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Chapter 5. Investigation of Multifaceted Properties for Environment
friendly(1-x)LiNbQO3-x(LiosDyo.5) TiO3 Solid Solution

5.1 Introduction

As we have discussed earlier in Chapter 1, numerous research works have been
reported on LN-based ceramics for different kinds of applications. Chapter 3 and chapter 4
are based on additive addition and single rare earth doped, respectively, in LiNbO3. The two
element co-doping in LiNbOs is rarely reported for the investigation of the LN ceramic for
the electrical and optical properties. The co-doped LN solid solution ceramic might be an
emerging material for a wide range of applications. The co-doping combination of Low
electrical conductivity-based material and good phosphorous property-based material that is
also thermally very stable at high temperatures can make the LN ceramic more worthy for
Electrical energy applications and optical properties-based applications at high temperatures
by maintaining the curie temperature very high. Co-doping in LN can change the structural
properties, which can bring some changes that can turn LN into a high-potential ceramic
material for optical and electrical energy-based sensing devices and optical display
applications. High curie temperature is the most attractive key factor of LN, so much research
related to high-temperature applications has been published. Such low-cost synthesized and
high-potential materials can contribute to new technological advancement in respective areas.
Here, we are discussing some recent literature related to Co-doped LN solid solution ceramics,
which can put up the related information about related work, which we are going to discuss

in this chapter, and the literature survey is as follows.

L.X. Lovisa it has published an article on the investigation of structural,

morphological, and photoluminescent properties for non-stoichiometric LiNbO3
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Nanoparticles for co-doped rare earth materials Dy**/Tb*". Through their XRD investigation,
the secondary phase of LisNbO4 has been confirmed in their synthesized materials because of
the non-stoichiometry of LiNbO;. Their findings indicate that the presence of
photoluminescence properties is associated with surface defects in the particles, which also
facilitate the recombination of photo-generated charges that are favorable to
photoluminescence properties. The minimum band gaps for LN:1% Dy, LN:1% Tb, and pure
LN are4.17 eV, 4.25 eV, and 4.21 eV, respectively, while two band gaps of 3.63 eV and 3.59
eV are observed for the 1%Dy and 1%Tb co-doping with LN [1]. Saito et al. reported the
synthesis of a (Ko.44Nao.52Li0.04)(Nbo.gs Tao.10Sbo.04)O3 ceramic characterized by a pronounced
[001] texture. This ceramic exhibits a polymorphic phase transition (PPT) occurring between
ferroelectric orthorhombic and tetragonal phases in the vicinity of room temperature. This
material exhibited good performance equal to that of the PZT family [2]. The piezoelectric
and dielectric properties of the system Ko 95Lio.05Ta1-xNbxO3 (KLTN, x = 0.51, 0.60, 0.69 and
0.78), were examined by Jun Li et al., Using pyroelectric and dielectric measurement, they
were able to determine the Curie temperature as well as the phase change. The piezoelectric
properties were exceptionally appealing at a composition of x = 0.60, and a saturated PE

hysteresis loop was also obtained [3].

The objectives of the present work are (i) to synthesize (1-x)LiNbO3-x(Lio.sDyo.5)TiO3
ceramic materials for the various composition x = 0.0, 0.00625, 0.0125, 0.025, 0.05, 0.1 and
0.2, via solid-state reaction method at low cost and investigate the effect of Dy>* and Ti*" co-
doping in LiNbO3 on the crystal structure and microstructure, (ii) to investigate the dielectric
characteristics in a wide range of frequencies with varying temperature (iii) to investigate and

analyze ferroelectric characteristic at room temperature as well as calculate the energy density
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for the prepared materials (iv) to investigate the optical and photoluminescence properties of
prepared samples.

5.2 Experimental

The lead-free (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 solid solutions were synthesized using
high-temperature ceramic synthesis. Stoichiometric amounts of Nb2Os (Sigma Aldrich,
99.99%), Dy20O3 (Sigma Aldrich, 99.99%), TiO2> (Himedia, 99%), and Li2CO3 (Himedia,
98.5%) were milled in an ethanol-wet medium in a high-energy planetary ball mill for 12
hours at the speed of 300 rpm. After completion of the milling process, the milled wet solid
solution was collected and kept on a hot plate at 100°C to dry the wet sample. Then, the dried
solution was calcined at 800°C for 6 hrs with a heating rate of 3 °C/minute. After that, the
calcined powder was mixed with a binder of polyvinyl alcohol (PVA) and converted into a
disc of 10 mm diameter at a uniaxial pressure of 5 tons. The green pellet was fired at 550°C
for 8 hours to eliminate the binder, and then it was sintered at a temperature of 1050°C for 6
hrs. Sintering was performed in a closed environment for that sealing of magnesium oxide
used due to its non-reactive nature and very high thermal stability [4]. Then, the sintered pellet

was crushed into fine powder and annealed at 500°C for 12 hours.

X-ray diffraction (XRD) of annealed solid solutions was recorded in the 20 range from
20° to 80° at a scan rate of 2°/minute using a Miniflex600 X-Ray diffractometer having CuKa
radiation (1.5406 A) provided by Rigaku, Japan. The crystallographic phase was validated
with the help of the X-pert high score software as well as the ICDD database. The FullProf
Suite software was employed to refine the structural parameters through the Rietveld
refinement method[5,6]. The VESTA (Visualization for Electronic Structural Analysis)

software was used to draw the three-dimensional crystal structure.
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An X-ray photoelectron spectroscopy (XPS) characterization was carried out using the
K X-ray Photoelectron Spectrometer system. For the excitation, an Al K, monochromatic X-
ray source with an energy of 1486.6 eV was used, and the test depth was kept at 10 nm while
the temperature was kept at room temperature. This has been done in order to determine the
elemental composition of the material that has been prepared, in addition to the chemical and
atomic states that are present in the materials. The morphological microscopic investigation
was carried out at room temperature using scanning electron microscopy (JCM-6000 Plus
BenchTop Sem Neoscope, JEOL Asia PTE Ltd), and ImageJ software was utilized to
determine the average grain size of the sintered pellets. The dielectric properties were
examined by employing an impedance spectroscopic analyzer (Keysight E4990A Impedance
analyzer) at frequencies 1 kHz, 100 kHz and 1 MHz and the temperatures ranging from room
temperature to 500 °C. The results of these evaluations can be found in the table below. At
room temperature, ferroelectric properties were analyzed using a ferroelectric tester of Radiant
Technology (Precision Premier-II). Nicolet Summit FTIR Spectrometers were utilized in
order to carry out the FTIR analysis of the functional group as well as the purity of the sample
that was prepared. The absorbance properties of the prepared system were characterized
through JASCO V-650 UV-visible spectrophotometer with a spectral range of 200-800 nm
and a scan rate of 2 nm/s at room temperature and also the direct band gap was calculated
through Tauc Plot equation. The fluorescence spectrometer, namely the Hitachi F-4600
model, was used to determine the excitation and emission spectra of the annealed powder from
the prepared samples. The measurements were conducted within the wavelength range of

350-700 nm.
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5.3 Results and discussion

5.3.1 Crystal structure analysis

The Figure 5.1 displays the powder XRD patterns of annealed (1-x)LiNbOs-
x(Lio.sDyo.5)TiO3 (LNDT) ceramics for various compositions with x = 0.0, 0.00625, 0.0125,
0.025, 0.05, 0.1 and 0.2. The diffraction peaks of each sample have been indexed using the
standard XRD pattern of LiNbO3 (JCPDS File #98-001-631) having space group R3c and
values of corresponding (hkl) are shown in the Figure 5.1. Further, there are three very small
peaks at 28.37°, 30.00° and 49.88° arising in all doped compositions and some others
additional peaks are observed in the composition x = 0.2. These additional peaks, marked with
plus (+) sign; appear due to partial reaction of dysprosium and titanium with host matrix LN.
Since, the ionic radii of Li" is 0.92 A [7], whereas the ionic radii of Dy** is 1.253 A[8]. The
ionic size of Dy*" ion as compare to Li* ion creates disturbance in the grain orientation of c-
axis. It has been found that the additional peaks are attributed to a secondary phase of Dy, TiOs
(JCPDS #98-001-5676) having space group F43m, as confirmed from the X-pert high score

plus software.
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Figure 5.1: XRD Pattern of (1-x)LiNbO3-x(Lio.5sDy0.5)TiO3 ceramic for different
composition (x)

For the estimation of lattice parameters and unit cell volume, Rietveld structure

refinement has been performed. Rietveld structure refinement has been carried out for all

compositions using R3¢ and F43m space groups. A very refined Rietveld fit has been obtained

for all the compositions. Rietveld structure refinement confirms that (1-x)LiNbOs3-

x(Lio.sDyo.5)TiO3 ceramics for x # 0, crystallize into cubic crystal structure with F43m space

group and rhombohedral crystal structure with R3¢ space group. However, the pure LiNbO3

ceramic crystallizes into a single phase of rhombohedral crystal structure with R3c space

group. Rietveld fits for LiNbO3 and (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 with x = 0.1 are shown in

the Figure 5.2. The obtained values of lattice parameters and unit cell volume for

rhombohedral and cubic crystal structures have been listed in Table 5.1 and Table 5.2,

respectively. A slight modification in the lattice parameters and unit cell volume has been

observed due to presence of different ions with different ionic radii. The elements dysprosium
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and titanium partially react with the LiNbO3 matrix, which led to an irregular modification in

unit cell volume as well as lattice parameters.
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Figure 5.2(a-b) : Rietveld structure refined fits for (a) LiNbO3; and (b) (1-x)LiNbOs3-
x(Lio.sDyo.5)TiO3 where x = 0.1.
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Table 5.1: Lattice parameters and unit cell volume of primary phase (1-x)LiNbOs-

x(Lio.sDyo.5)O3 of samples

Composition a (A) b (A) c(A) V (A%
x=0.00 | 5.1631(1) | 5.1631(1) | 13.8703(3) | 320.23(1)
x=0.00625 | 5.1645(1) | 5.1645(1) | 13.8498(5) | 319.92(2)
x=0.0125 | 5.1635(1) | 5.1635(1) | 13.8395(6) | 319.56(2)
x=0.025 | 5.1674(1) | 5.1674(1) | 13.8508(4) | 320.30(1)
x=0.05 | 5.1742(1) | 5.1747(1) | 13.8519(3) | 321.17(1)
x=0.1 5.1711(3) | 5.1711(3) | 13.8192(1) | 320.03(3)
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Table 5.2: Lattice parameters and unit cell volume of secondary phase of (1-x)LiNbOs3-
x(Lio.5sDyo.5)O3 samples

Composition a=b=c(d) V (A3
x = 0.00625 10.3182(1) 1098.56(1)
x=0.0125 10.2847(8) 1087.88(1)
x =0.025 10.2879(3) 1088.55(5)
x=0.05 10.3181(7) 1098.52(4)
x=0.1 10.3179(4) 1098.44(7)

Ball and stick molecular models have been drawn using VESTA software. The Figure
5.3(a) shows ball and stick molecular unit cell models for rhombohedral crystal structure
having R3c space group. However, the Figure 5.3(b) displays ball and stick molecular unit

cell model for cubic crystal structure having F43m space group.

()

(b)

Figure 5.3: Crystal structure of (1-x)LiNbO3-x(LiosDyo.s5)O3 with mix phases; (a)
Rhombohedral phase and (b) cubic phase.
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5.3.2 Morphological analysis
The Figure 5.4(a-f) shows the surface morphology of highly compact pellets of pure

LN and solid solutions of Lithium niobate dysprosium titanate based solid solution materials.
In the case of pure LN the Figure 5.4(a), The synthesized pure lithium niobate crystalline
exhibits regular grain formation and also showcasing a distinct and well-defined
rhombohedral crystal shape[9]. Furthermore, the grain morphology exhibits clarity and
distinctiveness, featuring well-defined grain boundaries. The average grain size,
approximately 3.46 um, was determined through calculations using ImagelJ software[10,11].
The average grain size of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 based solid solution compound is
found between 1.09 to 1.85 pm for the composition varies from x = 0.00625 to x = 0.2. In our
study up to x = 0.1 there are not very abruptly changes in grain formation but it can be seen
very plainly that the morphology of the prepared solid solution completely changes when the
composition is changed to x = 0.2. It would appear that the shape of grains changes from that
of regular rhombohedral crystals shape to that of plates like shape as a result of the formation
of super structures when the percentage of Ti ion in the system is increased which is shown
in the Figure 5.4(g). H. Nakano et al. reported that changes to the c-axis lattice constant
occurred in Lij+xyMix3yTixt4y03 (M = Nb°*, Ta") after a superstructure with an increased Ti
ion concentration was formed. Throughout this process, the size of the c-axis cells decreased
with time until they reached a certain point, which indicated the beginning of a restricted
period. On the other hand, as the Ti ion content in the prepared system increased, the a-axis

cell size stayed basically the same [12,13].
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Figure 5.4: (a-g) Scanning electron microscopic images of (1-x)LiNbO3 -x(Lio.sDyo.5)TiO3,
where (a) x =0, (b) x =0.00625, (¢) x = 0.0125, (d) x =0.05, (¢) x =0.1, () x = 0.2.
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5.3.3 Thermogravimetric analysis

The Figure 5.5 demonstrate the Thermogravimetric (TGA) response of lithium
niobate (LiNbO3) and its composition variations with lithium dysprosium titanate
(Lio.sDyo.5Ti0O3), across a temperature range from 35°C to 900°C. The TGA curve for
pure LiNbOj3 exhibits a monotonous weight loss, which stabilizes near 900°C, suggesting
a total mass reduction of approximately 2.5%. This trend is indicative of decomposition
processes, potentially encompassing lithium volatility, material breakdown, or moisture
evaporation. For the solid solution samples, the weight loss is confined to a narrower
temperature window (270°C to 440°C), with a net diminution of around 1.1%. Beyond
this range, the curves exhibit a modest reversal, with the sample mass incrementing
slightly, an anomaly that can be ascribed to the material's interaction with atmospheric
oxygen—a hallmark of oxidation at high temperatures. This inflection point, denoting a
transition from weight loss to gain, necessitates a rigorous examination of the sample
environment and experimental setup. The observed weight increase may also be
influenced by phenomena such as the buoyancy effect, absorption, adsorption, or nitride
formation under specific gaseous conditions. The buoyancy phenomenon arises from the
decrease in density of the surrounding gas when subjected to heating [14—17]. A
noticeable increase in weight ranging from 50 pg to 200 pg is usually the outcome of
this. Each of these factors underscores the material's reactive nature under thermal duress
and should be meticulously accounted for when postulating on the material's thermal

stability and its adaptability to high-temperature applications.
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Figure 5.5: Thermogravetric analysis of Pure Lithium Niobate and (1-x)LiNbOs3-
xLio.5Dyo.5TiO3 for x = 0.1

5.3.4 X-ray Photoelectron Spectroscopy Study

Figure 5.6 (a-e) are illustrated the X-ray photoelectron spectroscopy spectrum of
lithium niobate disprosium titanate solid solution for the detailed chemical and eletronic state
investigation. The calibration was performed utilising the Cls binding energy of carbon
contamination in order to adjust for charging effects. This value was determined to be 284.5
eV after being measured. After applying the Shirley-type background subtraction, the results
were as follows:

XPS spectra of Ols shown in the Figure 5.6(a) is as similar as previous
reported[18,19].3435 Using the Lorentzian-Gaussian distribution function, the spectrum of
Ols may be divided into two peaks. The narrow and high intensity peak is obseved at lower
Binding Enrgy (B.E.) 529.12 ¢V which is belongs to the lattice oxygen of LiNbO3 and is
obvious to be attributed to O> ions and the broad and low intensity peak obsreved at higher
B.E. 531.46 eV is associated with oxygen ions in the oxygen vacancy region and it is
corresponds to O' ions[20,21]. As seen in the Figure 5.6 (b) it shows the Lils and Nb4s XPS

spectrum at B.E. 54.15 eV and 59.39 eV is similar to previously reoported researchers[19,22].
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Its indicating that Lithium is remains present in standard state Li". The Nb4s peak can be
found in the spectrum at 59.39 eV, and it is possible that this peak was caused by the Nb ions
that were present in the LNDT system. There is a possibility that the bonding in Li-Nb-O is
directly related to the Nb4s peak[23,24]. In the Figure 5.6 (¢) The peaks of Nb3d that were
found to be located at 206.08 eV and 208.8 eV were assigned to the spin states of Nb 3ds»
and Nb 3ds2, respectively.This indicates that Niobium is present in the chemical state of Nb>*,
a finding consistent with earlier research [25,26]. In the Fig. 6(d) XPS Spectra of Dy3d shown
with two peaks at 1303.56 eV and 1295.03 eV and thsese two peaks are attributed to the spin
states of Nb 3d3» and Nb 3dsp, respectively, and is is found that Dysprosium exist with Dy>"
state which is similar to previous reported research[27,28]. The XPS spectra of Ti 2p3» and Ti
2p1/2 are shown in the Figure 5.6 (e) at 457.63 eV and 462.57, 463.65 eV, respectively. These
values are consistent with the findings of other reports regarding the structure of TiOg
octahedrons. Ti*' signals are strongly detected but weaker spectra of Ti*" signals also detected
which may be due to that the presence of Nb>* reduced the part of Ti*" to Ti*" as previously

reported research[29,30].
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Figure 5.6(a-e): X-ray photo electron spectra of (1-x)LiNbO3-x(Lio.sDyo.5)TiOs for x = 0.1,
(a) Fitting of Nb 4s, Li 1s spectra, (b) Fitting of Ols spectra (¢) Fitting of Nb 3d spectra, (d)
Fitting of Dy 3d spectra, (e) Fitting of Ti 2p spectra,

5.3.5 Fourier transform infrared spectroscopy spectra (FTIR) analysis

The FTIR investigation has been carried out in order to provide information about the
quality and consistency of the samples that have been synthesized, and the results of this
investigation are displayed in the Figure 5.7, the FTIR spectra of pure LN and (1-x)LiNbOs3-
x(Lio.sDyo.5)TiO3 solid solution for the different x values. The absorption band(s) observed at
3440, 2922, 1640, 1142, 943, 643, and 469 cm™'. The absorption band at 3440 and 2922 cm’!
in the FTIR spectra is due to the OH vibration in an oxygen plane which is perpendicular to

the c-axis. The bands that were observed are associated with the OH molecular defect that is
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located in the oxygen plane. Each of the multiple peaks in these bands corresponds to a unique
location of the proton (H") in the oxygen plane. These bands are able to be resolved more
clearly as the crystal moves closer to its stoichiometric composition. The identified OH peaks
are ascribed to metal hydroxide bonds, which are hypothesized to have formed as a result of
moisture entrapment during crystal growth[31,32], these OH vibrations are also indication of
that sample contains any organic compound despite the fact that the XRD measurements gave
no indication of anything, The existence of a broad peak at 1142 cm™! may be ascribed to the
residual COs> ions contained within the crystalline matrix, which signifies that the
decomposition of the Li»CO3 remains incomplete[31]. These bands are the distinguishing
characteristics of the LN IR fingerprint absorption. It has been determined that the Nb-O
vibration in the crystalline state LN is responsible for the absorption band in the range 679 to
681 cm'[33,34]. The single bond between Li and O detected at wavelength 943 cm™! and the

nano crystallinity of the synthesized sample is confirms through a peak observed at 469 cm™.
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Figure 5.7: Fourier transform infrared spectroscopy spectra of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3
for different value of x at room temperature.
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5.3.6 UV-Vis Spectroscopy Analysis
The optical properties of all solid solutions were studied by collecting the absorption

spectra. Optical absorption spectra, as shown in the Figure 5.8(a), provide evidence for the
effect of LiosDyosTiOs; doping percentage on the optical band gap of (1-x)LiNbOs3-
x(Lio.sDyo.5)TiO3 solid solution for various compositions. For (1-x)LiNbO3-x(Lio.sDyo.5)TiO3
solid solution, the indirect band gap was calculated using well-known Tauc equation (ahv)?
vs hv where hv is band gap energy, a is absorption coefficient and B is referred as Tauc
constant [35]. As depicted in the Figure 5.8(b), Un-doped LiNbO3 shows much lower value
of indirect band gap (E; = 2.4 eV) as earlier reported value (E; = 3.3 eV) in literature [36].
After raising the x(Lio.sDyo.5TiO3) contents in (1-x)(LiNbO3) further, the indirect band gap
increases but there is no confirmed tangent line observed, so, we have also calculated the
direct band gap. The direct band gap of (1-x)LiNbO3-x(Lio.sDyo.s5)TiO3 samples were
determined using the Tauc’s equation ahv = B(hv — E,)?. A tangent line is drawn on (chv)? vs
hv plot to get the band gap value as shown in the Figure 5.8(c) [37]. After raising the
x(Lio.sDyo.5TiO3) contents in (1-x)LiNbOs3 further, the direct band gap decreases to 3.08 eV
for composition x = 0.00625 and then further decreased for composition x = 0.05. Further
doping (x = 0.2) cause slight increase in band gap values as shown in the Figure 5.8(d). For
the composition x= 0.05, absorption is higher in visible range which is may be due to coupling
between Dy ion and oxygen vacancies [38]. This composition also exhibits the lowest band
gap (2.95 £ 0.003 eV) which can be attributed to the creation of sub-bands between the
conduction band and valence band as a result of Ti and Dy doping and the existence of oxygen
vacancies. The CBM tail is extended and the band gap is lowered as a result of the sub-bands

created by Ti and Dy doping and oxygen vacancies [39].
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Figure 5.8(a-e): (a) Variation of absorption spectra of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 solid
solutions for various compositions in the range (0.0 <x <0.2). (b) Indirect band gap of (1-
solid solutions (c) Direct band gap of (1-x)LiNbOs-
x(Lio.5sDyo.5)Ti03 (d) Direct band gaps for (1-x)LiNbOs3-x(Lio.sDyo.5)TiO3 solid solution with
composition variation, (e) Direct band gap showing exact tangential point.



5.3.7 Photoluminescence Spectroscopy Analysis

We have investigated the composition dependent photoluminescence (PL) emission at
room temperature for (1-x)LiNbO3-x(Lio.sDyo.5sTi03) solid solutions. The PL emission studies
of LiNbO3 and Lio.sDyo.sTiO3 doped LiNbO3 solid solutions in the range of 430-600 nm
wavelengths are carried out. LiNbO3 is doped with rare earth element Dy as Dy>" ion has long
energy level life. Doping with Dy*" ion make this ceramic useful for yellow lasers[40]. In
LiNbO3, Li* ions are less number than that of Nb>* and this causes optical damage [41]. So,
extra Li doping in LiNbO; will reduce the optical damage[41,42]. The LiNbO3 sample is
excited at 430 nm. LiNbO3 exhibits PL emission in UV-visible light region and shows cyan
colour emission at 485-500 nm as shown in the Figure 5.9(a). This broad emission peak of
cyan colour luminescence was detected in all samples. LiosDyo.sTiO3 doped LiNbO3 solid
solutions showed two broad PL emission peaks in UV-visible light region 470-497 nm and
560-596 nm as shown in the Figure 5.9(b). The first broad peak in the range 470-497 nm
deconvoluted and it is found that it combined both blue and cyan colours spectrum as shown
in the Figure 5.10(b). So, (1-x)LiNbO3-x(Lio.sDyo.5Ti03) solid solutions show blue, cyan and
yellow emission peaks. The undoped LiNbOs; doesn’t emit the blue colour emission as
confirmed after peak fitting shown in the Figure 5.10(a). The blue peak at 477 nm in (1-
x)LiNbO3-x(Lio.sDyo.5TiO3) compositions generated due to defect energy levels. These defect
energy levels formed due to doping of Dy and Ti. Cyan emission peak is more dominant
around 483-500 nm. The observed blue and cyan emission peaks are due to presence of
oxygen vacancies [43]. When LiNbO3 doped with Dy and Ti, it creates oxygen vacancies.
These oxygen vacancies form new sub band energy levels. Fully ionized oxygen vacancies

give rise to blue emission [43,44].
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The peak position of cyan luminescence is red-shifted with Lio sDyo.sTiO3 doping and
then got almost saturated with further doping as shown in Figure 5.10 (¢). We observed that
Lio.sDyo.sTiO3 doping increase the PL intensity of cyan-emitting luminescence band as well
as cause broadening of peak as shown in Figure 5.10 (d). We found that after Lio sDyo.sTiO3
doping LiNbO3 shows a new yellow band energy position which blue shifted with increasing
the doping concentration (see Figure 5.10 (c)). The intensity of yellow colour emission band
increases with increasing concentrations of Lio.sDyo.sTiO3 from 0 .00625 to 0.125 in LiNbO3
(see Figure 5.10 (d)). The source of yellow band could be dislocations, surface defects,
oxygen vacancy or point defects[45]. The yellow emission band is generated by the
recombination of donor-acceptor couples located within depletion zones that are linked to
grain interfaces. This yellow band transition is due to donor-acceptor pair type transition [45].
Observation of yellow light emission in YAG:Dy>" crystal is also reported[46]. The yellow
light emission of Dy*" originate during radiative transition of 4Fo, levels on the lower energy
levels ®°Hy (J =9/2, 11/2. 13/2 & 15/2)[47]. From the Figure 5.10(d), the PL intensity of yellow
band increases from 393 to 1183 with increasing doping concentration to x = 0.025. The
increase in intensity can be related to increase in number of donor-acceptor pairs with doping.
When doping concentration further increased, there is a drop in intensity is observed which
may be due to excess carriers recombination [45]. The variation in photoluminescence (PL)
emission intensity is associated with the lithium-to-niobium (Li/Nb) ratio in ceramics. A
noteworthy observation is that the intensity tends to rise as the Li/Nb ratio increases. Elevated
concentrations of lithium ions (Li") prove advantageous for positioning electrons at energy
levels, specifically at *Fgp, facilitating a beneficial impact on the radiative relaxation

process[48]. The peak broadening of yellow band is maximum for x = 0.025 composition and
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this broadening is attributed to angular distribution of dipole moments which affected by

doping higher concentration cause lowering of yellow band peak [45].
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5.3.8 Dielectric analysis

In Figure 11(a-f) we have shown the dielectric behavior of lithium niobate dysprosium
titanate based solid solution ceramic materials at different constant frequencies (1 kHz in the
Figure 5.11(a), 100 kHz in the Figure 5.11(c) and 1 MHz in the Figure 5.11(e)) with function
of temperature with different compositions. From the shown figures, it is an interesting result
arises as the doping concentration of dysprosium titanate in lithium niobate increases. The
dielectric constant of this ceramic firstly enhanced till from the concentration of value x =
0.00625 to x = 0.05 as compared to prepared pure Lithium niobate ceramic. This may be
happening due to variable oxidation state of Nb like +2, +3, +4 and +5 as Ti and Dy doping,
Ti exist mostly in +4 oxidation state at some limitation, it is fixable in Nb place but after the
concentration increases from x = 0.05 the dielectric constant decreases this may be due to the
large difference in Ti and Dy compare to Li and Nb and mixed phase arises at that position
which discussed in the crystal structure analysis part and XPS analysis part. At the lower
frequencies material show high dielectric constant but when frequencies increase up to MHz
its show low dielectric constant. This could be because at higher frequencies there is deficit
of polarization, and the dielectric constant decreases at an increasingly rapid rate with the
increase in frequency. The decrease is attributed to the diminished prominence of the space
charge polarization effect. As a consequence of this, prepared ceramic shows a higher
dielectric constant at low frequencies. The observed phenomenon may be attributed to space
charge polarization occurring at the grain boundaries, leading to the formation of a potential

barrier.
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The dielectric loss is also shown for this ceramic at the same frequencies in the figures
(at 1 kHz in the Figure 5.11(b), at 100 kHz in the Figure 5.11(d) and at 1 MHz in the Figure
5.11(f)). The ratio of the imaginary part £” to the real part £’ is the formula used to calculate
the dielectric loss tangent, which is denoted by the symbol tan(d), i.e. given by, tan(d) = €/
€. This tangent relates to the phenomenon of dielectric relaxation, in which the loss of
dielectric material indicates the amount of energy dissipated. This phenomenon arises when
changes in polarization happen at the interfaces between grains in response to an externally
applied electric field [49]. Dielectric loss in dielectric materials is caused by three primary
factors: conduction of direct current (DC), migration of space charges resulting in interfacial
polarization, and movement of molecular dipoles, referred to as dipole loss. In most of the
cases, these three phenomena are responsible for the majority of the dielectric loss. It is
observed that the tangent loss is independent up to 300 °C then rapid increase. It has also been
found that the tangent loss is greater at lower frequencies, while at higher frequencies it is
reduced to lesser values. This is something that was observed. The higher tand value obtained
at lower frequencies is likely due to the increased resistivity of grain borders, which has a
greater impact than the resistivity inside the grains themselves. This high resistivity makes

grain boundaries responsible for the high value.

After reaching a certain temperature, there could be a second reason for the rapid
increase in the value of the dielectric constant with increasing temperature. As the temperature
rises, the thermal activation of the hopping of charge carriers occurs; consequently, An
increase in dielectric polarization leads to a corresponding increase in the dielectric
constant[50]. The maximum dielectric constant observed at composition x = 0.05 and

calculated uniform grain size for this composition is smallest than others composition and it
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is found that 1.09 pm and The dielectric constant can also be significantly influenced by a
variety of other important parameters, including the mobility of domain walls and the total
number of domains. Uniform grain size enhances the ease and predictability of domain wall
motion, resulting in an increase in the dielectric constant. During the Curie temperature, there
is a phase transition that causes mechanical changes in the unit cells, resulting in the creation
of internal stress within the material. Internal stress is influenced by both grain size and the
uniformity of grain size. Greater uniformity in grain size leads to reduced internal stress,

thereby promoting the motion of domain walls [50,51].
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5.3.9 Polarization-Electric field analysis

The Figure 5.12(a) illustrates the hysteresis loop of polarization versus electric field

(P-E) at room temperature, depicting various compositions. It is observed that the PE

hysteresis loop changes with composition and it is found that the remnant polarization (P;) is
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firstly decreases and then increases but the coercive field (Ec) firstly increases then decreases

for the prepared lithium niobate dysprosium titanate based solid solutions.

It has been observed that in the case of pure lithium niobate and extremely low values
of composition (denoted as x), the polarization-electric hysteresis curve exhibits a "non-ideal"
behavior. This deviation is attributed to significant leakage, which is induced by the presence
of oxygen vacancies, as reported by previous researchers. The existence of these vacancies is
attributed to the diffusion of lithium and oxygen at the surface during the sintering process
[52,53]. In this present work it is found that we have very much enhanced ferroelectric
properties compared to some previous reported like, Mareno et al. reported the enhanced
ferroelectric property of lanthanum doped Lithium Niobate and they found that the P is 0.235
uC/cm?, Pr is 0.141 uC/cm? and Moreno et al. reported the ferroelectric properties of nano
crystalline lithium niobate with Ps 0.21 pC/cm? and P 0.11 uC/cm? and one reported was
reported by S. Banerjee and colleagues with P; ~0.00026 pC/cm? for mesoporous lithium
niobate[52,54,55]. Barik et al. also examined and reported the ferroelectric property of nano
sized lithium niobate with Ps is 0.133 and P: is 0.056 [56]. The ferroelectric properties of the
pure LiNbO; are due to the crystal structural. The ferroelectric structure of LiNbOj is
rhombohedral that belongs to the space group R3c having unit cell of 10 atoms. The oxygen
atoms are stacked in such a way that their faces are aligned along the polar trigonal axis in the
atomic arrangement. Along the axis of the trigonal pyramid, the transition metal atom has
moved its position so that it is no longer at the middle of the oxygen octahedra. The subsequent
oxygen octahedron along this axis does not contain any atoms, and the octahedron that is close
to it contains an atom of lithium that has been ferro electrically displaced from the oxygen

face in the direction of spontaneous polarization Ps.
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Further, doping of the (Li, Dy)TiO3 have the Ti and O. It is already known that Ti has
3d orbitals which lead to hybridization with oxygen p orbitals; this hybridization causes the
tilt of octahedral causing the shift of the Ti from it center position. The shift of the Ti from
the center position is responsible for the polarization. So, the enhancement in polarization to
LNDT is due to the TiOs as the more amount of the LDT is added. The ferroelectric energy
efficiency, defined by the ratio of the stored energy density to the overall energy density,
demonstrates a strong relationship with variation of composition in this ceramic and this is
potentially directing material design for various applications where capacitors uses with
greater energy densities and reduced losses. Table 3 shows all of the characteristics linked to

energy density characterizations for (1-x)LiNbO3+x(LiosDyos)TiO3 with various

compositions.
[l [N b
] 11 ——
100 o —0.00625 Py (b)
——x — 0.025
1.0
0.754—p—x = 0.1 — P
——x = 0.2 -
0.50-
= 0.8
& g 0.25 o
2 E 07
< 0.00 @)
~— 3 0.6
A &
-0.251 0.5
-0.50 0.4
-0.751 0.3
0.2
-1.004
0.1
100 -80 -60 -40 20 0 20 40 60 80 100 0.00 0.05 0.10, 0.15 0.20
E(kV/cm) Composition (x)

Figure 5.12(a-b): (a) Ferroelectric behavior and (b) Composition vs Polarization, of (1-
x)LiNbO3-x(Lio.sDyo.5)TiO3
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Figure 5.13(a-f): (a-e¢) P-E Energy hysteresis loop showing the are representing storage
energy density and energy loss density and (f) Energy efficiency (%) with varying

composition of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3.

Table: 5.3.  Electrical energy density and energy efficiency for (1-x)LiNbOs-
x(Lio.sDyo.5)TiO3 with varying compositions
Composition Recoverable Total Energy Energy loss Energy
Energy density density density efficiency (1)
Wr(mJ/em®) | Wr (mJ/em’) | Wi (mJ/emd) %
x=0 8.50 34.53 26.03 24.62
x = 0.00625 10.20 35.765 25.56 25.55
x =0.025 13.68 39.87 26.19 34.00
x=0.1 13.78 42.98 29.20 32.07
x=0.2 17.96 55.11 37.15 32.58
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5.4 Conclusions

Various compositions of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 solid solutions have been
prepared by using high energy ball mill. Rietveld structure refinement for the prepared
samples exhibits presence of two phases; one cubic phase and another hexagonal phase.
Average grains size of (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 solid solutions varies from 3.46 pm to
1.09 um. The X-ray photoelectron spectroscopy analyses revealed the presence of oxygen
vacancies as well as the different oxidation states of the constituent elements like O, O%,
Nb**, Dy**, Ti*" and Ti**. The Thermogravimetric analysis revealed that the gain in weight
with oxidation. Direct band gap first decreases with (Lio.sDyo.5)TiOs3 till x = 0.05 and start
increasing after x = 0.05. The (1-x)LiNbO3-x(Lio.sDyo.5)TiO3 solid solutions with x > 0 emit
blue, cyan and yellow colors. The yellow color emission was found to be most intense. The
doped samples may be quite useful for the yellow laser applications. At room-temperature,
ferroelectric response of the studied system increases with increasing doping concentration.
Investigations of frequency and temperature dependent dielectric constant in the wide range
of frequency from 1 kHz to 1 MHz and temperature from room-temperature to 500 °C reveal
that both dielectric constant and dielectric loss decreased with increase in frequencies for all
the compositions.
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