International Journal of Physics and Mathematics
www.physicsjournal.net

Online ISSN: 2664-8644, Print ISSN: 2664-8636

Received: 20-04-2022, Accepted: 21-05-2022, Published: 23-05-2022
Volume 4, Issue 1, 2022, Page No. 40-46

Facile synthesis, tetragonal crystal structure and tunable luminescence characteristics
of synthesized phosphor for near-ultraviolet converted light emitting diodes and solid-
state lighting devices

!Shashank Sharma, and ?Sanjay Kumar Dubey
Assistant Professor, Department of Physics, Govt. E. R. R. P.G. Science College, Bilaspur, Chhattisgarh, India
2Assistant Professor, Department of Physics, Dr. Radha Bai, Govt. Navin Girls College, Raipur Chhattisgarh,
India

Abstract

The effect of concentration of Eu?*-doped and Dy®*-codoped on the photoluminescence properties of
Ca,MgSi,0Oy is discussed. Through the implementation of a high-temperature solid-state reaction process, the
powder samples were formed. The structural, optical characterisation, and chemical composition of produced
powder samples have been determined using X-ray diffraction (XRD), Fourier transform infrared (FT-IR), and
CIE colour coordinates analysis. Phase Identification was done by X-ray diffraction analysis and its results
revealed tetragonal, akermanite structure with a space group P~ 421 m. This structure is a member of melilite
group. Nowadays, a significant amount of attention has been placed on researching the chemicals belonging to
the melilite group. The estimated crystallite size (D) is ~42 nm. Photoluminescence (PL) emission and
photoluminescence excitation (PLE) spectra were used to analyse optical characteristics. At wavelengths of 525
nm, the synthesized phosphor exhibits a greater PL emission intensity under UV excitation at 396 nm, which
suits the visual perception of the human eye very well. The Ca,MgSi,O7:Eu?*, Dy*" phosphor exhibits
improvement in PL intensity and quenching occurs at 2 mol % doping concentration of Dy®* ions and 0.5 mol %
fixed doping concentration of Eu?* ions. The synthesized phosphors may be potentially beneficial for solid-state
lighting devices, depending on the specific the PL results. The synthesised phosphor's XRD, FTIR, PL, and CIE
Chromaticity coordinates are also presented in this research investigation.

Keywords: Ca,MgSi,O;, Eu?*, Dy*" phosphor, photoluminescence, solid-state reaction technique, X-ray
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1. Introduction

To analyze the chemical structure and actual composition of the synthesized materials, researchers can use the
Fourier transform infrared (FTIR) technology, an effective spectroscopic and significant analytical approach. For
researchers, it's one of the most crucial analytical methods. With the aid of an infrared laser beam, this sort of
analysis can be used to characterise and pinpoint the functional groups present in a variety of material samples,
including solids, liquids, solutions, pastes, powders, films, fibres, and gases [*l. Each bond in a molecule is tested
for IR absorption by an infrared spectroscopy, which yields a spectrum that is often expressed as a percentage of
transmittance vs wavenumber (cm?). A broad spectrum of compounds with covalent bonds have been
demonstrated to absorb electromagnetic radiation in the IR band 2. The atomic vibrations of a molecule in the
sample are then affected by the IR radiations, leading to a specific energy absorption and/or transmission. As a
result, the FTIR may be employed to identify certain chemical vibrations that the sample contains F1. The actual
structural and chemical compositions of the elements exist in a powder material sample can be determined in the
finger print infrared region (4000 to 400 cm) and the functional group region (1400 to 400 cm™). In this present
investigation, the FTIR spectra of Ca,MgSi,O7:Eu?*, Dy** powder sample have been studied. Under which the
presence of chemical elements like Ca®*, Mg®, Si**, Eu?* and functional groups like Hydroxyl (O-H) and
carbonate (€037 as well as different chemical bonds such as Mg-O, Ca-O, Si-Op-Si were successfully detected.
Due to various their excellent optical characteristics, high physical-chemical stability, resistance to water, and
robust crystal structures, silicates make great candidates to be employed in stable host structures * 51,
Considering that perhaps the ionic radii of Eu?*, Ca?*, and Dy** ions are 1.25 A, 1.12 A, and 0.97 A,
respectively, and exactly match, Eu?* and Dy3* ions are expected to occupy Ca?* sites in the Ca,MgSi,O7:Eu?*,
Dy host 1. Eu?* and Dy?* ions do not incorporate Mg?* because the ionic radius of Mg?* (0.72 A) is far smaller
than that of Eu?* ions [,

The prepared Ca,MgSi,O7:Eu?*, Dy®* phosphor was excited at 396 nm and their corresponding emission spectra
were recorded at bright green (525 nm) spectral line peaking due to the *Fg» — Ha3 transitions. Bright green,
because it has the wavelength that human eyes seem to be most sensitive, serves to ensure effective and efficient
emission colour. Luminous watches and devices have been constructed to use these pigments. So far, there is
currently an important requirement for the development of a long phosphorescent phosphor that seems to be
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radioactive-free owing to safety and environmental concerns. The results from this research demonstrate that this
phosphor is a viable choice for implementation in light emitting diodes and solid-state lighting display devices.
Using nominal compositions of CaCO3, MgCOs, and SiO; as raw materials for the host and Eu,O3 and Dy,03 as
activator ions as well as H3BOs as flux which were employed in this experiment, we report the structural and
luminous features of Eu?*-doped and Dy®*-codoped silicate powder in the present investigation. In the host
crystal lattice site, the activator ion is doped with 0.5 mol% Eu?* ions and codoped with 2 mol% Dy3* ions to
investigate the impact of doping concentration.

2. Experimental Details

2.1 Phosphor Synthesis Process

Stoichiometric mixtures with nominal composition of CaCOs; (Calcium Carbonate), MgCOs; (Magnesium
Carbonate), SiO, (Silica Oxide), as highly pure raw materials for the host and Eu,O3; (Europium Oxide) and
Dy,0; (Dysprosium Oxide) as activator ions as well as H3sBOs; (Boric Acid) added as a flux were well
synthesized with the help of conventional solid-state reaction technique. Eu?* ions at a doping concentration of
0.5 mol% and Dy?®* ions at a concentration of 2 mol% were added to the host samples. All of the aforementioned
chemical reagents were analytical-grade and with 99.99% purity. An agate mortar and pestle were used to
thoroughly grind these raw ingredients into the desired ratio. The mixture is pre-fired at 950°C and then
completely burned for 3 hours at 1170°C in a weak reducing environment with burning charcoal.

The entire process's chemical response can be summarized as follows:

CaCO3z + MgCOs + SiO, + H3BO3; — CazMgSi207 +CO2 (1) +02(1) (l)
CaCO3 + M9003 + SiO, + Eu,05 + Dy203 + H;BO3; — CagMgSiZO7:Eu2+, Dy3+ + CO, (T) +0; (T) (2)

2.2 Phosphor Characterization Techniques

In the order to explore the relationship, a comprehensive evaluation of the structural, morphological, and optical
characteristics of the formed powder sample with stoichiometric ratios of synthetic phosphors is described. 4mg
of the phosphor was used for each measurement. Powder X-ray diffraction (XRD) was implemented to evaluate
the phase composition, purity, and crystal structure of the as-prepared phosphors in order to analyse their
structural characteristics. The XRD pattern has been obtained from Bruker D8 Advanced X-ray powder
diffractometer using Cu-K, radiation and the data were collected over the 26 range 10°-80°. FTIR spectra were
recorded with the help of Bruker FTIR Spectroscopy for investigating the finger print region (1400-400 cm™) as
well as the functional groups (4000-1400 cm™?) of prepared phosphor in middle infrared region (4000400 cm™)
by mixing the sample with potassium bromide (KBr). In order to evaluate the vibrational characteristics of the
formed powder sample, FTIR spectra were also recorded. Using a Shimadzu RF-5301 PC
Spectrofluorophotometer, the photoluminescence emission and excitation spectra were measured at room
temperature. As an excitation source, a Xenon lamp was used. The colour coordinates for the spectrum energy
distribution that are utilized by the Commission Internationale de I'Eclairage (CIE) (1931 chart).

3. Results and Discussion

3.1 Crystal Structure Analysis by XRD

Fig. 1 shows the crystal phase structure of the Cap-xy) MgSi.O7: xEu?, yDy** (x = 0.5 mol% and y = 2 mol%)
powder sample determined from the X-ray powder diffraction pattern with Cu-K, (A = 1.5405 A, at 40 kV, 40
mA). Comparison of the recorded powder XRD patterns with the standard JCPDS pdf file number #77-1149
shown good agreement and well matched. The XRD data were measured over a Braggs scattering angle range of
10° to 80°. Table 1 shows the lattice parameters of refined values of synthesized Ca,MgSi,O7:Eu?*, Dy** powder
sample. From the XRD peaks it is observed that the compound mostly in single phase, which is consistent with
standard JCPDS pdf file number #77-1149 8],

3.2 Estimation of Crystallite Size (D)

The dopant and codopant ions did not affect the host structure. The narrow peaks indicate the particle size is in
nano meters. In comparison to the reference data, there seems to be a little shift in the XRD data towards the
larger angle. The crystallite size (D) was derived from the XRD pattern through using Debye-Scherrer’s
numerical formula 01,

D = kAlBCosO 3)

Where k (0.94) is the Debye-Scherrer constant, D is the crystallite size for the (hkl) plane, 4 is the wavelength of
the incident X-ray radiation [Cu-K, (A= 0.154056 nm)], B is the full width at half maximum (FWHM) in
radiations, and @ is the corresponding angle of Bragg diffraction. The crystallite size (D) have calculated as ~42
nm using Debye-Scherrer’s numerical formula. The lattice parameters of synthesized Ca,MgSi>O7: Eu?*, Dy3*
Sample have shown in Table: 1.

41


http://www.humanitiesjournals.net/

International Journal of Physics and Mathematics www.physicsjournal.net

211
CaMgSi0, POF 71149
—_— b ily I‘. m' 1..u'l.- PP
3 TR T TR I T A ')
&
£
[
c
u o
- bt -
£ = S
g S%:“g gggN()NN O NN
= N OM S NOn cONO
l!-vl MmN N T NM
o
® MMM#*W
10 20 30 40 50 60 70 80
2Theta Degree

Fig 1: Powder X-ray Diffractogram Images of Synthesized Phosphor

Table 1: Lattice Parameters of Synthesized CazMgSi2O7: Eu?*, Dy3* Sample 11

Lattice Parameters Values
Crystal Structure Tetragonal
Phase Structure Akermanite [M2TT%07]
Crystallography Group Member Melilite
Space Group P 421m
Lattice Constants a=7.8071A, b =7.8071A, c =4.9821A a=p=y=90°
Average Crystallite Size D (in hm) ~42nm
Prominent Peak (20) 31.24
Cell Volume (V) 303.663 (A)?
Colour White

Due to distortion in the Ca,MgSi,O7 host crystal lattice, dopant Eu?* substitutes Ca®* ions when it enters the host
lattice and occupies Ca?* lattice sites. Eu?* has taken over former location of Ca?* ions, while original location of
Ca?* ions has been changed. It’s hard for Eu?* ions to incorporate the tetrahedral [MgO,] or [SiO,] symmetry but
it can easily incorporate octahedral [CaQg] sites 2. A typical feature of the IR spectrum is the observed
influence of the vibration from the doping material Eu?* in the Ca,MgSi,O7:Eu?*, Dy®* host structure. Sharma et
al. have reported that the dysprosium [Dy®] ions do not completely occupy two other tetrahedral sites, namely
magnesium [Mg?*] & silicon [Si#*] ions. Therefore, [Ca?*] lattice sites can occupy two alternative lattice sites,
the six coordinated [Ca?*] site [CaOg (Ca (1) site)] and the eight coordinated [Caz.] site [CaOs (Ca (11) site)]. We
have also observed that the Mg?* [MgQ4], and Si4+ [SiO,] also evident, other two independent positive ions (i.e.
cation) in the crystal lattice site. Both, [Mg?*] and [Si**] cations clearly occupy in the tetrahedral lattice sites (31,
The Specific role of Dy3* ions is to enhance ling persistent luminescence.

3.3 Analysis of Fourier Transform Infrared Spectroscopy (FTIR)

The identification of both organic and inorganic chemicals has been successfully accomplished using Fourier
transform infrared spectroscopy (FTIR) ™. FTIR is frequently used to examine organic compounds, which
primarily underwent two sorts of modifications: Bond length changes brought on by stretching vibrations and
bond angle changes brought on by bending vibrations. An inorganic compound's physical characteristics are
represented by its infrared spectrum. Now that it has become well known, FTIR spectroscopy has advanced
significantly in its ability to characterise materials. The IR spectra of Eu?*-doped and Dy**-codoped Ca;MgSi,O-
phosphor in the range of 4000 to 400 cm are shown in Fig.2. Spectroscopically, the middle infrared region
(4000400 cm™) is extremely useful for the study of organic and inorganic compounds. The Infra-red zone of the
electromagnetic spectrum extends from 100 um to 1um wavelength.

The wave-number of 3457.56 cm™ is due to the O-H stretching mode in sintered phosphor is might be due to
presence of moisture through environment. The band at 1774.57cm™ can be ascribed to the existence of little

quantity of the calcite 14, The stretching around 1774.57 cm is assigned to €93~ modes. The free €95~ modes
(asymmetric stretching) has a D3h symmetry (trigonal planar) and its spectrum is dominated around the band at
1800 to 1700 cm™ in Ca,MgSi,O7:Eu?*, Dy®* phosphor is due to the presence of carbonate (raw material) [24 151,
The FTIR spectrum of Ca,MgSi»O7: Eu?*, Dy** shows a vibration band at 1642.62 and 1484.35 cm™, which
indicate the influence of Eu® ions. The vibration band of 1642.62 cm™ are assigned due to the Mg?* ions,
because of the same of distortion in the Ca;MgSi,O- host crystal lattice. The bending of the sharp peaks in the
region of 1484.35 cm are assigned due to the bending of Ca?*. Peak at 683.76 cm™ may also be assigned to Ca-
O bending vibrations and there was shift of bands at 739.32cm™ are allocated to the vibration in the calcium
[Ca?*] ions 81, Gou et al. '] mentioned that the absorption bands, positioned at the wave-number 1326.71,
1065.43, 987.51, 946.62, 857.19 cm™ is due to the vibration modes for the deformation of (Si-O-Si) and (Si-
Onp) stretching modes.
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FTIR Spectra of Ca,MgSi,0;:Eu?*, Dy** Phosphor
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Fig 2: FTIR Spectra of Synthesized Ca2MgSi207:Eu?*, y3* Phosphor

The wave-number 739.32, 683.76, 648.63, 569.49 cm™ are arising due to the (Si-O-Si) bending modes and the
wave-number 481.56 cm are based on the (Si-O-Si) bending modes and tetrahedral Si** lattice sites lie at
683.76, 857.19, 987.51 and 1065.43 cm™. The wave-number 486.46cm™ are based on the Mg-O modes. In
synthesized Ca,MgSi,O7:Eu?*, Dy** phosphor; Mg?* and Si** ions occupy the tetrahedral sites [/,

Table 1: Functional Group, Finger Print and Infra-Red Frequencies Observed in Wave-number (cm™2) with their Related

Bonds
No. Functional Group Related Group Name Freguency (in cm™)
1. 0-H Hydroxyl 3457.56
2. co;” Carbonate 1774.57
3. Mg2* Magnesium 1642.62
4. ca®t Calcium 857.19, 739.32, 1484.35
5. Si—0, —Si Silicate 1326.71
6. Si—0, —8i Silicate 1065.43
7. Si— 0, Silicate 987.51, 945.62
8. Si— 0, — Si Silicate 683.76, 648.63
9. Si— 0y, — 5i Silicate 569.46
10. Mg—-0 Magnesium Oxide 486.46
11. Ca-O Calcium Oxide 683.76
12. Eu?* Europium 1642.62,1484.35
13. Si+ Silicate 683.76, 857.19, 987.51

Applications of FTIR

The application of this FTIR technique is widely used, and it is notably preferred in the manufacturing of
polymers, fibres, pharmaceuticals, medical devices, food, and chemicals. The IR spectrum is linked to molecule
vibrations that are unique to each drug, just like a fingerprint is necessary for a specific person. With slight to no
specimen preparation, it is possible to measure IR microscopes with amplitudes up to 10um.

3.4 Analysis of Photoluminescence (PL) Spectrum

The photoluminescence (PL) spectra including with excitation and emission spectra of prepared
Ca;MgSi,07:Eu?*, Dy** phosphors with fixed dopant concentration of (0.5 mol %) Europium [Eu?*] ions and
codopant concentration of (2 mol %) of Dysprosium [Dy®*] ions have been shown in Fig. 3(a) and 3(b). Eu?*-
doped and Dy3**-codoped phosphors showed strong absorption in the UV band and emitted a bright green light
when excited by UV light. At room temperature, the excitation and emission spectra of synthesized phosphor
have been recorded. It was evidently examined at that the emission intensity increases with an increase in Dy®*
concentration, reaches an ideal value (2 mol %), and then decreases with an increase in Dy®* concentration
afterward, indicating that concentration quenching has occurred. The shapes and bands of the emission spectra
are the same, but the intensities differ.
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Fig 3 a): PLE Spectrum of Synthesized Ca2MgSi>O7:Eu?*, Dy** Phosphor monitored under 525nm wavelength
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Fig 3 b): PL Emission Spectrum of Synthesized Ca2MgSi2O7:Eu?*, Dy** Phosphor under 396nm Excitation

Whenever the results revealed that the 200 to 450 nm region of the broadband excitation spectrum was observed
and emission spectra were recorded in the range of 400 to 650 nm. The excitation broad band due to transitions
of 85y, (4f7) ground state to the excited state 4f°5d* [8S7, (4f") — 4185d'] configuration was observed under the
ultra violet excitation 20231, The excitation spectrum of the bright green fluorescence (Aem = 525 nm) shows
signal broad band with their peak situated at about 396 nm, respectively, which are due to the crystal field
splitting of the Eu?* d orbital. Under the excitation of 396 nm, the emission spectrum shows a strong band with a
peak at about 525 nm, which corresponds to 4f-5d transition of Eu?* ions. It is proposed that the compositional
variation seems to have little impact on the crystal field because the crystal field can have a considerable impact
on the 4f55d* electron states of Eu?* ions. The intensity of the absorption at 396 nm, which is well suited with
near-UV LED chip, is also favorable for pc-LEDs to produce white light emission.

According to our investigation, the bright green light emission at 525nm, which corresponds to (*Fe2—°H132)
transitions and this luminescence emission belongs to hypersensitive transition with J=2, which is strongly based
on surrounding of dysprosium [P¥**] ions. In our photoluminescence [PL] measurement, there is no other
luminescence emission occurred in the presence of both Dy**jons and Eu* ions, which suggests that the
Europium ions have undergone a reduction process (i.e. Eu®*to Eu?* ions) completely. In co-doped systems

with Eu?* and Dy®*, the Eu®* is generally perceived of as an activator and the Dy®* as creating some traps for
electrons or holes * 21, and enhance the long persistent luminescence.

3.5 Analysis of CIE Chromaticity Coordinates

The most important aspect through using materials or phosphors is their luminescent colour. The CIE
chromaticity coordinates diagram is employed in order to assess and accurately describe the colour emission of
any phosphors or materials %61, Observing the emission spectra of the phosphors allowed researchers to identify
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this coordinate. The spectral energy distribution is used to calculate the Commission Internationale de I'Eclairage
(CIE) coordinates (1931 chart) using GO-CIE software, which are depicted in Fig. 4. The calculated spectral
Locus CIE coordinates of the Ca;MgSi,O7:Eu?*, Dy%* phosphor is X = 0.1141, and Y = 0.8262. From the CIE
chromaticity co-ordinates, the luminescent emission colour is in bright green region indicating that this can be
useful as green component phosphors under near UV excitation for the generation of white light.

0.9 Commission Internationale de I’Eclairage
520 (CIE) (1931 chart)

0.8{ A8 CIE X: 0.1141
- CIE Y: 0.8262

#7700

0.0 7 2 03 04 05 06 07 08
X

Fig 4: CIE co-ordinates of CazMgSi>O7:Eu?*, Dy** phosphor depict on 1931 chart

4. Conclusions

In summary, Ca,MgSi,O7:Eu?*, Dy** phosphor was synthesized successfully via a high-temperature traditional
solid-state reaction technique. From XRD studies the compound is mostly in single phase. The crystallite size
(D) have calculated as ~42 nm using Debye-Scherrer’s numerical formula. In-depth explanations of various
functional group ranges in organic compounds and nanomaterials are presented. The FTIR results confirms that
the synthesized phosphor has a better phase formation and this phosphor contains chemical bonds and Functional
group such as (O-H), (Mg-0), (Si-O), (Ca-O), (0-Si-0) and (€037): as well as (SiOs). Consequently, the
implementation of FTIR in several branches of science has been investigated. Exponentially advancing is FTIR's
capability to analyze chemical and biological substances. The material on the substrate's surfaces may
additionally be analysed using this technique. The aluminates' luminescence characteristics degrade as soon as
they are exposed to water, which restricts their application as a pigment in luminous paints. The completely
dominant colour for luminescence in photoluminescence spectra is bright green. The prepared phosphor was
excited at 396 nm and their corresponding emission spectra were recorded at bright green (525 nm) spectral line
peaking due to the *Fg» — SH1312 transitions, which suits the visual perception of the human eye very well. The
CIE chromaticity coordinate of the Ca,MgSi,O7:Eu?*, Dy3* phosphor was found to be (X= 0.1141, Y = 0.8262)
in higher green color purity region. The results in this work demonstrate that this phosphor is expected to be
promising candidates for application in solid state lighting display devices and near-UV LEDs.

5. Applications

The favourable features for applications likewise near UV-LED conversion phosphor, drug delivery, cancer
therapy, tissue engineering, bone material, detection of cancer diseases, solid-state lighting devices, display
devices, white light emitting diodes and Image processing of computer science.
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