colloids
and interfaces
Article

Photoluminescence Property of Eu3+ doped CaSiO3
Nano-phosphor with Controlled Grain Size
Boris B. Niraula *

and Conrad Rizal †

SeedNanoTech and Consulting, Brampton, ON L6Y 3J6, Canada; info@seednanotech.com
* Correspondence: boris.niraula@seednanotech.com; Tel.: +1-(289)-499-3249
† Present address: GEM System Inc., Markham, ON L3R 5H6, Canada.
Received: 18 September 2018; Accepted: 26 October 2018; Published: 28 October 2018




Abstract: A series of Eu3+ doped CaSiO3 /SiO2 nano-phosphor powder of controlled grain size,
crystalline structure, and chemical composition were synthesized using the microemulsion technique.
The morphology, size, and shape of the synthesized nanophosphorous powder were investigated
using transmission electron microscopy and X-ray diffraction (XRD) analysis. XRD profiles of
samples sintered over 600 ◦ C, suggested phase shift from amorphous powder grain to more
ordered polycrystalline powder of triclinic type wollastonite, CaSiO3 , with preferred crystal phase
orientation of (112) and tetragonal type cristobalites of SiO2 . The grain size, crystallinity, and chemical
composition of the host matrix, activator and sensitizer strongly affected both the absorption and
emission bands of these samples. The amplitude of both the orange and red emission bands
significantly increased with sintering temperature. The emission band is red-shifted with decreasing
grain sizes. These bands displayed good sensitivity to ionic concentration of the Si4+ , Ca2+ , and Eu3+ .
With increasing Ca2+ ion concentration both the intensity of the red photoluminescence (PL) band
increased and a concentration quenching observed. Increase in Si4+ ion concentration led to quenching
in PL intensity of both the orange and red bands, whereas the amplitude of the blue-band slightly
increased. With increasing Eu3+ ion concentration the red-band initially increased whereas it started
decreasing at higher sample concentration. In the presence of Ca2+ ion as a sensitizer, the sample
showed a remarkable PL property-including–about 100% photon conversion efficiency and a two-fold
increase in excitation and emission photons.
Keywords: polycrystalline nanophosphor; photoluminescence; Eu3+ doped CaSiO3 ; microemulsion
technique

1. Introduction
Eu3+ doped phosphors are employed in lighting and display technologies such as
electroluminescence cells, plasma display panels, high-efficiency fluorescent lamps, light emitting
diodes, and waveguides as they show remarkable photoluminescence (PL) properties [1–5]. In pure
form, Eu3+ ions show emission lines extending from visible to near infra-red domain of the
electromagnetic spectrum. These ions usually absorb photons in the ultraviolet (UV) region (200 to
270 nm) and emit orange and red lines in the visible region. A phosphor that absorbs photons in
this domain is suitable for making display panels, fluorescent lamps, and sensors [6,7]. However,
absorption of Eu3+ in the UV region is weak, and such phosphorous are not suitable in making light
emitting diodes (LED). By adding Eu3+ as a dopant into a host matrix such as SiO3 and in the presence
of rare earth ions as sensitizers, the luminescence property of this phosphor can, however, enhance
substantially. When used as a dopant in a glass matrix, the Eu3+ ions, however, show absorption
and emission bands instead of absorption and emission lines. The peak positions and intensities of
these bands bear a strong relationship with the size distribution of the crystal grain, their chemical
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composition, and morphology. Earlier reports have shown that crystal grain size, their distribution,
resistance to particle agglomeration, and spherical morphology are the most critical factors for a
phosphor to have good luminescent characteristics [8–10].
In the past, techniques such as solid-state chemistry [8] and ion implantation [9] have been the
sole means of synthesizing phosphor material (PM). Today these techniques are becoming unpopular
for several considerations. These include high production cost and poor product quality as identified
by weak PL efficiency and poor non-linear optical effects. The problem is that these methods are
energy intensive as the mixing of activator and sensitizer ions with the host are carried out at and
around the melting temperature of the host matrix. It means the viscous nature of the melt does not
allow having a homogenous mixing of the activator ion, and the glass matrix is impossible to achieve.
Another inherent problem is that phosphor particles and crystallite grains tend to precipitate
upon cooling, and this process accompanies agglomeration of particles that is induced by inter-ionic
interaction. The result is the production of low quality; the poorly homogenized phosphor is not
suitable for the most optoelectronic applications. These, in turn, suggest that the possibilities of
improving the quality of PM are a cumbersome job when robust state methods are employed, whereas
the new developments in display and other technologies such as light amplifiers and wave-guides
require drastic improvement in PL efficiency and non-linear optical properties [11]. Therefore, there is
a need to reduce production cost.
The solutions to these problems have been addressed using rather simple solution-based synthesis
techniques such as sol-gel and micro-emulsion, and these techniques are gaining widespread popularity
for the past few decades [12–14]. Also, these techniques make use of simple room temperature
hydrolysis and polycondensation reaction [15,16] of the starting material such as tetraethylorthosilicate
(TEOS), yielding glasses and oxide powders of high purity and homogeneity and to some degree with
tailored grain size, morphology, and dispersity index.
A large number of reports suggest that the PL properties of the phosphor strongly depend
on the composition of the glass matrix, crystal structure and grain size of the crystallites [17,18].
For example, the reduction in grain size often leads to significant improvement in luminescence
efficiency and non-linear optical effects [19]. Interestingly, the increase in luminescence efficiency is
reported to be accompanied by a decrease in absorption intensity and redshift in both the absorption
and emission bands. For these reasons, for the past decade, the exploration of size-dependent properties
of the phosphor has been a subject of scrutiny. This work reports on how the photoluminescence
property of Eu3+ doped nanophosphor is affected by factors such as the composition of glass matrix,
dopant concentration, the average size of crystals and sintering temperature as well as on how particle
size of the powder can be controlled and tailored using emulsion technique.
The excitation and emission bands of Eu3+ ion are broad due to the transition of electrons between
4
the F7 ground state and the crystal field component of the 4 F6 →5 D7 excited state configuration [20].
Luminescence band is observed either from excitonic emission, also referred to as recombination of an
electron-hole pair, or from the radiative relaxation of the trap states [21]. While excitonic emission is
characterized by narrow, near absorption edge luminescence, the trap-state emission is characterized
by broad, strong red-shifted luminescence that sometimes exhibits multiple bands, also referred to as
band splitting. The electron-hole pair results from the absorption of a photon.
The problem is that with the decrease in size, the photoluminescence may show an increasing
number of defect sites as the surface-to-volume ratio increases with decreasing particle size. The rising
defects result in rapid trapping of either the electron or the hole and lead to localization of charged site
at the surface [22,23].
In literature, a wide variety of sensitizers have been used to enhance the photoluminescence
efficiency of the silica-based phosphor. However, the problem is that the energy transfer from the
sensitizer to Eu3+ has been minimal. This work utilizes Ca2+ as a sensitizer since the energy transfer
from Ca2+ to Eu3+ is accompanied by endothermic charge transfer reaction, leading to dramatic
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enhancement in photoluminescence property of the nano-phosphor - including a two-fold increase in
photon absorption and emission and 100% quantum efficiency for a down-conversion phosphor.
2. Materials and Methods
Reagent grade cyclohexane of 99.5% purity was used as an oil phase. Ca(NO3 )2 was
used as sources of Ca2+ ions, and these were of 99% purity. The anionic surfactant used was
Triton X-45, and it was of analytical grade. It usually comes as a poly-dispersed preparation of
tetra-methyl-butyl-phenyl-poly-oxyethylene with an average of 5 oxyethylene groups per molecule.
The source of silica glass precursor was TEOS (tetra ethoxy silicate). All these were purchased
from Fluka (Mexico City, Mexico). The dopant used was Eu(NO3 )3 of 99.9% purity, and it was
purchased from Sigma-Aldrich Chemicals Company (Oakville, ON, Canada). Ammonium hydroxide
(solution of 25% NH3 ) was used as a hydrolytic agent, and it was of reagent grade. Absolute ethanol,
99.8% purity (HmbG GmbH, Hamburg, Germany) was employed to clean the glassware used in this
work. The deionized water used was from Millipore Sigma (Etobicoke, ON, Canada) with an ionic
conductivity of 18 µS/cm.
The morphology, size, and shape of the synthesized phosphor powder were analyzed using
a Philips CM12 transmission electron microscope (TEM). The particle size of the sample was also
measured using Coulter counter N4 plus photo correlation spectroscopy. The crystal structure and their
phase composition were analyzed using Rigaku RINT-1400 X-ray diffraction (Rigaku, Tokyo, Japan)
system. This system is supplied with a Cu Kα radiation source of 40 kV and 100 mA. Both the PL and
photoluminescence excitation spectra were scanned using a PERKIN ELMER LS 50B luminescence
spectrometer (PERKIN ELMER LS 50B, Buckinghamshire, UK). Thermal analysis was carried out
using Mettler Toledo made thermos gravity metric analyzer (TGA). As far as curing is concerned,
the sol-gel reaction was carried from 100 ◦ C to 1000 ◦ C under neutral gas atmosphere with a heating
rate of 10 ◦ C/min, whereas the gas flow rate was maintained at 120 cm3 /min.
As described above, the Eu3+ ion doped CaSiO3 phosphor powder were prepared using the
microemulsion technique, whereby TEOS is used as the glass precursor. Two types of water-in-oil
(w/o) micro-emulsion systems were prepared separately. These can be referred to as w/o system 1
and w/o system 2. Both systems contained three common components, viz., the surfactant, TEOS,
and cyclohexane as the continuous phase. Both systems contained 15 wt % surfactant, 82.46 wt % of
cyclohexane, 1.54 wt % of TEOS and 1.0 wt % of the aqueous solution. The only difference between
system 1 and 2 was that system 1 contained 3.0 M calcium nitrate with varying concentration of
europium nitrate, whereas system 2 included a solution of 0.5 M ammonium hydroxide.
The water-to-surfactant molar ratio is also denoted as R0 from now on. By varying total water
concentration, the R0 value of samples was varied. In this case, the R0 value of emulsions was changed
from 0.12 to 0.3 as the average grain size of the crystallite, which is obtained because of hydrolysis
and condensation reaction of TEOS, appears to depend mainly on R0 value of the emulsion system
from which they are prepared. Further explanation of this is given elsewhere [12–14], and it will not
be discussed here. Note, in any case, while varying the value of R0 the overall concentration ratios of
ethanol, surfactant and TEOS is kept constant. Next, equal amounts of system 1 and 2 were mixed
in a third container, which in its turn under-went continuous stirring for 24 h. At the end of 24 h,
this would give Eu3+ ion doped dispersion of CaSiO3 and SiO3 phosphor. This procedure naturally
yields PM with nanometer-sized grains, whereby the grain size is primarily defined by the R0 value of
the emulsion used during synthesis.
Next, for removing the oil phase (cyclohexene in this case) and surfactant, the dispersed phosphor
is then washed five times with ethanol. These particles are then collected and dried at 200 ◦ C for two
hours followed by sintering at 400 ◦ C to 800 ◦ C for 3 hours. Note, the heat treatment is designed to
remove any residue of surfactant, water, and oil from the sample. The given samples were calcinated
at a temperature ranging from 400 ◦ C to 800 ◦ C, as the grain size of the phosphor is also affected by
curing conditions.
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Figure 6. The excitation spectra of Eu3+ doped CaSiO3 nanophosphor powder showing a weak blue
excitation near 390 nm. The sample was prepared using a R0 = 0.12 and sintered at 800 ◦ C.

The broad adsorption band resolved at 220 nm is usually assigned to electronic shift involving
the transfer of charge from O2− ions to ligand to rare earth ion, whereas the excitation band at 390 nm
is thought to be due to intra-ionic 4 F6 →5 D1 transition. Note these transitions are assigned based on
lanthanide spectra of refs [20,26–28].
The photoluminescent spectrum of the Eu3+ doped CaSiO3 /SiO2 nanophosphor at the excitation
wavelength of 220 nm is given in Figure 7. Under these conditions, the given phosphor showed a
small emission peak centered at ≈445 nm, whereas two sharp emission peaks are centered at ≈600 nm
and 610 nm. Note the emission peaks at 590 nm and 610 nm are ascribed to transition of Eu3+ from
5 D to the 7 F and from 5 D to the 7 F , respectively.
o
o
1
2

lanthanide spectra of refs [20,26–28].
The photoluminescent spectrum of the Eu3+ doped CaSiO3/SiO2 nanophosphor at the excitation
wavelength of 220 nm is given in Figure 7. Under these conditions, the given phosphor showed a
small emission peak centered at  445 nm, whereas two sharp emission peaks are centered at  600
nm and
610 nm.
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cannot occupy the space along the center of symmetry of the crystal lattice, giving both MDT and
EDTs [30]. It is also thought that only MDTs are allowed when a rare-earth impurity ion is located at
EDTs [30]. It is also thought that only MDTs are allowed when a rare-earth impurity ion is located at
the center of symmetry of a crystal lattice.
the center of symmetry of a crystal lattice.
Interestingly, as shown in this figure, both the MDT (5D0→7F1) and EDT (5Do→7F2) spectra are
Interestingly, as shown in this figure, both the MDT (5 D0 →7 F1 ) and EDT (5 Do →7 F2 ) spectra are
observed in this case. For example, the EDT, at ≈ 610 nm probably arises because of lack of inversion
observed in this case.3+For example, the5EDT,7 at ≈610 nm probably arises because
of lack of inversion
symmetry at the Eu site. The reason Do→ F2 transition is much stronger than 5Do5→7F1 transition
in
symmetry at the Eu3+ site. The reason 5 Do →7 F2 transition is much stronger
than
D →7 F transition
that it is usually produced because of the crystal-field splitting of the 7F2 level. On the oother 1hand, the
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to the lack of center of symmetry in CaSiO3 crystals [31].
be due to the lack of center of symmetry in CaSiO3 crystals [31].
The emission spectra at 445 nm is considered to be due to the presence of triclinic-CaSiO3
structure [32]. It is supposed that this band is related to a variety of factors acting independently
or together. These may include multiple luminescent sites, a high degree of inhomogeneity in the
sample, strong electron-phonon coupling, re-absorption of the emitted light by other sites. For further
discussion, we refer interested readers to the paper by Kumar et al. [15] and Dhole et al. [24].
Next, we investigate the effect of dopant ion concentration on PL spectra of the phosphorous
particles. As shown in Figure 8, the amplitude of PL of the measured spectra of the nanophosphor
particles are directly affected by dopant ion concentration, in which the concentration of activator ion
was varied whereas the composition of host matrix, synthesis procedure, and sintering temperature
were kept constant. The PL intensity increases almost linearly up to 6 mol % of Eu3+ and
decreases afterwards.

sample, strong electron-phonon coupling, re-absorption of the emitted light by other sites. For further
discussion, we refer interested readers to the paper by Kumar et al. [15] and Dhole et al. [24].
Next, we investigate the effect of dopant ion concentration on PL spectra of the phosphorous
particles. As shown in Figure 8, the amplitude of PL of the measured spectra of the nanophosphor
particles are directly affected by dopant ion concentration, in which the concentration of activator ion
was varied whereas the composition of host matrix, synthesis procedure, and sintering temperature
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The PL intensity of the transition strongly depends on the detail of the crystal size and lattice
and the interionic distance. Higher intensities are always ascribed to the more ordered
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°C gave the lowest emission intensity probably due to its amorphous nature. However, the
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to the
interstitial sites. As a result, these atoms possibly trap the emitted light, leading to
intensity of the emission bands increased with increasing sintering temperature. This result suggests
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emission
intensity.
emission bands
at 610 nm and 580 nm are strongly related to the sintering temperature and
suggesting
the facthow
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Next, we
investigate
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nanophosphor
powders
are influenced
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sintering temperature. As higher sintering temperature, the red emission bands, 610 nm, becomes
sintering temperature as the λ varied from 400 to 700 nm. As shown in Figure 9, samples sintered at 400
stronger with no apparent splitting as in 590 nm band. The relative intensity of the peak at 590 nm is
◦ C gave the lowest emission intensity probably due to its amorphous nature. However, the intensity of
also increasing with higher sintering temperatures.
the emission bands increased with increasing sintering temperature. This result suggests that emission
bands at 610 nm and 580 nm are strongly related to the sintering temperature and suggesting the fact
that more defined crystal structures evolve in these samples as a function of sintering temperature.
As higher sintering temperature, the red emission bands, 610 nm, becomes stronger with no apparent
splitting as in 590 nm band. The relative intensity of the peak at 590 nm is also increasing with higher
sintering temperatures.
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In Figure 10, we show the effect of silica concentration on the PL intensity while the
concentrations of activator and alkali earth ions, Ro value and firing temperature were kept constant.
The emission peak intensity at both wavelengths (590 and 610 nm) significantly increased whereas it
decreased at 440 nm with increasing silica concentration. The result suggests that the activation
energy of Eu3+ ion reduces with increasing silica concentration, which is further related to the
crystallinity. The degree of crystallinity is linked to the silica concentration.
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color centers provide absorption sites for UV photons and thus compete with activator ions. On the
other hand, at higher Ca2+ ion concentration (above a certain threshold) it is evident that Ca2+ ions are
in excess in lattice sites. As a result, Eu3+ ions can no longer be able to occupy most cation sites. This
situation, in which the crystal lattice contains an excess of Ca 2+ ion, naturally causes a decrease in
emission intensity of bands at 580 nm and 610 nm, due mainly to the loss of sufficient excitation
centers and thus excitation energy.
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provide absorption sites for UV photons and thus compete with activator ions. On the other hand,
at higher Ca2+ ion concentration (above a certain threshold) it is evident that Ca2+ ions are in excess in
lattice sites. As a result, Eu3+ ions can no longer be able to occupy most cation sites. This situation,
in which the crystal lattice contains an excess of Ca2+ ion, naturally causes a decrease in emission
intensity of bands at 580 nm and 610 nm, due mainly to the loss of sufficient excitation centers and
thus excitation energy.
Also, at low doping concentration, the transition 5 Do →7 Fo level does not exhibit single sharp peak,
and instead shows splitting of a peak into two components, justifying that the Eu ion is distributed
between both the Ca and Si sites.
A series of nanophosphor powders with varying average particle size were synthesized by
changing R0 value of the emulsion, whereas the concentration of reactants, fabrication procedure,
and sintering temperature were kept constant that offers the possibility of exploring particle size
dependent PL property of the given phosphor.
In Figure 12, we studied the effect of nanophosphors particle size on the PL emission
intensity. As shown, the PL intensity almost monotonously decreases with increasing particle size,
clearly suggesting that the emission efficiency of in Eu3+ ion doped CaSiO3 can be enhanced by reducing
average
particle
sizes,
which
in REVIEW
turn can be controlled by R0 value of the emulsion during synthesis.
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significantly decreased the emission peaks at 590 and 610 nm.
With increasing Ca2+ activator ion, the intensity of the red PL band increased significantly.
However, a higher concentration of Ca2+ showed concentration quenching effect. The PL intensity
always increased with decreasing grain sizes of the crystalline powder. Eu3+ doped CaSiO3/SiO2
nanophosphor showed remarkable photoluminescence, PL property- including – 100% photon
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With increasing Ca2+ activator ion, the intensity of the red PL band increased significantly.
However, a higher concentration of Ca2+ showed concentration quenching effect. The PL
intensity always increased with decreasing grain sizes of the crystalline powder. Eu3+ doped
CaSiO3 /SiO2 nanophosphor showed remarkable photoluminescence, PL property-including-100%
photon conversion efficiency and a two-fold increase in some excitation and emission photons.
These highly ordered nanophosphor powders when functionalized with biomaterials show potential
for application in biomedicine, bio-sensing, and related industries.
Supplementary Materials: The following are available online at http://www.mdpi.com/2504-5377/2/4/52/s1,
Figure S1: XRD spectrum (Intensity vs. 2θ◦ ) of Eu3+ doped CaSiO3 /SiO3 nanophosphor powder and its
crystallinity. Samples were prepared using a R0 value of 0.30 and were sintered at 800 ◦ C, Figure S2: Effect
of Eu3+ ion concentration on XRD spectrum (Intensity vs. 2θ◦ ) of Eu3+ doped CaSiO3 /SiO2 nanophosphor
powder and its crystallinity. Samples were prepared using a R0 value of 0.30 and sintered at 800 ◦ C, Figure S3:
Effect of Si4+ concentration on XRD spectra (Intensity vs. 2θ◦ ) of Eu3+ doped CaSiO3 /SiO2 nanophosphor powder.
Samples were prepared in an identical reaction condition using a R0 value of 0.30 and sintered at 800 ◦ C, Figure
S4: The energy level of Eu3+ doped showing luminescence process and transition states.
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