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Abstract
Y3Al5O12 (YAG) phosphor powders dopedwithCe

3+ concentrationwere synthesized by the solid-
state reactionmethodwith different of BaF2flux concentration.Morphological characterization,
photoluminescent properties and decay characteristics of YAGphosphor powders were studied. It was
shown that BaF2 directly influenced onparticle size distribution of YAG:Ce

3+ phosphor. It is necessary
to have both large particles agglomerates (sizemore than 40μm) and small one (size less than 4μm) to
obtain high energy efficiency in polydisperse YAG:Ce3+ phosphors. It was evidenced, that the effect of
both large and small agglomerates on energy efficiency is observed. The luminescence decay time for
all investigated samples is significantly different in the spectral range 500 and 700 nm from τ∼60 to
80 ns, respectively.

1. Introduction

In past decade, light-emitting diodes (LED) are themost effective solid-state light sources [1].Most
commercially available white LEDs as rule consist of an InGaNblue LEDs combinewith an Y3Al5O12: Ce

3+

(YAG:Ce3+) yellow phosphor [2]. Generally, themagnitude of the physical limitation of the light yield for a
white light LED is determined by the conversion of phosphor emission into a visible light [3]. Therefore, to
enhance phosphor efficiency is one of themain directions of light sources development, resource efficiency, and
creating a comfortable light environment, using different physical and chemical approaches for phosphor
manufacturing.

Inorganic phosphors used bymostmanufacturers are yttrium-aluminum garnet dopedwith trivalent
cerium ions (YAG:Ce3+) synthesizedwith differentmethods. The luminescence spectrumof YAG:Ce3+

phosphors is characterized by amaximumwavelength in the spectral range of 530–560 nmdue to emission from
the 5d level to the ground state 4f energy level of Ce3+ [4]. Themost commonmethod for the commercial
manufacturing of YAGphosphors is the solid-state reactionmethod (SSR) [5, 6]. However, for the phosphors
preparation using SSRmethods is required a sufficiently long treatment at high temperatures (over 1500 °C).
The sintering process can be done in air, in an atmosphere ofN2/H2,N2/COgasmixture [7]. This leads to
partial sintering of the phosphor powder, and, consequently, it is necessary to grind the resultingmixture again.
Different kinds of sintering fluxes are used to overcome the shortcomings of the SSRmethod [8, 9]. Fluoride type
fluxmaterials such asMgF2, CaF2, SrF2, BaF2, AlF3 are efficient in the preparation of phosphor powders with
garnet structures [10, 11]. Fluxes additions have a positive influence on the ion diffusions, crystallization process
aswell as on the formation of YAGhost with good crystallinity in the SSRmethod [11–15].

The introduction of BaF2 flux into the synthesis process is themost common approach in SSR route [15, 16].
The effect offlux can be derived fromYAG single crystal growth [17]. In [10] it was shown the effect of BaF2 on
synthesized powdermorphology of YAG:Ce3+ phosphor. The authors succeeded in achieving a high degree of
particles size homogeneity whenBaF2was 5wt%. In addition, the grains had a spherical shape. The particle size
of phosphors was 10–25μm. In [18] alsowas demonstrated the effect of concentrations of the BaF2flux (3, 6, 9,
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12, 15wt%) on themorphology, crystal structure of TAG:Ce3+ phosphorwith garnet structure. Particle sizes of
phosphors with the addition of BaF2 had amicron size and spherical shape, regardless of the BaF2 concentration.
Themorphologies of the phosphor powders become spherical when the addition amount of the BaF2fluxwas
increased. Authors have shown that when the BaF2 concentration increase the particle size of phosphorus
enhanced, without changes in the crystalline structure of TAG:Ce3+ phosphor. However, the phosphor powders
prepared from the spray solutionwithout the BaF2flux had irregularmorphologies and aggregated structure.
The usage of BaF2flux decreases of phosphor synthesis temperature, which as a result can significantly reduce
power consumption and cost of phosphors production [18, 19]. The addition offlux creates wetted
microdomains, whichwill improvemass diffusion and accelerate solid-state reactions [20].

Another important peculiarity flux using is the effect of BaF2 on luminescent properties of YAGphosphor
powders. In [10] the concentration of BaF2 changed in thewide region from3 to 15wt%. Themaximum
photoluminescence intensity of the YAG:Ce3+ phosphor powders was observed for 9wt%of BaF2
concentration. It was demonstrated that the excitation peaks position of YAG:Ce3+ phosphor does not change
with increasing concentration of BaF2 [9]. This indicates thatflux is chemically neutral and strong influence on
optical properties of the initial powder particles of YAG:Ce phosphor. The high luminescence intensity for
YAG:Ce3+with 5wt%BaF2 phosphorwas recorded.

Despite numerous studies the effect of BaF2flux onmorphology and luminescent properties of YAG:Ce
phosphor, wewere not able to obtain information about direct investigations devoted to the effect offlux on
luminescence decay kinetics of YAG:Ce3+ phosphor. Also, the effect of lowBaF2flux concentrations with slight
changes from0.05 to 0.15wt% andparticle size distribution on the luminescence efficiency of YAG:Ce3+

phosphor has not been studied yet.
In this work, YAG:0.06Ce3+, xBaF2 powders (x=0; 0.05; 0.075; 0.1; 0.125; 0.15wt%)were synthesized by

the solid-state reaction in order to determine the effect of BaF2flux doping and distribution of particle sizes on
the luminescent and decay time properties. The study examined the preparation technique, themorphological
characterization, luminescent properties, and decay characteristics.

2.Materials andmethods

Phosphor powders were synthesized by high-temperature solid-state reactionmethod under reducing
atmosphere. The preparationwith thismethod requires repeated cycles of heating processes at high temperature
up to 1600 °C to reinforce the interdiffusion and achieve a uniform single phase and homogeneity of the alloy.
All reagents were a chemically pure Al2O3 (99.99%), Y2O3 (99.99%), CeO2 (99.99%), and BaF2flux. The
procedure used for the synthesis of YAG: 0.06wt%Ce3++xBaF2 (x=0; 0.05; 0.075; 0.1; 0.125; 0.15wt%)
phosphor powders are presented in different steps. All of the initialmaterials weremixed in the desired ratio
with the additional amount of BaF2 used asfluxmaterial with different concentration. A single phase YAG:Ce3+

phosphorwas obtained at 1500 °C [21].
The obtained phosphor powders were characterized by Scanning ElectronMicroscopy (SEM) using a JSM-

7500FAmicroscope (JEOL, Japan). The particle size analysis was conducted using a SALD-7101 Shimadzu laser
particle size analyzer (Japan). The optical reflectance spectra of the sintered phosphors weremeasured by a
LOMO-PHOTONICS SF-256UVI spectrophotometer (Russia) in thewavelength range of 300–1100 nm.
Integrated photoluminescence (PL) spectrawere acquired on anAvaSpec-3648 opticalfiber spectrometer in
400–800 nm spectral range. An LED chip in pulsemodewas used as excitation source for PLmeasurements
(λ=452 nm, FWHM is 10 nm, t1/2∼15 ns). The photoluminescence decay kinetics was recordedwith a
photomultiplier tubeHamamatsu 10720–20 using aMDR-204monochromator and aDPO3034Tektronix
(300MHz) digital oscilloscope. The spectral power distribution of the total radiant flux of the PL spectrawas
measured by using an integrating sphere that was connected to aCCDdetector (AvaSpec-3648) excited by an
LED chipwith following parameters:λ=447 nm, FWHM20 nm, 16 mW·cm−2 irradiance.

3. Results and discussion

3.1. Phosphor characterization
SEM images analysis of all investigated phosphors shows that YAG: 0.06Ce powders with different BaF2flux
concentrations clearly consist of irregular shape and highly aggregated particles (figure 1(a)). According to the
laser diffraction data, the particles have sizes from1 to 100μm (figure 1(b)).

The results of phosphors reflection data at the excitation band (λ=447 nm) change from4 to 8%
(figure 1(c)). An estimate of the luminescence energy efficiency for all synthesized samples with a variable BaF2
flux concentration under identical conditions show infigure 1(d). It is found that the energy efficiency decreases
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with an increase of the reflectance and varies from33% to 42%.Also reducing the sample reflection of themain
absorption band at 450 nm is observed (figure 1(c)).

The particle size distribution for all investigated phosphors and additional data for YAG:Ce3+ phosphors
with 10wt%BaF2 flux investigated earlier in [5] are presented in table 1.We did notfind a direct correlation
between energy efficiency and particle agglomerate sizes of phosphor powders forD10, D50, andD90.However,
fromfigures 1(a) and (d), it is evident that to obtain high energy efficiency of polydisperse phosphors it is
necessary to have both large particles agglomerates (sizemore than 40μm) and the small one (size less than 4
μm). In order to take into account the effect of both large and small agglomerates on energy efficiency.We
analyzed the dependence of energy efficiency from theD90/D10 ratio. The linear dependence of the energy
efficiency of the YAG:Ce3+with BaF2 phosphor on the dimensions ratio of the total size distribution of 10 and 90
mass% (D90/D10) powderwas obtained. The data analysis is presented infigure 1(e).

It should be noted, that an increase of BaF2 concentration leads to a decrease in energy efficiency
approximately on 15%of phosphor at a constant cerium concentration. Such effect was observed for YAG:Ce3+

phosphor dopedwith 10wt%BaF2 flux compared to YAG: 0.06Ce phosphorwithout flux (table 1,figure 1(e)).

Figure 1. SEM-images (a), laser diffraction data (b), reflectance values (c), and energy efficiency (d), (e) (Points notation corresponds
to table 1).
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In contrast, a decrease of cerium concentration at a constant barium fluorite concentration leads to an increase
in the energy efficiency and agglomerates withD90 particles size (table 1). Both these processes are satisfactorily
described by the obtained dependence of the energy efficiency on theD90/D10 ratio (figure 1(e)).

3.2. Photoluminescent characteristics and luminescence decay kinetics
There are two bands in the excitation spectramonitored for the luminescence band atλmax=540 nmwith a
maximumat 342 and 463 nm. The results are similar that were obtained in our previous work [5]. These bands
were recorded both for YAG:0.06Cewith andwithout BaF2 powders. The spectra show two excitation bands that
are assigned to transitions between the 4 f lowest energy level to 5d splitted sublevels [22, 23].

The PL spectra of YAG:Ce3+ phosphor powders with andwithout BaF2 under blue LED chip excitation
(λex=447 nm) are not significantly different (figure 2(a)). There are two peaks at 440 nmand intense emission
with amaximumat 550 nm in the luminescence spectrumof the YAG:Ce3+ phosphors without BaF2flux are
recorded.However, whenBaF2 fluxwith different concentration is introduced into YAG:Ce

3+ phosphor the PL
spectra of the powders are changed. The shape and the luminescence band positionwith amaximumat 550 nm
possibly depend on the spin–orbit split ground state of Ce3+ ions. The crystal field surroundingCe3+ ions splits

Table 1.Particle size distribution and energy efficiency of YAG:Ce3+ phosphor powders.

Phosphor powder D10 [μm] D50 [μm] D90 [μm] Energy efficiency [%] D90/D10

1 YAG:0.06Ce 2.15 8.99 40.63 41.36 18.88

2 YAG:0.06Ce+0.05BaF2 2.21 8.59 33.39 38.83 15.10

3 YAG:0.06Ce+0.075BaF2 2.56 12.04 48.95 42.50 19.15

4 YAG:0.06Ce+0.1BaF2 2.40 9.21 30.51 36.60 12.67

5 YAG:0.06Ce+0.125BaF2 1.99 7.23 20.60 33.72 10.33

6 YAG:0.06Ce+0.15BaF2 3.60 21.80 63.73 39.50 17.72

7 YAG:0.06Ce+10BaF2 [5] 3.19 13.10 10.23 25.30 3.21

8 YAG:0.04Ce+10BaF2 [5] 3.50 8.63 19.95 26.70 5.70

9 YAG:0.02Ce+10BaF2 [5] 3.17 12.77 42.04 35.46 13.25

*D10, D50 andD90 are the particle sizes corresponding to a cumulative distribution of 10, 50 and 90mass%of the powder,

respectively. TheD50 value corresponds to themedian diameter.

Figure 2.PL spectra (λex=447 nm) (a), luminescence decay curves (b), and dependences decay times fromwavelengths (c).
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the 5d level into a number of sublevels. Themost intense emission corresponds to the transition from the 5d
lowest sublevel to the two levels of the 4f-shell. The splitting of the 4f level into the 2F5/2 and

2F7/2 states leads to
the doublet character of theCe3+ emission ions [24].

The luminescence decay kinetics for all investigated powders excited by LED chipworking in pulsedmode
was studied. It was experimentally observed that at 540 nm, the luminescence decay kinetics practically does not
change depending on the BaF2 concentration (figure 2(b) inset). However, the luminescence decay kinetics for
all investigated phosphors have is significantly different in the spectral ranges of 500–600 and 650–750 nm,
respectively (figure 2(c)). In the ‘green’ spectral region, one componentwith decay time is τ∼60 ns. The
luminescence decay kinetics describes themonomolecular reaction law. The radiative transition in each center
occurs independently of the state of others and determined only by their probability. Nevertheless, in the ‘red’
spectral range (650–750 nm) the decay time is τ∼80 ns.

However, in [25] the effect of BaF2flux on luminescence decays kinetics of BaSi3Al3O4N5:Eu
2+ phosphor

prepared by the solid-state reactionwas shown. Authors illustrated that for emission band at 470 nmof
phosphors with andwithoutflux the luminescence decay kinetics approximated by single exponential law. The
decay time is slightly longer in the phosphors producedwith BaF2flux (τ∼950 ns). This effect can be described
by decreasing of defect concentration due to enhance the crystallinity. The similar effect for BaMgAl10O17:Eu

2+

phosphors with LiFflux additionwas observed in [26]. The authors also have been demonstrated the effect of
decay time increasing for phosphorwith 10%LiFflux from1.06μs to 1.17μs. The process of decay time
increasing connectedwith defect structure and enhancing of BAM:Eu2+ phosphor particles diameter.

Despite this fact, in our experimental results the effect of BaF2fluxwith 0.15wt%and 10wt%concentration
on luminescence decay kinetics of YAG:Ce phosphor does not observed. The decay time is similar for YAG:Ce3+

without BaF2 flux.

4. Conclusion

The structural,morphological, and optical properties of YAG:Ce phosphor powders synthesized by the solid-
state reactionmethodwith variable concentration of BaF2flux have been studied. The influence of barium
fluoride flux on the luminescent and decay characteristics was carried out.

It was shown that BaF2 directly influenced on particle size distribution of YAG:Ce phosphor. The
experimental results show that it is necessary to have both large particles agglomerates (sizemore than 40μm)
and the small one (size less than 4μm) to obtain high energy efficiency in polydisperse YAG:Ce phosphors. It was
demonstrated that the effect of both large and small agglomerates on energy efficiency is observed. The
introduction of BaF2flux leads to an increase in luminescence intensity. The luminescence decay time for all
investigated samples is significantly different in the spectral range between 500 and 700 nm from τ∼60 to
80 ns, respectively.

Such effect of BaF2 flux onmorphological and luminescent properties can be used for effective phosphor
synthesis. This phenomenon can ultimately be substantially beneficial when used phosphors inwhite LEDs.
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