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Abstract

Novel near white light emitting Y,CaZnOs (YCZ) nanocrystalline powders doped with Dy*™ ions were synthesized via the citrate gel
combustion method. The structure of the compound is found to be triclinic with a particle size in the range of 20-30 nm. Luminescence properties
have been characterized using photoluminescence (PL), excitation spectra and decay time measurements. The PL spectra have shown a broad
blue band due to *Fo,—°H, s, transition and sharp yellow band corresponding to *Fo,—CH 3 transition of Dy3+ ions. From the concentration
dependent PL studies, the optimum concentration of Dy*™ ions in YCZ is found to be 1.0 mol%, where intense near white light emission was
observed. The Dy *:YCZ nanophosphor has shown relatively better white color properties than the reported Dy *:Y,05 nanophosphor. The
yellow to blue intensity ratios, CIE chromaticity coordinates and correlated color temperature studies have shown the possibility of using this

compound for white light emission.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Sol-gel process; B. Spectroscopy; C. Lifetime; C. Optical properties

1. Introduction

Solid-state lighting (SSL) has the potential to revolutionize
the lighting market through the introduction of highly energy-
efficient, longer-lasting, versatile light sources, including high-
quality white light. The combined efforts of government and
industries all over the world have accelerated the advances of
white-light SSL. devices for general lighting at a rapid pace.
Generally, white light emitting diode (w-LED) architecture
consists of a blue or near-ultraviolet (n-UV) semiconductor
light emitting element having a photoluminescence phosphor
coated on it [1]. By far, the major work during the past focused
on the Ce’* and Eu®"/Eu’*-activated luminescent com-
pounds, because they have proven to be the efficient commer-
cial phosphors used in display devices, and w-LEDs in solid
state lighting [2-4]. Being an efficient white light emitting
combination, they suffer from drawbacks such as individual
degradation of lifetime for phosphor and LEDs and poor
white light performance. To overcome these problems, the
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exploration of novel phosphor materials plays an important
role in the development of w-LEDs. Besides cerium and
europium ions, dysprosium (Dy’™") is another interesting
activator, both in the visible and NIR regions. The Dy ions
emit intense blue and yellow colors under n-UV or blue
excitation, which can be further fine tuned through the
variation of the Dy’ ' concentration to yield white color.
The yellow to blue intensity ratio and CIE chromaticity
coordinates obtained for the recent Dy’ -doped inorganic
compounds have revealed the potentiality of these compounds
for the development of phosphor for w-LEDs [5-10].
Conventionally, phosphor powders were prepared by the
solid-state reaction at high temperature. Although simple to
operate, this method has several disadvantages including high-
temperature processing, long calcination time and repeated
milling and grinding which may lead to the contamination of
the final product. To overcome these disadvantages, several
solution-based synthesis techniques, such as sol-gel, co-pre-
cipitation, spray pyrolysis and the hydrothermal methods have
been developed [11]. In the present work, synthesis, structural
and luminescent properties of novel Dy> "-doped Y,CaZnOs
(YCZ) nanophosphor were investigated. The synthesis method
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proposed in the present work is simple, affordable, and
versatile compared to the other existing chemical routes and
can be followed even for the mass production of nanopho-
sphors of this class. The spectroscopic and white light proper-
ties for various concentrations of Dy jons were investigated
in detail and the results were compared with the reported
systems.

2. Experimental details

Y,CaZnOs (YCZ) nanophosphor doped with various Dy>*
ion concentrations (0.1, 0.5, 1.0, 2.5, 5.0 and 7.5 mol%) were
prepared by the modified citrate gel combustion method. High-
purity Y,0s3, ZnO, CaCOs3, Dy,05; and C¢HgO- (citric acid)
from Sigma-Aldrich were taken as starting materials. In a
typical experiment, stoichiometric amounts of all the oxides
and carbonates were dissolved in concentrated nitric acid to
make Y(NOs3);, Zn(NO;),, Ca(NO3), and Dy(NO;3);. These
nitrate precursors were added with citric acid, which was
dissolved in water (by adjusting the ratio of citric acid to metal
nitrates as 4:1). Citric acid acts as the monomer to form a
transparent complex gel upon drying for 12 h in an oven at
75 °C. Then the gel was taken in a quartz boat and introduced
in a pre-heated furnace at 800 °C. Initially the citrate complex
gel transforms to a black fluffy mass nearly ten times the gel
volume and starts decomposing to CO, and H,O vapors. After
15-30 min a white voluminous mass of the YCZ:Dy>™"
nanophosphor is obtained which could easily be crushed to
ultra-fine powder used for further characterization. Synthesis
of size-controlled nanophosphor particles with high yield
(~90%) is one of the highlights of this method.

Crystalline structure of the prepared samples were charac-
terized by using a Bruker D-8 advanced powder X-ray
diffractometer with Cu Ko radiation operated at 35 kV and
30 mA. Compositional analysis has been carried out using a
Hitachi VP-SEM S-3400 N Scanning Electron Microscope.
TEM images were collected using a Tecnai G2 F30 S-Twin
(FEIL Super Twin lens with Cs=1.2 mm) instrument operating
at an accelerating voltage of 300 kV, having a point resolution
of 0.2 nm and lattice resolution of 0.14 nm. Fourier-transform
infrared (FTIR) transmission spectra, with a spectral resolution
of 2 cm™!, were measured using a Perkin-Elmer Paragon 500
FTIR spectrometer. The room temperature photoluminescence
(PL), excitation spectra with a resolution of 0.5 nm and decay
time measurements with a temporal resolution of 0.01 ms were
carried out using a Jobin Yvon Fluorlog-3 spectrofluorimeter
equipped with a xenon arc lamp.

3. Results and discussion
3.1. Structural analysis

For comparison of the crystal structure, the bulk YCZ material
was prepared by the conventional solid state reaction method, at a
sintering temperature of 1300 °C for 12 h. Fig. 1 shows the XRD
pattern of bulk YCZ and 1.0 mol% Dy,05; doped YCZ nanopho-
sphors prepared by the sol-gel combustion method. Since the
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Fig. 1. XRD patterns of (a) bulk and (b) 1.0 mol% Dy,03-doped Y,CaZnOs
nanophosphors. The (4 k) values generated from WIN-INDEX (ver. 3.08)
software are shown in the figure.

material, Y,CaZnOs (YCZ), under study is an entirely new lattice
and the respective JCPDS data is not available, WIN-INDEX (ver.
3.08) software has been used for the structural refinement studies
and determined (2 k) values corresponding to the crystalline
planes. The XRD patterns of both bulk YCZ and nanocrystalline
YCZ:Dy* " samples are identical with respect to the line positions
and relative intensities. The diffraction lines of the nanocrystalline
material are broadened due to the small particle size. The structure
of both the bulk YCZ and nanocrystalline YCZ:Dy* ™ phosphors is
found to be triclinic. The unit cell parameters of nanocrystalline YCZ:
Dy (bulk YCZ) are found tobe a=10.02 A (7.45 A); b=12.68 A
(12.58 A); c=11.27 A (5.53 A); a=132.14° (97.31°); p=117.93°
(94.57°); 7=50.20° (100.27°) and volume of 813.95 A (503.57 A?).
The crystallite size of the material was calculated using the Scherrer
formula

_ KA
"~ Pcos6

(1)

where D is the crystallite size, K is the dimensionless shape factor
(0.9), A is the X-ray wavelength, $ is the FWHM and @ is the Bragg
angle. The crystallite diameter of the samples prepared by the
combustion method is found to be 21 nm.

The FTIR spectral studies were carried out to study the
functional groups in the YCZ host. Fig. 2 shows the FTIR
spectra of bulk YCZ, 0.5 mol% and 7.5 mol% Dy,O5; doped
YCZ nanophosphor samples. As can be seen from the figure
major transmission bands were observed at 3413, 2918, 1441,
1078 and 872 cm™'. The broad IR transmission band found for
all the studied samples at 3413 cm™ is due to the stretching
vibration of the hydroxyl group (OH™) of absorbed water
molecules. The sharp peaks at 2918 cm™' are associated with
the symmetric and anti-symmetric stretch vibrations of the C-H
and CO groups. The transmission peaks located from 1440 to
1700 cm™" can be assigned to the stretching vibrations of COO™.
The bands observed at 872 cm™' are assigned to be the Y-O
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Fig. 2. FTIR spectra of (a) bulk, (b) 0.5 mol% and (c) 7.5 mol% Dy,0O3-doped
Y,CaZnOs nanophosphors.

stretching vibrations, which also confirms the formation of the
YCZ nanopowder via the sol-gel combustion technique [12].
Fig. 3(a) shows the energy dispersive X-ray analysis (EDAX)
and the inset shows the Scanning Electron Microscopy (SEM)
image of the 1.0 mol% Dy,05 doped YCZ nanophosphors sample.
The nanophosphor consists of all the elements such as Y, Dy, Zn,
Ca and O present in respective proportions with a uniform
distribution of the particles. Typical TEM image for 1.0 mol%
Dy,03 doped YCZ nanophosphors is shown in Fig. 3(b). Fluffy,
voluminous and delicate porous nanophosphor samples are formed
due to the evolution of a large amount of gases during the self-
proliferating sol-gel combustion reaction. As can be seen from the
image, the grain size of the samples prepared by the modified
citrate gel method is in the nanoscale range. Loosely bound
agglomerates of nanophosphor particles with uniform size distribu-
tions are found. At low magnification, long chain-like morphology
with polygon shaped nanostructures and sharp boundaries is
evidently seen in Fig. 3(b). From TEM observations, the average
particle size has been attributed to be in the range of 20-30 nm.

3.2. Photoluminescence properties

Fig. 4 shows the emission spectra with an excitation at 424 nm
and also the excitation spectrum obtained by monitoring a yellow
emission at 575 nm. The excitation spectra consist of different
excitation bands centered at 375nm (°H;sp—*F;p), 400 nm
CHisp—"Ti3p), 424 nm (°Hy5p—"G1p), 450 nm (°Hyso—"150)
and 483 nm (6H15,2 —>4F9Q). The increasing Dy3 * jon concentra-
tion has no significant effect on the excitation spectra, except a
small variation in the intensity. It is interesting to note that the
excitation intensity at 424 nm is higher than that of other 4f—4f
excitation bands. The excitation bands in the wavelength region of
400-475 nm are found to be stronger in YCZ:Dy> " phosphors
than in some of the reported Dy’ -doped phosphors such as
Ca3S5i,07 [7], NaGdTiOy [8], LiSr4(BO3); [9] and Y4AL Oy [10].
As can be seen from the inset of Fig. 4, the YCZ:Dy>* phosphors
possess rich excitation bands in the n-UV and blue regions that
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Fig. 3. (a) The energy dispersive x-ray analysis (EDAX) spectra and SEM
image (inset) and (b) TEM image of 1.0 mol% Dy,03-doped Y,CaZnOs
nanophosphor.

could be used to efficiently down convert the radiation from the
commercial blue emitting InGaN/GaN LED chip which is of
significant importance for the development of white-light devices.

Fig. 4 shows the concentration dependent PL emission spectrum
of YCZ:Dy>" nanophosphors under 424 nm excitation. The
emission spectra consist of two groups of strong peaks in the blue
(470-500 nm) and yellow (560-590 nm) regions and a weak
band in the red region (660-690 nm), which correspond to
the 4F9/2—>6H153, 4F9/2—)6H13/2 and 4F9/2—)6H11/2 transitions of
Dy’ " ions, respectively. The partial energy level diagram shown
in Fig. 5 illustrates the excitation and de-excitation processes of
Dy’ " ions in YCZ nanophosphors. If any level above the ‘Fo,
level is excited (blue region), a quick non-radiative decay from
these levels to the “Fy;, level takes place resulting in a radiative
emission from the “Fyy, level. It is worth noting that the variation of
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Fig. 4. Concentration dependent emission spectra of Dy,03-doped Y,CaZnOs
nanophosphor excited with 424 nm. Inset shows the excitation spectrum of
1.0 mol% Dy,0; doped YCZ by monitoring at 575 nm.

excitation wavelength has no significant effect on the emission
profile and hence all the properties were characterized by exciting
the samples with 424 nm. The PL spectra are comparable to other
Dy3+-doped phosphors such as Ca;3Si,O; [7], NaGdTiO, [8],
LiSr4(BOs); [9] and Y4ALOg [10]. As can be seen from Fig. 4, the
emission intensities of all the three bands increase as the Dy>* ion
concentration increases from 0.1 mol% to 1.0 mol% and then
quenches at higher (above 1.0 mol%) concentrations and the
emission was not observed for the sample with 10 mol% Dy *
ions. The concentration quenching of emission intensity can be
attributed to the migration of excited energy to the quenching
centers (traps) or to the donors. Based on the Inokuti-Hirayama
model analysis of decay times for the *Fyy, level of Dy> ™ ions, it
was concluded that the nature of resonance energy transfer in
Dy’ *-doped glasses was of the electric dipole—dipole type
interaction [13]. The mechanism of concentration quenching of
emission intensities can be theoretically modeled based on the
integrated intensity (/) of luminescence and the corresponding
molar concentration (C) of the activator [14]. According to this
relation the interaction type within the activators or between the
activator and sensitizer can be estimated from the equation

1 s
log ( C) = dlog(C)—i—log(f) (2)
where s is the index of electric multi-pole, which is 6, 8 and 10 for
electric dipole—dipole, electric dipole—quadrupole, and -electric
quadrupole—quadrupole interactions, respectively. If s=3, the
interaction type is an exchange interaction, d is the dimension of
the sample, which can be taken as 3 and f is an independent
parameter of doping concentration [14]. Among the electric multi-
pole interactions, the slopes of dipole—dipole, dipole—quadrupole
and quadrupole-quadrupole are located in [-2,—1], [—8/3,—5/3]
and [—10/3,=7/3], respectively. Fig. 6 shows the log(Z/C)-log(C)
curve of the integrated intensity of *For—°H,3, transition and
molar concentration (C) of Dy ™ ions in the YCZ systems. From
the curve the slope was evaluated from the linear section of the
concentration quenching region and is found to be —1.63, which
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Fig. 5. Partial energy level diagram of Dy*" ions in Y,CaZnOs nano-
phosphor.
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Fig. 6. The relationship between concentration of Dy’ " ions (log(C)) and
log(1/C) for the “Fg/,—°®H,3, transition of Dy3+ ions in YCZ nanophosphors.

falls in the [—2, —1] block. This indicates that the concentration
quenching mechanisms from the “Fo, level of Dy>* ions in YCZ
nanophosphor is of dipole—dipole type, which is consistent with
the results obtained for Dy>*: LiSryBOs); [9] and Dy’ ™:
Sr3Y,(BOs)4 [15] phosphors.

3.3. White color properties

Among the visible transitions of Dy>" ions, the blue
emission due to *Fo—C®H;s,, transition is attributed to the
magnetic-dipole in nature, which hardly varies with the crystal-
field strength of the host matrix. The yellow emission due to
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*Fo/,—°H 3/, transition is hypersensitive (AL=2 and AJ=2),
which is allowed only at low symmetries with no inversion
center, moreover, its intensity strongly depends on the host.
When Dy’™ ion is located at the low-symmetry local site
(without an inversion center), the yellow emission is often
prominent in the emission spectrum. As the radius of Dy’ ™
(0.103 nm) is almost the same as that of Y>* (0.102 nm),
Dy*" jon can easily enter into the Y>* ion site symmetry
(without an inversion center). Therefore, for the ions situated at
such low symmetry local sites, the 4F9/2—>6H13,2 transition is
prominent in their emission spectra. It is feasible to extract
white emission by proper adjustment of the two-primary colors
emitted from the Dy’ ions at suitable environments.

Table 1 presents the yellow to blue (Y/B) ratios of YCZ:
Dy* " nanophosphor with different Dy>* ion concentrations.
It is interesting to note that the Y/B ratio is approximately
unity (1.08-1.31), and has shown a slight increasing tendency
with increase in the Dy3+ ion concentration (Table 1), thus
indicating the feasibility of generation of white light in YCZ:
Dy’ " samples. The chromaticity color coordinates of all the
investigated samples were calculated and are also shown in
Table 1 and the corresponding Commission International de
I'Eclairage (CIE) 1931 x—y chromaticity diagram is also
presented in Fig. 7. The CIE coordinates of all the investigated
samples lie in the near white region, far away from the
standard value for white light illumination (0.333, 0.333). On
the other hand the CIE coordinates for the other Dy’ " -doped
systems such as NaAlSiO, glass-ceramics [5], LiSr4(BO3); [9],
Sr3Y,(BO3)4 [15] and ZnGa,O,4 [16] are found to be well
within the white region. It is worth noting that the Dy> ":Y,0;
nanophosphor [17] has a CIE coordinate of (0.41, 0.45) which
is in the greenish-yellow region. In the present study, the CIE
coordinates of the Dy> " :YCZ nanophosphor are found to be
shifted close to the white light region.

The light quality of a phosphor for SSL is also evaluated in
terms of the correlated color temperature (CCT), which
illustrates the temperature of the closest Plankian black-body
radiator to the operating point on the chromaticity diagram

Table 1
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[18]. Generally, the preferred CCT values range from 3500 to
6500 K, but the range from 3000 to 7800 K is also acceptable.
From the CIE chromaticity coordinates, McCamy [19] has
proposed the analytical equation to calculate the CCT which is
given by

CCT = —449 n’® +3525 n®>—6823.3 n+5520.33 (3)
where n=(x—x.)/(y—y.) is the inverse slope line and
(x.=0.332, y.=0.186) is the epicenter. The CCT values
obtained for the present Dy>*:YCZ nanophosphor are found
in the range of 4386-4491 K, which are comparable to those
obtained for YPO4:Dy3+ nanoparticles [6]. These values are
slightly more than the warm CCT (i.e., CCT <4000 K) [18].
The CCT values of the present materials are compared with
those of some popular reported systems such as fluorescent
tube and day light [20]. The evaluated CCT values of the
present materials were found to lie in between those of
fluorescent tube (3935 K) and day light (5500 K).
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Fig. 7. CIE chromaticity coordinate diagram of Dy,0;-doped Y,CaZnOs

nanophosphor. Inset shows the expanded view of the CIE diagram, where (a—f)
correspond to the studied concentrations (0.1-7.5 mol%).

Yellow to blue (Y/B) ratios, lifetimes (us), CIE chromaticity coordinates and correlated color temperature (CCT, K) obtained for Y,CaZnOs nanophosphors for

various concentrations of Dy,0s.

Phosphor Y/B Lifetimes + 2% CIE coordinates CCT
T T2 Teff X y
Dy*T:YCZ (mol%)
0.1 1.08 532 270 508 0.378 0.437 4392
0.5 1.12 467 214 458 0.378 0.438 4386
1.0 1.08 330 158 479 0.374 0.440 4495
2.5 1.11 190 47 252 0.378 0.442 4410
5.0 1.15 111 7 64 0.375 0.447 4491
7.5 1.31 61 2 - 0.377 0.455 4480
Dy3+ :CaSi,05 [7] 0.57-0.76 - - - 0.330 0.330 5616%
DySJr :LiSr4(BO3); (1.0 mol%) [9] 0.63 - - - 0.261 0.275 12298
Dy3Jr :Sr3Y»(BO3)4 [15] 0.71-2.92 - - - 0.299 0.314 5896
DySJr 'Y,03 (1.0 mol%) [17] 0.42-0.57 - - 305 0.410 0.450 38007
Dy3+ :ZnGa,0, [16] 1.0-1.5 - - - 0.320 0.330 6114%

4CCT values calculated from the CIE coordinates reported.
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As mentioned above, the abundant excitation peaks of Dy>*
ions in the range of 400-475 nm match very well with the
commercial blue LED chip, but the chromaticity color coordi-
nates under 424 nm excitation are away from the ideal white light
source (0.333, 0.333). Moreover, the Y/B ratio indicates the
possibility of extracting white color from the Dy’*:YCZ
nanophosphor. All these results indicate that the Dy>":YCZ
nanophosphor is a promising candidate for the generation of
white light when coupled with a blue LED chip; however, the
chromaticity color coordinates need to be improved by modifica-
tion of the host composition to enhance the red emission part.

3.4. Lifetime measurements

Fig. 8 shows the luminescence decay curves of the intense
luminescent 4F9/2—>6H13,2 transition of Dy3+ ions in YCZ
nanophosphors for various concentrations of Dy ions. For
lower concentrations, the fluorescence decay curves are found
to be nearly single exponential in nature and as the concentra-
tion increases they tend to deviate from this behavior. The non-
exponential behavior of decay from the “Fy, level of Dy>™
jons is also found in other reported Dy’ *-doped phosphors
[8]. The decay curves have been well fitted to the following
bi-exponential function:

1(t) = Ayexp(—t/71) +Azexp(—t/72) (4)

The non-exponentiality in the decay curves of Dy> *-doped
materials usually arises from ion—ion interactions due to
energy transfer from the activator to the impurities and
cross-relaxation processes. The lifetime (z.¢) for both the near
single exponential and non-exponential decay curves has been
evaluated using the following expression and the results are
listed in Table 1.

[ t(r)dt
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Fig. 8. Concentration dependent decay profiles of the *Fy,, level of Dy** ions
in Y,CaZnOs nanophosphor obtained with an excitation of 424 nm.

As can be seen from Table 1, the variation in the decay
components is very quick at higher concentrations which
indicates the enhancement in the energy transfer process. At
higher concentration of Dy> ™ ions (7.5 mol%), the decay was
very short and hence the estimation of lifetime was not
straightforward due to dominant measurement error.

Since the interaction between Dy> "—Dy>* ions is negligible
at lower concentration, the fluorescence decay is nearly single
exponential. However, when the concentration is large enough,
the interaction between Dy’ T—Dy> T ions becomes predomi-
nant and energy transfer processes from a donor (excited Dy ™
ion) to an acceptor (ground Dy " ion) come into picture that
lead to a prolonged the non-exponential decay. The enhance-
ment of non-exponential nature of the decay curves, with
increase in Dy> " ion concentration can be further explained
due to resonant or nearly resonant energy transfer from the
Dy’* ion in an excited *Fo, state to a nearby Dy’ ion in
the ground ®H,s,, state. This transfer leaves the first ion in the
intermediate level of ®Hoy, (at ~1275 nm) and the second one
in °F;,», (at ~720 nm) level which occur in resonance with
4F9/2—>6H9,2 (at ~730 nm) transitions. Later both the ions
quickly decay non-radiatively to the ground state. Resonant
or nearly resonant cross-relaxation channels which can account
for this energy transfer process are

*Fora+ Hys~Hspo+ °Hypo
*For+ *Hi5p—~(Fap, °F112)+(*Hop, °Fr12)

These cross-relaxation channels are shown in the partial
energy level diagram (Fig. 5, dotted arrows) as CR1 and CR2,
correspondingly.

4. Conclusions

To conclude, new and novel two primary colors (blue and
yellow) emitting nanophosphor, Y,CaZnOs (YCZ) doped with
Dy’ ions, was prepared by the modified citrate gel combus-
tion method. Intense and broad excitation peaks of Dy> ":YCZ
nanophosphors were observed in the 420450 nm region
which match very well with the emission wavelength of the
commercially available low cost blue LED chips. The analysis
of concentration dependent luminescent properties of Dy>*:
YCZ nanophosphor indicates that 1.0 mol% of Dy>* ions is
the ideal activator concentration. The study of white color
properties, such as CIE chromaticity coordinates, Y/B ratios
and CCT values, reveals that the Dy> " :YCZ nanophosphor is
a suitable candidate for the generation of white-light from the
blue LED chip.
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