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ABSTRACT: Europium ion-activated calcium silicate phosphors
(Ca,Si0,:Eu’") with sharp red-light emission were fabricated via
the hydrothermal method. The size of Ca,SiO:Eu*" phosphors
was controlled between 20 and 200 nm by precursor silicate
particle sizes. Systematic studies to determine morphology, crystal
phase, and photoluminescence (PL) were carried out for all the
phosphors, and their optical efficiencies were compared. We found
that the luminescence intensity and emission wavelength of
Ca,Si0,:Eu®" phosphors depend on their particle sizes. Partic-
ularly, the Ca,SiO,Eu® synthesized with 20 nm silica seed A

contains the most intense red emission, high color purity, and high B4 550 500 650 700 750
PL quantum yield. For the 20 nm-sized Ca,SiO,:Eu*" phosphor, Wavelength (nm)

PL quantum yields are measured to be above 87.95% and high

color purity of 99.8%. The unusually high intensity of Dy, — "F, emission (712 nm) is explained by structural distortion arising from
silicate particle size reductions. We show that the obtained phosphor is a suitable candidate for solid-state lighting as a red
component through CIE chromaticity coordinate and color purity measurements. Furthermore, the Ca,SiO,:Eu’" particles are
examined for their validity as promising bio-imaging probes through cell labeling and imaging experiments and biodegradability
studies.
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Silica Nanoparticles High luminescence efficiency
High color purity of 99.8%
High quantum yield (QY) of 87.95%
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1. INTRODUCTION method. Dicalcium silicate (Ca,SiO,) has many applications as
a host material in photoluminescence (PL) due to its
affordability, accessibility, chemical stability, thermal resistance,
and simple preparation.”>~>” Doping or co-doping of rare-
earth ions to the silicate crystal is the prominent strategy for
enhancing their luminescence properties.”* ¢ Among various
rare-earth elements, europium of two valence states (Eu’*,
Eu®") exhibits magnificent luminescence. As most studies use
Eu**-doped Ca,SiO, as bluish-green-emitting phosphors, red-
luminescent Ca,SiO,:Eu’" phosphors remain under-
studied.””??**** To the best of our knowledge, the
luminescence of Eu**-doped Ca,SiO, red-emitting phosphors
has yet to be discussed in detail. Moreover, the optical
properties based on particle size dependence of the phosphor
have never been studied. These novel probes based on calcium
silicate nanoparticles would have promising use within

For ambient and back lighting in liquid crystal display (LCD),
white light emitting diodes (W-LEDs) are widely used because
of their high efficiencies.' > Popular W-LEDs are based on a
blue LED chip coated with commercial Y;AlO,:Ce
(YAG:Ce) yellow phosphors.®™® However, the commercial
W-LEDs have two shortcomings: high correlated color
temperature (CCT) and a low color rendering index (CRI).
These problems can be overcome by mixing and packaging a
high-purity red-emitting and high-quantum efficiency phos-
phor within the LED.'””"® Furthermore, in the display
industry, mini/micro-LEDs have recently attracted much
attention in replacing common LCDs due to their higher
energy efficiency, shorter response time, and better contrast.
However, to use mini/micro-LEDs as individual pixel
elements, it is required to integrate phosphors with small
particle sizes, uniform shape/distributions, and size-dependent
high internal quantum efficiency.'*™"” Particle size significantly Received:  April 20, 2023
influences the optical properties of phosphorous nanomaterials Accepted:  May S, 2023
and thus plays an important role in the packaging performance Published: May 18, 2023
of phosphor-converted W-LEDs.”"~**

In this study, we have synthesized calcium silicate using
various-sized silica nanoparticle precursors via a hydrothermal
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Figure 1. Schematic diagram for the synthesis of trivalent europium ion-doped Ca,SiO, (Ca,_g0sSiO4:00sEu>") phosphors.

biological optical imaging due to their high biocompatibility,
good bioactivity, and biodegradability.””~**

This paper introduces the facile chemical synthesis of the
Eu**-doped Ca,SiO, nanoparticles. It investigates their
enhanced optical properties to overcome W-LED disadvan-
tages and presents their potential applications in mini/micro-
LEDs and biomaterials."”” For the first time, we report
luminescence properties for the Dy, — ’F, transition of the
Eu**-doped Ca,SiO, phosphors prepared using various size
distributions of silica seed materials (20—200 nm). The
prepared 20 nm-sized Ca,SiO,:Eu** phosphors exhibited
excellent absolute quantum yield and high-purity red
emissions. The properties presented here could contribute to
highly efficient manufacturing of solid-state lighting devices.*’
For further use in biomaterials, the probes were characterized
as efficient imaging markers with enhanced cell uptake and
strong red fluorescence.

2. MATERIALS AND METHODS

2.1. Materials. Tetraethyl orthosilicate (TEOS, 99% Cat no.
86578), ammonium hydroxide (NH,OH, 28—30%, Cat no. A669S-
500), Europium(III) nitrate hydrate (Eu(NO;);-SH,0, 99%, Cat no.
254061-1G), calcium nitrate tetrahydrate (Ca(NO;),-4H,0, 99%,
Cat no. 237124-500G), and polyoxyethylene(S) nonylphenylether,
branched (IGEPAL@ CO-520, Cat no. 238643-100G), were
purchased from Sigma-Aldrich Chemicals (Atlanta, Georgia).

2.2, Synthesis of Silica Nanoparticles (SNPs). SNPs in
different sizes were prepared by the in situ silica sol—gel method
according to the previous synthetic procedure with some
modifications.***”  First, IGEPAL was dispersed thoroughly in
cyclohexane by sonication for about 10 min and stirred further at
30 °C for 30 min to obtain a homogeneous solution.*® Next, NH,OH
and TEOS (4:1, 3:1, 1.5:1) were added to the reaction mixture under
vigorous stirring overnight at 70 °C to obtain the sphere shape of
SNPs. The size of SNPs was controlled by varying ratios of NH,OH
and TEOS (800 4L:200 4L, 600 4L:200 uL, 300 #L:200 uL). Finally,
the white precipitate was obtained and then washed three times with
deionized water.

2.3. Preparation of Trivalent Europium lons Doped in
Ca,Si0,. Ca,Si0,:Eu®" was prepared through a high-temperature
hydrothermal reaction with chemical precursors (or dopants).*” The
above-obtained SNPs were dispersed in ethanol, and the aqueous
solution containing the mixture of Ca(NOs;),-6H,0 and Eu(NO;);-
6H,0 was added. This mixture was initially stirred at 80 °C for 2 h to
get a homogeneous solution. The solution was taken in a 20 mL
Teflon-lined autoclave, heated at 180 °C for 24 h to obtain the white
precipitates, and then sequentially washed with ethanol and deionized
water. Thereafter, it was then subjected to thermal treatment in
atmospheric air at 200 °C for 24 h to decompose the organic
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compound in the sample. Accordingly, a pure white
Cay_0,055104:00sEu’" powder was obtained. For comparison, commer-
cial Cay_g0sSiOy4:g0sEu®* was prepared by the solid-state reaction
method by finely grinding conventional SiO, (Cat no. S5130, Sigma-
Aldrich).”*° The obtained products were structurally characterized
using a powder X-ray diffractometer (XRD) and transmission electron
microscope (TEM). The samples were denoted as C,S-20, C,S-100,
and C,S-200 for the prepared probes with the silica precursor of 20,
100, and 200 nm, respectively. It was denoted as C,S-C for the probe
by commercial silica.

2.4. X-ray Diffraction Studies of Ca,_g5SiO4:00sEU*. The
host crystal structure of Ca,SiO, was characterized by powder XRD
(X’Pert Pro, PANalytical Instrument) operating at 40 kV and 40 mA
with Cu Ka radiation (0.154 nm). The XRD analysis was done
between the angles (26) 10 and 80° with a scan speed of 0.02°/s. The
data obtained from the XRD were compared with that from the
powder simulation of Inorganic Crystal Structure Database (ICSD)
cards.

2.5. Morphological Study of SNPs and Ca,_5SiO4:9 0sEU3*.
The particle size and morphologies of SNPs and Ca,_5SiO4:00sEu**
nanoparticles were measured using TEM operated at an accelerating
voltage of 200 kV (JEOL 2200FS).

2.6. The PL and PL Quantum Yield Studies of
Ca,_0,055104:00sEU3*. The excitation and emission spectra of the
Cay_,05Si04:00sEu>" nanoparticles were obtained using PL spectros-
copy (FP-8500, JASCO, Japan) with a 450 W Xe lamp as the
excitation source. The samples were mounted on a polymer stub and
were measured for their excitation and emission by maintaining a
constant slit width of 0.1 nm for samples.

2.7. CIE. The Commission International de I'Eclairage (CIE)
chromaticity coordinates (x, y) were calculated from the obtained
emission spectra of the samples by using the CIE calculator. The CCT
and color purity were also calculated using the obtained diagram of
the CIE chromaticity.

2.8. Biodegradation of Ca,_q0sSiO4:00sEU* Nanoparticles.
Biodegradation features of Ca,_q0sSiO4:00sEu®* nanoparticles on
simulated body fluid (SBF) were characterized by transmission
electron microscopy (TEM). The Ca,_q5SiO,:0sEu®" nanoparticles
were added to the SBF solution (pH —S5). The solution was incubated
under stirring slowly at 37 °C for 7 days. The degradation solution
was taken out on day 1, day 3, day S, and day 7 and dropped two to
three times on carbon-coated copper grid for TEM analysis.

2.9. Cellular Uptake and Cell Imaging. Four mouse breast
cancer T1 cells were incubated in a culture medium with or without
nanoparticles for 24 h at 37 °C of the incubator. After incubation, cell
uptake of nanoparticles was terminated with three times washes of
cold phosphate-buffered saline (PBS), and the cells were collected in
1 mL vial tubes. Cell images were taken by using a UV lamp. The
four-T1-cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, Virginia). The four T1 cells were
grown using Dulbecco’s modified Eagle’s medium (Sigma-Aldrich
Chemicals, Cat no. 11965092) supplemented with 10% fetal bovine
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serum (Sigma-Aldrich Chemicals, Cat no. 16000044) and 1%
penicillin/streptomycin antibiotics (Sigma-Aldrich Chemicals, Cat
no. 15070063) in a 37 °C humidified atmosphere containing 5% CO,.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Ca,_055i04:00sEU>* Nanoparticles.
We successfully prepared Eu’*-doped Ca,SiO,
(Cay_g0sSi04:0sEu®") phosphors of various particle sizes
through a high-temperature hydrothermal reaction with
chemical precursors (or dopants) in the presence of SNP
seed. Furthermore, we validated that when we used SNPs of
different sizes as seeds, it perfectly controlled the overall
particle size of the resulting Ca,_0sSiOy4:00sEu** (Figure 1).

3.2. Effect of Silica Seed Particle Sizes on Structure
Properties. The optical nanoparticles with high quantum
yield (QY) and sharp PL emission in the red region are
necessary for fabricated phosphor-converted LEDs and
successful bio-imaging applications. Optical properties such
as excitation and emission spectra depend on the crystal
structure of nanoparticles. We initially found that the optimal
Eu dopant concentration is 5% from previous literatures””°
and prepared various-sized Ca,_0sSiO,:q0sEu®" nanoparticles
(20, 100, 200 nm). The crystal structure has been analyzed to
help understand the average crystallite size of the
Cay_0,05Si04:00sEu’" particles by using electron diffraction
patterns in TEM and XRD analyses. Particularly, the present
study mainly focused on revealing the particle size effects on
the crystal structure or luminescence behavior of
Cay_0,55i04:00sEu’". As shown in the XRD patterns (Figure
2), the Cay_g5Si04:00sEu’" samples (C,S-20, C,S-100, C,S-
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Figure 2. Powder XRD patterns of Ca,_g0sSiO,:q0sEu>"phosphors
prepared using conventional SiO,(C,S-C) and 20 nm (C,S-20), 100
nm (C,S-100), and 200 nm (C,S-200) silica as silicate sources.

200, C,S-C) possess the monoclinic crystal structure with the
P121/n1 space group, and the lattice parameters are a = 5.51, b
= 6.76, and ¢ = 10.4482 A°, a = 90, f = 117.21, and 7 = 90.
The as-prepared Ca,_g(sSi0,:q0sEu®* samples showed that the
full width at half maximum (FWHM) of the main peak
(32.05°) increased with decreased particle sizes. The FWHM
can be used to calculate the average crystallite sizes of the
particle by using the Scherrer equation (Dny = kA/[f(26)-
cosf]. From the estimated data, we found that the average
crystallite sizes of Ca,_g(sSiO4:00sFEu*" particles (C,S-20, C,S-
100, C,S-200, C,S-C) are 29.21, 32.68, 40.73, and 50.72 nm,
respectively. The smaller NP silicate caused a decrease in the
crystallite size and enhanced the inter-planar spacing. Also,
some lattice distortion was found to be created in the structure
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of the host material. Furthermore, a slight peak shift toward the
higher 260 diffraction was observed in all the
Cay_g,058104:0,0sEu’ particle samples (C,S-20, C,S-100, C,S-
200, C,S-C). The peak shift in 26 diffraction is due to the Eu**
dopant insertion to the host, where we speculate the lattice
volume compression and lattice constant reduction from
Bragg’s law.

3.3. Structural and Morphological Analyses of
Ca,_0.055i04:,0sEU>". The external morphologies of SNPs
and Ca,_,0sSi0,:0sEu** were analyzed using TEM and are
displayed in Figure 3. The size and morphologies of SNPs were

Size: 20nm Size: 100nm Size : 200nm

NH,OH : TEOS 3:1 15:1

4:1

Silica
Nanoparticles

Ca1;.,05510,:  gsEU**

Figure 3. Representative TEM images of various silica particles with
sizes of 20 nm (a), 100 nm (b), and 200 nm (c), and TEM images of
Cay_0,05510,4:00sEu’®" phosphors C,$-20 (d), C,S-100 (e), and C,S-
200 (f) prepared using the silica particles.

controlled by varying the ratio of TEOS to NH,OH
(NH,OH:TEOS = 4:1, 2:1, and 1.5:1). The particle size was
affected by the amount of NH,OH that controls the rate of
hydrolysis and condensation in the silica sol—gel reaction.” >
Figure 3 shows uniform spherical SNPs and their increasing
diameter from (a) to (c) with the decreasing NH,OH amount.
Using different sizes of SNPs as silicate sources (seeds), we
synthesized the size-controlled Ca,_(sSiOy:q0sEu®". Figure
3d—f shows the TEM images depicting all three different sizes
of Cay_g0sSi0,:0sEu®" particles. The hydrothermal reaction
resulted in uniform Ca,_05Si0,:00sEu** with no aggregation.
In this two-step procedure, the physical dimension of host
materials was regulated by the original silica-seed source; thus,
we could fabricate optical Ca,_0sSiOy4:00sEu’" nanoparticles
with different sizes/morphologies. Interestingly, there is a
slight increase in diameter for all particles during the doping
procedure of the Ca and Eu ions since the additional graft
layers were deposited on the silica host.

3.4. PL Properties of Prepared Ca,_g5Si04:00sEU>".
When measuring the excitation spectra of Ca,_sSiO4:0osEu*
phosphors at the emission 712 nm maxima, there were major
peaks detected at 270 nm and in the range between 300 and
450 nm. The strong excitation from Ca,_g0sSiO4:00sEu®*
centered at the 270 nm peak is attributed to the charge
transfer band (CTB) of Eu**-O>" because an electron is
transferred from the oxygen 2p orbital to the empty 4f orbital
of Eu. The excitation efficiency of the CTB was almost the
same with Ca,_g0sSiO,:00sEu** phosphors prepared from 100
nm, 200 nm, and commercial silica sources (C,S-100, C,S-200,
and C,S-C, respectively). In contrast, the Ca,_g5Si0,:q,sEu’*
phosphor prepared from 20 nm silica (C,S-20) has 1.5 times
higher excitation efficiency than the other samples. The finding

https://doi.org/10.1021/acsanm.3c01547
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Figure 4. PL excitation at 712 nm (a) and emission spectra excited at 270 nm (b) and 397 nm (c) of the Ca,_gsSiO4:qosEu** phosphors prepared

with various silicate particles (C,S-20, C,S-100, C,S-200, and C,S-C).

Table 1. Mathematical Value of the Area of the Emission Spectrum and the Height of the Maximum Luminescence Efficiency
of Various Silica Particles, Namely, C,S-20, C,S-100, C,S-200, and C,S-C

luminescence efficiency (mathematical area/max height)

C,S-20
Aex = 270 nm wavelength (575—725 nm) 71793.68
Aex = 270 nm wavelength (712 nm) 22612.45/2064
Aex = 397 nm wavelength (575—725 nm) 71513.94
Aex = 397 nm wavelength (712 nm) 22410.45/2061

C,S-100 C,S-200 C,8-C
37781.46 32923.76 27335.28
8105.48/675 5528.50/394 2370.52/116
31410.31 21870.44 4853.65
6691.26/562 3675.86/262 806.37/58

indicates that an efficient energy transfer from the Eu-O CTB
to Eu** occurs on the smaller-sized Ca,_g(sSi0,:0osEu’
phosphors (20 nm; C,S-20). For the excitation spectra
between 300 and 400 nm, the intense lines were detected at
the "F,, ground state to “Hy4 (319 nm), °D, (361 nm), °L,
(381 nm), *Lg (397 nm), and “D; (421 nm) with intra-
configurational *f; — * transitions of Eu®" ions (Figure 4a).
Similar to the excitation maximal at 246 nm for
Cay_0,58104:00sEu’" phosphors (20 nm; C,S-20), the small-
sized phosphor samples showed high excitation efficiency at
"Fy = °Lg (397 nm) with the f—f transition of Eu*". From
these findings, we can conclude that the Ca,_q5Si0,:q0sEu’"
prepared by the 20 nm silica source (C,S-20) strongly absorbs
UV (397 nm), effectively transferring the excitation energy to
the photoactive Eu’* ions, presumably showing an efficient
emission. From the data, we can speculate that the energy
transfer and the resultant excitation efficiency of Eu®* depend
on the local environment, in this case the particle size. Next,
we conducted the emission spectral measurement for all the
Cay_055i0,:00sFu®* samples (C,S-20, C,S-100, C,S-200, C,S-
C) at excitation wavelengths of 246 nm (Figure 4b) and 397
nm (Figure 4c). Although there were no apparent changes in
peak position, the peak intensity (luminescent efficiency) for
the samples significantly changed by the different transition
efficiency of CTB (246 nm) and "F, — °Lg (397 nm). It was
detected that the luminescence intensity was increased with
decreasing particle size. The highest emission intensity was
observed for Ca, 0sSiO4:00sEu’* synthesized with 20 nm
silica (C,S-20), and then it decreased sequentially for C,S-100,
C,5-200, and C,S-C at both excitations (246 and 397 nm).
The emission intensity of the electric dipole transition of *D,
— ’F, (614 nm) was stronger than the magnetic dipole
transitions of Dy — “F; (591 nm) and D, — "F, (579 nm).
Unlike the Dy, — F, (591 nm) transition insensitive to site
symmetry and surroundings, the Dy — F, (614 nm) and D,
— 7F, (712 nm) transitions have a hypersensitive electric
dipole nature to be affected by the site symmetry. For the
Cay_0,05Si04:00sEu’" samples, when the Eu** (0.095 nm) ions
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enter into the host lattice and replace the Ca**(0.099 nm)
ions,”* vacancies (VCa) are formed owing to the valence
differences between Eu** and Ca?". Therefore, the site
symmetry is reduced and the delocalization of the Eu®" ions
occurs in a distorted (or symrnetric) cationic environment,
which allows the forbidden transition in
Cay_05Si04:00sEu®".> In particular, there was a considerable
increase in emission intensity at the D, — “F, (712 nm)
transition for the 20 nm silicate sample (C,S-20). There are a
few studies for PL properties of the Eu**-doped Ca,SiO, in the
literature;>*>°“%” however, those studies were performed to
examine how the PL is affected by the adjustment of valence of
Eu ions (Eu**/Eu®") or host changes. In this study, we focused
more on the investigation of structural and spectroscopic
changes by the crystal size control of Ca,SiO,:Eu’". In general,
The Judd—Ofelt theory describes a more intense Dy, — ’F,
transition than the D, — ’F, emission due to the optical
transition strength parameter Q4 being much smaller than Q2.
However, as aforementioned, the PL spectra of the Eu®** are
inconsistent, especially in the D, — ’F, transition region.
Therefore, the *D, — “F, (712 nm) transition was observed to
be more dominant than the 5D, — ’F, transition for the 20 nm
silicate sample (C,S-20), which finally leads to its deep-red
phosphor emission with high color saturation. In contrast, the
Cay_0 05510410 0sEu® from the 100 nm, 200 nm, and
commercial silica sources (C,S-100, C,S-200, and C,S-C,
respectively) have shown dominant effects from °D, — ’F,
transition. Even though the reaction parameters (temperature
and Eu*" concentration) used for the particle synthesis were
the same in the present study, the f—f transition and the local
symmetry properties of Eu’* ions show differently in the
Cay_0,5Si04:00sEu®* phosphors with 20 nm silica sources
(C,S-20). There was no previous study to report our new
findings that the values of 2 and €24 change according to the
different sizes of silicate in the sample. Those results confirm
that the abnormal *D, — F, intensity of Ca,_q5Si0,:q0sEu®*
may be due to the structural distortion arising from the silicate
size reduction. References 58—61 suggest an explanation of the
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Figure 5. (a) CIE chromaticity coordinates of phosphors for Ca,_5Si04:00sEu’", corresponding to the various silicate particles (C,S-20, C,S-100,
C,5-200, and C,S-C). (b)Photographs of these phosphors under UV Lamp (365 nm).

abnormal *D, — ’F, intensity based on structural distortion.
Chi et al. proposed that the geometry of Eu’*-doped
Ca,Ga,GeO, was distorted from cubic to non-cubic. 1,62
They also explain that the geometry distortion of EuOq
dodecahedron from cubic to square antiprism is responsible
for the unusual emission of Eu**. Based on the information, we
could assume that the silicate size strongly affects the f—f
transition and the local symmetry properties of Eu** ions of
Cay_0,5Si04:00sEu’" phosphors. However, there need to be
more experimental and theoretical studies to reveal why only
20 nm silicate has super high D, — ’F, intensity for future
research.

To investigate the luminescence efficiency, we calculated the
value of the area from the emission spectrum and the height of
the maximum luminescence efficiency (Table 1). Under
maximum excitation at 270 nm (CTB), the
Cay_0,58104:00sEu’" sample prepared with a 20 nm silicate
source (C,S-20) increased up to 35% compared to
Cay_0058104:00sEu’" prepared with commercial silica (C,S-
C) in the entire emission spectrum (575—725 nm). As a result,
the efficiency of the D, — F, transition was about 130%, and
when the maximum emission height was compared at 712 nm,
the efficiency improved by more than 200%. When comparing
the emission intensity upon the excitation of the "Fy — °L
(397 nm) transition, the emission efficiency from 575 to 725
nm increased by 130%. Furthermore, the efliciency and
maximum intensity heights of the D, — ’F, (712 nm)
transition also increased by 270 and 400%, respectively.’>**
The PL QY is a critical parameter to evaluate the performance
of the phosphor material. The quantum yields of
Cay_g,05Si04:00sEu’ at the excitation wavelength of 397 nm
were calculated for the samples made of 20 nm = 87.95%, 100
nm = 22.11%, 200 nm = 20.84%, and commercial silica =
6.51%. Notably, PL quantum yields for Ca,_q0sSi0,:q0sEu®"
with 20 nm silicate are measured to be above 87.95%, superior
to that of available rare earth oxide salt phosphors, and the
value is even higher than commercial rare earth nitride red
phosphors.®* ™’

3.5. CIE. The color coordinates are a critical parameter for
evaluating the performance of photoluminescence materials.
The CIE chromaticity coordinates were determined from the
emission spectra of the samples. As shown in Figure Sa, CIE
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chromaticity coordinate values of Ca,_q05SiO4:00sEu®" pre-
pared with various silicate seed sizes can be observed: C,S-20
= (x:0.670, y:0.351), C,S-100 = (x:0.637, y:0.359), C,S-200 =
(x:0.633, y:0.363), and C,S-C = (x:0.633, »:0.362). The
Cay_0,055i04:00sEu®* phosphors have the color coordinates
shifted toward the deep red region with decreasing silicate size.
Therefore, the Ca,_0sSiO4:00sEu’* synthesized with 20 nm
silica seed had a closer value to the commercial red-emitting
phosphors (e.g, Y,05:Eu*" (0.65, 0.35), Y,0,S:Eu*" (0.622,
0.351)) and the standard of the National Television System
Committee (NTSC) (0.67, 0.33). These results indicate that
decreasing the particle sizes of silicate improves the red color
purity. Next, we calculated the color purity of the samples
using the obtained CIE coordinate («, y) data. The resulting
color purities of the Ca,_(sSiO,:q0sEu’* synthesized with 20
nm, 100 nm, 200 nm, and commercial silicate are as high as
99.8, 99.2, 99.1, and 98.9%, respectively. In addition, the color
purity was cross-validated with the luminescence photographs
of samples. Although all the samples showed red fluorescence
emission,”*~"° only the 20 nm-sized Ca,_g5SiO,:00sEu®*
revealed the most prominent deep red emission under UV
lamp irradiation (365 and 254 nm) (Figure Sb). Conclusively,
the Ca,_,0sSiO4:00sEu’* synthesized with 20 nm silica contains
intense red emission, very high color purity, and excellent
optical property, which indicates that the obtained phosphor is
a potential candidate for solid-state lighting as a red
component.

3.6. Biodegradability and Cell Imaging. Ideal bio-
materials should have high biocompatibility and good
biodegradability to ensure high biosafety. Calcium silicate, a
candidate host material to anchor fluorescent dyes or dope
luminescent rare-earth ions for bio-imaging, is well known for
its excellent biodegradability."' ™" Interestingly, the lattice
defects caused by ion doping can accelerate the degradation of
the silicate materials and small-sized nanoparticles are more
easily degraded due to a higher surface area to volume ratio
(S/V ratio) and more increased surface energies than those of
large-sized counterparts. Therefore, we expected
Cay_g,055i04:0,0sEu’" nanoparticles to have attractive degrada-
tion potentials in biological media. We incubated our
nanoparticles in SBF at 37 °C and examined the color change
of particle suspension upon overtime degradation. TEM
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Figure 6. (a) TEM images showing the morphology changes of Ca,_5SiO4:00sEu’" nanoparticles (20, 100, 200 nm) after incubation with SBF.
Scale bars = 200 nm. (b) Fluorescence images of the pelleted cells labeled with Ca,_g,05SiO4:00sEu* (20, 100, 200 nm particles, and PBS) under

UV lamp (365 nm).

images show that our particles noticeably deteriorated in a
week with structural damage (Figure 6a). 20 nm-sized particles
(C,S-20) showed the highest degradation rate among all
specimens, and silicate nanoparticles were mostly degraded in
7 days. Figure 6b shows the fluorescence imaging capability of
the particles after labeling them to cells. For the experiments,
the nanoparticles (10 mg) were incubated in four T1 cells for
24 h at 37 °C. We confirmed that the fluorescence signals were
shown in four T1 cells using a UV lamp after the 24 h
nanoparticle treatment. The 20 nm nanoparticle-treated cells
have shown the highest fluorescence signals among the three
different size particle-treated cells. The 20 nm particles (C,S-
20), which retain enhanced particle-to-cell interactions and
better colloidal stability than the large counterparts (100 nm,
C,S-100; 200 nm, C,S-200), might contribute to the bright
fluorescence signals. However, the governing factor for the
prominent fluorescence imaging signatures from the cell pellets
is primarily due to the intensive red emission from the 20 nm-
sized Ca,_0sSi04:00sEu®" nanoparticles (C,S-20). Taken
together, the 20 nm-sized Ca,_q(5SiO4:00sEu’" nanoparticles
(C,S-20) have shown their potential as efficient fluorescence
imaging probes.

4. CONCLUSIONS

In summary, we have successfully fabricated size-controlled,
Cay_05Si04:00sEu®" phosphors by using precursor silica seeds
with different particle sizes. The emission intensity of the
phosphors is inversely proportional to the particle sizes, with
the highest intensity with a 20 nm-sized phosphor (C,S-20).
The emission intensity of the C,S-20 phosphor increased four
times (400%) compared to the C,S-C phosphor. The C,S-20
phosphors show strong intensity due to the D, — ’F,
transition of Eu’*, possibly due to the structural distortion
arising from the silicate size reduction. The PL QY of the C,S-
20 phosphor was measured to be 87.95%. Moreover, the C,S-
20 phosphors showed a high color purity of 99.8% with CIE
chromaticity coordinates of (x:0.670, y:0.351). The
Cay_05Si0y:00sEu®" synthesized with 20 nm silica seed
contains intense red emission, high color purity, high quantum
yield, good optical properties, and great potential for red
luminescent materials in solid-state lighting devices. Additional
cell imaging experiments show their promise as bio-imaging
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probes. Overall, these results show that the small-sized
Cay_005Si04:00sEu®" (20 nm; C,S-20) can be a promising
red phosphor for WLEDs, for mini/micro-LEDs, or in
biomaterial applications.
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