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Chapter 3 Structural Characterization

3.1. Instrumentation

This chapter contain the fundamental details of the characterization techniques
used to characterize the synthesized phosphor. It contains basic information about X-
ray diffraction, Fourier Transform Infra-Red spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM). Chapter contains experimental results, discussion and its
outcomes of above-mentioned characterization techniques of rare earth doped strontium

pyrophosphate.
3.1.1. X-ray diffraction

3.1.1.1. Basic Information

The origin of the word ‘crystallography’ in the science and material technology
was came from the study of macroscopic crystal forms. Hull (1919) pointed out that
“Every crystalline substance gives a pattern; the same substance always gives the same
pattern; and in a mixture of substances each produces its pattern independently of the
others”[1, 2]. The first definition word ‘crystal’ has been given by Buerger (1956). He
stated that “a region of matter within which the atoms are arranged in a three-
dimensional translationally periodic pattern”[3]. With the help experimental and
theoretical advent of the x-ray diffraction phenomenon, the science has been introduced
to the study of atomic arrangements in crystalline materials. The systematic
arrangement of atoms or molecules in a crystalline material is called as the crystal
structure. In material science, majority of synthesized materials and some of the
naturally abundant materials can be designated as crystalline material and x-ray
diffraction (XRD) is one of the powerful technique used for the identification or the
characterizing all such crystalline materials [4-6]. XRD provides the detail information
of crystal structures, phases, preferred crystal orientations (texture), and other structural
parameters, such as average grain size, crystallinity, strain, crystal defects, etc [7, 8].
Powder XRD is extensively used in various field such as geology, environmental
science, material science, engineering, and biology for the identification of unknown
crystalline materials like minerals, inorganic compounds [7, 9].
3.1.1.2. Principle

Powder x-ray diffraction pattern contains intense peaks produced due to the
constructive interference of a monochromatic x-ray beam scattered at particular angles

from each set of lattice planes formed in the material [10, 11]. These peak intensities in
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the XRD pattern can resolute the distribution of atoms within the lattice and the spacing
between the planes. The XRD pattern is the characteristic of periodic arrangement of
the atoms in a material [6]. The peak intensities of XRD pattern depend on several
factors such as structure parameter, incident intensity, slit width, operating voltage, and
current used in the X-ray source [11].
3.1.1.3. Instrumentation used for x-ray diffraction

X-ray diffraction measurements of all synthesized samples has been done at
UGC-CSR, Indore Center. XRD measurements were recorded through the Bruker D8
advance x-ray diffractometer shown in Figure 3.1. The diffractometer working on the
basis of 1-D position sensitive detector based on silicon drift detector technique which
reduces the measurement time significantly without reduction in the diffracted
intensity. Cu-Ka is used as x-ray source in Bruker D8 Advance diffractometer. The
wavelength of generated x-ray is 0.15406 nm for operating voltage 40 kV and current
40 mA. The XRD measurements were carried out for glancing angle incidence detector

at an angle of 2° for 26 values of 10°-60° in steps of 0.02° s

Figure 3.1 Bruker D8 advance x-ray diffractometer.
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3.1.1.4. Uses of XRD

Listed of uses of the powder x-ray diffraction are in various branch of science
are given below.
XRD is well-known technique for identify the single-phase materials like minerals,
chemical compounds, ceramics or other engineered materials as well as to identify the
multiple phases in microcrystalline mixtures (i.e., rocks). It is used for the
determination of the crystal structure of identified materials. It is used for identify the
percentage amount of amorphous materials in partially crystalline mixtures. The
structural analysis and calculations of unit-cell for crystalline materials can also done
by XRD. It is used for quantitative determination of amounts of different phases in
multi-phase mixtures by peak-ratio calculations, quantitative determination of phases
by whole-pattern refinement. It is used for determination of crystallite size from
analysis of peak broadening, determine of crystallite shape from study of peak
symmetry in XRD pattern.
3.1.2. Fourier Transform Infrared Spectroscopy
3.1.2.1. Basic Information

FTIR spectroscopy is a most powerful characterization method for the
identification of functional groups present in the materials for both organic and
inorganic materials at a variety of levels [12, 13]. The mid-infrared spectrum of the
wavelength range approximately 4000 — 400 cm™ is used in IR spectroscopy for
identification of the fundamental rotational-vibrational modes in the material structure.
The fingerprint region (600 -1500 cm™) of IR spectrum is the most important regions
which cannot used easily to identify unknown specimen in the material [14, 15]. FTIR
can be used to recognize some components present inside the unknown mixture and for
the analysis of solids, liquids, and gases. FTIR spectroscopy is the study of behavior of
molecules during the interaction of matter with the light radiation when IR waves travel
through the matter [16]. The IR waves interact with the polar molecules of the chemical
bonds, if there is no polarity or dipole moment in the molecule then IR interaction
becomes insensitive as a result the molecules does not produce any IR spectrum [17].
3.1.2.2. Principle

Absorption of IR region of electromagnetic radiation spectrum by the molecules
that promotes the transitions between the rotational and vibrational energy levels of the

ground state [15, 18]. IR spectroscopy is concerned primarily with molecular
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vibrations, as transitions between individual rotational states can be measured only in
the infrared spectra of small molecules in the gas phase [19-21]. Molecular bonds can
vibrate at different frequencies depending upon the type of elements and the type of
bonds formed in material, for a bond, have several specific frequencies due the verity
of vibration [22, 23]. According to quantum mechanics, these vibrational frequencies of
molecules correspond to the ground state and excited states are originated due to the
excitation of the bond by absorption of light energy [24]. The absorbed light energy for
a transition must equivalent to that of the energy difference between the ground state
and excited state. Fourier Transform Infrared (FTIR) Spectroscopy is referred to the
development of the data processing in the manner, in which the data is collected and
converted from an interference pattern to a spectrum [25, 26].

3.1.2.3. Instrument Used for FTIR

FTIR measurements of all synthesized samples has been done at Department of
Physics, The M. S. University of Baroda, Vadodara. FTIR spectra were recorded
through the JASCO — 4600 Fourier Transform Infra-Red spectrometer shown in Figure
3.2. Fourier transform infrared (FTIR) spectra of the samples were recorded by FTIR-
4100 type A IR spectrometer in transmittance mode in wavenumber range of 400-4000

cm™,

Figure 3.2 JASCO — 4600 Fourier Transform Infra-Red spectrometer.
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3.1.2.4. Uses of FTIR

Listed of uses of the powder FTIR spectroscopy are in various branch of science
are given below.

IR spectroscopy can provide information of isolated materials, biomaterials,
such as biopolymers as well as biological materials, connective tissues, single cells and
in general biological fluids to give only a few examples [15, 27]. Infrared spectroscopy
could be used to analyze almost all organic compounds and some inorganic
compounds. It has a wide range of application in both qualitative analysis and
quantitative analysis. Also, the sample of Infrared spectroscopy doesn't have phase
constraints. It could be gas, liquid or solid, which has enlarged the range of analysts.
3.1.3. Scanning Electron Microscopy (SEM)
3.1.3.1. Basis Information

The discovery of electron microscopes is occurred due to the limitations of light
microscopes. Light microscopes have limitation to magnify the objects up to the range
of visible light [28, 29]. As the dimensions of the particle size of material science and
other scientific exercises are reduced up to the order of micro to nano size, it cannot
possible to analyze of characterized the structures by light microscopy. Scanning
Electron Microscope (SEM) is an instrument that can use high energy electron beam to
scan an object on a very fine scale of the order of micro to nanoscale [30]. The
scanning of object can produce information about the topography, morphology,
composition and crystallographic information the object, and other properties such as
electrical conductivity. SEM is used primarily to examine the surfaces of objects [31].
3.1.3.2. Principle

In SEM, high energy electron beam incident on the material that can produce
secondary electron according to the structure and morphology of the material [30, 32].
These secondary electron are collected by the positively charged detector placed at high
potential. The detected secondary electrons produce scintillations effect on to the
photomultiplier tube which can convert into electrical signals. The produced signals are
further amplified by the video amplifier and system convert it into 3- dimensional
image of the sample. In SEM, the image formed due to the interaction of the incident
electron with the material that produce various signals, which can be used to obtain

information about the surface topography and composition [31, 33].
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3.1.3.3. Instrument Used for SEM

SEM measurements of all synthesized samples has been done at. SEM images
were recorded through the “JSM-7500F” field emission scanning electron microscope
(SEM) shown in Figure 3.3. The “JSM-7500F” field emission scanning electron
microscope (SEM) has features of an optical system that includes a semi-in-lens type
objective lens, which can use to collimate the electron beam even at low accelerating
voltages. The general purpose of JSM-7500F SEM system is deliver high-resolution

image of the specimens.

Figure 3.3 “JSM-7500F” field emission scanning electron microscope (SEM).
3.1.34. Uses of SEM

SEM have wide range of application in fields of various branch of science and
engineering that allowing researchers working on a wide range of projects in the
different fields to access useful information about microscopic processes take place in
their research with macroscopic inferences. SEM is widely used to examine the surface
topographies of the object or materials, morphology of the materials like shape and size
of the particles, composition of the materials like the different elements and compounds
that the object contain and the relative percentage of amounts of elements,
crystallographic information such as structure of particle (nanoscience) and porosity of
the material, etc.
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3.2. Structural Characterization

3.2.1. X-ray Diffraction
3.2.1.1. Sr2P207: RE (RE = Ce3*, Eud*, Th3, Dy3*, Er¥*, Gd3*)

XRD patterns of pure SroP,O7 and JCPDS: 24-1011 are shown in Figure 3.4.
The XRD patterns of SroP.O7: x RE (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 mol%; RE =
Ce*, Eu®, Tb**, Dy**, Er** and Gd**) are shown in Figure 3.6(A) — 3.11 (A). The XRD
patterns of rare earth doped SroP.O; samples are compared with JCPDS standard card
no. 24-1011. The hkl parameters of the prepared samples are similar to that of the
JCPDS standard card no. 24-1011 of a-Sr2P207 that indicates the existence of a pure
single-phase a-SroP2.O7. The structural parameters of the samples were analyzed using
powder software for XRD analysis. The analysis confirms that the samples have a pure
a-phase with crystallization in the orthorhombic structure and space group of Pnam. The
doping of various rare earth ions and their percentage concentration does not make any
perceptible variation in XRD patterns as well as no other peaks found than that of
SroP207 in these patterns. This indicates that the prepared samples are single phased
and substitution of Sr?* by RE®* does not cause any substantial modification in the
crystal structure of host. Some prominent intense peaks are observed in the XRD
patterns at different 20 values of 12.12°, 25.95°, 26.27°, 26.93°, 33.16°, 33.63° and
44.40° corresponding to the (110), (201), (031), (211), (002), (141) and (232) planes for
these host lattice respectively. Sharp intense peaks in the XRD patterns of all rare earth
doped samples signify that all samples are polycrystalline material. Detailed lattice
parameters of pure SroP>O; calculated from the experimental data using powderX
software and the values reported in literature are summarized in Table 3.1. The
calculated crystalline parameters of RE3* doped Sr.P207 phosphors are summarized in
Table 3.2 — 3.7. The analyzed XRD pattern of pure SroP,0O7 is shown in Figure 3.5.
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Figure 3.4 XRD patterns of pure Sr.P,O7and JCPDS: 24-1011.
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Figure 3.5 XRD patterns of SroP.O7 analyzed using powderX software.
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Figure 3.6 (A) XRD patterns of SroP,07: x Ce®*" (x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol%)
phosphor and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.7 (A) XRD patterns of Sr.P,07: x Eu** (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0
mol%) phosphor and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.8 (A) XRD patterns of Sr.P207: x Tb% (x = 0.5, 2.5 and 5.0 mol%) phosphor
and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.9 (A) XRD patterns of Sr.P,07: x Dy** (x = 0.5, 1.5 and 2.5 mol%) phosphor
and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.10 (A) XRD patterns of Sr,P.07: x Er¥* (x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol%)
phosphor and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.11 (A) XRD patterns of Sr,P,07: x Gd** (x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol%)
phosphor and JCPDs Card No. 24-1011. (B) Magnified XRD patterns.
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Figure 3.12 Williamson-Hall plot: (A) Sr2P,07: 0.5% Ce®*; (B) Sr2P207: 0.5% Eu®*;
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JCPDS (24-1011) Data Experimental Data Sr2P207
a=8917A Db=13160A ¢=5400A a=8993A b=13236A c=5523A
V = 633.677 A3 V =657.648 A3

20 d h k I 20exp dexp h k I
11.950 7.400 1 1 0 12.016 7.36 1 1 0
13.404 6.600 0 2 0 13.512 6.548 0 2 0
19.882 4.462 2 0 0 19.962 4.444 2 0 0
22.548 3.940 1 3 0 22.672 3.919 1 3 0
25.886 3.439 2 0 1 25.927 3.434 2 0 1
26.141 3.406 0 3 1 26.210 3.397 0 3 1
26.774 3.327 2 1 1 26.817 3.322 2 1 1
28.018 3.182 1 3 1 28.091 3.173 1 3 1
28.512 3.128 2 3 0 28.636 3.115 2 3 0
30.807 2.900 3 1 0 30.921 2.890 3 1 0
33.152 2.700 0 0 2 33.105 2.704 0 0 2
33.407 2.680 1 4 1 33.509 2.672 1 4 1
35.107 2.554 3 1 1 35.188 2.549 3 1 1
35.524 2.525 1 5 0 35.693 2514 1 5 0
37.344 2.406 1 2 2 37.351 2.406 1 2 2
44.277 2.044 2 3 2 44.347 2.041 2 3 2
46.133 1.966 4 2 1 46.288 1.960 4 2 1
48.761 1.866 4 3 1 48.957 1.859 4 3 1
49.211 1.850 2 6 1 49.443 1.842 2 6 1
55.114 1.665 0 3 3 55.104 1.665 0 3 3

Table 3.1 Comparison of experimental XRD data of Sr.P>O7 with published JCPDS
24-1011 data.
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Lattice Parameter Volume of

Sample Unit Cell

a(A) b (&) c(A) Vv A
Sr,P,07: 0.5 mol% Ce3* 8.984 13.193 5.451 646.08
Sr,P,07: 1.0 mol% Ce3* 8.976 13.185 5.447 644.64
Sr,P,07: 1.5 mol% Ce** 8.865 13.176 5.441 635.53
Sr,P,07: 2.0 mol% Ce** 8.861 13.167 5.437 634.34
Sr,P,07: 2.5 mol% Ce3* 8.854 13.156 5.431 632.62

Table 3.2 Crystal structure parameters of Sr.P,O7: x Ce3* (x = 0.1, 0.5, 1.0, 1.5, 2.0 and
2.5 mol%).

Lattice Parameter Volume of

Sample Unit Cell

a(A) b (A) c (A) v A9
Sr,P,07: 0.5 mol% Eu®* 8.872 13.175 5.442 636.11
Sr,P,07: 1.0 mol% Eu®* 8.867 13.168 5.435 634.59
Sr,P,07: 1.5 mol% Eu®* 8.861 13.160 5.429 633.08
Sr,P,07: 2.0 mol% Eu®* 8.852 13.155 5.422 631.38
Sr,P,07: 2.5 mol% Eu®* 8.847 13.146 5.417 630.01
Sr,P,07: 5.0 mol% Eu®* 8.829 13.121 5.397 625.21

Table 3.3 Crystal structure parameters Sr.P,07: x Eu®* (x = 0.5, 1.0, 1.5, 2.0, 2.5 and
5.0 mol%).

Lattice Parameter Volume of
Sample Unit Cell
a (A) b (A) c(A) v (A%
Sr2P,07: 0.5 mol% Tb®* 8.857 13.145 5.434 632.65
Sr2P,07: 2.5 mol% Tb3* 8.832 13.123 5.415 627.61
Sr2P,07: 5.0 mol% Th®* 8.817 13.105 5.387 622.45

Table 3.4 Crystal structure parameters of Sr,P,O7: x Th3* (x = 0.5, 2.5 and 5.0 mol%).
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Lattice Parameter Volume of
Sample Unit Cell
a® bR A 4y
SroP,07: 0.5 mol% Dy** 8.851 13.132 5.427 630.78
SroP,07: 1.5 mol% Dy** 8.842 13.126 5.419 628.93
Sr,P,07: 2.5 mol% Dy** 8.829 13.113 5.406 625.88

Table 3.5 Crystal structure parameters of SroP,O7: xDy** (x = 0.5, 1.5 and 2.5 mol%)).

Lattice Parameter Volume of

Sample Unit Cell

a(A) b (A) c (A) v A9
Sr,P,07: 0.5 mol% Er®* 8.837 13.117 5.408 626.87
Sr,P,07: 1.0 mol% Er®* 8.831 13.111 5.401 625.34
Sr,P,07: 1.5 mol% Er* 8.823 13.104 5.397 623.98
Sr,P,07: 2.0 mol% Er* 8.814 13.095 5.389 621.99
Sr,P,07: 2.5 mol% Er** 8.808 13.089 5.380 620.25

Table 3.6 Crystal structure parameters of SroP,O7: x Er¥* (x = 0.5, 1.0, 1.5, 2.0 and 2.5

mol%).

Lattice Parameter Volume of
Sample Unit Cell ¢V’
a(A) b (A) c(A) (A%
Sr,P,07: 0.5 mol% Gd** 8.867 13.162 5.431 633.84
Sr,P,07: 1.0 mol% Gd®* 8.858 13.157 5.425 632.25
SraP207: 1.5 mol% Gd®* 8.850 13.153 5.418 630.67
SraP207: 2.0 mol% Gd®* 8.846 13.147 5411 629.29
SrP207: 2.5 mol% Gd**  8.840 13.141 5.405 627.88

Table 3.7 Crystal structure parameters of SroP,07: x Gd** (x = 0.5, 1.0, 1.5, 2.0 and 2.5

mol%).
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SryP,07: SroP,07: SryP,07: SryP,07: SroP,07: SryP,07:

Samples — cedt £ T Dy3* Er3t Gd®*

Doping
. Crystallite Size (nm)
Concentration

0.5 mol% 82.55 72.83 69.46 68.29 61.54 71.53
1.0 mol% 81.40 71.97 - - 60.13 70.17
1.5 mol% 79.21 70.47 - 66.69 58.84 69.99
2.0 mol% 78.19 68.93 - - 57.35 67.82
2.5 mol% 77.54 68.04 65.79 63.53 55.87 66.38
5.0 mol% 65.89 63.65 - - -

Table 3.8 Crystallite Size of Sr.P,07: RE (RE = Ce®*, Eu®*, Tb%, Dy**, Er¥* Gd*)

calculated through Scherrer’s formula.

SryP,07: SroP,07: SryP,07: SryP,07: SroP,07: SryP,07:

Samp|eS —> Ce3+ Eu3+ Tb3+ Dy3+ Er3+ Gd3+

Doping
. Crystallite Size (nm)
Concentration {

0.5 mol% 88.62 79.32 78.67 81.38 72.37 85.33
1.0 mol% 86.78 76.93 ---- --- 69.59 82.27
1.5 mol% 85.11 74.87 ---- 76.90 68.25 79.19
2.0 mol% 83.43 71.82 ---- --- 64.95 74.62
2.5 mol% 80.76 70.14 70.58 71.47 61.53 72.43
5.0 mol% ---- 68.92 67.54 --- - -—--

Table 3.9 Crystallite Size of Sr.P,07: RE (RE = Ce3*, Eu®*, Tb%, Dy**, Er** Gd*)
calculated trough Williamson-Hall plot analysis.

Sr2P207 displays two types of polymorphic form, a low-temperature -phase
with a tetragonal structure, and a high-temperature o-phase with an orthorhombic
structure [34]. The diffraction peaks of a powder XRD pattern of SroP,O; are very
sharp because of high crystallinity. The average crystallite size of rare earth doped

Sr2P207 phosphors were calculated by using the Scherrer’s formula given below [35]:

K2
~ B cos6

Where D is the average crystallite size or ordered domain (in nm), A is Xx-ray

wavelength (A= 1.54178 A), B s the full-width half maximum (FWHM) of the intense
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peaks of host lattice, and K 1is the shape factor (K = 0.9). In the Scherrer’s formula, the
FWHM values has been taken from the XRD analysis powderX data. The crystallite
size of all phosphors were calculated from the most intense peaks having hkl values
(201) and (031) in XRD pattern. The obtained results signify that as the doping
concentration increases the volume of the unit cell and the crystallite size of the
phosphor is decrease. The XRD patterns signify that the doping of RE®* ion occupy the
Sr?* sites in Sr.P,07 lattice and its occupancy does not deform the basic pyrophosphate
arrangement and there is no other impurity phase arise in host structure due to the
impurity ions. The crystallite size of RE®* doped Sr2P,07 calculated through Scherrer’s
formula are depicted in Table 3.8.

Williamson-Hall (W-H) plot analysis is a simple integral breath method to
determine the crystallite size and strain prompted in material which can be results into
the deformation XRD peak. In the W-H relation given for the crystallite size and strain,
it is expected that the strain produced in the material is identical all the way through the

crystallographic direction, which is given by Brki [36],

= K2 + 4 tanf
'Bhkl_Dcose &tan

KA .
Bria cosl = o + 4¢ sinf

Where D is the crystallite size and ¢ is the microstrain. The graph of 3 c0s0 vs sin 0 be
the straight line, the average crystallite size and the strain can be calculated by the Y-
intercept extrapolation and the slope of the line shown in Figure 3.12. The formula for
the crystallite size is given below,

KA
Y — Intercept

The W-H plot of 0.5% RE3" doped Sr,P.O7 is shown in Figure 3.12. The
crystallite size of RE®* doped Sr.P,0- calculated through Williamson-Hall (W-H) plot

D =

analysis are depicted in Table 3.9. The crystallite size measured by two different
method having nearer values for all synthesized phosphor. The magnified XRD pattern
for 26 range 25°-35° is shown in Figure 3.6(B) — 3.11(B). It is noted that there is
minute shifting in peak position towards higher diffraction angle 26 for the increment
of doping concentration that can identify from the vertical lines (I) and (Il) in Figure
3.6 — 3.11 (B), but there is no change in formation XRD patterns. The peak shifting

towards higher 26 value is observed in XRD pattern due to the increase in the doping
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concentrations revealed that the more number of substitution of doping occurs at the
place of Sr?* site in host lattice. The shifting in peak position ensues due to decrease in
unit cell size which can results due to the ionic radii difference of host ion Sr?* and rare
earth ion RE®'. The percentage difference of Sr?* ion and RE3* ions summarized in
Table 3.10. It is an evidence that the values of calculated radii percentage difference
signify that the doping ion RE®" successfully substitute the host ion Sr?* in the host

material SroP,07.

RE lonic Radius

Rpd Z/IR
lons ‘IR’ (A)
ce*(9) 1.196 8.70 2.51
Eud*(9) 1.120 14.50 2.68
Th3(9) 1.095 16.41 2.74
Dy3*(9) 1.083 17.33 2.77
Doped lon

Er¥*(9) 1.062 18.93 2.822
Gd*(9) 1.107 15.49 2.71
Sm*(9) 1.132 13.59 2.65
Nd3*(9) 1.163 11.22 2.58
Substituted lon ~ Sr?*(9) 1.310 1.53

Table 3.10 Percentage difference of radius, and valance charge to ionic radius ratio of
ions in phosphor [37, 38].
The percentage difference in the ion radii between doped ion and substituted ion
is calculated by equation given below,
RSr2+(9) — Rgg3+(9)
Rgp2+(9)

Where Rpq is the radius percentage difference, Rg,2+(9) is the radius of the host cation

Rpa = 100% x

with its defined coordination number, and Rgzs+(9) is the radius of doped rare-earth
ions with its defined coordination number to occupy the lattice site of host ion. The
appropriate substitution of the doping ion can take place if the radius percentage
difference between the ionic radius of doped ion and substituted ion must not be more
than 30% [39, 40]. The valance charge to ionic radius ratio (Z/IR) for doped ion and
host cation is also determined which is mentioned with the radius percentage difference

in Table 3.10. The small discrepancy of Z/IR ratio of doped and substituted ion reveals
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that the easy occurrence of substitution of doped ion. Inside the crystal structure of
Sr,P,07, Sr?* ions occupy two different crystallographic sites where each Sr?* ion had
been coordinated by nine O? ions belonging to five different pyrophosphate groups
[41]. In both lattice sites, Sr?* ion is sitting at the center of the crystal structure of a
quite similar SrOg polyhedron. The formed polyhedra can be originated from a cube
where six oxygen atoms are close to six corners of the cube and remaining three O? are
approximately arranged along the fourth parallel cube edge [42]. Inside the structure of
Sr,P,07, both Sr?* ion sites having centrosymmetry which could be a significant
influence on the luminescence properties of the phosphor. This two types of
centrosymmetric Sr?* sites are coordinated by nine oxygen with average bond lengths
of 2721 A and 2.679 A for Sri — O and for Sr, — O respectively [18,19]. In
orthorhombic structure of strontium pyrophosphate t,wo types of POs tetrahedrons
groups are linked to each other by corner sharing and the Sr?* ion has been isolated the
P.O7, pyrophosphate groups. The average bond lengths of P; — O and P> — O of
different corner phosphate groups are 1.541 and 1.542 A respectively [43].
3.2.1.2. Sr2P.07: Ce3*, RE (RE = Eu®*, Th®, Dy3*, Er®*, Gd3*, Sm3*, Nd3*)
Figure 3.13 (A) and (B) shows XRD patterns of Sr.P207: 1.0 mol% Ce®*, 1.0
mol% RE (RE = Eu®", Tb%*, Dy**, Er¥* Gd**, Sm®*, Nd**) and magnified XRD pattern
for the 20 range 25° - 35° to observe peak shifting occur due to the effect of various
doping ion. The XRD patterns of rare earth co-doped Sr.P,O7; samples are also
compared with JCPDS standard card no. 24-1011. As rare earth doped Sr2P.O7, rare
earth co-doped SroP207 have a single-phase. The structural parameters of the samples
were analyzed using powderX software for XRD analysis which can confirms that the
samples have a pure a-phase with crystallization in the orthorhombic structure and
space group of Pnam. There is no significant change in XRD patterns of Sr.P.0O7 by
changing the different RE®* ions co-doped with Ce** as a fixed doping ion. This results
into the single phase material where Sr?* site is substituted by both RE3* jons. The
doping ions does not cause any substantial modification in the crystal structure of host.
Figure 3.14 shows W-H plot of SroP,07: 1.0 mol% Ce*', 1.0 mol% RE (RE = Eu®*,
Th%, Dy**, Er¥* Gd®*, Sm®*, Nd*"). The average crystallite size of rare earth doped
Sr2P207 phosphors were calculated by the Scherrer’s formula and W-H plot calculation
method as mention in above section. Crystalline parameters and crystallite size of rare

earth co-doped SroP207 phosphors are summarized in Table 3.11.
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Figure 3.13 (A) XRD patterns of Sr,P.07: 1.0 mol% Ce®**, 1.0 mol% RE (RE = Eu**,
Tb%, Dy**, Er** Gd*, Sm*, Nd*) phosphor and JCPDs Card No. 24-1011; (B)
Magnified XRD patterns.
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Figure 3.14 Williamson-Hall plot: (A) Sr.P,07: 1.0% Ce*", 1.0% Eu®*; (B) Sr,P.0r:
1.0% Ce3*, 1.0% Tb*: (C) Sr2P207: 1.0% Ce®*, 1.0% Dy**; (D) Sr2P207: 1.0% Ce®,
1.0% Er**; (E) SrP,07: 1.0% Ce*, 1.0% Gd**; (E) SrP.O7: 1.0% Ce®*, 1.0%
Sm**phosphor.
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Lattice Parameter Volume of  Crystalline Size (nm)

Sample Unit Cell Scherrer’s  W-H
a(d) bR c(A)

vV’ (A9 formula Plot

SroP,07: Ce, Eu 8.872 13.177 5.431 634.92 76.39 80.45
SroPo0O7: Ce, Th 8.858 13.161 5.415 631.28 72.24 73.89
SroP,0O7: Ce, Dy 8.838 13.142 5.409 638.25 71.46 73.12
SroP20O7: Ce, Er  8.795 13.119 5.375 620.17 67.59 70.67
SroP207: Ce, Gd 8.865 13.168  5.425 633.28 74.74 76.34
SroP207: Ce, Sm 8.879 13.182 5.449 637.77 77.52 79.97
SroP207: Ce, Nd  8.889 13.193  5.460 640.31 79.11 84.85

Table 3.11 Crystal structure parameters of Sr.P.O7: 1.0 mol% Ce®*, 1.0 mol% RE (RE
= Eu®, Tb¥, Dy®*, Er¥* Gd®*, Sm®, Nd®*).
3.2.2. Fourier Transform Infrared Spectroscopy
3.2.2.1. Sr2P207: RE (RE = Ce®, Eu®, Tb®*, Dy®*, Er®*, Gd®*)

FTIR transmittance spectra of synthesized Sr.P.O7: x RE (x = 0.5, 1.0, 1.5, 2.0,
2.5 and 5.0 mol%; RE = Ce**, Eu®*, Tb*, Dy*", Er**, Gd®*") were shown in Figure 3.15
— 3.20. The FTIR spectra of phosphors were recorded for the wavenumber range from
400 — 4000 cm™, the fingerprint region of the FTIR spectra of the range 400-2000 cm'*
has been demonstrated in the graph. All FTIR spectra were recorded from the KBr
pellet of SroP207. The KBr pellet for all samples were prepared for 99:1% ratio of KBr
to SroP>07. The thickness of each pellet is approximately maintained up to 1 mm which
has semi-transparent nature. Various transmittance bands of pyrophosphate group and
phosphate group are observed in the FTIR spectra. FTIR spectra of the phosphors show
the evidence of the multiple vibrational bands. The pyrophosphate group (P207)* could
be the form of OsP-O-POgz, and can be attributed to an assembly of the vibration modes
of the POs groups and the P-O-P groups [22]. The formation of the P.O7* modes in the
phosphor is conceded on the basis of the POz and P-O-P vibrations. The phosphor
prepared for different concentrations of doping ion, exhibit sharp bands in the region of
wavenumber 1200-400 cm™. The FTIR spectra of Sr.P207: x RE (x = 0.5, 1.0, 1.5, 2.0,
2.5 and 5.0 mol%; RE = Ce*", Eu®*", Tb*, Dy*, Er®*, Gd*") were consistent for all
samples and there is no change in peak position as shown in Figure 3.15 — 3.20. The
FTIR spectra of SroP.O7 show characteristic bands at 433.90, 486.94, 500.43, 563.11,
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620, 746.31, 974.84, 1014.37, 1047.16, 1062.58 and 1190.83 cm™. The intense peak
attributed to the P-O-P symmetric stretching vibration mode is been observed at 746.31
and 974.84 cm? in the IR spectrum [44, 45]. It could be assigned to the symmetric
stretching of the P-O-P bonds in the (P207)* group. In the IR spectra of Sr.P,0y, the
peaks observed at 433.90, 486.94 and 500.43 cm™ could be attributed to the §-POs
deformation and p-POs3 rocking modes [46-48]. The bands analogous to vas POz mode
with symmetric stretching attributed at 1190.83 and 1062.58 cm™ in the infrared
spectrum [49, 50]. The FTIR spectra have peaks positioned at 563.11 and 620 cm™ are
assigned corresponding to the asymmetric bending vibration v4 PO4> groups [51]. The
peaks positioned at 1014.37, 1047.16 and 1062.58 cm™ attributed correspond to the
asymmetric stretching mode of the vz PO4> groups [52]. The FTIR bands are manifest
characteristic of the vibration modes of the pyrophosphate and phosphate groups in the
phosphors. Thus, from the FTIR results it is found that the formation of phosphors were

consistent and having uniform crystal phase formation as analyzed in x-ray diffraction.

SrZPIOT:Z.S% Ce

Sr P 0,: 2.0%

Sr.P.0.: 1.5%

Srsz()v: 1.0% Ce
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Figure 3.15 FTIR spectra of Sr,P,07: x Ce3* (x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol%).
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Figure 3.16 FTIR spectra of Sr.P,07: x Eu®" (x = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0
mol%).
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Figure 3.17 FTIR spectra of Sr.P207: x Th% (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 mol%).
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Figure 3.18 FTIR spectra of Sr.P,07: x Dy** (x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol%).
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Figure 3.19 FTIR spectra of Sr.P207: x Er** (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 mol%).
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Figure 3.20 FTIR spectra of Sr.P,07: x Gd®* (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 mol%).

3.2.2.2. Sr2P207: Ce®t, RE (RE = Eudt, Th3*, Dy3+, Erdt, Gd®*, Sm3+)
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Figure 3.21 FTIR Spectra of Sr.P.07: 1.0 mol% Ce®**, 1.0 mol% RE (RE = Eu®*, Tb*,

Dy®*, Er¥* Gd** and Sm®*).
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Figure 3.21 shows the FTIR Spectra of Sr,P,07: 1.0mol% Ce**, 1.0 mol% RE
(RE = Eu®, Tb%, Dy*', Er** Gd* and Sm®). The result shows that there is no
significant variation occur in FTIR spectra of all rare earth co-doped Sr.P.O7. The
position of functional group band position remains unchanged as RE3* doped Sr,P,07.
FTIR results of all samples shows significant result as XRD. From the FTIR result that

there is single phase formation of host Sr2P.0Ox.
3.2.3. SEM
3.2.3.1. Sr2P207: Ce®*

o

WD10.1lmm 10.0kV x5.0k 10um WD10.1lmm 10.0kV x1.5k

’

WD10.1lmm 10.0kV x1.5k

Figure 3.22 SEM images; (A), (B) Sr.P207: 0.5 mol% Ce3*; (C), (D) Sr2P.07: 2.0
mol% Ce®".

Figure 3.22 (A), (B) shows the SEM images of Sr.P,07: 0.5 mol% Ce®* and
Figure 3.22 (C), (D) shows the SEM images of SroP,07: 2.0 mol% Ce3*. As shown in
figure, all the phosphors are loosely agglomerated and are composed of particle of
small size of the order of 2-5 um in size. The material having complex stone like

structure containing amassed particles. It is observed that the addition of Ce** does not
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affect the shape and size of the samples with concentration variation. It is indicating

that doping of rare earth ions does not induce any change in the morphology.
3.2.3.2. Sr2P207: Eu®*

WD10.1lmm 10.0kV x5.0k 10um WD 9.9mm 10.0kV x1.5k 30um

WD10.0mm 10.0kV x5.0k 10um WD10.0mm 10.0kV x1.5k 30um

Figure 3.23 SEM images; (A), (B) Sr2P27: 1.0 mol% Eu®"; (C), (D) Sr.P-07: 2.5 mol%
Eu®*.
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The particle size and surface of the phosphors is significantly more important
criterion for the commercial applications of the phosphors in solid state lighting. The
phosphors having micron particles size and smooth surface can be feed well the
commercial demand for WLEDs and lamp phosphors. Figure 3.23 (A), (B) shows the
SEM images of Sr.P.0O7: 0.5 mol% Eu®* and Figure 3.23 (C), (D) shows SEM images
of Sr,P207: 2.0 mol% Eu®* synthesized at 1200 °C annealing temperatures. Figure 3.23
(E) shows the part unagglomerate particles in Figure 3.23 (A) of Sr,P,07: 2.0% Eu®*,
which could be appear like the shape of a capsule. The powder form of Eu** doped
Sr2P,07 materializes in highly crystalline form with uneven morphology observed
under different resolution and the average grain size of 2 — 3 um. It is observed that the
crystallites particles having nonuniform shape with evolved boundary of submicron
size and strongly agglomerated. It could be occur due to the non-uniform temperature
distribution during the firing of material by flux during synthesis. The surface
morphology of the particles is smooth for both concentrations of doping which could be
observed due to melting occurred at the surfaces of certain particles at high
temperature.
3.2.3.3. Sr2P207: Th3*
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e
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WD10.0mm 10.0kV x1.5k 30um

Figure 3.24 SEM images; (A), (B), (C) Sr2P207: 0.5 mol% Tb**; (D), (E) Sr.P,07: 2.5
mol% Th**.

SEM images representing the morphology of the synthesized sample are shown

in Figure 3.24 (A), (B), (C) Sr2P207: 0.5 mol% Tb**; (D), (E) Sr2P207: 2.5 mol% Tb®*.
The images revealed that the phosphor have very porous structure of particles and it has

possess foamy nature or cotton-like structure due to the highly agglomerated particles.

An average particle size of the phosphors is of the range from 2 — 5 pum as seen in SEM

images. In SEM, the particles of the phosphors are connected to each other that can

give any conclusive information about the shape of the constituent particles.
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