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Abstract
Detailed structural and optical analysis of composite nanophosphor (Eu:Y2O3)/(Y3Al5O12:Ce) was presented and compared 
with Eu:Y2O3 and Y3Al5O12:Ce (YAG:Ce) nanophosphors. The nanophosphor was synthesized by adopting the combustion 
synthesis route subsequently co-precipitation method. The detail structural and spectroscopic characterizations were carried 
out using different techniques including XRD, TEM, SEM, FTIR, and PL. The XRD analysis indicates the formation of 
tiny crystals (12–24 nm) which was supported by SEM and TEM images. FTIR absorption spectra confirm the coordina-
tion between Eu:Y2O3 and YAG:Ce phosphors. The laser excitations by 405 nm and 450 nm stimulate sharp and intense 
red emission in Eu:Y2O3 and a broad asymmetric green–yellow emission in YAG:Ce nanophosphor. The Eu:Y2O3/YAG:Ce 
composite nanophosphor yields combinatorial emissions of Ce3+ and Eu3+ ions; though, the intensity was found to be modi-
fied due to the interaction between the ions doped in nanophosphors. The emission of Eu:Y2O3/YAG:Ce was extended in 
the red region (670 nm). Detailed emission properties were investigated on 342, 381, 405, 450, and 464 nm excitations, in 
addition to dual-beam excitations (405 nm + 450 nm). The energy transfer from Ce3+ → Eu3+ ions was established on the 
basis of emission intensity improvement in the Eu3+ ion at the cost of the emission intensity of Ce3+ ion and appearance 
of Eu3+ ion emission while exciting Ce3+ ion. The color perception of the nanophosphor was observed to be significantly 
modified at different excitation wavelengths, and laser power as reflected by CIE coordinates. The detail photophysics of the 
observed modification is well explained.

1  Introduction

A plethora of research on lanthanide-doped Y3Al5O12 nano-
phosphor is well employed for the realization of polychro-
matic emission which is webbed over visible spectral region. 
Trivalent lanthanide ions are known to yields sharp primary 
colors (red, green, and blue), while the divalent lanthanide 
ions are reported to emit broad band suitable to stimulate 
white light of desired perception. The white color percep-
tion can be precisely attuned by an adequate selection of 
the host, excitation wavelength, doping concentrations, 
etc. Cerium-activated yttrium aluminum garnet [1, 2] has 

been proved to be boon for superior luminance performance 
and widely utilized for the various applications including 
X-ray [3] and γ-ray detectors [4], LED [5], thermographic 
phosphor [6], etc. YAG:Ce nanophosphor possess excellent 
characteristics, for example, high thermal conductivity [7] 
(10–14 W m−1 K−1), thermochemical stability, high quan-
tum efficiency, [8–13], and fast spontaneous emission rate, 
etc. Similar to YAG:Ce nanophosphor, another important 
inorganic oxide material is Eu:Y2O3, which is known for 
bright and sharp red emission and prolonged relaxation 
time. Due to these properties, Eu:Y2O3 are often used in 
sensors [14], cathode ray tube display, lightening applica-
tions [15, 16], etc. The optical properties of Eu may vary as 
the Eu ion possesses 3+ and 2+ valance states. It has been 
observed that under suitable ambient reaction parameters, 
synthesis temperature, etc., Eu3+ ion may convert to Eu2+ 
ion. This conversion can be either partial or complete. Eu2+ 
ion emits broad and bright emission in the blue region due 
to the transition from the 5d → 4f [17–19]. The presence of 
broad blue emission rather than red emission limited the 
scope of Eu3+ ion application, while Ce3+ ions is codoped 
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in the same lattice [20, 21]. One of the interesting solutions 
of the problem would be the design of the composite mate-
rial which brings YAG:Ce and Eu-doped nanophosphor in 
suitable closed proximity. These materials can facilitate 
the energy transfer from sensitizer to the activator, due to 
the successive photon absorption and energy transfer steps, 
on account of their partial overlapping energy levels. Over 
the past few years, a lot of core–shell-structured materials 
and composites were successively studied, such as Al2O3/
YAG:Ce phosphor [22], SiO2/Y2O3:Eu [23], and YAG:Ce/
YAG:Cr [24].

In the present article, efforts were made to synthesize 
composite material of YAG:Ce and Eu:Y2O3 nanophos-
phors. As Eu ion is not in the same lattice of Ce3+ ion, it 
retains its +3 valence state. Also, efforts have been made 
to tune the white perception in reddish region via energy 
transfer from YAG:Ce matrix to Eu:Y2O3. The developed 
material is reported to tune the overall photoluminescent 
properties.

2 � Synthesis and characterizations

2.1 � Chemicals

For the synthesis of Eu:Y2O3/YAG:Ce nanophosphors, fol-
lowing materials were employed: europium oxide [Eu2O3] 
(99.90%), yttrium oxide [Y2O3] (99.90%), aluminum nitrate 
[Al(NO3)3·9H2O] (99.90%), cerium chloride [CeCl2·7H2O] 
(99.99%), glycine [NH2CH2COOH] (99.99%), ammonia 
solution (NH4OH), and hydrochloric acid (HCl), etc. These 
chemicals were purchased from Sigma-Aldrich Company 
and were used as received.

2.2 � Synthesis

In the present work, Eu:Y2O3, YAG:Ce, and Eu:Y2O3/
YAG:Ce nanophosphors were synthesized by using the 
protocol of two different synthesis methods namely co-
precipitation [25] and combustion [26, 27]. The bulk solu-
tion of yttrium chloride was prepared by dissolving the 
required amount of Y2O3 in concentrate hydrochloric acid 
(1 M). At the first step, individual aqueous solutions of alu-
minum nitrate and yttrium chloride were prepared and mixed 
together in stoichiometric proportion, while rigorous stir-
ring for an hour at room temperature. Later on, the desired 
amount of cerium chloride solution was added in the above 
mixture drop-by-drop while stirring to maintain the Ce3+ ion 
molar concentrations 01%. Finally, the required solution of 
fuel (glycine) was added drop-wise to the solution and well 
stirred at least for an hour to achieve homogeneous mixing. 
The oxidizer-to-fuel molar ratio was taken to be 01:1.17. 
The solution obtained was stirred for the next 2 h at elevated 

temperature (313 K) in order prepare gel. The obtained gel 
was combusted at 973 K in a platinum crucible. As a result 
of combustion, the exothermic reaction starts, leading to the 
fast removal of gases and consequently, bubble formation 
takes place resulting in the expansion of the gel. The fast 
removal of gases results in a dry fluffy voluminous light-
brown mass. Samples were annealed at the pre-optimized 
temperature, i.e., 1373 K and annealing time duration 5 h 
(for emission intensity at 530 nm) in order to obtain the 
single-phase YAG crystalline material.

Eu:Y2O3/YAG:Ce nanophosphor was synthesized by 
co-precipitation. Herein, the bulk solution of yttrium chlo-
ride and europium chloride was prepared by dissolving the 
required amount of Y2O3 and Eu2O3 in concentrate hydro-
chloric acid (01 M). Later on, the individual aqueous solu-
tion of europium chloride and yttrium chloride was pre-
pared and mixed together in stoichiometric proportion. The 
mixture was kept for rigorous stirring for 30 min at room 
temperature. Later on, the desired amount of synthesized 
YAG:Ce was well dispersed in 05 ml of distilled water and 
ultrasonicated for 15 min to reduce the agglomeration, if any. 
This solution was added in the mixture of metal salts drop-
by-drop while stirring at least for an hour to achieve homo-
geneous mixing. Finally, the required amount of ammonia 
solution was added drop-wise while stirring. Once the pre-
cipitation occurs, the obtained solution was kept undisturbed 
to settle down for the overnight. The obtained precipitated 
solution was dried at 50 °C in an electric oven for 12 h. The 
resultant yellowish-white powder was annealed at 1173 K 
temperature for 3 h. The final product obtained was used for 
further analysis. To explore the mutual effect of YAG:Ce 
and Eu:Y2O3 while present in the close proximity, samples 
of different weight ratios 01:03 and 01:06 of YAG:Ce and 
Eu:Y2O3 were synthesized. Herein, the notation 3EY and 
6EY were used for the 01:03 and 01:06 weight ratios of 
(YAG:Ce):(Eu:Y2O3) nanophosphor, respectively.

2.3 � Characterizations

The structural characterization was performed using pow-
der X-ray diffraction (XRD) recorded on a Rigaku mini-
diffractometer using graphite-filtered Cu-Kα radiation 
(λ = 1.5406 Å). The operating voltage was 40 kV (100 mA) 
with a scanning rate of 02° min−1 (in the range of 10°–80° 
angle). Electron microscopic images were captured on the 
scanning electron microscope (JSM-6390LV) at an accel-
eration voltage of 10 kV. Transmission electron microscope 
(FEI Tecnai G2 F20) operated at 200 kV was used to estimate 
the size and the selected area diffraction pattern. Diffused 
light scattering (DLS) characterization was performed on 
Litesizer™ instrument. Laser emitting at 658 nm wavelength 
(power 40 mW) was used as a light source with the measur-
ing range extended over 0.3–10 µm (particle diameter) at 
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measurement angles 175°. Absorption spectra of the samples 
were monitored on UV–visible absorption spectrophotom-
eter (T 90+ double-beam scanning) in the wavelength range 
200–900 nm. Fourier transformed infrared (FTIR) absorp-
tion spectra of the samples were recorded, in the range 
of wave number 400–4000 cm−1, on Carry eclipse 6300 
machine using attenuated total reflectance (ATR) technique. 
Photoluminescence (PL) and photo-excitation (PLE) spectra 
were measured using a fluorescence setup: model number 
RF-530 (Shimadzu, Japan) in the range 200–800 nm. The 
PL spectra of the samples were also monitored using 405 nm 
and 450 nm laser diodes as excitation sources, a charge-cou-
pled detector (Avantes Netherland), and optical fibers assem-
bly. Radiative decay curves were recorded by DeltaFlex™ 
modular fluorescence lifetime system of company Horiba 
scientific (USA) having time resolution ± 1 ns. The decay 
curves were recorded using lasers, emitting at 405 nm and 
450 nm wavelengths, and the lifetime was estimated by fit-
ting as exponential function to the decay curves. The Com-
mission Internationale de l’Eclairage (CIE) coordinates and 
the correlated color temperature (CCT) values were calcu-
lated using expressions in Ref. [28].

3 � Results and discussion

3.1 � Nanostructural analysis

The identification and purity of the phases precipitated in 
the prepared samples were monitored using powder X-ray 
diffraction (XRD) technique and displayed in Fig. 1. The 
diffraction patterns of Eu:Y2O3 nanophosphor annealed at 
1173 K for 03 h, and YAG:Ce nanophosphor annealed at 
1373 K for 5 h, exhibiting sharp diffraction peaks. These 
peaks correspond to the characteristic crystalline planes 
of Y2O3 and Y3Al5O12 (YAG) phases, and the crystalline 
planes were well matched with JCPDS no. 025-1011 (Y2O3) 
[29] and JCPDS no. 072-1853 (Y3Al5O12) [30–32] crystal-
line phases of cubical symmetry. The XRD pattern of syn-
thesized 3EY nanophosphor (annealed at 1173 K/3 h) is an 
amalgam of the patterns of YAG and Y2O3 phases. While 
comparing the diffraction pattern with their individual con-
stituents, it was observed that some of the diffraction peaks 
get broadened. The observed broadness in the peak was 
expected due to the overlapping of some of the crystalline 
peaks of YAG and Y2O3 phases (see Fig. 1). Comparing the 
patterns of YAG:Ce with the 3EY, it is evident that the dif-
fraction peaks corresponding to the YAG:Ce in 3EY shifted 
toward higher angle side (2θ ~ 01).

Additionally, the peak broadening of 2θ ~ 0.3 ± 0.03 angle 
was observed in the 3EY as compared to YAG:Ce sample. 
On the other hand, the diffraction patterns of the Y2O3 sam-
ple shows only a slight variation in intensity and the peak 

position. The obvious slight variation in the peak positions 
of the YAG phase in 3EY is expected due to the presence of 
Eu:Y2O3. The average crystallite size was estimated using 
Debye–Scherrer’s relation. The size and strain was estimated 
for Eu:Y2O3, Eu:Y2O3/YAG:Ce, and YAG:Ce nanophos-
phors and found to be 24 nm, 12 nm, and 20 nm;,and 0.0054, 
0.011, and 0.0065, respectively. Interestingly, the estimated 
strain, in the 3EY sample, is approximately twice of the pure 
phase. The calculated lattice parameter of Eu:Y2O3 was 
10.8 Å which is slightly higher than the value (10.6 Å) of the 
bulk Y2O3 phase; similarly, in the case of YAG nanophos-
phor, the lattice parameter was found to be 12.4 Å which is 
slightly higher than the value of bulk YAG (12.0 Å).

The surface morphology of the YAG:Ce and 3EY nano-
phosphor were characterized by scanning electron micro-
scope (SEM), shown in Fig. 2 and S1. The material surface 
is appeared to be spongy-like structure, formed due to the 
assembly of agglomerated particles creating the porous 
artifact. The nanophosphor network was abundant of pores 

Fig. 1   Up: comparison between the diffraction patterns of the synthe-
sized nanophosphors; reference patterns of Y2O3 [A] and YAG [E]; 
synthesized Eu:Y2O3 [B]; 3EY [C]; YAG:Ce [D] nanophosphors. 
Down: the enlarged portion of the patterns Eu:Y2O3 [A], 3EY [B], 
and YAG:Ce [C] nanophosphors for comparison
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and voids. The observed network is expected to form due 
to the high-temperature annealing and consequently fast 
release of gases. The information about the particle size is 
not much clear due to the limited resolution of the existing 
microscope.

TEM image reveals the distribution of randomly distrib-
uted particles of spheroidal shape in interconnected chain 
network. The image shows the overlapping of nanoparticles 
consequently darken the particles. The selected area electron 
diffraction (SAED) pattern of 3EY nanophosphor comprises 
various sharp bright spots that are distributed randomly 
(Fig. 2). The observed spot reveals the crystalline nature of 
the sample, though due to the overlapping of the particles the 
indexing of the spots is difficult. The TEM image of YAG:Ce 
nanophosphor is shown in Fig. S1.

Attempts were made to analyze the effect of (Eu:Y2O3) 
in presence of the (YAG:Ce nanophosphor) in 3EY sample, 
using dynamic light scattering (DLS) experiment [33]. In 
the case of 3EY, the hydrodynamic size was appeared to be 
enlarged (Δ ~ 08%) in comparison with YAG:Ce. This slight 
variation (Δ ~ 08%) reveals the presence of Eu:Y2O3 near the 
surface of YAG:Ce nanophosphor.

3.2 � Reflection analysis

Reflection spectrum of electronic transitions corresponding 
to the individual constituents and 3EY nanophosphors was 
compared (see Fig. 3).

In the reflectance spectrum of YAG:Ce sample, at 
least five asymmetric absorption bands were marked 

corresponding to the 4f–5d transitions [34–36] of the Ce3+ 
ion. The asymmetric band centered at 260 nm is accompa-
nied by a weak band at 235 nm; similarly another asymmet-
ric band centered at 312 nm and shoulder at 330 nm. The 
most intense and broad reflection band located at 468 nm. 
Considering the absorption profile of Eu:Y2O3 sample, 
charge transfer bands [37, 38] were observed at 245 nm and 
278 nm. The absorption peaks at 466 nm, 487 nm, 532 nm, 
and 535 nm were observed in the reflectance spectrum of 
Eu:Y2O3 nanophosphor, corresponding to the characteristic 
transitions 7F0, 7F1 → 5D2; 7F0, 7F1 → 5D1 of the Eu3+ ion 
[17, 39], respectively. In the case of 3EY, the absorption 
bands found were an amalgam of characteristic and charge 
transfer absorption bands of Eu3+ and Ce3+ ion. In the 3EY 
sample, most interestingly, the band at 466 nm, due to the 
Ce3+ ion, shifted ~ 16 nm toward higher energy side. The 
observed shifting is expected due to the presence of Eu:Y2O3 
nanophosphor near YAG:Ce nanoparticles surface, as the 
comparably open-shell structure of 5d band (of surface Ce3+ 
ion) is susceptible to the ambiance bonding parameters.

3.3 � Infrared absorption analysis

To estimate the variation in molecular vibrations, in the 
presence of Eu:Y2O3 and YAG:Ce nanophosphors, infra-
red absorption spectra of these samples were monitored 
and compared (Fig. 4). The infrared absorption spectrum 
of Eu:Y2O3 nanophosphor comprise of the characteristic 
IR bands Y–O bond in Y2O3 at 426, 452, 473, 518, and 
560 cm−1 [12, 40].

Fig. 2   SEM image of 3EY sample annealed at temperature 
1173 K/3 h. (Right: up) selected area diffraction pattern of 3EY sam-
ple; (left: down) the TEM image

Fig. 3   A comparison between UV–visible normalized reflection spec-
tra of Eu:Y2O3 [A]; 3EY [B]; and YAG:Ce [C] nanophosphors
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In YAG:Ce, absorption bands at 430, 448, 510, 534, and 
566 cm−1 represent the characteristic Y–O located at 510, 
534, and 566 cm−1 are ascribed due to symmetric and asym-
metric stretching of Al–O bond, whereas a band centered at 
430 cm−1 band is ascribed due to the Al–O translation (To) in 
octahedral symmetry. Sharp peaks over a broad band at 688, 
719, and 784 cm−1 are ascribed due to asymmetric stretching 
of tetrahedron Al–O vibrations [41–44].

The interaction between Eu:Y2O3 and YAG:Ce nano-
phosphors, in the 3EY may be verified by FTIR absorption 
spectra. The absorption spectrum of the 3EY sample was 
comprised of YAG and Y2O3 host vibrations. Although, it 
was noticed that the absorption bands corresponding to YAG 
host were broadened and shifted toward lower energy side 
(Fig. 4). The bands located at 501, 520, and 563 cm−1 are 
ascribed due to the symmetric and asymmetric stretching of 
Al–O bond, whereas a band centered at 427 cm−1 is shifted 
from 430 cm−1 as in YAG:Ce which was ascribed due to 
the translation of Al–O bond. Band centered at 475 cm−1 
is attributed due to vibrations of octahedral symmetry of 
Al–O bond. The sharp peaks 688, 723, and 790 cm−1 were 
assigned as symmetric and asymmetric stretching vibrations 
of Al–O bond.

3.4 � Photoluminescence analysis

To explore the radiative transition properties of individual 
constituents of 3EY, photo-excitation and photolumines-
cence spectra of synthesized samples were monitored. 
In the case of 01 mol% Eu3+-doped Y2O3 nanophosphor, 
various sharp excitation peaks were observed correspond-
ing to the brightest emission line at 615 nm of the Eu3+ 
ion. The excitation peaks were observed at 361, 381, 393, 
465, and 531 nm due to the intra-ionic 4f–4f transitions 

[18, 19]. When the same sample was excited with 464 nm, 
characteristic emission peaks located at 584 nm, 589 nm, 
597 nm, 603 nm, 615 nm, 633 nm, 654 nm, and 710 nm 
were observed. These peaks are attributed to the transitions 
from excited level 5D0 to various low energy levels 7F0,1,2,3,4,5 
of Eu3+ ion [39], respectively. YAG:Ce nanophosphor was 
reported to yield broad green–yellow emission (centered at 
530 nm) band which extend to the red region (up to 620 nm) 
[3, 27, 35]. The emission, at lower energy, partially overlaps 
with the bright emission of the Eu3+ ion. Photo-excitation 
spectrum of YAG:Ce nanophosphor for 615 nm (correspond-
ing to Eu3+ ion emission) comprises of major two bands 
at 340 nm and 460 nm, similar to the reflectance emission 
of the same. In the case of YAG:Ce nanophosphor, when 
excited with 464 nm, an asymmetric bright green–yellow 
(centered at 530 nm) band of Ce3+ observed. The emission 
band was originated due to the transitions of excited elec-
trons from the lowest 5d:2D3/2 state [20, 21]. The comparison 
between the excitation spectra of YAG:Ce and Eu:Y2O3 with 
3EY nanophosphor reveals the presence of characteristic 
peaks corresponding to the Eu3+ and Ce3+ ion, leading to 
the significant improvement in the overall absorption of the 
3EY nanophosphor in violet–visible regions. On compar-
ing the excitation peak positions of the Ce3+ ion (530 nm 
emission) and Eu3+ ion (615 nm emission), interestingly, 
the excitation peak at 464 nm is well overlapped with the 
excitation peaks of the Ce3+ ions. This indicates the simulta-
neous excitations of both the doped ions (Ce3+ and Eu3+) by 
464 nm radiations. In the case of 3EY, excitation photons of 
wavelength 464 nm stimulates emission from both the ionic 
species (Ce3+ and Eu3+) leading to the combined emission 
overlying on each other emission profile. Broad green–yel-
low emission band attributed to the characteristic emission 
of Ce3+ ion and several sharp emission bands in the red 
region attributed to the characteristic emission of trivalent 
Eu3+ states were observed (see Fig. 5). The broad emission 
band of Ce3+ ion significantly overlapped with the excitation 
peak of the Eu3+ ion at 532 nm. The prominent overlapping 
speculates the significant interaction between the constitu-
ent nanophosphors of 3EY. Due to this overlapping, a slight 
reduction in intensity of Ce3+ ion emission was observed 
which indicates the partial absorption of Ce3+ ion emission 
by Eu3+ ion. In case of YAG:Ce nanophosphor, the FWHM 
of the emission profile (λex = 464 nm) was 86 nm, while in 
case of 3EY, the FWHM of emission profile for the identi-
cal excitation wavelength, gets broadened (by the factor of 
11 nm) and observed to be 97 nm. The combined photolu-
minescence spectrum of the 3EY is observed to extend in 
the red region up to 670 nm wavelength.

On careful analysis, it was noticed that only a few selected 
regions remain un-overlapped, corresponding to each of the 
individual ions (Ce3+ and Eu3+ ions). For example, the wave-
lengths 342 nm and 381 nm only excites Ce3+ and Eu3+ ions, 

Fig. 4   A comparison between the FTIR transmittance spectra of 
Eu:Y2O3 [A], 3EY [B], and YAG:Ce [C] nanophosphors
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respectively (as shown in Fig. 5). When the 3EY was excited 
with 342 nm wavelength, a typical broad emission band cor-
responding to the Ce3+ ion was observed (Fig. 6).

While no any emission was observed in the same region 
in the case of Eu:Y2O3 nanophosphor on excitation with 
342 nm, in the case of 3EY, along with the characteristic 
broad band corresponding to the Ce3+ ion emission, a slight 
intensified Eu3+ ion emission was also observed at 615 nm 
(see inset Fig. 6) overlying on the Ce3+ ion emission band. 
Additionally, the emission intensity of the Ce3+ band was 

found to reduce in comparison with YAG:Ce. The above 
observation speculates the interaction between the individu-
als of the 3EY and energy transfer form. Another narrow 
wavelength region, centered at 381 nm, corresponding to 
the excitation of Eu3+ ion exclusively excites only Eu3+ ion. 
The photoluminescence spectrum (see Fig. 7) reveals that 
on 381 nm excitation, only selective excitation of Eu3+ ions 
occurs, which leads characteristic emission profile of Eu3+ 
ion similar to the emission profile observed in the case of 
Eu:Y2O3.

However, no any band corresponding to the Ce3+ ion 
emission was observed indicating the occurrence of only 
one way energy transfer process, i.e., from Ce3+ → Eu3+ ion.

Nevertheless, the transfer from Eu3+ → Ce3+ cannot be 
established from the available data. Diagram representing 
the schematic of the energy transfer from Ce3+ → Eu3+ ion 
is depicted in Fig. 8.

Fig. 5   Excitation and photoluminescence spectra of Eu:Y2O3 [A], 
3EY [B], and YAG:Ce [C] nanophosphors

Fig. 6   Photoluminescence spectra of Eu:Y2O3 [A], YAG:Ce [B], and 
3EY [C] on excitation with 342 nm wavelength. Inset: the enlarged 
portion of the photoluminescence spectra 3EY and YAG:Ce nano-
phosphor on 342 nm excitation

Fig. 7   Photoluminescence spectra of YAG:Ce [A], Eu:Y2O3 [B], and 
3EY [C] nanophosphors on excitation with 381 nm wavelength

Fig. 8   Schematic diagram representing the energy transfer from Ce3+ 
to Eu3+ ion, in 3EY nanophosphor
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3.5 � Laser excitations

Photoluminescence spectra of synthesized samples using a 
combination of 405 nm and 450 nm wavelengths from cw 
laser diodes and CCD detector were monitored. The band 
positions in the emission spectra of 3EY and 6EY, YAG:Ce, 
and Eu:Y2O3 nanophosphors are identical to the spectra 
monitored using photoluminescence setup (Fig. 5).

3.5.1 � 405 nm excitation

When 3EY nanophosphor is excited with 405 nm (Fig. 9), 
YAG:Ce nanophosphor, Ce3+ ion gets partially excited due 
to their elongated excitation band edges.

On the other hand, Eu3+ ions get excited with 405 nm 
wavelength. When Eu:Y2O3 nanophosphor is excited with 
405 nm, strong emission corresponding to the character-
istic transitions between energy states of trivalent Eu3+ 
ion are observed. Similarly, when YAG:Ce nanophosphor 
was excited with 405 nm, a small intensity band centered 
at 511 nm and 560 nm was observed, which is correspond-
ing to the 4f–5d transitions of Ce3+ ion. In the case of 3EY 
nanophosphor, it was observed that the emission bands got 
webbed over the entire spectrum range of 500–640 nm, 
composed of the combined emission yield by the Ce3+ 
and Eu3+ ions. However, a small increment in the overall 
emission intensity corresponding to Eu3+ ion transitions 
can be observed.

3.5.2 � 450 nm excitation

On excitation with 450  nm, Ce3+ ion gets resonantly 
excited; however, Eu3+ ion did not get excited. Eu:Y2O3 

nanophosphor did not yield any emission due to the absence 
of excitation band at 450 nm (Fig. 10).

On the other hand, in the case of YAG:Ce nanophosphor, 
the characteristic emission profile of Ce3+ ion was observed 
on excitation with 450 nm. When 3EY nanophosphor was 
excited with 450 nm laser radiation, emission due to both 
Ce3+ ion as well as Eu3+ ion, were observed. The observa-
tion of Eu3+ ion emission is in-line with the result drawn 
from the excitation with 464 nm as explained above (see 
Fig. 5) and which establish the energy transfer from Ce3+ 
to Eu3+ ion.

3.5.3 � Dual (405 nm + 450 nm)‑beam excitation

To explore the consequences of the dual laser beam excita-
tions (405 nm + 450 nm) (Fig. 11), PL experiments were 
performed, and a comparison between the PL spectra on 
exciting with 405 nm, 450 nm, and dual (405 nm + 450 nm) 
radiations were made.

In the case of Eu:Y2O3, typical 4f transitions emission 
peaks were observed on 405 nm excitation which was com-
pletely absent while exciting the same material with 450 nm. 
When samples were excited with dual (405 nm + 450 nm) 
radiations, no significant modification in the emission inten-
sity was noticed for YAG:Ce and Eu:Y2O3 nanophosphors. 
The nanophosphor 3EY yields combinatorial emissions of 
both the ions with modified emission intensity. The emis-
sion intensity due to Ce3+ ion was found to be slightly 
reduced which in turn compensated to improve the emis-
sion intensity of the Eu3+ ion. The variation in the intensity 
of Eu3+ ion can be observed, indicating an efficient interac-
tion between the two nanophosphors. To verify the concept 
of interaction among the doped species, the weight ratio 
(03:01 → 06:01) of Eu:Y2O3 was increased while keeping 

Fig. 9   Emission spectra of YAG:Ce [A], Eu:Y2O3 [B], and 3EY [C] 
nanophosphors on 405 nm excitation

Fig. 10   Emission spectra of Eu:Y2O3 [A], YAG:Ce [B], and 3EY [C] 
nanophosphors on 450 nm excitation
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the YAG:Ce amount constant (Fig. 12). On excitation with 
450 nm, a significant reduction in emission intensity of Ce3+ 
ion was observed, while the intensity of Eu3+ ion emission 
gets intensified, which was completely absent in 3EY. A 
close observation of the Ce3+ ion emission profile, in 6EY 
sample, reveals an obvious dip at 526 and 534 nm, which 
is in-line with the absorption of the Eu3+ ion at the same 
wavelengths. The observed dip affirms the concept of radia-
tive energy transfer at least through Ce3+:4f–5d transition to 
Eu3+:7F0,1 → 5D1 channel.

As a consequence of interaction among Eu3+ and Ce3+ 
ions, the overall color perception of emission change, hence 

color coordination, is expected to be significantly altered, 
which may be estimated by the CIE coordinates. The varia-
tion in the color perception of the combinatorial emissions 
can be characterized by the estimation of chromaticity coor-
dinates (CIE-1931). CIE coordinates (x, y) on excitation with 
the wavelength 405 nm as well as 450 nm was estimated. 
The estimated CIE coordinate for Eu:Y2O3 nanophosphor 
lies at (0.44, 0.49) and (0.17, 0.27) [45] for YAG:Ce nano-
phosphor (0.34, 0.62) and (0.38, 0.57) [45, 46] and for the 
3EY sample (0.39, 0.53) and (0.40, 0.53) corresponding to 
the excitation wavelengths 405 and 450 nm, respectively 
(Fig. 13).

The modification in CIE coordinates is expected due to 
the efficient interaction between both the ions. Variation in 
CIE coordinates, in the 3EY sample and YAG:Ce nanophos-
phor with the laser wavelengths 405 nm and 450 nm at dif-
ferent powers was monitored, and the noticeable variation 
was found. The coordinates obtained shifted as mentioned 
in Table 1. CCT as a function of varying laser power and 
CIE coordinates leading to the modification in overall color 
perception was calculated.

3.6 � Decay curve analysis

To validate the concept of energy transfer (from Ce3+ to 
Eu3+ ions) as indicated by the photoluminescence analysis, 
the radiative lifetime was estimated by monitoring radiative 
decay curve of Ce3+ ions, at 530 nm emission, for specimens 
with YAG:Ce and Eu:Y2O3 in 3EY sample (see Fig. 14).

Fig. 11   Emission spectra of Eu:Y2O3 [A], YAG:Ce [B], and 3EY [C] 
nanophosphors on dual laser beam excitations (405 nm + 450 nm)

Fig. 12   Emission spectra of 3EY [A] and 6EY [B] nanophosphors on 
450 nm wavelength excitation

Fig. 13   CIE diagram containing the coordinates of 3EY sample on 
excitation with the laser of wavelength 405 nm [A], 450 nm [B], and 
dual (405 nm + 450 nm) [C]
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The decay curves of the samples were monitored on 
excitation with 450 nm wavelength, and the obtained decay 
curves were exponentially fitted to estimate the radiative 
lifetime. In the case of YAG:Ce nanophosphor, the decay 
time for Ce3+ ions (emission at 530 nm) was estimated to 
be 36.6 ± 1 ns. On identical excitation with 450 nm, life-
times of the Ce3+ ions was found to be slower by ~ 05 ns 
(32.3 ± 1 ns) in the case of 3EY sample indicating the energy 
stored in the Ce3+ ions, partially, bypassed via Eu3+ ion [47, 
48]. These analyses are in-line with the conclusion drawn 

by the photoluminescence measurements; hence, the energy 
transfer from Ce3+ to Eu3+ ions can be validated. However, 
the vice versa was not established from experiments.

4 � Conclusions

A detailed study on the Eu:Y2O3/YAG:Ce nanophosphor was 
presented and the comparison between the nanophosphors 
was discussed. The structural characterization of synthesized 
nanophosphors have been made using various techniques 
including XRD, SEM, TEM etc., which indicates the forma-
tion of the nano-sized crystals in the range of 12–24 nm. The 
optical study reveals the efficient energy transfer from Ce3+ 
to Eu3+ ions. Due to the energy transfer photoluminescence, 
spectra contain green–yellow emission of Ce3+ ions, in addi-
tion to a sharp peak in the red region corresponding to the 
emission of Eu3+ ions, on excitation with 464 nm wave-
length. The color perception of the composite nanophos-
phor is significantly modified due to the efficient interaction 
between the Ce3+ and Eu3+ ions. The overall emission from 
the sample, due to energy transfer, translating into white col-
our having CIE coordinates (0.40, 0.53) at high laser power.
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