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Raman and Fourier transform infrared spectroscopic
investigation of the effects of Er3*doping in barium
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In this work, we study the barium titanate doped different content Er3* perovskite ceramics prepared by conventional solid-
state sintering procedure. The as-made powder samples were pressed into a pellet shape and subsequently sintered at
1350 °C for 4 h in air. The structural, morphological, and optical properties of the synthesized samples were investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microcopy (AFM), Raman and Fourier transform
infrared spectroscopy (FTIR) spectroscopy, respectively. The XRD study revealed the formations of single phase tetragonal
structure of barium titanate (BaTiOs). The SEM analysis shows that all of measured samples are characterized by polygonal
grains. The uniform and homogeneous microstructure with grain sizes from 20 to 45 ym is the main characteristic of the low
doped samples (0.01 and 0.1 wt.% Er3*). For the samples doped with the higher dopant concentration (0.5 and 1.0 wt.%)
the average grains sizes have been ranged from 2 to 15 ym. Substitution of Er dopant into Ba-site reduced the grain sizes
and roughness parameter of the BaTiOs which was attributed to the smaller ionic radius of Er. The Raman and the FIR
reflective spectra measured in this work were fitted. The intensity of the Raman and IR bands of Er3* doped barium titanate
is higher than that of undoped BT that could suggest a structure change from tetragonal to pseudo-cubic. FTIR shifts
confirmed the incorporation of Er3* in BaTiOs at 1350 °C.
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1. Introduction

Perovskites as barium titanate (BaTiOs), with an
ABO; general formula, have been extensively studied [1].
Structurally, perovskites form a crystal lattice based on
oxygen or other anions in an octahedral arrangement,
which generate two types of cavities: one with octahedral
symmetry to accommodate small cations, generally tetra or
pentavalent, and the other with dodecahedral symmetry,
where cations of varying sizes, usually mono or divalent,
can be hosted (Fig. 1). According to this, different cations
may be accommodated in the crystalline lattice, either at
the octahedral or dodecahedral site, depending on charge
and ionic radius. These inserted ions create distortions of
the original lattice which modify the material properties.

Modified BaTiOs ceramics is one of the most
investigated dielectric materials due to its practical
applications. The significance of this material is mainly
based on its wide variety of applications such as multilayer
ceramic capacitors (MLCCs), PTC thermistors, varistors,
piezoelectric sensors, ultrasonic transducers, radio and
communication filters and optoelectronic elements [2-4].
In particular, erbium-doped waveguides films have
attracted much attention because of their use as optical
amplifiers, which have been used in the detection of
infrared radiation by converting the invisible light into the

visible range where conventional detectors are effective
also in optical storage, printing, display technology and
medicine using up-conversion emission at 550 nm [5, 6].
Furthermore, BaTiOs is a very useful host matrix for some
applications because it does not absorb energy, allowing it
to serve only for support of rare earth ions, which is very
useful for these particular applications [7-9]. In particular,
rare earth (RE) doped NIR-to-visible ceramic oxides
represent an alternative and excellent substitute for
traditional fluorescent applications [10].

Anion (02, F, etc.)

Atomin Octahedral site
(Ti*4,Zr*4, Nb*5, etc.)

Atomin Dodecahedral
site (Ba*2, Ca*? Li*5, etc.)

Fig. 1. Typical scheme for a perovskite lattice structure
(color online)
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The properties of the modified BaTiOs ceramics
depend on the ceramics composition, synthesis method of
starting powders, sintering procedure and obtained
microstructure. The BaTiO3z powder is usually mixed with
additives in order to adjust the sintering parameters and
electrical properties to the requirements of electronic
device [11-12]. It is known that the electric properties,
especially PTC effect of polycrystalline BaTiOs, depend to
a great extent on the grain growth during sintering as well
as the type and concentration of donors or acceptor
dopants [13-15]. In addition, the properties strongly
depend on the site preference of dopant ions in BaTiO3
sublattices. Two types of dopants can be introduced into
BaTiOs lattice. lons with larger ionic radius and low
valence like Er®*, Ho%, and La*, tend to enter the Ba®*
sites in perovskite lattice, while ions with smaller ionic
radius and higher valence like Nb%*, can be incorporated
into the Ti** sublattice [16-25].

At low concentrations of Er®* (below 0.5 wt.%),
substitution of Ba®* ions and formation of solid solutions
occur. At higher concentrations of additives, over 0.5
wt.%, either Ba®* or Ti** ions are substituted, causing very
high electrical resistivity of the sample (p=108 Qm). The
substitution of Er®* on Ba®" sites require formation of
negatively charged defects. For the samples sintered at air
atmosphere, the principal doping mechanism is the ionic
compensation  mechanism  (vacancy  compensation
mechanism) [26, 27]. The purpose of this paper is to
analyze BaTiOz doped with various content of Er;Os,
sintered at 1350 °C temperature. The influence of dopant
on the microstructure and spectroscopy properties has
been investigated.

The aim of this work is to prepare and investigate
BaTiOs doped Er3* and characterize their microstructural
and spectroscopic properties.

2. Methods and materials

The samples BaTiOz; doped of were prepared by
conventional solid-state sintering procedure starting from
high purity commercial BaTiOz powder (MURATA) with
Ba and Ti ratio, [Ba]/[Ti]=1.005, and reagent grade Er,0Os
powder (Fluka chemika). The content of additive oxides,
Er,Qs, is ranged from 0.01 to 1.0 wt,%.

Starting powders were ball-milled. After that were
dried, and pressed under a uniaxial pressure of 120MPa
into disks of 7 mm in diameter and 3 mm in thickness. The
compacts are sintered at 1350 °C in the air atmosphere for
4 hours.

X-ray diffraction (XRD) patterns are recorded with
CuKa radiation in a PhilipsX’Pert diffractometer (Philips,
the Netherlands).

The samples were etched in 10% HCI with 5% HF for
the microstructure examination. The microstructures of as
sintered or chemically etched samples were observed by
scanning electron microscope (JEOL-JSM 5300) equipped
with energy dispersive spectrometer (EDS-QX 2000S
system). The grain size and porosity distribution of
samples were obtained by LEICA Q500MC Image
Processing and Analysis System.

The AFM measurements were conducted using the
NTEGRA Prima system from NT-MDT. Topographical
images were obtained in semi-contact mode utilizing
NSGO01 probes from NT-MDT, featuring a typical
curvature radius of 10nm, a force constant of 6N/m, and a
resonant frequency of 150 kHz. All measurements were
performed under ambient conditions.

The micro-Raman spectrum was taken in the
backscattering configuration by Jobin Yvon T64000
spectrometer, equipped with nitrogen cooled charged
coupled device detector. As an excitation source we used
the 532 nm line of Ti: sapphire laser, with laser power 20
mW. The measurement was performed in the spectrum
range 100 cmto 1000 cm™,

FT-IR reflectivity measurement was carried out with a
BOMMEM DA-8 FIR spectrometer. A DTGS pyroelectric
detector was used to cover the wave number range from 60
to 700 cm'L.

Fourier transform infrared spectroscopy (FTIR) was
performed on a Thermo Scientific Nicolet S35
spectrometer, Waltham, Massachusetts, USA. The spectra
were measured in 4000 to 500 cm™ range, with resolution
of 4cm™,

3. Results and discussion

X-ray analysis of 0.01 wt% Er®* doped BaTiOs
samples shows only BaTiO3 perovskite phase and uniform
distribution of erbium. The increase of dopant content
gives rise to the appearance of second phase Er,Ti,O7 in
0.5 wt.% Er®* doped BaTiOs, (Fig. 2). By comparison of
XRD peaks of undoped BaTiOsz and Er doped BaTiOs, it is
evident that XRD peaks of doped samples are shifted
towards to lower values of 26 thus indicating the increase
of lattice parameters, i.e. the incorporation of Er on the Ti-
sites rather than on Ba-sites in BaTiOgz structure.
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Fig. 2. X-ray diffractogram of barium titanate doped Er3* (color online)

The Er,Oz doped BaTiOs samples are characterized an increase of the additive content the average grain size
by irregularly polygonal grains microstructure (Fig. 3). For decreases. As a result, for 0.5 wt.% of dopant, the average
samples doped with lower additive content (0.01 wt.% grain size is from 10 um to 15 pm, and for the samples
Er®"), the abnormal growth of grains (grain size from 20 to doped with 1.0 wt.% of dopant grain size decreased to the

45 pm) for 1350 °C sintering temperature (Fig. 3a). With value of 5-10 pum (Fig. 3b).
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Fig. 3. SEM images of BaTiOs sintered at 1350 °C doped with a) 0.01, b) 0.1, ¢) 0.5 and d) 1.0 wt.% of Er3*
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EDS analysis of samples doped with 0.01 wt.% Er,0s
does not reveal any Er rich regions, thus indicated a
uniform incorporation of dopants within the samples. It is
worth noting that the concentrations less than 1.0 wt.%
could not be detected by the EDS unless an

inhomogeneous distribution or segregation of the additive
was present. Increasing of dopant concentration leads to
the appearance of Er rich regions between grains as shown
in Fig. 4.
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Fig. 4. SEM/EDS spectra of BaTiOs doped 1.0 wt.% Er3*

The surface structure of grains, observed in SEM
experiments, is investigated using AFM. The AFM
analysis consists of the visual inspection of topography
images of the grain surface and inspection of the
corresponding root mean square (RMS) roughness. The
RMS roughness is equivalent to the standard deviation of
heights measured by the AFM and is consequently very
sensitive to pronounced surface features such as valleys
and peaks [28]. For that reason, the RMS can be used to
estimate the flatness of the surface.

An example of AFM topography image recorded
within a grain is shown in Fig. 5a). Visual inspection of
topography images, such as the one in Fig. 5a), shows no
significant differences between the grains across all
concentrations of Er*. The surfaces are flat with features
not exceeding 100 nm in height. This observation is
corroborated by low values of the average RMS surface
roughness, computed for every Er®* concentration and
displayed in Fig. 5b).
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Fig. 5. a) AFM topography of a BaTiOs (0.01 wt Er®*) grain. b)
Average RMS roughness as a function of Ers* concentration.
The edges of the (blue) shaded area represent the lowest and

highest RMS roughness values (color online)
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Fig. 6 gives the Raman spectra of Er®* doped BaTiOs;
at room temperature. BaTiOsz is a well-known classic
ferroelectric material that is cubic above 393-408 K and
belongs to the space group Pm3m (O1h). At temperatures
below 393 K, it is ferroelectric with a P4mm (Cl4v)
structure, which further transforms to orthorhombic and
rhombohedral structures at 278 and 183 K, respectively
[29]. Optical modes of cubic phase of BaTiO3 transform
according to the 3F1, + 1F,, irreducible representation.
The F1, modes are infrared-active and the F1, mode is the
so called “silent mode” since it is neither infrared- nor
Raman-active [30]. Each triply degenerate F1, mode splits
into A1 + E phonons in the tetragonal phase whereas Fz,
splits into an E + B; mode. These modes further split into
longitudinal (LO) and transverse (TO) components
because of the long-range electrostatic forces associated
with lattice ionicity. The E + By modes derived from the
cubic Fz, mode are essentially degenerate. For other
modes of tetragonal phase, the assignment of phonons as

LO or TO is valid as long as the phonon wave vector lies
along one of the principal symmetry directions of the
crystal. For the phonons propagating in between the
principal axes, mixing of the A; and E modes occurs and
quasi modes appear in the spectra.

BaTiOs exhibits tetragonal structure belonging to the
space group Cay symmetry. All of the features observed in
the tetragonal phase have been reported in the literature
[31]. The peak observed at 305 cm™ corresponds to the
E(TO2) phonon mode of tetragonal BaTiOs. The Ai(TO1),
A1 (TO2), A; (TO3) and A; (LO3) modes were observed at
about 180, 270, 516 and 720 cm™, respectively [32].
Raman spectra obtained from Er®* doped BaTiOs did not
show any remarkable wavelength shift. It can also be seen
that all Raman modes become weaker and broader with an
increase in Er®* concentration. It indicates the higher Er®*
concentration results in the worse crystallinity, which is
consistent with the XRD results.
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Fig. 6. Raman spectra of BaTiOs doped Er®*(color online)

The Raman spectroscopy is used to analyse the
structure and phase shift of doped Er®* BaTiOs; ceramics
and examine vibrational, rotational and other low
frequency modes. Fig. 6 illustrates the Raman spectra of
doped BaTiO3 (0.01, 0.5, 1.0 wt.% Er®") were performed
from 100 to 2200 cm? at room temperature. The
characteristic four different peaks (denoted by vertical
lines) of tetragonal Er-BT ceramic are reported to be
arising from the splitting of transverse (TO) and
longitudinal (LO) photons [31]. Raman peaks were

observed at about 262 cm™ (A; (TO)), 328 cm® (By, E (TO
+ L0O)), 512 cm™ (A; (TO), E (TO)) and 719 cm™ (A;
(LO), E (LO)) respectively. The detected bands were
matched with BaTiOs-based ceramics by Ref. [31]. The
peaks denoted by A1, Bi, and E (TO + LO), TO,, LO;
vibrational modes respectively and reveal the tetragonal
symmetry (P4mm) of BaTiO; ferromagnetic state [32]
shows similar results to other researchers [30, 33]. When
there is sufficient dopant content in BT so that it crosses
over the point of phase transition from tetragonal to cubic,
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the tetragonal phase (P4mm) of Raman active modes
remains inactive in the perfect cubic phase (Pm3m)
following the forbidden Raman selection rules. Besides, an
intense band of 512 cm sustained at the tetragonal phase
above T.. With the increase in Er®* content the band turn
into narrow and keen also a vivid change at low
frequencies was observed. No significant shift in
wavelength was noticed in the spectra of Er-BT but
became steeper with an increase in erbium concentration
which indicate enhanced crystallinity for higher Er®*
concent that also demonstrate similar consequence with
the XRD analysis.

The Raman spectra showed an octet feature consisting
of six main peaks at 367, 447, 523, 555, 628 and 703 cm™!
and two shoulder peaks at 303 and 787 cm™™. These spectra
are called the abnormal Raman spectra. Accordingly, it
was inferred that a small number of Er3* ions in doped
samples inevitably entered Ba sites because of the
amphoteric behavior of Er¥*, which resulted in appearance
of several additional bands at 367, 447, 555, 628, 703, and
787 cm! (Fig. 6).

The IR reflectivity spectra of ceramics of BaTiO3
doped Er®* prepared by conventional solid-state sintering
procedure is shown in Fig. 7. The bands in the lower wave
number range (100-600 cm™) are due to Ti-O vibrations
[34]. The Ti-O vibration is characterized by a transversal
optical mode indicated at = 470 cm™ attributed to the
stretching mode of TiOg octahedron. A broad band at
about 540 cm, which is typical of the Ti-O vibrations in
the BaTiOs compound, starts to be developed. In the case
of the doped BaTiO3 ceramic there are two extra peaks at
about 180 cm™ (TO) and 470 cm™ (LO), which could be
assigned to bands of the barium oxide titanium oxide
system (Fig. 8). The presence of the vibration mode =~ 180
cm! characterizes the lattice deformation. This suggests a
change of crystal structure to pseudo cubic that is in
agreement with XRD observation.

The bands in the lower wave number range (100-600
cm?) are due to Ti-O vibrations [34]. The Ti-O vibration
is characterized by a transversal optical mode indicated at
~ 470 cm? attributed to the stretching mode of TiOs
octahedron. A broad band at about 540 c¢cm, which is
typical of the Ti-O vibrations in the BaTiOs compound,
starts to be developed. In the case of the doped BaTiOs;
ceramic there are two extra peaks at about 180 cm™ (TO)
and 470 cm™ (LO), which could be assigned to bands of
the barium oxide titanium oxide system (Fig. 8). The
presence of the vibration mode = 180 cm™ characterizes
the lattice deformation. This suggests a change of crystal
structure to pseudo cubic that is in agreement with XRD
observation.

FTIR spectra of BaTiOs doped Er®* samples annealed
at 1350 °C are presented in Fig. 8. Shoulder band appeared
in all the samples in the region 1100-900 cm™, indicating
the presence of Ba and Ti oxides [1]. All of the spectra
showed a broad band around 600 cm, originating from
Ti-O stretching vibrations in TiOs octahedron [35]. Band
around 440 cm originated from Ti-O bending vibration
[36]. Presence of both bands in all samples revealed
tetragonal phase of BaTiO3 doped Er®*.
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Fig. 7. IR reflectivity spectra of BaTiOs doped Er®*
(color online)

BaTiO,0.5wt.% Er’,

Transmittance (a.u.)

3+

BaTiO_-0.1 wt.% Er

BaTiO,-0.01 WL.% E

T T T T T T T T T T
1400 1200 1000 800 600 400
Wave number (cm™)

Fig. 8. FTIR spectra of BaTiOs doped Er®*(color online)

However, differences in peak position indicate lattice
distortion with the incorporation of Er [37]. In sample
BaTi03-0.01 wt.% Er*® Ti-O stretching is positioned at
593.7 cm?, while in BaTiOz-0.1 wt.% Er®*, BaTiOs-0.5
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wt.% Er®* and BaTiOs-1.0 wt.% Er®, it was shifted to
609.8 cm?, 572.0 cm™ and 609.8 cm™, respectively. These
shifts confirmed the incorporation of Er®* in BaTiO; at
1350 °C.

4. Conclusion

BaTiO; doped Er®* ceramics have been successfully
obtained through the conventional solid-state reaction
route. The ceramics sintered at 1350°C. The
microstructure and the optical properties were
investigated. The structural evolution of solid solutions
was monitored by X-ray diffraction, scanning electron
microscopy, Raman and FTIR spectroscopy. A double
deflexion located at 26 =~ 46° showed the formation of the
tetragonal ferro-electric phase for the patterns in which
Er¥* content was 0.001 < x < 1.0. A secondary phase
belonging to Fd3m space group identified as a pyrochlore
(Er2Ti,O7) was revealed at the position 26 ~ 28°, 26 =
29.6° and 260 =~ 35.36°. The solubility limit of Er¥* in the
crystal structure of BaTiOs; was reached when x = 0.05.
The SEM micrographs consisted of rounded grains with a
wide grain-size distribution. The EDS analysis confirmed
the presence of the Er¥* in the crystalline structure of
BaTiOs. The Raman graphics showed the typical BaTiO3
tetragonal phase scattering bands at around 250, 520 and
720 cm?, and a sharp peak at around 306 cm. An extra
band was observed about 1834 cm, when Er** content
was Er 0.10< x < 1.0. This result can be associated to the
formation of the secondary phase (Er;Ti2O) identified by
X-ray diffraction. The Infrared spectroscopy patterns
indicated the characteristic bands relating to BaTiOs.
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