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Abstract

Pure CaF2 and CaF2:Eu® nanoparticles were synthesized by solution combustion method.
The structural characterization of the samples was done by XRD (X-ray diffraction). The
average crystallite size for CaF2 and CaF2:Eu* nanoparticles was found to be 17.11 nm and
32.53 nm respectively. The surface morphology was studied by FESEM (Scanning Electron
Microscope) and formation of nanospheroids was observed. The EDAX analysis confirmed
the purity of the synthesized samples. The band gap energy of the samples was estimated by
UV-Visible Spectroscopy. CaF2 was found as direct band gap material of 3.87 eV and
CaF2:Eu®* as indirect band gap material of 4.99 eV respectively. The photoluminescence
excitation peak for CaF2 was observed around 387 nm and the emission peak was observed
around 420 nm. The photoluminescence excitation peaks for CaF2:Eu®* were observed around
299 nm, 317 nm, 361 nm and 394 nm respectively and the emission peaks were observed
around 591 nm and 616 nm respectively.
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1. Introduction

During the last two decades, many comprehensive discoveries in the field of nanomaterials
and their applications have been achieved. Among them, nanoparticles of lanthanide (l11)-
doped alkali halides are becoming the potential candidates for several applications in
electrical and optical devices. Further, among the different halide compounds, fluoride
compounds are well-known host materials for lanthanide (111)-doped nanocrystals because
of its high transparency, low phonon energy and low refractivity [1-4]. It may be noted from
literature review that many researchers worked on Eu®* ion doped CaF, nanoparticles.
Recently, in the year 2021, Fang et al. studied the enhancement in luminescence properties
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of Eu®* doped CaF, nanoparticles synthesized by Bridgman-Stockbarge method [5]. The
structural and photoluminescence properties of Eu®* doped CaF; nanocubes synthesized by
direct precipitation route have been studied by Cantelar et al. [6]. Malviya et al. also
reported the structural and optical properties of Eu®* doped CaF.:Eu®* nanoparticles
synthesised by ultrasound assisted method in 2019 [7]. Since CaF, possesses high stability
and non-hygroscopic behaviour, it can be considered as an important class of fluorides and
has been used as a host nanomaterial. As a result, Eu®* ion doped CaF, nanoparticles have
been examined in fundamental as well as applied studies for different applications [8-13].
For applications in optical and optoelectronic devices, band gap energy is a key factor in
evaluating their performance. Anghel et al. also reported the dedicated optoelectronic
properties of rare earth ions (Eu®") doped CaF, nano crystals [14]. Recently, many
researchers have been attracted towards the light emitting phosphors in the field of
luminescence also. Among various lanthanide ions, Eu®* ion can be efficiently used as red
luminescent phosphor because of its emissions in the visible region of spectrum
corresponding to transition, 5Dy —'F; (J = 0 — 4) and such transitions originate from the
inner 4f electrons which are shielded from their outer filled 5s and 5p shells. As the Eu®*
ion has long luminescence lifetimes, it can exhibit low absorption coefficient also. Wang
and Lieu also reported that there are many criteria for choosing the host lattice which
matches to dopant ions [15]. It was found that the fluorides can be used as the suitable host
lattice for designing of luminescent phosphors.

As reported in literature, CaF, nanoparticles are generally synthesized by the liquid-
phase methods. The liquid-phase methods include co-precipitation [16], hydrothermal (high
temperature hydrolysis) [17], Sol-gel and (colloidal chemistry) [18] and radiation chemical
synthesis [19]. But, in the present research work, we follow the solution combustion method
to synthesize Eu®* doped CaF, nanoparticles because of its advantages like high purity of
resulting nanoparticles, short duration for synthesis, non-toxic or non-hazardous reagents
are used and less expensive. After structural characterization, the optical properties of
synthesized CaF, and Eu®* ion doped CaF, nanoparticles will be studied for estimation of
its band gap energy and we will investigate whether there is transformation in nature of
band gap i.e from direct band gap to indirect band gap on doping of Eu® ion. The
photoluminescence properties of the synthesized samples will be studied for determination
of its behaviour of luminescent phosphor towards the fabrication of different lasers
producing different colours of light.

2. Experimental Section

2.1. Materials

Calcium nitrate, Ca(NO3)2 (99.9 %) purchased from Sigma Aldrich, product of China was
used as the source of calcium ion. Ammonium fluoride, NH4F (99.9 %) purchased from

Sigma Aldrich, product of Germany was used as the source of fluoride ion. Europium
nitrate, Eu(NO3)3 (99.9 %) purchased from Sigma Aldrich, product of USA was used as the
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source of dopant. Urea, CO(NH2)2 (> 99 %) purchased from Merck ACS , Mumbai, India
was used as the fuel.

2.2. Method of synthesis

Pure and Eu®* doped CaF, Nanoparticles were synthesized by solution combustion method.
For synthesis of pure CaF, a clear solution of Ca(NO3), was prepared by dissolving 0.01
mol of Ca(NOs); in 20 mL of distilled water. Similarly, a clear solution of NH4F was also
prepared by dissolving 0.01 mol of NH4F in 20 mL of distilled water separately. Then, the
prepared solutions were mixed together and 1 mol% of Urea, CO(NH3), which is used as
fuel, was added to the same. The resultant mixture was stirred using a magnetic stirrer
maintaining the temperature at 30 °C until a gelatinous composition is observed. The sample
was then placed in the muffle furnace at 500 °C for combustion and combustion takes place
spontaneously within 10-18 sec thereby forming CaF, Nanoparticles. The powder was again
annealed at 400 °C for 1.30 h in order to increase crystal growth.

For synthesis of Eu®* doped CaF, nanoparticles i.e. CaF:Eu?, 0.1 mol%. of Eu(NOs)s
was added to the Ca(NOs), solution and the same was stirred for 30 min. The mixture
solution was mixed with precursor of NH4F and 1 mol% of Urea, CO(NH>). following the
same procedure for production of CaF,:Eu®* nanoparticles.

3. Results and Discussion
3.1. Structural study

The structural characterization was done by an X-ray diffractometer (Bruker D8 Advance)
in the 20 range (20°-80°) using CuKa radiation of wavelength A = 1.5406A°. The XRD
patterns of CaF; and CaF,:Eu®* nanoparticles are shown in Fig. 1. The formation of CaF,
having simple cubic crystal structure is confirmed by the standard reference JCPDS Card
No. 00-004-0864 with space group : Fm-3 m. The five peaks corresponding to crystal planes
(111), (220), (311), (400) and (331) are observed in the XRD patterns. However, the
extremely low intensity peaks corresponding to crystal planes (400) and (331) can be
discarded as the atomic density is very low for analysis. The narrow and sharp peaks
corresponding to crystal planes (111) and (220) indicate that the synthesized materials have
good crystallinity. Further, it is also confirmed that no other diffraction peaks of other
substances are detected. This implies that the introduction of Eu®*ions on CaF, does not
change the crystal structure of the product. No impurity phase can be detected. Thus, it
reveals that we have successfully prepared CaF, and CaFz:Eu**nanoparticles. The structural
parameters of CaF, and CaF2:Eu®" nanoparticles are shown in Table 1. The inter planar
spacing (d spacing) is calculated by using Bragg’s equation,
nA = 2dSin6 (D
where A = 1.5406 A°, 0 = diffraction angle in degrees, n = 1 (Order of diffraction), d =
inter planar spacing or d spacing (in A°). The d spacing values are comparable with the
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standard values as shown in Table 1. It is observed that the d-spacing for each crystal plane
is found to increase on doping of Eu®* ion as shown in Table 1. It is because of the fact that
the ionic radius of dopant ion i.e Eu®* ion (0.106 nm) is larger than that of host material i.e.
Ca?* ion (0.099 nm).

The lattice constants for cubic structure is calculated by using the relation
a=dMh?+k?+12)"2 )
The value of lattice constants as shown in Table 1. This value is also in good agreement
with literature value, a = 5.435 A° [20]. It is also observed that the value of lattice constant
i.e. lattice size slightly increase on doping of Eu* for each plane as shown in Table 1. This
leads to produce the slight shift of diffraction peak of CaF2:Eu®* before the diffraction peak
of CaF; (host material) i.e. shifting of peaks takes place towards smaller value of 260 in
XRD pattern as shown in Fig. 1. Jianfu Pan et al. also reported the similar shifting of
diffraction peaks and the increase in lattice constant of CaF, nanoparticles on doping of

Eu’* ions due to different ionic radius and charge of Eu®* ion from Ca?* ion [21].

The strain is calculated by using the tangent formula,

£ = g ®
where B = FWHM in radian, 6 = diffraction angle in degrees. The strain value of a

crystal shows the alignment of a crystal that was produced. It is observed that the strain

values for each plane are found to decrease on doping of Eu®* ion. It is because of the fact

that smaller peak broadening is produced in CaF2:Eu®" crystals as compared to that in pure

CaF; crystals, which is also observed in XRD pattern as shown in figure 1.

The crystallite size of CaF, and CaF2:Eu®* crystals is calculated by using Scherrer’s

formula,
KA
D= BcosO (4)

where K is a constant (= 0.94), B is the full width at half maximum (FWHM) in radian
of the diffraction peak corresponding to a particular crystal plane [22]. The average
crystallite sizes for CaF, and CaF2:Eu®* are found to be 17.11 nm and 32.53 nm respectively.
This indicates that the crystallite size of CaF; increases on doping of Eu®*. This is due to
the fact that when Ca?* ions are substituted by a rare earth ion (Eu®), the charge
compensating F° ions enter the fluorite structure in interstitial cubic sites and experience
repulsion which leads to increase of the lattice parameters. The similar results for RE
element doped CaF, nanoparticles have been reported by Reddy and Pandurangappa [23].

The dislocation density is calculated by using the formula
1

p==o (5)
and it states the number of dislocation lines per unit volume of crystal i.e. the size of the
crystal defects possessed by a crystal. In other words, the dislocation density value will
illustrate the degree of crystallinity of the nanoparticles profile. The small dislocation
density value indicates high degree of crystallinity. The dislocation density value of pure
CaF; crystal is found to be larger than that of CaF,:Eu®* crystal as shown in Table 1. This
indicates that the pure CaF2:Eu®* crystal possesses high degree of crystallinity as compared
to CaF; crystal which can be correlated with XRD pattern as shown in Fig. 1.
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Fig. 1. XRD pattern of CaF2 and CaF2:Eu®* nanoparticles.
Table 1. Sturctural parameters of CaF2 and CaF2:Eu®* nanoparticles.
d-spacing | d- a (A% Crystallite | Av. Dislocation
Sample 26 (hkl) | calculated | spacing calculated | Strain, size, D value | density,
(degree) value standard | value € (nm) of D 5 (nm)?
(A% value (nm)
(A9
28.363 (111) | 3.150 3.153 5.455 9.11 16.20 0.00341
CaF2 x 1073 17.11
47.050 (220) | 1.930 1.931 5.458 4.81 18.85
x 1073
55.819 (311) | 1.645 1.647 5.455 4.74 16.30
x 1073
28.184 (111) | 3.164 3.153 5.480 491 30.26 0.000945
CaF2:Eu®* x 1073 32.53
46.865 (220) | 1.937 1.931 5.478 2.76 32.95
x 1073
55.684 (311) | 1.649 1.647 5.469 2.25 34.40
x 1073

3.2. EDAX analysis

The elemental composition of the synthesized samples are analysed by EDAX. The spectra
of the pure CaF, and CaF.:Eu®* nanoparticles obtained by EDAX analysis are shown in
Figs. 2(a,b) respectively. The EDAX analysis indicates that the as prepared sample consists
of Calcium, Fluorine and Europium.
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Fig. 2. EDAX spectra of (a) pure CaF2 (b) CaF2:Eu®* nanoparticles.
3.3. Morphological study

Figs. 3(a,b) show FESEM images of pure CaF; and CaF2:Eu®* nanoparticles synthesized by
solution combustion method respectively. The FESEM images reveal the formation of
rough spherical structures which may be called as nanospheroids. The size (diameter) of as
synthesized nanospheroids is estimated by using image j software. The compactness or
agglomeration of nanospheroids increases on doping of Eu®*ions in host lattice of Ca®*ions.
The histograms i.e. frequency of occurrence versus diameter of the CaF, and CaFz:Eu®*
nanospheroids are shown in Figs. 4(a,b) respectively. From the histogram, the average
diameter of the nanospheroids is found to be 66 nm for pure CaF; and 113.52 nm for
CaF,:Eu®* nanoparticles. It has been observed that the average diameter of Eu®* doped CaF
nanospheroids is larger than that of pure CaF, nanospheroids which is consistent with XRD
results.
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Fig. 3. FESEM images of (a) pure CaF2 (b) CaF2:Eu®* nanoparticles.
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Fig. 4. Histograms of (a) pure CaF2 (b) CaF2:Eu®* nanoparticles.
3.4. Optical study

The optical properties of pure CaF, and Eu®* doped CaF; i.e. CaF2:Eu®* nanoparticles are
studied with the help of UV-Visible Spectroscopy. The values the energy band gap of pure
as well as doped samples are calculated from Tauc relation [24].
(ahv)Y = A(hv — Ey) (6)
where o is absorption coefficient, hv is incident photon energy, A is the proportionality
constant which is determined by index of refraction, electron and hole effective mass;
however, it is usually taken as 1 for amorphous materials regardless of photon energy, E,
is the band gap energy and y indicates the nature of electronic transition. y = 2 indicates
direct allowed transitions (direct band gap) and y = 2 indicates indirect allowed transitions

(indirect band gap). y =§ indicates the direct forbidden transitions. y =§ indicates

indirect forbidden transitions. But, the allowed transitions typically dominate the basic
absorption processes, giving either direct or indirect transitions. The absorption coefficient
o associated with the strong absorption region of the sample, absorbance (A) and the cuvette
thickness (t) are related as below [25,26]
o =2303% )
Fig. 5(a) shows the absorption spectra of CaF, nanoparticles taken at room temperature
in the range 200-700 nm using Perkin Elmer Spectrophotometer. It is observed that the
characteristic absorption occurs in the UV region. For pure CaF, nanoparticles, the
absorbance decreases exponentially with increase in wavelength and any other absorption
band is not observed. This indicates the absence of any major defects like anti-Frenkel
defects involving equal concentrations of negative interstitials and vacancies in the
synthesized pure CaF, nanoparticles [27]. However, the possible defects in pure CaF;
nanoparticles are produced by electronic excitation only and not by displacement due to
momentum transfer to crystal lattice. This leads to exhibit the possible direct electronic
transition so that the synthesized pure CaF, would become a direct band gap material. M.
Khan et al. reported the similar absorption spectrum of CaF, nanoparticles having direct
band gap [28]. G.W. Rubloff had also reported that CaF, in bulk state shows a direct band
gap at the I point of the first Brillouin zone of 12.1 eV and an indirect band gap of 11.8 eV
[29]. So the graph between hv vs (ahv)? is plotted for pure CaF, nanoparticles and shown
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in Fig. 5(b). The intercept of the extrapolated straight line at the (ahv)? = 0 axis gives the
value of E, of the materials. The values of E, for pure CaF, nanoparticles is found to be
3.87 eV. This value is very small as compared to the value in bulk state of CaF;i.e. 12.1
eV. The decrease in band gap energy of pure CaF, when its size is reduced to nanoscale, is
due to quantum confinement effect. In bulk state of CaF,, the band gap energy is solely
determined by its electronic structure as a whole. However, as the size of CaF crystal
decreases in nanoscale, the spatial confinement of electrons and holes increases thereby
altering the electronic band structure in such a way that the energy levels become more
discrete. This leads to reduction of band gap energy of pure CaF, nanoparticles.

Fig. 6(a) shows the absorption spectrum of CaF,:Eu®" nanoparticles taken at room
temperature in the range 200700 nm using Perkin Elmer Spectrophotometer. It is observed
from figure 6(a) that the absorbance curve of Eu®* doped CaF; i.e. CaF2:Eu®* nanoparticles
consists of the absorption band at 264 nm which is attributed due to the major defects such
as Schottky in CaF,:Eu®* nanoparticles [30]. Reddy and Pandurangappa also reported the
spectroscopic studies in pure and Dy doped nanocrystalline CaF; and the similar absorption
band was observed [23]. Further, during the process of electronic excitation in Eu®* ion
doped CaF, possessing schottky defect, the transfer of momentum to crystal lattice might
occur through various mechanisms including interactions with lattice vibrations, charge
carriers, external stimuli and relaxation processes which was also reported in literatures
[31]. This leads to exhibit the possible indirect electronic transition so that the synthesized
CaF,:Eu® would become an indirect band gap material. So, the graph between

1
hv vs (ahv)z is plotted for CaF2:Eu®* nanoparticles and is shown in Fig. 6(b). The intercept

1

of the extrapolated straight line at the (ahv)z =0 axis gives the value of E, of the materials.
The value of E, for Eu’* doped CaF; i.e. CaF,:Eu®" nanoparticles is found to be 4.99 eV.
This indicates that the band gap energy CaF, nanoparticles increases by 1.12 eV on doping
of Eu®*. The increase in band gap energy on doping of Eu®* can be attributed due to the
introduction of Schottky defect which is observed in absorption spectrum of CaF,:Eu®*
nanoparticles as shown in Fig. 6. These defects might create localized states within band
gap. This in turn leads to increase the width of band gap and hence band gap energy
increases. Mele et al. also reported similar results on band gap and defect states in calcium
fluoride [32].
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Fig. 5. (a) Absorbance Spectrum of pure CaFz, (b) Tauc curve i.e. hv vs (ahv)?.
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3.5. Photoluminescence study

Fig. 7(a) shows PL excitation spectrum of the pure CaF, nanoparticles. The excitation
spectrum is obtained by scanning the sample at 240 nm/min at a pre-defined wavelength
range, 200 — 400 nm at room temperature using Perkin Elmer Spectrophotometer. The
excitation peak is observed at 387 nm which corresponds to the absorption of ultraviolet
(UV) light. This reveals the optical transparency of CaF, in the UV range. This PL
excitation might be attributed due to electronic transitions from the ground state, "Fo to °Gs
excited state.

Fig. 7(b) shows the PL emission spectrum of pure CaF, nanoparticles at room
temperature. The PL emission peaks is observed at 420 nm. Such type of PL emission band
might be due to the formation of colour centre like F centre which is created by the presence
of fluorine vacancies with an electron trapped in it, which is surrounded by four nearest
neighbour calcium atoms and six second-nearest neighbour fluorine atoms. Gibin George
et al. also had observed similar results in the study of size and concentration-dependent
Eu?*/Eu* mixed luminescent characteristics of rare-earth-doped CaF, nanoparticles [33].
Thus, the emission band lies in the visible region of violet colour and this property makes
CaF, nanoparticles a potential candidate for violet lasers which can be used in dental
bleaching.

Fig. 8(a) shows the PL excitation spectrum of Eu®* ion doped CaF, i.e. CaF,:Eu’
nanoparticles at room temperature. The main excitation peaks of Eu®* are observed at
317nm, 361nm and 394 nm, which might be attributed due to transition from the ground
state "Foto excited states : °Hg (317 nm), °D4 (361 nm) and 5Le (394 nm which is strongest).
Furthermore, there is also a weak peak at 299 nm which would have a little effect on the
excitation of Eu®* [34]. Yang et al. also studied the luminescence properties of
monodisperse spherical CaF, and CaF,:Ln* (Ln = Eu, Tb, Ce/Tb) microcrystals and
observed the similar results [35].



754  Properties of Chemically Synthesized CaF, Nanoparticles

Fig. 8(b) shows the PL emission spectrum of Eu®* ion doped CaF, i.e. CaFz:Eu®*
nanoparticles at room temperature. The Eu®* ion acts as a well known activator mostly
showing its emission in the visible regions because this ion gets introduced into the host of
CaF, matrix in its Eu®* form. The emission peak at 591 nm corresponds to transition from
excited state, °Do to low energy state, F1 and emission peak at 616 nm corresponds to
transition from excited state, 5Do to low energy state, F2 respectively. It is observed that
the intense emission peak at 591nm confirms the incorporation of Eu ion in CaF;
nanoparticles in the 3+ state. Further, it might be also noted that the Do —’F1 transition is
allowed by magnetic dipole mechanism and the Do —’F2 transition is allowed by a
hypersensitive electric dipole mechanism. Thus, the emission bands lie in the visible region
of orange colour and this property makes CaF,: Eu®* nanoparticles a potential candidate for
orange lasers which can be used in sodium guide star, holographic imaging and material
analysis etc.
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Fig. 7. (a) PL excitation spectrum of pure CaF2, (b) PL emission spectrum of pure CaF.
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4. Conclusion

In summary, the pure CaF, and Eu®" ion doped CaF; i.e. CaF2:Eu®" nanoparticles were
synthesized successfully by following solution combustion method. The structural
characterization was done by XRD and the average crystallite size for pure CaF;
nanoparticles was found to be 17.11 nm. On doping of Eu®* ion, the crystallite size increases
and the average crystallite size for CaF,:Eu®* nanoparticles was found to be 32.53 nm. The
elemental composition was analysed by EDAX and no impurity is present in the synthesized
samples. The surface morphology was studied by FESEM and formation of nanospheroids
is observed. The average diameter of nanospheroids in CaF,:Eu* is larger than that in CaF..
The band gap energy of the synthesized samples was estimated from UV-Visible absorption
spectra. The pure CaF, was obtained as direct band gap material and the corresponding band
gap energy is found to be 3.87 eV. However, on doping of Eu®* ion, nature of band gap is
transformed to indirect band gap and the corresponding band gap energy of CaF,:Eu®* was
found to be 4.99 eV. From the photoluminescence study, it was observed that the emission
band for pure CaF; nanoparticles was observed at 420 nm and it can be used as the potential
candidate for fabrication of violet laser. For Eu* ion doped CaF nanoparticles, the emission
bands was observed at 591 nm and 616 nm respectively and it can be used as the potential
candidate for fabrication of orange laser.
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