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Photoluminescence properties of manganese activated calcium tungstate phosphors
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This study presents the novel Mn doped CaWO, nanophosphors as an excellent
alternatives of rare earth free materials for display application. The Mn doped CaWO,
phosphor were characterized by various techniques, such as UV—Vis-DRS, Raman, PL
analysis. Scheelite type tetragonal structure with space group 141/a has been confirmed.
Rietveld analyses confirms the formation of single-phase solid solution. Lattice parameters
for Mn free and Mn doped samples were calculated and observed that cell volume
decreases after Mn incorporation. FTIR and Raman studies confirm the involvement of
functional group and vibrational modes of vibration in the compound. Band gap values are
estimated to be in the range of 4.2 to 4.33 eV with Mn doping. Photoluminescence study
confirms the strong green emission at 450 and 515 nm (d-d transition in Mn®") after Mn
doping. Also, it was observed that strong emission peak appears ~422 nm is mainly due to
the electronic transition, 'T, — 'A, in [WO,]* tetrahedron of CaWO4 host matrices. CIE
study confirms that prepared nanophosphor exhibits strong blue colour after Mn
incorporation. It can be employed as a potential material for blue phosphors in LEDs
applications.
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1. Introduction

Much attention has been paid to the production of phosphor materials, particularly
materials having greater efficiency and high intensity on account of their effective uses in Field
emission devices, Plasma display units, and light-emitting appliances [1-3]. Spherical and
monodispersed (in micro or nano size) particles displaying non-agglomeration are pretty
impressive for this kind of utility owing to their packing density and lower scattering of light [4].
Metal tungstates (XWO,, X = Ca, Sr, Ba) exhibiting scheelite structure have assumed a vital role
and attracted prominence due to its potential applications in different fields optical fibres, catalysis
and humidity sensors [5- 8]. Calcium Tungstate, a self-activating phosphor, could give out blue
emission of higher efficiency by tetrahedral complexes [WO,]* in the host lattices [9]. Alternative
dopant materials are investigated to generate efficient luminescent materials as the cost and
availability of rare-carth ions are highly restricted for synthesis.

White et al. [10] reported a bright green light emission in Mn-doped zinc silicate and
phosphate in which Mn ions act as activators. Chan et al. [11] demonstrated an increase in the PL
intensities in LiZn,;.,PO,:Mn, phosphors, containing various concentrations of Mn ions, and later
the intensities decreased in the wake of concentration quenching. Zhang et al. [12] attempted to
explore the optical characteristics of Mn-doped XWO, where X = Ca, Sr, Ba nanorods and
identified the increases substantially in photoluminescent potentiality due to Mn ions. It was
observed that Mn-doped CaWOQO, nanorods produced 1.8 times greater luminescence intensity
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relative to pure CaWQ, nanorods at the prominent peak positions at 502 nm. Regarding literature,
it has been found that understanding the effect of Mn ions on luminescent properties of CaWQ, is
very much required, based on changes reported such as intensity increase/shift towards the blue
region in Mn-doped luminescent substances. As the impact of Mn ions on CaWOQ, is essential to
investigate in this work, manganese ions have been chosen as activator ions in CaWQO, materials,
and their influence on luminescent features has been undertaken presently.

2. Experimental procedure

Nanocrystalline Ca,; Mn,WO,; have been synthesized wusing Na,WO, 2H,0,
Ca(NOs),"4H,0 and MnCl,-4H,0 and the synthesis procedure is given in [13]. Perkin Elmer
LAMBDA 950 UV - VIS - NIR Spectrophotometer apparatus is availed, which is one state of art
double beam, double monochromator spectrophotometer for clear understanding of UV-VIS
spectrum and Band gap energy has been computed with the help of Kubelka and Munk procedure.
Electronic transitions of molecules in a solution as well as in a solid-state material. Qualitative and
Quantitative studies [13] of estimation of compounds are possible by this Non - Destructive
method.

Photoluminescent excitation and emission [14 -15] measurements have been done, using
Jasco spectrofluorometerFP-6300 with in range of 265 nm to 800nm for excitation spectra under
emission wavelength of 255 nm and for recording emission spectra and excitation wavelength of
255 nm in range of 265 nm to 800 nm using Xe lamp, having shielded lamp house, 150-watt as
light source and Silicon photodiode for excitation monochromator, Photomultiplier for emission
monochromator detector.

3. Results and discussion

3.1. Lattice parameters

Lattice have been calculated by Rietveld refinement as implemented in MAUD software
and are presented in earlier work [13]. The changes in the lattice parameters have been discussed
based on Vegard law and the radii of ions of Mn*", Ca®" are + 0.83 °A, +1 °A in octahedral sites
and for W®', the radius is + 0.42 A in tetrahedral sites [17]. As the Mn”" ion has a smaller radius,
the unit cell constants are gradually reduced in solid state solutions with the increase in the
concentration Mn®>" dopant quantity.

3.2. Particle size

Transmission electron micrographs are taken for all the samples, to understand the particle
size and distribution with increasing Mn content in CaWO, materials. The following pictures show
the particles, except for the CaWQO, material all the Mn doped CaWO, show uniform particle size
distribution.
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Fig. 1. (a) CaWO, TEM images, (b) CayosMny o, WO,TEM images; (c) CayposMngo;WO, TEM image;
(d) Cay o MnggsWO, TEM images, (e) Cago:MnyosWO,; TEM images; (f) CaygoMny WO, TEM images

The above figures show the TEM images of the sample materials. The images illustrate all
morphologies of the materials of different compositions. The particles are observed to be narrow
sized and most of them are of nearly uniform sized according to the table of particle sizes. There is
a formation of aggregated [15] microcrystals and these microcrystals are made of nanocrystals.
The mechanism of the assembly of the crystals is regulated by interaction between paricles [16],
following coalescence of octahedron crystals of nano order, like CaWOQO,. The particle size has
been calculated adopting the software Image J and considering Lorentz fit [14] for the distribution.
The variation of particle size with Mn content is shown in the below table.

Table 1. Particle sizes of Ca; .Mn . WO,.

S.No Sample Particle size

(nm)
1 | cawo, 56.64
2 | CagogMng g, WO, 40.69
3 | CaggsMng o4 WO, 48.88
4 | CagesMny o6 WOy 49.27
5 | Cagoo Mng o5 WO, 71.87
6 | CayoMny; WO, 70.96

Compared to the pure sample, the Mn®" doped sample have a smaller particle size
distribution. Hence, the effect of coalescence could result in reduction of particle size by doping in
the host. The decrease in particle size is also explained as follows: During synthesis procedure,
addition of calcium nitrate and manganese chloride solution to sodium tungstate, controls the
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nucleation process which results less agglomeration of particles. On the other hand, on heating the
prepared samples at 500°C will have high surface energy generates a bottle neck form by solid
state diffusion process, which leads to agglomeration and particle growth. The larges differences in
ionic radii between Ca®" and Mn*", leads to a lattice distortion, which encourages a decrease in
particle size. Hence, particle size reduces by doping due to a grain growth inhibition effect.

3.3. Raman spectra analysis

The vibrational modes in the Raman spectra of scheelite CaWO, are due to the vibrations
of WO,” tetrahedron against the Ca®" (external modes) and the vibrations within WO,*
complexes in which Ca ions remains stationary (internal modes). Figure 2 shows the Raman
modes of undoped CaWO4 sample.
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Fig. 2. Raman spectra of undoped and doped Ca,; .Mn, WO4.

Table 2. Vibrational Raman modes of Ca,; .Mn, WO, solid solution.

Sno Specimen Shift Vib.Mode Shift Vib.Mode Shift Vib.Mode
(Cm'l) (Cm'l) (Cm'l)
1 CaWO, 909.75 | vi(Ag) 859.232 | v;(Bg) , | 399.549 | v4(Bg), vi(Eg), Eg

vo(Bg) B, | 331.531, | ,vi(Ag),
v3(Bg) 357.352 | ,B/Agv4(Bg),

Va(Ag)

2 CayosMng o, WO, | 903.568 vi(Ag) 849.848 | wv;(Bg), 324172, | ,v4(Ag),
vo(Bg) ,.B, | 341.444 | B,/Agv4(Bg),

vi(Bg) Va(Ag)

3 Ca()<96MIl()<04WO4 905.056 Vl(Ag) - - 303.513 V4(Ag),
,Bg/Ag,v4(Bg),

Vo(Ag)

4 Cag94MnyosWO, | 902.304 | vi(Ag) 826.301 | v3(Bg) , | 323.861 | v4(Ag),
v,(Bg) ,B, | 337.8 ,Bo/Agvs(Bg),

,v3(Bg) Va(Ag)

5 CaOAgzMn0A08WO4 901.972 Vl(Ag) - - 312.409 V4(Ag),
323.26 B/Agv4(Bg),

Va(Ag)

The Raman spectra are analysed and recorded in the wavenumber range of 100-1000 cm-

1, as shown above. Table 3 lists their vibrational modes, as seen in the diagram above. The
development of a covalent link between Manganese ions of doped material and oxygen ions of
[WO4]2- complex anion is related to the change in Raman wavenumbers from CaWO4 to
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Ca0.9Mn0.1WO4 solid solutions. Internal mode stretching (v3(F2)) and internal bending (v4(F2))
are only active at IR frequencies. The mechanism of stretching in the [WO4]2- tetrahedron group
ions may be found to be induced by W — O resistant symmetric enlarging vibrations. In the Raman
shift range of 900-1000 cm-1, there is only one Raman vibration mode, which is identified as
v1(Ag) with varied quantities of the dopant, Mn2+ ions. For CaWO4 materials with varied
quantities of Mn2+ atoms, the Raman vibration modes are 3(Bg), 2(Bg), 3(Bg), and Bg,
respectively, in the range 820 — 900 cm-1. For solid solutions, the Raman vibration modes include
4(Ag), 2(Ag), 4(Bg), 4(Bg), Bg/Ag, Eg, and 3(Eg) within the Raman shift range of 300400 cm-1.
Small changes in the spectra created by the dopant, Mn2+, and distortions in the O-W-O bonds or
0-Ca-O bonds are seen in the Raman forms. The substitution of Ca2+ ions by Mn2+ ions might
explain the contact forces for [WO4] —[CaOS8]-[WO4] bunch groups, order-disorder [18] of
various levels of the structural composition of the lattice at short range. It's also possible that the
reduction in the average size of crystals is connected to the narrowing of Raman peaks by lesser
amounts.

3.4. Uv-vis spectra

Bandgap for all the samples has been determined using Kubelka and Munk method as
described in earlier work [JETIR June 2019, Volume 6, Issue 6 2055-2059]. The observed
bandgap for CaWO4 is further established using DFT calculations as implemented in Quantum
Espresso and those are given in the earlier work [JETIR June 2019, Volume 6, Issue 6 2055-2059].

In general, the Kubelka and Munk equation [18] is given by

(1-R,)?* k
F(Ry) = TR, s

R, denotes the absolute reflectance, k& shows absorption coefficient and s is scattering
coefficient. F(R,,) is generally known as remission or Kubelka — Munk (K-M) function.

The optical band space energy (Eg) of Mn ions doped CaWQ, samples have been
evaluated with the process, mooted by Kubelka and Munk [18]. According to knowledge of
literature, leaving PbMoO, and PbWO,, every remaining divalent metal molybdates, tungstates
having tetragonal scheelite structure (alkaline earth metal molybdates and tungstates) display an
absorption spectrum of optics, found to be regulated using absorption procedure directly (n = 1/2)
[22-24].

Finally, by the remission function mentioned in equation along with the quantity k = 2a. ,
C, is a constant of proportionality, the modified Kubelka—Munk equation is as follows

[F(Re)hv]? = C,(hv — E,)
Hence, calculating the F(R.)magnitude using equation and drawing a curve of

[F (R )hv]? against hv made it possible to determine the Egp of CaWO,4 and Mn doped CaWO,
materials.
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Fig. 3. Uv-Vis spectra of Cag g;MnggsWO,.

The estimated E, (BG) values of all the samples are tabulated in the following table 3.

Table 3. Band gap energy values of solid solutions.

S.No. Sample Ba?éiv()}ap
1 CaWo, 433 []
2 Cao‘ggMn0<02WO4 4.50
3 Ca()<96M1’1()<04WO4 4.47
4 C394M1’1()‘06WO4 4.30
5 Ca()<92M1’1()<()gWO4 4.20

From the above table 3, it can be observed that for Mn ions content, x = 0.02, bandgap
slightly increased and this can be attributed to sudden change in the electronic structure due to a
decrease in the lattice constant. The changes observed in UV-Visible spectra show that doping of
Mn*" provides weaker absorption in the ultraviolet region, indicating a decrease in the energy
required for exciting the valence band electron to the conduction band. The reported band gap
value of MnWO, is 2.79 eV [25] which is less than that of CaWOQO, (4.33 eV observed in the
present study or that reported value of 4.39 eV [26] and supports the observed variation in
bandgap of Mn*" ions doped solid solution, CaWO,. The decrease in lattice constant values may
develop slight distortion of scheelite structure with the doping of manganese ions (Mn®"), which
may lead to the formation of intermediary energy levels in the conduction band, as discussed by
Lourdes Gracia et al [27]. In turn, it decreases the band gap between the valence band and
conduction band of these solid solutions.

3.5. Photoluminescence (PL) study

The photoluminescence results of the solid-state solutions, Ca;Mn,WQO, have been
shown below in the form of excitation and emission spectra.

3.5.1. Excitation spectra

The excitation of the materials has been carried out, and the relevant spectra are obtained.
The excitation wavelengths of solid solutions, Calcium Tungstate and Calcium Tungstate,
activated with Mn®" ions are illustrated in the table 4. The solid solutions are excited with
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wavelengths, which are in the order of increase. The PL spectra are affected using concentration of
the dopant, Mn”" ions and host solid solution, Calcium Tungstate. The excitation and emission,
describing luminescence characteristics of the materials, can be understood by the order and
disorder, taking place in the samples, i.e. structural qualities.

The transition of *T,-*A, in Mn®" ions results in PL spectra (Emission and Excitation) of
Calcium Tungstate, observed in the blue region of the EM spectrum. The intensity increases in the
excitation wavelength range, 320-375 nm with the rise concentration of Mn”" ions. The intensity
decreases in the range of excitation wavelength, 375- 400 nm whereas it increases in the range
400-425 nm when the quantity of Mn>" ions grows. The ranges of excitation wavelengths, 425-450
nm and 450-475 nm indicate fall and spike in intensity one after another & later decreases after
475 nm up to 525 nm.

The excitation spectra report that the existence of Mn*" ions in the host lattice would serve
as emission agent. The main peaks of excitation curves reveal the excitation wavelengths at 375
nm and 400 nm for all samples, belonging to UV region. This can be noticed because of
disintegration of energy states as per the strength of the field with the introduction of free 3d"
transition metal ions, ie Mn”" ions into the host lattice. The excitation spectra depict that the PL
spectra of the materials with dopants are affected by the structural features of these materials and
the surrounding host material. Due to concentration quenching, the PL intensity decreases with
higher concentration of Mn*" ions.

In respect of excitation spectra (270 nm), the peaks at 350 nm, 400 nm, 450 nm, 460 nm,
475 nm were observed. These peaks were attributed to °A(S) — *A,, ‘E(4G), °A(S) — *T»(4G)
and °A(S) ) — *T,(G), which are d — d transitions of Mn*" ions. The shift in peak positions, when
compared with Mn®" ions in other materials can be found to be due to delocalization of Mn** ions
in the host lattice [28 — 31]
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Table 4. Excitation wavelengths.

Mn”" ions
content Excitation wavelengths
0 356.53 | 395.67 | 421.51 | 451.20 - - -
0.02 358.06 | 393.89 | 435.11 | 476.84 | 472.51 | 513.63 -
0.04 356.75 | 392.51 | 433.9 | 455.63 | 469.42 | 510.38 -
0.06 358.51 | 392.47 | 424.02 | 468.41 | 471.62 | 480.61 -
0.08 358.86 | 393.35 | 4284 | 476.8 | 513.11 470.5 -

3.5.2. Emission spectra

The PL emission peak was found to be around 422 nm (blue region) and the emission was
due to the transition, 'T, — 'A, in [WO4]2' excited complexes [32]. There could be an
accumulation of Mn”" ions at the surface in heavily doped Calcium Tungstate nanoparticles. In
case of pure Calcium Tungstate nanoparticles, only one peak was observed around 450 nm and
could be attributed to CaWO, emission [33]. However, in case of Mn?" ions doped CaWQ, nano
particles, the emission spectra show 2 peaks, according to the Table 5, centred at 350 nm and 515
nm. The peak, corresponding to 515 nm is due to d — d transition of Mn®" ions. It can be drawn
from emission spectra that with the increase in concentration of Mn®" ions, the intensity slowly
increases and at around 515 nm, it reaches a maximum value. The decrease in intensities,
represented by peaks can be due to accumulation of more number of Mn”" ions on the surface of

nano particles of CaWO, [34]
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Table 5. Emission peak wavelengths.

Sample Emission peak wavelengths ( nm )
CaWO, 330 | 352 | 421 - - 481 -
CagosMng s WO, | 327 | 346 | 415 | 451 | 469 | 483 507
CagoeMngosWO, | 330 | 347 | 417 | 453 | 469 | 483 507
CagoaMngosWO, | 327 | 347 | 417 | 451 | 469 | 483 507
CagosMngosWO, | 330 | 345 | - | 452 | 469 | 483 507

3.5.3. CIE diagrams
The Commission Internationale d I’Eclairge (CIE) chromaticity diagrams 1931 of
undoped, Mn doped samples are shown in figure 6.

Fig. 6. CIE diagram of CaWO, and Mn doped CaMnWO,

Table 6. Purity of solid solutions, Ca; .Mn WO.,.

Sample « Colour
P Y Purity
CaWo, 0.1603 | 0.1425 | 79.8%

CagosMng o, WO, | 0-1303 | 0.2024 | 84.0%
CagoMng WO, | 0-1178 | 0.2859 | 81.4%
Cag.94Mn o6 WO, 0.1248 | 0.2445 | 82.0%
Cag9oMng s WO, 0.1259 | 0.2366 | 82.3%

The colour coordinates of different samples of Calcium Tungstate with different amounts
of dopant, ie Mn*" ions are depicted in the Table 6. The pure Calcium Tungstate phosphor exhibits
blue colour. When the amount of dopant increases from 0.02 to 0.06, the samples have been
observed to emit light in blue —greenish colour under excitation. As the quantity of dopant, Mn*"
ions becomes 0.08, the material has been noticed to produce green whitish light in agreement with
CIE diagrams of samples. Therefore, it can be understood that by varying the amounts of dopants
in the sample in steps of 0.01 from 0.08 white light emission may be possible.
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4. Conclusions

The modes of vibration were noticed with the help of Raman spectroscopy and were in
good agreement with XRD analysis and FTIR published in previous work [13]. The bandgap
studies were performed to examine and investigate the optical properties of Calcium Tungstate
materials by UV-Vis spectra and Diffuse Reflectance Spectroscopy. The PL spectra are affected
by quantities of the dopant, Mn ions and host material, Calcium Tungstate. The order could clearly
interpret the excitation and emission, illustrating luminescence characteristics of the materials and
disorder taking place in the samples, i.e. structural characteristics.

The transition of *T;-*A, in Mn ions results into PL spectra (Emission and Excitation) of
Calcium Tungstate, observed in the blue region of EM spectrum. The excitation spectra show that
PL spectra of materials with dopants get affected utilizing structural features of the materials and
the surrounding host material. The shift in peak positions can be attributed to delocalization of
manganese ions in the host lattice.

The decrease in intensities, illustrated by peaks in emission spectra, can be due to the
accumulation of more manganese ions on the surface of nano particles of Calcium Tungstate. CIE
diagrams point to the fact of continuous substitution of Manganese ions in place of Calcium ions
with the rise in the amount of Manganese ions and causes increase in maximum green whitish PL
emission due to transition of *T-*A; in Mn ions and a suitable quantity of dopant may result in
efficient white light emission.
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