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Abstract

This work highlights the investigations on the structure, optical, and dielectric properties of Erbium-substituted Lathanide
Titanium Niobate ceramics. The ceramics A gEr,, ,TiNbO4 (A =Ce, Pr, Nd, and Sm) having aeschynite orthorhombic sym-
metry were synthesized via conventional solid-state ceramic route method. The symmetry of the samples was determined
using XRD and vibrational spectroscopic methods. Surface morphology of the sintered samples was investigated with the
help of SEM technique. The optical properties of the samples were studied using UV—Vis absorption spectroscopy and the
band gap was estimated using Tauc’s plot. Photoluminescence spectra of Erbium-substituted Lathanide Titanium Niobate
compounds indicated intense emission lines in the visible region. The studies of dielectric properties at room temperature
in microwave and radio frequency regions confirmed the suitability of material in the dielectric resonator applications.
Complex impedance spectroscopic studies examined the electrical properties of the samples at different temperatures. The
developed samples can be treated as suitable functional ceramics for optical and dielectric applications due to its improved
dielectric, optical, and sintering properties.

Keywords Ceramics - Conventional solid-state ceramic route - Vibrational spectroscopy - Dielectric properties - Impedance

spectroscopy - Optical band gap

Introduction

Optically active ceramics with electrical properties can
be developed through the substitution of atoms with
identical valency and ionic radius in the compounds
for various applications. The properties of the ceramic
materials were tailored generally by substituting other
suitable atoms [1, 2]. Sebastian et al. successfully devel-
oped a novel dielectric resonator material, SmTiNbOg
ceramic, for the microwave communication systems [3].
The dielectric properties such as dielectric constant,
quality factor, and dielectric loss of RETiNbO, ceram-
ics in the microwave region prepared through solid-state
ceramic route were reported by Sebastian et al. [4]. The
ceramic having zero t; was developed by adjusting the
concentration of aeshynite and euxenite samples in the
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substituted system [RE,_,RE’,] TiNbOg [5]. Solomon
et al. have investigated that the addition of Zinc oxide
on SmTiNbO, and DyTiNbO, reduced the sintering tem-
perature and enhanced its dielectric properties [6]. The
dielectric properties of the Zinc oxide doped LnTiTaOg
(Ln=Pr, Sm, and Dy) system were explored in detail [7].
The studies proved that the dielectric characteristics of
the microwave ceramics DyTiTaO4 have been improved
by the substitution of Nb,Os [8]. The dielectric proper-
ties in microwave and radio frequency region of Yttrium-
substituted NdTiTaOg4 ceramics were reported by Kumar
et al. [9]. Solomon et al. have reported the microwave
dielectric properties of the zirconium-substituted sample,
Ln(Zr,5Ti,;;) TaOg (Ln=Ce, Pr, Nd, and Eu) ceramics
[10]. The dielectric properties in microwave frequency
region of Antimony-substituted LnTiTaO, system were
also studied [11]. Joseph et al. have highlighted the
spectroscopic and microwave investigations of Yttrium-
substituted NdTiNbOg ceramics [12]. The thermally
stable Ce, Y, ,TiTaO4 microwave ceramics have been
successfully synthesized through solid-state ceramic
route method with minimum dielectric loss [13]. Kumar
et al. succeeded in improving the microwave dielectric
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properties of LnTiTaO4 (Ln = Ce, Pr, and Nd) by substi-
tuting the WO; and MoOj; [14]. The systematic spectro-
scopic studies of Nd, Y, ,TiNbO4 microwave ceramics
were investigated [15]. Solomon et al. have reported the
effect of Eu?* substitution on the photoluminescence
and dielectric properties of certain microwave ceramics
[16]. The microwave dielectric properties of LnTiNbOg
(Ln=Nd, Sm, and Y) ceramics prepared by conventional
ceramic route method have been remarkably improved
by the substitution of the tin atom [17]. The microwave
dielectric and optical properties of Ln,;; Gd,;sTiNbOg
(Ln=Ce, Pr, Nd, and Sm) ceramics were highlighted
by A John et al. [18]. Impedance spectroscopic studies
of the ceramic composite 40PrTiTaO4+ 60YTiNbO
were investigated in detail [19]. Remya et al. studied the
enhanced dielectric and optical properties of PrYTiTaOg
ceramic by the doping of ZnO and EuO [20]. Wang et al.
reported the influence of Praseodymium atom on the die-
lectric properties of Stronium Titanate ceramic [21]. The
nanocrystalline (Ce/Pr/Nd/Sm)TiNbOg with enhanced
dielectric properties were developed by John et al.
[22]. At radio frequency range, the dielectric properties
such as conductance, tangent loss, and permittivity of
nanocrystalline (Dy/Er/Gd/Yb)TiNbOg prepared by com-
bustion method were investigated [23]. The substitution
of Bi for Gd in Gd;Fe;0,, compound reduced the sinter-
ing temperature and improved the dielectric properties
[24]. The dielectric and optical properties of Lutetium-
substituted Lathanide Titanium Niobate prepared by
conventional solid-state ceramic methods were reported
[25]. The electrical properties of pure and zirconium-
substituted nanocrystalline samarium titanate were also
studied [26]. In the present investigation, we are report-
ing the structure, dielectric, electrical, and optical behav-
ior of Erbium-substituted Lanthanide Titanium Niobate,
A gEr ,TiNbOg (A =Ce, Pr, Nd, and Sm), ceramics syn-
thesized through solid-state ceramic method.

Experimental

The samples CejgEr(,TiNbOg, PrjgEr,,TiNbOy,
Nd, gEr, ,TiNbOg, and Sm,, gEr(, ,TiNbOg (abbreviated as
CETN, PETN, NETN, and SETN) were developed using
the conventional solid-state ceramic route using the stoi-
chiometric amounts of high purity oxides and carbonates of
constituent elements. The mixtures calcined at 1100 °C for
4 h were ground well using acetone as the mixing medium.
The powder mixed with the binder was compressed using
pelletizer to obtain the compact form of pellets. The highly
dense form of the pellets was prepared through the sintering
process.
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Characterizations

The X-ray diffraction study was used to determine the struc-
ture of the samples (Philips Expert Pro). The phase purity
and the structure of the samples were further checked by
FT Raman spectrum (Bruker RFS/100S spectrometer) and
FTIR spectroscopic techniques (Thermo-Nicolet Avatar 370
FT-IR Spectrometer). Thermally etched polished sample was
used for studying the surface morphology with Scanning
Electron Microscopy (SEM) (JEOL JSM 5610 LV). In order
to calculate the dielectric parameters of the sintered sam-
ples, LCR meter (Hioki-3532-50) was used within the radio
frequency range. The dielectric properties of the sintered
samples were measured in the microwave frequency range
using the network analyzer (Agilent 8753 ET). The optical
absorption (Jasco-D550 UV-Vis spectrometer) and photolu-
minescence spectra (Flurolog®-3 Spectroflurometer) of the
samples were recorded. Impedance analyzer was employed
to investigate the electrical properties of the samples using
a Hioki LCR Hi Tester, as a function of temperature and
radio frequencies.

Results and discussion

Figure 1 shows the XRD patterns of the powdered samples
CETN, PETN, NETN, and SETN. All the Bragg’s diffrac-
tion peaks are identified by the aeschynite orthorhombic
structures of ATiNbO, (A =Ce, Pr, Nd, and Sm) (ICDD file
15-0864, 20-1361, 52-1130) and ErTiNbO, (ICDD file
20-1216) with space group pnma [3, 22]. The diffraction
peaks of ErTiNbOg are also indexed in the XRD pattern of
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Fig.1 XRD patterns of all the samples
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Fig.2 FTIR spectra of all the samples

the sample followed by * and substantiate the substitution
of Er for the Lathanides atoms, Ce, Pr, Nd, and Sm. Erbium
has comparable ionic radii with the Lathanides atoms so that
it can be substituted easily.

The FT-IR spectra of the powdered samples presented in
Fig. 2 established the crystallization of the structure. The
bands in FT-IR spectra are assigned according to the vibra-
tions of NbOg octahedra. The stretching modes of the octa-
hedra NbOg ;, the sample are observed at 632 cm™" with a
shoulder band at 822 cm™'. A prominent band at 2329 cm™!
is due to stretching or bending vibrations of the hydroxyl
group [22]. The FTIR studies support the XRD result and
prove the absence of impurity in the samples.

XRD analysis identified the substitution of Erbium into
the A site of ATiNbO4 (A =Ce, Pr, Nd, and Sm) with the
stoichiometric formula A ¢Er,,TiNbOg¢. To confirm the
structure, the FT-Raman spectrum of CETN was recorded
and shown in Fig. 3. The Raman active symmetric stretch-
ing mode v, A, and the asymmetric stretching mode v,E, of
the bonds Nb—-O or Ti—O are observed in the spectrum.
The v;A;, with shoulder peak at 810 cm™" and v,E, mode
of NbOg or TiOg4 octahedra in the sample is appeared at
876 cm~! and 664 cm™!, respectively. The intensity and
position of the symmetric and asymmetric stretching bands
are the characteristics of orthorhombic structure. The v;F,
mode with minimum intensity is occurred at 456 cm™' in
the Raman spectra of the compound. A very weak band is
observed at 399 cm™! in the v,F,, region and the Raman
active symmetric bending vsF,, mode is also appeared
at the wavenumber 304 cm™'. The silent vgF,, mode is
also active at 217 cm™! and all the lattice vibrations have
appeared below 200 cm™! in the Raman spectrum [27]. The
vibrational modes already reported for the orthorhombic
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Fig. 3 Raman spectrum of CETN

aeschynite symmetry exactly agree well with all vibrational
Raman active modes of CETN. The XRD, FT IR, and FT
Raman spectroscopic studies confirmed the orthorhombic
symmetry and crystalline nature of the samples.

The dielectric and impedance spectroscopic measure-
ments required maximum dense form of the sample with
specific shape and size without any pores, crack, and air col-
umn. All samples sintered at 1200 °C for 4 h obtained 95%
of the theoretical density within the orthorhombic structure.
The partial replacement of rare earth elements with Erbium
in ATiNbOg system decreased the temperature of sintering
process noticeably and enhanced the densification process.
The decrease in the sintering temperature of the Erbium-
substituted samples was about 180 °C when compared with
the pure samples [3, 4].

The grains shape and distribution of the sintered CETN
and PETN samples are shown in Fig. 4a—b. The highly com-
pact form of the samples pellets was densified without any
cracks and cavities on the surface. The SEM studies revealed
that the inhomogeneous grains are uniformly distributed
possibly due to the presence of ATiNbOg (A =Ce, Pr, Nd,
and Sm) and ErTiNbOy structures. The elongated morphol-
ogy of grains was reported for orthorhombic structured rare
earth titanium tantalates [28]. Here, the SEM studies also
validate the results of XRD and vibrational spectroscopic
studies.

The EDS spectra of the samples CETN and PETN are
shown in Fig. 5a-b. Peaks due to the presence of all the con-
stituent elements such as Cerium, Praseodymium, Erbium,
Titanium, Niobium, and oxygen in the samples are appeared
at the different values of the binding energy. The mass per-
centage and atomic percentage of the constituents elements
present in the samples are also shown in EDS spectra. The
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Fig.4 SEM micrographs of the samples a CETN and b PETN

EDS analysis confirms that all the constituent elements are
present in sample according to the expected stoichiometric
concentrations.

Dielectric permittivity and quality factor in the Micro-
wave frequencies of all the samples were investigated. The
dielectric constant in this frequency is estimated as 40, 36,
35, and 32 for CETN, PETN, NETN, and SETN, respec-
tively at room temperature. Similarly, the quality factor
(Q, %) for CETN, PETN, NETN, and SETN is found to
be 11,870, 17,860, 14,590, and 14,370, respectively at the
microwave frequency range. When compared to the micro-
wave properties of the pure samples reported by Sebastian
et al., Erbium in ATiNbOg (A =Ce, Pr, Nd, and Sm) ceram-
ics increases the quality factor along with the high dielectric
constant [4]. The Erbium-substituted ceramics can improve
the selectivity and sharpness of the signal in the microwave
communication system.

For the sintered samples, typical differences can be seen
for the dielectric permittivity (e,), tangent loss (tan ), and
conductance (G), with radio frequencies. As shown in Fig. 6,
only at upper-frequency side dielectric constant reaches a
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stable value due to interfacial polarization reported by Max-
well and Wagner [29]. The reduction in the value of dielec-
tric permittivity or dielectric constant at low frequency range
is due to the delay in polarization of charges which possess
inertia when electric field is applied. The value of dielectric
permittivity at 1 MHz is estimated to be 36 for SETN, 43 for
NETN, and 45 for both PETN and CETN samples.

At low radio frequency side, the value of ac conduct-
ance of the ceramics is constant up to 1 MHz as shown in
Fig. 7. But it increases with the increasing in frequency as
explained by Koop’s phenomenological model. The sample
shows the lowest value of dielectric loss (tan 9) at high fre-
quency range as shown in Fig. 8 [30]. The decrease in tan-
gent loss and dielectric permittivity at higher frequency side
is due to the mobile charge carriers in the dielectric ceram-
ics. The electrical energy dissipation at radio frequency
range is very low for all the samples. It is interesting to note
that these parameters became almost frequency independent
at higher frequency region. The dielectric studies gave the
evidence that these samples can be used as the dielectric of
the resonator capacitors in the communication circuits.

The prepared nanopowder sample (0.01 g) was dispersed
in 10 ml ethanol. Absorption spectra of the resultant trans-
parent solution in the ultraviolet and visible regions were
taken. Figure 9a—d gives the optical absorption spectra of
the samples plotted in the wavelength ranges from 300 to
700 nm. Several investigators have reported that the bands
corresponding to the absorption of wavelength in the visible
region produced by trivalent lanthanide ions most probably
originate in the 4f energy level [31]. From the UV absorb-
ance studies, it was observed that the samples absorbed the
entire wavelength of the ultraviolet region only but feasible
absorption in the visible wavelength region. The electrons in
the higher principal quantum number orbitals of the atoms in
the samples screened the inner orbitals from external influ-
ences. As a consequence, the UV-Vis spectrum consists of
distinct and characteristic bands. The bands due to absorp-
tion of wavelength at 550-600 nm in the spectra of the as-
prepared samples are broadened due to the strong influence
of chemical environmental factors like Ti** and Nb>* ions.
The different peaks at 440-540 nm can be seen in all the
obtained spectra due to the transition of Er’* ions [32]. The
absorption spectra showed bands around 420—490 nm due to
the transitions that confirmed the occupancy of Ce**, Pr*™,
Nd3**, and Sm*" ions in a single site [33, 34]. The charac-
teristic transition bands of Niobium ions can be seen in the
wavelength range 580-620 nm. The peaks in the range of
290-350 nm were due to the presence of defect levels of
Erbium ions. The optical absorption studies depicted that
the developed samples are good candidates for UV filter and
sensor applications.

The UV-Vis absorption coefficient of the material
which depends on photo energy was stated by Tauc’s
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equation, (ahv) = B(hv — Eg)’", where a is the absorbance,
h is Planck’s constant, v is the frequency, B is the energy-
independent constant, E, is the optical energy gap, and m is
the constant associated to the different types of electronic
transitions (m = 1/2 for direct allowed, m =2 for indirect
allowed, m =3/2 for direct forbidden, and m =3 for indi-
rect forbidden transitions). The allowed electronic transi-
tions dominate the basic absorption processes giving direct

| | |
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
keV

or indirect transitions. Among all possible transitions,
m=1/2 gives the best fit linearly in the band-edge region
of Tauc’s plot for all the samples, and hence, the sam-
ples showed the direct allowed electronic transitions. The
direct allowed optical band gap can be obtained from the
intercept of the linear region with the axis (ahv)>=0 [35].
Tauc’s plots of all the samples are shown in Fig. 10a—d.
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Fig.6 Variation of dielectric constant with frequency of all samples

70.0p 4
| CETN
60.0p |
_ 50.0u
o ] SETN
3
S 40.0p PETN
X i
[S]
ETN
2 30.0p -
c
S |
© 20.04
10.0p -]
0.0 4
T ¥ T 4 T T T T i T ¥ T

- — .
25 30 35 40 45 50 55 60 65 70
log f

Fig. 7 Variation of conductance with frequency of all samples

The optical band gap of CETN, PETN, NETN, and SETN
is estimated to be 3.24, 2.96, 2.9, and 3.1 eV, respectively.

The photoluminescence spectra obtained at the exci-
tation wavelength 270 nm of the sample presented in
Fig. 11a-b exhibit strong emissions in the visible range
of wavelength. The peaks corresponding to the transi-
tions of the constituent elements in the samples were rec-
ognized on the basis of Payling and Larkins data [36].
The emission lines observed at 370 nm, 423 nm, 448 nm,
494 nm, 538 nm, and 600 nm are due to 3F4—0A°3 of Er
atom, “D, s—°D°, 5 of Nb atom, (12.5, 2.5)°10-"A, of Er
atom, "F;—F°; of Sm atom, ’Ls <—"A°( 5 of Pr atom, and
SF,—F°, transition of Ti atom. The photoluminescence
property evidences that the samples can be suitable for
several optoelectronic systems.
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Fig. 8 Variation of loss factor with frequency of all samples

Materials having good ionic conductivity are the essen-
tial components of solid oxide fuel cells and other energy
sources. The thermally triggered O~ ions hopping inside
the lattice space of the sample establish conduction in the
ceramics [37]. The impedance studies of the sample NETN
were conducted at different temperatures. Figure 12a-b
shows the behavior of Z' (real part of impedance) with radio
frequencies at 100-700 °C. The value of Z' falls against both
the frequency and temperature pointed out the ac conductiv-
ity of the ceramic samples and its negative temperature coef-
ficient of resistance behavior. But the values of Z' coincide
in higher frequency region due to the discharge of space
charges and the conductivity of the sample increases with
temperature.

Figure 13a—b which presents the plot of Z"" (imaginary
part of impedance) with frequency indicates that the value
of Z" has decreased and the peak maxima shifted to high fre-
quency region at high temperatures. Widening of the peaks
is due to the spreading of relaxation time in the sample.
The electrical behavior of the ceramic samples at various
temperatures was studied using the impedance plot shown
in Fig. 14a-b. At low-temperature plot is a straight line with
large slopes that indicates the non-conducting nature of the
ceramic material. But the slopes of the lines decrease and
bend towards the Z'-axis with increasing temperature and
two semicircles are formed. The semicircles are obtained
due to the contributions of grains and its boundary in the
conductivity of the ceramic samples. The nature of imped-
ance spectrum showed the evidence of the negative tempera-
ture coefficient of resistance behavior of the sample identical
to a semiconductor. This semiconducting nature of ceramic
might be due to the presence of oxygen deficiency during
high-temperature sintering process [38—40]. Impedance
studies revealed that the sample can be used as electrolyte
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Fig.9 a—-d UV-Vis absorption
spectra of all the samples

Fig. 10 a—d Tauc’s plots of all
the samples
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in solid oxide fuel cells due to the optimum ionic conductiv-
ity of the samples at high temperatures.

Conclusions

The solid-state ceramic route was used to produce the sam-
ples Ce gEr, , TiNbOy, Pr, gEr,, , TINDOg¢, Nd,, sEr;, ,TiNbOg,
and Sm ¢Er,, ,TiNbO¢. X-ray structural study revealed the
orthorhombic aeschynite symmetry of the samples and the
vibrational spectroscopic studies confirmed the XRD results.
The surface morphology of the samples showed the inhomo-
geneous distribution of grains of both ATiNbOg (A=Ce, Pr,
Nd, and Sm) and ErTiNbOj all over the sample. The UV-Vis
spectra analysis revealed that the samples are wide band gap
material showing good absorbance in the ultraviolet region.
The optical band gap of CETN, PETN, NETN, and SETN
using Tauc’s plot are investigated to be 3.24, 2.96, 2.9, and
3.1 eV, respectively. The high Q-factor and high dielectric
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Fig. 14 a-b Complex impedance spectra of NETN at 100-700 °C

permittivity of samples in both radio and microwave fre-
quency region make the samples potential candidates for
dielectric resonator applications in communication systems.
The samples are also found to be a luminescent material with
some emission peaks at the visible region. The grain and
grain boundary contribution to the ionic conductivity of the
ceramics at different temperatures are established through
impedance spectroscopic studies. The decrease in sintering
temperature, excellent dielectric and photoluminescence
properties, and enhanced ionic conduction at high temper-
atures are due to the substitution of Erbium in ATiNbOg
(A=Ce, Pr, Nd, and Sm) ceramics. These conventionally
prepared samples are investigated as a functional ceramics
for optical, dielectric, and solid oxide fuel cell applications.
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