depending on the tem
perature [1]. The high-temperature phase (125–1460 ◦C) has a cubic 
(Pm3 m) structure, while below 130 ◦C the structure of BaTiO3 is 
tetragonal (P4mm) [5].

These materials have been intensively studied since Wul and 
Goodman (1945) until today, precisely because of their excellent 
properties and the possibility of application in various branches of in
dustry [6,7]. They are used for the production of components in elec
tronic and electro-optical devices, such as multilayer ceramic capacitors, 
pyroelectric detectors, components for ferroelectric memory, sensors 
and thermistors with a positive temperature coefficient of resistance [6, 
8]. The unique electrical and electromechanical properties of barium 
titanate ceramics can be modified by varying the sintering conditions 
and/or doping with different rare earth ions [9–14]. Therefore, addi
tives are added to barium titanate powders for two reasons: 1. to in
fluence the sintering process (densification and grain growth); 2. to 
develop the desired electrical and electro-optical properties. Numerous 
researchers have focused on trivalent lanthanides, particularly Er3+, 
which has proven to be an excellent dopant with outstanding spectro
scopic characteristics, especially in optical fibers [15–19]. Luminescent 
nanomaterials are promising candidates for establishing NTM, thanks to 
their high sensitivity, rapid signal acquisition, and minimally invasive 
nature of luminescence signal detection. Lanthanide ions, including 
Er3+, Ho3+, Nd3+, and Yb3+ with near-infrared emissions, have been 
employed as emitters in optical nanothermometers for in vivo applica
tions [20]. The trivalent erbium (Er3+) ion is a commonly employed 
luminescent species to realize efficient up-conversion (anti-Stokes) 
emission [21,22].

It can be observed that the incorporation of ions at A or B sites in 
ABO3 compounds significantly affects the Curie’s temperature and other 
physical properties during the doping process [13,23]. Isovalent impu
rities, which have the same valence as the ions they replace, do not affect 
defect populations. However, anisovalent impurities, which have a 
different valence from the ions they substitute, necessitate the creation 
of charge compensation defects to preserve electrical neutrality. When 
the replacement cation has a lower valence than the original, electronic 
holes may form, whereas a higher valence replacement cation can lead 
to the release of electrons. For example, the Er3+ ion, with a valence and 
ionic radius intermediate between the Ba2+ ion and the Ti4+ ion, could 
theoretically substitute either A or B sites in BaTiO3, depending on the 
Ba/Ti ratio [24,25]. When Er3+ is incorporated into BaTiO3, the reaction 
can be represented as: 

Er2O3 (en BaTiO3) → 2Er•Ti + 2Oo + (1/2) O2 (g) + 2e’                   (1)

The influence of Er3+ as a dopant on BT is evident. The amount of 
added erbium during the doping process is very important. Among the 
various methods for preparing polycrystalline solids, the solid-state re
action method was used for the synthesis of doped BT. Solid-state re
actions of mixed powders have numerous advantages compared to other 
methods, relating to cost-effectiveness, simplicity, and large-scale pro
duction [26].

2. Experimental procedure

The entire process of synthesis and the starting materials used to 
obtain BaTiO3 ceramics doped with Er3+, we have presented in detail in 
our earlier work [25,27, 28]. The samples of Er2O3 doped BaTiO3 were 
prepared by conventional solid-state sintering procedure starting from 
high purity commercial BaTiO3 powder (MURATA) with Ba and Ti ratio, 
[Ba]/[Ti] = 1.005, and reagent grade Er2O3 powder (Fluka chemika). 
The content of additive oxides, Er2O3, is ranged from 0.01 to 1.0 wt%.

The initial powders were mixed and ground together in an ethyl 
alcohol medium for 24 h. This milling process was carried out using a 
polypropylene container and zirconia balls, each with a diameter of 10 
mm, as the grinding media. After milling, the slurries were placed in an 
oven at 200 ◦C and dried until they reached a stable weight. PVA was 
then mixed in as a binder. The resulting powders were compressed into 
disks with a diameter of 7 mm and a thickness of 3 mm using a uniaxial 
pressure of 120 MPa. These disks were sintered in an air atmosphere at 
temperatures of 1320 ◦C and 1350 ◦C for 4 h. During the sintering 
process, the temperature was raised at a rate of 5 ◦C per minute and 
reduced at a rate of 10 ◦C per minute.

The samples were treated with a solution of 10 % HCl and 5 % HF for 
microstructural analysis. The microstructures of both the as-sintered and 
chemically etched samples were examined using a scanning electron 
microscope (JEOL-JSM 5300) with an attached energy dispersive spec
trometer (EDS-QX 2000S system). The grain size and porosity distribu
tion in the samples were measured using the LEICA Q500MC Image 
Processing and Analysis System.

The NTEGRA Prima system, provided by NT-MDT, was used for the 
atomic force microscopy (AFM) analysis. Topographical images were 
captured in semi-contact mode using NSG01 probes from NT-MDT. The 
conditions under which the topographical images were obtained are: 
semi-contact mode (NSG01 probe from NT-MDT), curvature radius of 
10 nm, force of 6 N, and frequency of 150 kHz. All measurements are 
performed under ambient conditions.

The BOMMEM DA-8 FIR spectrometer was used to record FT-IR 
spectra. A DTGS detector was employed in the experiment. All mea
surements are displayed in the band from 90 to 650 cm− 1.

The Jobin Yvon T64000 spectrometer was utilized to record all 
Raman spectra in a backscattering configuration, featuring a nitrogen- 
cooled CCD detector. A Ti laser with a wavelength of 514.5 nm and an 
output power of 20 mW served as the excitation source. All spectra were 
displayed in the band from 100 to 2200 cm− 1.

To successfully analyze the Er3+ doped BaTiO3 ceramic obtained 
through sintering at different temperatures (1320 and 1350 ◦C) we used 
the FTIR spectroscopy method. The name of the device used was: ATR- 
FTIR Nicolet™ IS™ 10 Thermo Scientific, Waltham, MA, USA. The 
measurements are displayed in the band from 400 to 1100 cm− 1 with a 
resolution of 0.5 cm− 1.

The upconversion photoluminescence (UCPL) experiments described 
in this study were carried out at ambient temperature using a Q- 
switched Er-doped glass laser operating at 1535 nm with nanosecond 
pulses (≤6 ns) and a pulse energy of 500 μJ. Time-resolved streak images 
of the upconversion emission spectra were acquired with a SpectraPro 
2300i spectrograph and recorded using a Hamamatsu C4334 streak 
camera set to photon counting mode. The streak camera was operated 
with the HPD-TA software, and the analysis of fluorescence lifetimes was 
carried out using the TA-Fit program.

Fig. 1. The unit cell structure of pervoskite BaTiO3.
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3. Results and discussions

3.1. Structural and morphological characterization

X-ray diffraction analysis of BaTiO3 samples doped with 0.01 wt% 
Er3+ reveals only the presence of the BaTiO3 perovskite phase with a 
uniform distribution of erbium. When the doping concentration is 

increased to 0.5 wt% Er3+, a secondary phase, Er2Ti2O7, becomes 
noticeable. The shift in XRD peaks for the doped samples compared to 
undoped BaTiO3 indicates that the lattice parameters have increased, 
suggesting that Er3+ ions are likely substituting for Ti rather than Ba in 
the BaTiO3 structure.

The microstructural analysis of the Er3+-doped BaTiO3 ceramics 
shows irregular polygonal grains (insets Figs. 2 and 3). At lower doping 

Fig. 2. EDS spectra with insets SEM images of BaTiO3 doped with (a) 0.01, (b) 0.1, (c) 0.5 and (d) 1.0 wt% of Er3+ and sintered at 1320 ◦C.

Fig. 3. EDS spectra with insets SEM images of BaTiO3 doped with (a) 0.01, (b) 0.1, (c) 0.5 and (d) 1.0 wt% of Er3+ and sintered at 1350 ◦C.
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levels (0.01 wt% and 0.1 wt% Er3+), the grains exhibit abnormal 
growth, ranging from 20 to 45 μm (Fig. 2(a) and (b); Fig. 3(a) and (b)). 
As the doping concentration rises, the average grain size decreases: for 
0.5 wt% Er3+, the size ranges from 10 to 15 μm, and for 1.0 wt% Er3+, it 
further reduces to 5–10 μm (Fig. 2(c) and (d); Fig. 3(c) and (d)).

Figs. 2 and 3 show EDS diagrams with corresponding inset SEM 
images of BaTiO3 samples doped with Er3+. It can be noted that the BT 
sample with 0.01 wt% Er3+ shows that the erbium is evenly distributed 
throughout the material, with no visible erbium-rich areas. This uniform 
distribution is consistent with the limitations of EDS, which may not be 
able to detect lower concentrations effectively unless significant in
homogeneity occurs. At higher doping levels, erbium-rich regions begin 
to appear between the grains.

A large number of scientific papers describe microscopy methods for 
characterizing Er3+-doped BaTiO3, including the use of AFM [29]. It can 
be said that AFM is highly effective for examining the morphology and 
surface texture of various materials. This texture encompasses factors 
like roughness, waviness, orientation, and defects. With the appropriate 
software, AFM allows for the assessment of features such as surface 
roughness, porosity, average particle size, and distribution. These 
characteristics play a crucial role in determining the optical, mechani
cal, surface, magnetic, and electrical properties of materials.

The AFM is used to examine the surface of the grains. It can be said 
that AFM analysis involves examining topographic images of the grain 
surface and evaluating the RMS value to assess surface characteristics. 
The RMS roughness corresponds to the variation in height measure
ments taken by the AFM and is highly responsive to pronounced surface 

features such as valleys and peaks. Consequently, the RMS is used to 
estimate the flatness of the surface.

Few studies related to grain growth and surface analysis as a function 
of the doping concentration in BaTiO3 have been carried out [30]. It is 
well known that the introduction of Er3+ ions due to the variation of size 
between Er3+ and Ti4+ ions result in a slight lattice distortion, however, 
the studies have shown that the variation in the concentration of the ions 
has an important contribution.

Examples of AFM topography images recorded within grains at two 
different synthesizing temperatures, 1320 ◦C and 1350 ◦C are shown in 
Fig. 4(a) and (b). Examining the topography images in Fig. 4(a) and (b) 
shows that there are no substantial variations in the grain structures 
across different Er3+ concentrations at either temperature. For each 
concentration, it is evident that the grain size decreases with increasing 
both, the dopant concentration and the thermal treatment. The surfaces 
are flat, with RMS values not exceeding 50 nm for every Er3+ concen
tration, as shown in Fig. 4(c). For each concentration, it is evident that 
the grain size decreases with increasing both, the dopant concentration 
and the thermal treatment. It can be noted that our AFM analysis is in 
agreement with Clabel et al. [30].

3.2. IR and Raman spectroscopic studies

The unit cell of BaTiO3 comprises 5 atoms, which results in a total of 
15 vibrational modes. At room temperature, the unit cell adopts a 
tetragonal, non-centrosymmetric structure with P4mm symmetry. Based 
on the group theory analysis, the vibrational modes of BaTiO3 are: 

Γ = 4A1 + B1 + 5E.                                                                       (2)

Among them, 1A1 and 1E are acoustic modes. All optical modes are 
Raman active and 3A1 and 4E are also IR active. The A1 modes oscillate 
along the z-axis, while the E modes are confined to the xy-plane.

Consequently, the analysis of the polarized Raman spectra of BaTiO3 
(excluding the non-polar B1 mode) serves as a complementary analysis 
to the far-infrared (FIR) reflectivity spectra.

As A1 modes oscillate along the z-axis and the E modes are confined 
to the xy-plane, the overall reflectivity (R) can be expressed as the 
weighted sum of reflectivity contributions from these two orientations: 
reflectivity in the xy-plane (Rxy) and reflectivity along the z-axis (Rz). 
This relationship is given by: 

R=
2
3

⋅Rxy +
1
3

⋅Rz. (3) 

Fig. 5 presents the IR reflectivity spectra for BaTiO3 samples doped 
with 0.01 wt%, 0.1 wt%, 0.5 wt% and 1.0 wt% Er3+ and sintered at 
temperatures of 1320 ◦C and 1350 ◦C. The spectrum for pure BaTiO3 
[31] is also presented in Fig. 5 to emphasize the changes in the spectra 
resulting from the integration of Er into the crystal structure of BaTiO3. 
All TO normal modes are stressed with blue upward arrows. Wei at al. 
[32] schematically illustrated the oscillations of all normal modes and 
assigned them according to the polarization of Raman modes deter
mined by DiDomenico at al. on single domain crystals [33].

The E(1)TO mode, being the lowest energy soft mode, is especially 
important in the study of ferroelectric properties. This mode involves the 
oscillation of the O6 octahedral framework relative to the central Ti 
atom along the x or y axis within the TiO6 octahedron, producing a 
substantial dipole moment. Theoretical calculations for the soft E(1)TO 
mode give unrealistically high values, from 79 to 139 cm− 1 [32,34,35], 
but according to experimental FIR reflectivity and Raman spectra, this 
value must be about 40 cm− 1 [31,33,35]. E(1)LO is about 180 cm− 1.

Numerous researchers refer to the summary of optical phonon fre
quencies and their symmetries in tetragonal BaTiO3 provided in 
Ref. [36] as a benchmark for BaTiO3 polycrystals. Accordingly, we have 
also used data from this reference to denote the TO phonon modes.

The narrow A1(1) mode, with transverse (TO) and longitudinal (LO) 

Fig. 4. AFM topography of a doped BaTiO3 (a) (0.1 wt% Er3+) grain for a 
sample sintered at 1320 ◦C. (b) (0.1 wt% Er3+) grain for a sample sintered at 
1350 ◦C. (c) Average RMS roughness as a function of Er3+ concentration for 
samples sintered at 1320 ◦C (diamond markers) and sintered at 1350 ◦C (square 
markers). The edges of (blue, orange) shaded areas represent the lowest and 
highest RMS roughness values at a given temperature for a particular Er3+

concentration. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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frequencies of approximately 170 and 185 cm− 1, respectively, can be 
interpreted as the vibration of the O6 octahedral cage relative to the Ti 
atom along the z axis.

The E(2) mode, with transverse (TO) and longitudinal (LO) fre
quencies around 180 and 305 cm− 1, describes the oscillation of the TiO6 
octahedron relative to Ba atoms within the xy plane. In contrast, the 
A1(2) mode, featuring TO and LO frequencies of approximately 270 and 
475 cm− 1, is associated with the vibration of the TiO6 octahedron 
relative to Ba atoms along the z axis. Additionally, the E(3) mode, with 
TO and LO frequencies of about 305 and 463 cm− 1, has a longitudinal 
wave number that is quite similar to that of the A1(2) mode. The E(4) 
and A1(3) modes have TO wave numbers at 486 and 520 cm− 1 and LO at 
715 and 720 cm− 1.

As can be seen, the modes are highly correlated, A1 and E modes 
partially overlap, some values of different TO/LO modes are very close 
or even identical. Thus, it is appropriate to independently analyze the A1 
and E modes and compute the reflectivity using the previously 
mentioned Eq. (3).

Fig. 5 shows the complicated FIR spectra of doped polycrystalline 
BaTiO3, with hinted plasma mode at the beginning. Semiconductor 
properties are expected in the doped samples and free charge carriers, i. 
e. plasma mode, surely exist in FIR reflectivity spectra. Incorporation of 
the heavy Er3+ ions, with an ionic radius of 0.89 Å, into the BaTiO3 
crystal lattice -where they replace either Ba2+ (with a radius of 1.61 Å), 
or Ti4+ (with a radius of 0.75 Å) – also leads to additional vibrational 
modes [37]. This is attributed to the resulting lattice disorder mostly 
caused by the size mismatch. Applying the fitting procedure to such 
complex spectra could give a good match of the fit and experiment, but 
the result would be difficult to explain. For each sintering temperature, 
we fitted one reflectivity spectrum (for BaTiO3 with 0.01 wt% Er3+) to 
simulate the assumed plasma mode at short wave numbers and, at the 
same time, the LO modes at high wavenumbers that are outside the 
measured range. The Decoupled Plasmon - Phonon model [38,39] was 
used only for simulating the spectra.

From the IR reflectivity spectra presented in Fig. 5, it is evident that 
the intensity of the spectra for Er-doped BaTiO3 is lower compared to 
that of pure BaTiO3. For the samples sintered at 1320 ◦C, no changes in 
the frequencies of the normal vibrational modes were detected, except 
for the impurity modes observed between 614 and 624 cm− 1, as shown 
in Fig. 5(a). The observed variation in spectrum intensity with different 
Er3+ concentrations is unusual. Notably, the sample doped with 1.0 wt% 
Er3+ exhibits the highest intensity. This anomaly could be attributed to 
the surface condition of the samples, which significantly affects the in
tensity of the FIR reflectivity spectra. In the IR reflectivity spectra for 
doped samples that were sintered at 1350 ◦C, as depicted in Fig. 5(b), the 
normal modes exhibit minor shifts that correlate with the concentration 
of Er3+ ions. A noticeable variation in the intensity of the doped spectra 
occurs as a result of changes in the size of the crystal grains.

In Ref. [40] an extensive and detailed study of BaTiO3:Er3+ was 
given in which it was analysed how the incorporation of Er3+ affects the 
appearance of Raman spectra. The following was concluded: 

- Raman spectra of BaTiO3 with Er at titanium sites have an appear
ance typical of tetrahedral pure BaTiO3.

- The unusual appearance and intensity of the Raman spectra can be 
attributed to the incorporation of Er3+ in place of barium.

- The creation of a defect complex between Er at the sites of barium 
and titanium leads to a decrease in the intensity of the spectrum.

- The unusual Raman signals were confirmed to be due to the fluo
rescence of Er3+ ions at the barium sites. The intensity of these 
fluorescence signals was so high that it overshadowed the conven
tional Raman spectra of BaTiO3.

Raman spectra of all examined samples of BaTiO3:Er3+ (wt.% Er3+ =

0.01, 0.1, 0.5, 1.0) sintered at 1320 ◦C and 1350 ◦C, activated by Ar-laser 
emission of λ = 514.5 nm, are shown in Fig. 6. As can be seen, the ob
tained spectra for both sintering temperatures have an abnormal Raman 
spectrum shape.

According to Da-Yong Lu at al. [40], it can be concluded that the 
largest part of Er3+ in our samples is incorporated in Ba-sites. The 
spectra of BaTiO3 with the lowest concentration of Er3+ (0.01 wt%) are 
noticeably lower in intensity and with different spectral features 
compared to the spectra of samples with more Er3+. Inset shows part of 
the spectrum of the sample with 0.01 wt% Er3+. All normal Raman 

Fig. 5. IR reflectivity spectra of BaTiO3 doped with 0.01; 0.1; 0.5 and 1.0 wt% of Er3+ and sintered at (a) 1320 ◦C and (b) 1350 ◦C. The spectrum of pure BaTiO3 is 
added to highlight the differences caused by the incorporation of Er3+ into the BaTiO3 crystal lattice. All TO normal modes are marked, and LO only for the last A1, E 
pair with the highest wavenumbers. In the small figures on the right are details with "impurity” modes originating from structural imperfections. The solid lines are a 
guide to the eye obtained by smoothing the enormously disordered experimental spectra at the edge of the spectrometer range. Figures at the bottom give details of 
the two characteristic modes.

Fig. 6. Abnormal Raman spectra of BaTiO3 doped with 0.01; 0.1; 0.5 and 1.0 
wt% of Er3+ and sintered at (a) 1320 ◦C and (b) 1350 ◦C. Raman spectra were 
excited by λ = 514.5 nm Ar-ion laser line. In each insert is part of the BaTiO3 
spectrum with the lowest dopant level that has some features as common 
Raman spectrum. Visible normal modes are stressed by red arrows. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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modes of pure BaTiO3 should be in the wavenumber range below 800 
cm− 1, in the range of inset. Several normal Raman modes can also be 
observed in lightly doped BaTiO3:Er3+. At wave numbers below the 
measured range, it is supposed to be E(1)TO "soft” mode and at 160 
cm− 1 its LO-component is observed. At 256 cm− 1 A1(2)TO mode is 
present, and at 513 cm− 1, the E(4)TO and A1(3)TO modes are observed. 
Hardly visible E(4)LO and A1(3)LO modes are at 720 cm− 1. Mentioned 
modes, highlighted by red arrows, are partially obscured by a stronger 
fluorescence signal. Broad peaks are noted at 380 cm− 1 (Fig. 6(a), inset) 
and at 367 cm− 1 (Fig. 6(b), inset), likely due to structural imperfections 
from Er incorporation into the Ti-sites of BaTiO3 [36]. Fluorescence 
peaks at 214, 323, 455, 593 and 649 cm− 1 (blue arrows) show certain 
red shift comparing to peaks in the samples with higher concentration of 
Er3+. These fluorescence peaks are a part of the transitions from the 
excited state of Er3+ ion to the eight Stark components of its 4I15/2 
ground state [13]. At wavenumbers from 800 cm− 1 to 1700 cm− 1, in the 
stronger fluorescent transition, all eight peaks are clearly visible and 
remain at unchanged positions regardless of the Er3+ concentration 
(including 0.01 wt% Er3+).

The intensity levels of the Raman spectra, or rather to say fluores
cence spectra, of the BaTiO3 samples with 0.1, 0.5, and 1.0 wt% Er3+, 
that are sintered at 1320 ◦C, differ very little from each other, while in 
the case of higher sintering temperature, the intensity difference is 
striking, see Fig. 6. In both cases, Raman spectra with 0.5 wt% Er3+ have 
the highest intensity, followed by spectra with 0.1 wt% and 1.0 wt% 

Er3+.
The low intensity of the spectra doped by 0.01 wt. Er3+, show that 

Er3+ ions are incorporated in both Ti– and Ba–sites forming the self- 
compensated Er⋅

Ba – EŕBa defect complexes [40]. With a certain dopant 
concentration (depending on the structure, number of vacancies …) the 
fluorescence would be quenched. A similar thing happens when BaTiO3 
is doped with other rare earth ions [41].

Spectra of BaTiO3 with larger amounts of Er3+ in the range of normal 
Raman modes (below 800 cm− 1) are significantly stronger in intensity 
and have clearly defined sharp fluorescent peaks, which proves that Er3+

is predominantly incorporated in Ba-sites. Significantly enhanced fluo
rescence peaks are in the range of Raman shift 900-1600 cm− 1 (at about 
690 cm− 1 higher wave numbers). The appearance of the obtained 
Raman spectra of BTO samples doped with Er3+ resembles the up- 
conversion photoluminescence recorded in the photoluminescence 
spectra of BaTiO3 doped with rare earth ions [40–43].

However, when the doped samples are excited with an energy of 
514.5 nm (2.41 eV), the Er3+ ions, from its 4I15/2 ground state, are 
directly elevated to 2H11/2 state [40]. The fluorescence green transitions 
in our spectra originate from de-excitation of Er3+ from the nearest 
lower energy levels: 2H11/2 → 4I15/2 (centred at about 526 nm – in the 
range of normal Raman spectra) and 4S3/2 → 4I15/2, centred at 547 nm – 
at about 690 cm− 1 higher Raman shift. (In absolute wave numbers, 690 
cm− 1 is subtracted from the 514.5 nm excitation laser line, i.e. 19436.4 
cm− 1, and 18746.4 cm− 1 is obtained, i.e. a lower value in absolute wave 

Fig. 7. FTIR spectra of BaTiO3 doped with 0.01; 0.1; 0.5 and 1.0 wt% of Er3+ and sintered at (a) 1320 ◦C and (b) 1350 ◦C. (c) Shift of bending and stretching Ti–O 
modes with increasing dopant content at 1320 ◦C and 1350 ◦C.
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numbers.) At higher Raman shifts, beyond the range of our measure
ment, are few red fluorescence transitions.

3.3. Fourier transform infrared spectroscopy

In tetragonal, non-centrosymmetric structure with P4mm symmetry 
all optical modes are IR and, at the same time, Raman active (except 
non-polar B1) mode that is only Raman active), Eq. (2). In Raman 
spectra are seen separated TO and LO modes. In polycrystalline BaTiO3: 
Er3+, due to already superimposed normal modes from two polarizations 
and a lot of weak modes caused by disturbed structure, an addition 
spectroscopic method is necessary that would allow a better insight into 

the details of the BTO spectrum changed by doping. Fourier transform 
infrared spectroscopy (FTIR) shows only TO modes, so it can simplify the 
analysis of vibrational modes in polycrystalline BTO.

Fig. 7 shows the FTIR spectra recorded on sintered samples of BaTiO3 
doped with Er3+. Fig. 7(a) displays the spectra obtained from samples 
sintered at 1320 ◦C, whereas the spectra for samples sintered at 1350 ◦C 
are shown in Fig. 7(b). A shoulder can be observed in all spectra (in the 
range of 1000 to 900 cm− 1). It can also be confirmed that this originates 
from barium and titanium oxides [43]. Ti–O stretching modes are pre
sent around 600 cm− 1 (three broad bands) and at 480 cm− 1. Bending 
Ti–O mode is around 455 cm− 1. These modes confirm that synthesized 
Er3+ doped BaTiO3 samples have tetragonal structure for both sintering 

Fig. 8. Upconversion photoluminescence (UCPL) spectra of the BaTiO3 doped with 0.01; 0.1; 0.5 and 1.0 wt% of Er3+ at two sintering temperatures (1320 ◦C and 
1350 ◦C). Under the streak images are extracted figures of the relative PL peaks intensity.
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temperatures [44–46]. However, peak positions are both the sintering 
temperature and the Er3+ concentration dependent, indicating differ
ences in lattice distortions, presumably as a consequence of cation 
doping at different places [47].

At very low levels of Er3+ (0.01 and 0.1 wt%), the larger Er3+ ions 
replace the smaller Ti4+ ions in the crystal lattice. This substitution 
generally lengthens and weakens the bonds in the octahedral sites, 
which would typically result in a reduced oscillation frequency. 

Nonetheless, the introduction of Er3+ at these low levels also induces 
atypical crystal grain growth. This anomalous growth enhances the 
overall crystal structure, which in turn leads to an increase in the 
oscillation frequency.

With a continued increase in Er3+ concentration, the Ti sites become 
fully occupied, prompting Er3+ to substitute for Ba2+ ions. In this pro
cess, Er3+, which has a much larger ionic radius, starts to replace Ba2+ at 
these larger sites. If we compare the doped BaTiO3 with a content of 
0.01 wt% and 0.1 wt% Er, we would notice that this results in a decrease 
in the lattice constant. Consequently, in samples sintered at 1320 ◦C, the 
oscillation frequency predominantly decreases, whereas samples sin
tered at 1350 ◦C exhibit a slight increase in frequency (see Fig. 7(c)). 
These observations indicate that the incorporation of Er3+ into BaTiO3 
can be adjusted by varying both the sintering temperature and the 
concentration of the dopant.

3.4. Photoluminescence

We have measured time-resolved upconversion photoluminescence 
spectra to demonstrate the effect of different Er³⁺ concentrations on 
BaTiO3 at sintering temperatures of 1320 ◦C and 1350 ◦C. The obtained 
spectra are captured as streak images using the photon counting tech
nique and are shown in Fig. 8. After NIR excitation (1530 nm), we have 
obtained the fluorescence spectra with temporal development on the y- 
axis which is the main advantage of streak images. As shown in Fig. 8, 
with increasing Er3+ concentration, the displayed intensities of UCPL 
gradually increase at both temperatures. Many studies have investigated 
and measured the upconversion processes in erbium, all aiming to 
improve the utilization of this dopant in different optical and in-vivo 
applications [48–50]. The primary mechanisms behind upconversion 
include two types of absorption (ground state and excited state), as well 
as potential energy transfer, which depends on the concentration. The 
red emission results from the interplay of the excited state, energy 
transfer, and the cross-relaxation process [51].

From our spectra (Fig. 8), it can be observed that some emissions are 
stronger when compared (the red is more intense than the green). At 
1530 nm (mostly through ground state absorption (GSA)), Er3+ ions are 
excited and transition to the 4I13/2 level. is mainly achieved through 
ground state absorption using near-infrared radiation at a wavelength of 
1530 nm. Subsequently, the 4F9/2 state is populated through two 
sequential processes involving two photons of 1530 nm and non- 
radiative relaxation. This is followed by a radiative transition to the 
ground state (4I15/2), leading to red emission at 660 nm. Excitations at 
808 nm and 980 nm result in increased green emission [43,48,52], while 
excitation at 1530 nm produces stronger red emission [44]. Under 1550 
nm excitation, stronger red emissions are most likely caused by cross 
relaxation process, which increases the population of 4F9/2 levels [50,
51]. Certainly, the concentration of dopants and the energy transfer 
between them within the material have a significant effect on all the 
internal processes occurring in the material.

The upconversion photoluminescence decay curves of the 1.0 wt% of 
Er3+ at two sintering temperature 1350 ◦C at 550 nm, 660 nm and 820 
nm are presented in Fig. 9. We found that the most accurate fitting re
sults were obtained by applying a single exponential model to the decay 
profiles associated with the transitions at 550 nm (4S3/2 - 4I15/2) and 660 
nm (4F9/2 - 4I15/2) of Er³⁺ ions, as illustrated in Fig. 9(a) and (b). The 
obtained fitted values of the fluorescence lifetimes are 0.8 ms for 550 
nm, and 1.2 ms for 660 nm. The fluorescence decay at 820 nm (4I9/2 - 
4I15/2) reveals both slow and rapid components, as demonstrated in 
Fig. 9(c). The decay curve has been successfully represented using a 
biexponential model. The value obtained for the short-lived component 
of the lifetime is 0.2 ms, whereas the long-lived component is 1.38 ms. 
We can observe a trend that the lifetime is longer at higher emission 
wavelengths. Our estimation of lifetimes agrees well with the values in 
the work of Wang et al. [50].

Fig. 9. Decay curves of the time-resolved UCPL emissions of (a) green, (b) red 
and (c) near infrared emission upon 1530 nm excitation of the 1.0 wt% Er3+. 
The fitting curves, as well as the decay lifetimes are presented. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)

Z.Ž. Lazarević et al.                                                                                                                                                                                                                            Optical Materials 159 (2025) 116581 

9 



4. Conclusion

By applying a standard synthesis procedure at sintering temperatures 
of 1320 and 1350 ◦C, we produced BaTiO₃ ceramics with varying con
centrations of Er3+.The microstructure and the optical properties were 
investigated. Methods such as XRD, SEM, Raman and FTIR spectroscopy 
were used for the characterization of the obtained samples. Also, the 
incorporation of Er3+ into barium titanate was demonstrated using EDS 
characterization methods. At Er3+ concentrations of 0.01 and 0.1 wt%, 
SEM shows large polygonal grains (10–25 μm). At 0.5 wt% Er3+, grain 
growth is reduced, with sizes of 2–10 μm. SEM images suggest Er3+

solubility in BaTiO3 is between 0.1 and 0.5 wt%. The infrared reflec
tivity and ATR-FTIR spectroscopy patterns indicate the characteristic 
bands relating to BaTiO3. Modes shift slightly with increase of Er content 
in BaTiO3, only 1-2 cm− 1, but not uniform due to simultaneous change 
in morphology of crystal grains with change in Er3+ concentration. The 
unusual RS can be used to detect the presence of Er3+ at the Ba sites in 
doped BaTiO3. It has been shown that the effect of sintering temperature 
on the optical properties of doped BaTiO3 is significant. The best ob
servations were for the peaks (4S3/2 - 4I15/2 and 4F9/2 - 4I15/2). Also, for 
4I9/2 - 4I15/2 are two clearly visible a slow and a fast component with 
value lifetime 1.38 ms and, 0.2 ms, respectively. The results showed that 
temperature has a significant impact on the optical properties of Er³⁺- 
doped BaTiO3.
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Aleksandra Milutinović: Writing – review & editing, Visualization, 
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[26] J.P. Hernández Lara, M. Pérez Labra, F.R. Barrientos Hernández, J.A. Romero 
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