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Abstract Y,Oj;:Eu, Bi red phosphors were first prepared
by molten salt synthesis (MSS) method at a low tempera-
ture. X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and fluorescence spectrophotometer were
used to characterize the as-synthesized phosphors. The
results show that as-obtained Y,0s3:Eu, Bi phosphors have
good cubic crystallinity, presenting octahedral morphology
with smooth surface and relatively uniform particle size.
Bi*" ion as a sensitizer plays a significant effect on the
emission intensity of Y,03:Eu, Bi by energy transfer from
Bi*" to Eu’" and the optimal concentration of Bi*" is
1.5 mol%. Y,05:Eu, Bi emits excellent red light as the
excitation wavelength is between 330 and 420 nm or
excited by 254, 466 nm. Meanwhile, its emission intensity
is as strong as that of sample prepared by solid-state
reaction. So the as-fabricated red phosphors by MSS
method would have a promising application in the area of
white light-emitting diodes.

Introduction
White light-emitting diodes (LEDs) as the so-called fourth

generation solid-state light have attracted considerable
attention in recent years because of their extensive
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applications in display areas based on their excellent
characteristics, such as small volume, long lifetime, high
energy efficiency, energy-saving, and environment friendly
[1-5]. Nowadays, there are two approaches to obtain white
LEDs. One approach to produce white light is the combi-
nation of blue InGaN chip (450-470 nm) with YAG:Ce
yellow phosphor. However, this type of white LEDs has a
drawback due to the color deficiency in the red region. In
order to solve this problem, a red phosphor, which should
be excited by blue InGaN chip effectively, is needed to
compensate for the red deficiency of output light [6-8].
The second approach of achieving white light, which is the
most promising method, is to use a UV LED chip
(350-410 nm) to pump red, green, and blue light-emitting
phosphors [9, 10]. This kind of white LEDs has no problem
in color deficiency, but red light-emitting phosphor for
white LEDs is still limited to the Y,O,S:Eu which has
several drawbacks in terms of poor efficiency and insta-
bility [11, 12]. Therefore, it is an urgent need to develop
superior red phosphors for these two types of white LEDs.

In order to meet the requirements of white LEDs for red
phosphors, Y,O3:Eu, Bi as a promising red phosphor has
been reported in several articles [13—16], due to its high
efficiency, stability, and appropriate excitation wave-
lengths for white LEDs. Nevertheless, the preparation of
Y,05:Eu, Bi samples in these articles were all in high
temperature. It is not only energy consuming but also
difficult to control the doping concentration of Bi’" ions
because of volatilization of Bi,O3 in high temperature [17].
Molten salt synthesis (MSS) as a low temperature method
has several advantages over other methods such as good
particle size, special morphology, lower sintering temper-
ature, and smooth surface as well as being easy to control
properties of resulting particles by adjusting the reaction
conditions. In this article, MSS has been first employed to
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fabricate Y,0O;5:Eu, Bi phosphors at a low temperature,
which is beneficial to co-dope appropriate Bi*" ions into
Y,05:Eu correctly. Meanwhile, the role of Bi** ions in
Y,05:Eu sample and the effect of Bi*" concentrations on
luminescence properties of Y,03:Eu have been investi-
gated. Some luminescence mechanisms are also discussed.

Experimental

Y:_2Bu2,03, Y,_5,Biy0s, Y1.86—2yE110.14Bizy03 (x =
0.01, 0.03, 0.05, 0.07, and 0.09; y = 0.005, 0.010, 0.015,
0.020, and 0.025) were prepared by MSS. The starting
materials were Y03 (99.99%), Eu,03 (99.99%), Bi,O5 (A.
R.), KNO; (A. R.), and NaNO; (A. R.). An appropriate
stoichiometric ratio of Y,03, Eu,Os, and Bi,O5; were con-
verted into their nitrates by dissolving in a minimum amount
of diluted nitric acids. Then the as-prepared precursors were
homogeneously mixed with eutectic mixtures of KNO3;—
NaNOj; by milling in an agate mortar. Finally, the homoge-
nous mixture materials were annealed at 550 °C for 5 h and
after repeatedly washing and drying, the as-expected
Y2-2:Eu5,03, Y2_5,Biz03, Y g6—2yEu0.14BizyO3 products
were synthesized. For the purpose of comparison,
Y1'83EUO'14Bi0_0303 and Yl'gﬁEuO_1403 were prepared by
conventional solid-state reaction (SSR). Y,0;, Eu,O5; or
Eu,03, and Bi,O3 were mixed in stoichiometric amounts and
H3;BO; was added to decrease the firing temperature. Then
the powder was calcined at 1300 °C for4 h under an ambient
atmosphere. After cooling down to room temperature in the
furnace, the as-heated samples were ground and washed
before drying in an oven at 100 °C for 2 h.

The crystal structures of products were recorded with
Japan D/Max-3B X-ray powder diffraction (XRD) with Cu
Ko (A = 1.5418 A) radiation generated at 30 kV/30 mA.
The morphology was studied with Japan JSM-35CF envi-
ronmental scanning electron microscope (SEM). Photolu-
minescence was investigated with a FLUOROMAX-4
fluorescence spectrophotometer equipped with a Xe-arc
lamp at room temperature.

Results and discussion

The pOWder XRD patterns of Y1.86Eu0A14O3’ Y1.99Bi().()103,
and Y, gsEug14Big01O3; samples are shown in Fig. 1.
According to JCPDS card 25-1011, Ygg9oEug 1005 has a
cubic crystal structure with the Ia3 (206) space group, and
its lattice parameter is 1.061 nm. From Fig. 1, it can be
clearly seen that all peaks and relative intensities are well
indexed with standard card of Ygg9oEup 1003, and no
characteristic peaks are observed for other impurities,
indicating that the doped Eu®" and Bi*" ions substituted
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Fig. 1 XRD patterns of as-prepared Y, gsEup 1403, Y1.99Big 0103,
and Y gsEug 14Bio0103 samples and standard card of Y goEug 1003
(JCPDS 25-1011)

Fig. 2 SEM image of Y gsEug 14Big ;03 calcined at 550 °C for 5 h

Y3+ sites have little influence on the host structure. On the
other hand, the XRD results mean that Y, ggEug 1403,
Yl.ggBiO.()]O:z,, and Y1.85EUO.14Bi0.0103 phOSphOI'S have
been successfully prepared by MSS method at a low
temperature.

Figure 2 shows SEM image of as-fabricated Y gsEug 14
Big 0105 sample. It is obviously observed that the sample
present octahedral morphology with smooth surface as well
as relatively uniform particle size, and the particle size is in
the range of 100-300 nm except for a few large particles.
The formation of special morphology of Y, gsEug 4
Bip;O5; in the MSS method is mainly due to growth
mechanism. Cahn [18] advanced that the shape of particles
depends on growth mechanism, and his research indicated
that if the growth process of particles is controlled by
proliferation mechanism, particles reveal spherical shape.
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Fig. 3 PL spectra of Y1_86Eu0_1403, Y|>99Bi0_0103, and
Y g5Eug.14Bip 0103 samples prepared under the same condition.
a Excitation spectra and b emission spectra

Nevertheless, the particles will grow anisotropy and form
special morphology as interface reaction mechanism is the
dominant growth mechanism. In the MSS method, the
particles form and grow through liquid transmission which
has high liquidity and proliferation rate, so interface reac-
tion mechanism is the main controlled mechanism in this
method and special morphology of sample is produced.
Figure 3a and b exhibit the excitation and emission
spectra of as-prepared Y ggEug 1403, Y1.99Big 003, and
Y g5Eug 14Big 0105 products, respectively. In the Fig. 3a,
the excitation spectrum of Y gsEug 1403 reveals not only a
common wide band from 230 to 280 nm centered at
254 nm, which is assigned to Eu’t—O>" charge-transfer
state transition, but also another band between 370 and
420 nm reaching the maximum at 393 nm as well as a peak
at 466 nm, which are attributed to 7F0,1—5L6, 7F0’1—5D2
transitions of Eu>" ions, respectively [19]. It is noteworthy
that the relative intensity of these two bands at 393 and
466 nm are as strong as that of common peak at 254 nm,
both of which are well coincided with the emission
wavelength of the blue LEDs (4., = 440-470 nm) or the
UV-LEDs (4 = 350-410 nm). This good phenomenon,

which is hard to be seen in the most Eu**-doped phos-
phors, has been explained in detail in our previous study
[20]. As for Y 99Big 003 sample, the excitation spectrum
exhibits a weak band from 250 to 280 nm peaking around
263 nm and a strong broad band in the range of
300-375 nm with a maximum at 338 nm. It is well known
that Bi*" ions have a 6s® electronic configuration with
ground state of 'Sy and a 6s6p configuration with the
excited states split into 3PO, 3P1, 3P2, and lPl in the order of
increasing energy. According to selection rules, the tran-
sitions to J =1 levels are expected to be the highest
[21-23]. Therefore, the two bands peaking at 263 and
338 nm shown in the excitation spectrum of Y 99Big 0103
sample may be ascribed to 1S5~'P, and 'S,—>P, transitions,
respectively. The three characteristic excitation bands of
Y s6Eup 1403 sample and the strongest excitation band of
Y .99Big 0103 sample are all shown in the excitation spec-
trum of Y, gsEug 14Big0103 product. However, the weak
excitation band of Y 99Big 9,03 sample peaking at 263 nm
are not presented in the excitation spectrum of
Y gsEug 14Big O3 product due to overlapping with the
strong band of Y, g¢Eug 1405 from 230 to 280 nm. As
shown in Fig. 3b, the emission spectrum of Y ggEug 1403
sample represents five groups of sharp peaks from 575 to
710 nm, which are attributed to 5D0 — 7FJ J=0,1,2,3,
and 4) transitions of Eu’" ions. The dominant peak at
610 nm is ascribed to the forced electron dipole Dy — 'F,
transition of Eu’" ions when Eu’" is occupied in low
symmetry site with no inversion center. A broad band
between 390 and 625 nm peaking at 492 nm is observed in
the emission spectrum of Y g9Big ;O3 sample. The band is
originated from the 3p,-'S, transition of Bi** ions. In the
emission spectrum of Y, gsEug 4Big01O3 sample, the
characteristic peaks of Y| 9oBig0103 and Y, ggEugp 1405 are
both represented under the excitation wavelength of
338 nm. It is interesting that the relative intensity of peak
at 610 nm is about twice stronger than that of peak at
610 nm for Y, ggEug 1403 sample, but the relative intensity
of band around 492 nm reduces significantly after
co-doping Eu®" ions in matrix. It means that a significant
energy transfer has happened between Bi** and Eu®" ions
and the Bi®" ion plays not only as a luminescence acti-
vator but also as a sensitizer for Eu’" ion in the
Y, ssEug 14Big.0105 sample. The effect of Eu*™ and Bi*™
concentrations on the relative emission intensity of
Y>_»,Eu,,03 and Y,_5,Bi,,03 is displayed in Fig. 4. With
increasing Eu®" concentration, the relative intensity of
610 nm emission increases dramatically and reaches to the
maximum at 7 mol%. While further rising Eu** concen-
tration over 7 mol%, the intensity of red emission
decreases inversely due to concentration quenching. So in
the below, the content of Eu’* ions is fixed at 7 mol%. The
Bi*" concentration has a similar influence in the relative
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Fig. 4 Relative emission intensity of Y,_,.Eu,,O5 (peak at 610 nm)
and Y,_5,Bi>,O; (peak at 492 nm) as a function of Eu®* and Bi’*
concentrations

intensity of 492 nm emission for Y, ,,Bi> O3 and the
optimal concentration is 2 mol%.

Figure 5 shows the excitation and emission spectra of
Y1 86—2yEu0.14B1,,03 products varied with Bi** contents
(Aem = 610 nm, A, = 338 nm, y = 0.005, 0.010, 0.015,
0.020, and 0.025). From Fig. 5a and b, it is obvious that five
Y1 .86-2yEu0.14Bi,,03 samples present the similar charac-
teristic excitation, emission peaks, and variation tendency
with the change of Bi** contents. With the increase of Bi* "
concentrations, the relative excitation and emission inten-
sity of Y g6_2,Eu, 14Bi»,O3 rise rapidly and get to a max-
imum at 1.5 mol%. Above this concentration, the intensity
declines. It proves again that the energy transfer from Bi* ™
to Eu’* is happened in Y,O5:Eu, Bi. Meanwhile, the opti-
mal Bi*" concentration of Y1 86-2yEu0.14Bi5,03 is not
consistent with that of 2 mol% Bi*" in Y>_»,Biy,05. It may
be assigned to the formation of Bi** aggregations in high
Bi*" concentration of Y 86—2yEu0 14Bi»,O3. The aggrega-
tions play a role of trapping centers and distribute the
absorbed energy nonradiatively instead of transferring it to
Eu®" ions [24].

Figure 6 shows the excitation spectrum of Y ggEug 1403
sample under 610 nm emission and the emission spectrum
of Y;99Bip ;03 sample monitored by 338 nm. From this
figure, it is apparent that the emission spectrum of
Y.99Big 105 is overlapped with the excitation band of
Y, g6Eug 1403 ranging from 380 to 500 nm. Therefore, It
can be learned that the energy transfer from Bi** to Eu’"
in Yy g6-2yBug14Biz, O3 is due to the overlap between
excitation band of Eu>" and emission band of Bi*". The
concrete energy transfer processes between Bi* ™ and Eu®™
in Y, g¢—2yEu0.14Bi», O3 and corresponding luminescence
mechanism are presented in Fig. 7. First, when
Y1 86—2yEu0.14Bi,,03 phosphor is excited by 338 nm, the
Bi’" ions would absorb the excitation energy of 338 nm.
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Fig. 6 Excitation spectrum of Y, ggEug 1403 sample (1e, = 610 nm)
and emission spectrum of Y goBig ;O3 sample (Lex = 338 nm)

Second, the excited Bi*" ions release the energy non-rad-
iatively to Eu®" ions, which makes Eu’" ions take place
7F0,1—5L6, 7F0,]—5D2 transitions. Finally, the excited Eu®"
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Fig. 8 Emission spectra of Y; g3Eug 14Big 0305 varied with excitation
wavelengths

ions emit red light by Dy — "F, (J =0, 1, 2, 3, and 4)
transitions.

Figure 8 represents the emission spectra of
Y1.83EUO'14Bi0_0303 excited by 254, 338, 393, and 466 nm,
respectively. All spectra exhibit good characteristic emis-
sion of Eu" ions and also show blue emission of Bi** ions
as monitored by 338 nm. Combining Fig. 3 with Fig. 8§, it
can be learned that Eu’" and Bi*" co-doped Y,O; red
phosphors prepared by MSS method are able to be excited
by not only 254 and 466 nm but also the light in the range
of 330-420 nm, which are in well agreement with the
requirements of white LEDs for red phosphors. The com-
parison of emission spectra of Y g3Euq 14Big 0303 prepared
by MSS with that of Y1'83EUO'14Bi0.0303 and Yl.gﬁEUQ'1403
fabricated by SSR is shown in Fig. 9. Due to the addition
of Bi*" ions, the dominant peaks of Y g3Eug 14Big 0305 for
MSS and SSR are both located about 338 nm. So 338 nm
is fixed as excitation wavelength in Fig. 9. It is explicit that
three profiles exhibit similar characteristic emission of
Eu’" ions. Furthermore, the relative emission intensity of

Wavelength (nm)

Fig. 9 Emission spectra of Y, g3Eug 14Big 0305 prepared by MSS and
Y1.83Eu0'14Bi0.0303, Y1486EU0.14O3 SyntheSiZed by SSR monitored
under 338 nm

as-prepared Y g3Euq 14Big 0303 by MSS is as strong as that
of Y, g3Euq.14Big 303 obtained by SSR but much higher
than that of Y, g¢Eug 1403 synthesized by SSR owing to
the absence of Bi*" ions in Y g¢Bug 140;. It means that
compared with Y,03:Eu, Bi fabricated by SSR, the
as-expected Y,Os5:Eu, Bi not only can be synthesized at a
much lower temperature (550 °C) via MSS but also has
similar emission intensity. Based on these results, we can
know that the as-obtained Y,0O;:Eu, Bi red phosphors by
MSS in our study would have a promising application in
the area of white LEDs.

Conclusions

Y1 .36-2yBU0.14Bi,03 (y: 0-0.025) phosphors were suc-
cessfully prepared by MSS method at a low temperature.
According to XRD and SEM results, these phosphors
represent good cubic crystallinity and octahedral mor-
phology with smooth surface as well as relatively uniform
particle size. With increasing Bi*" concentration, lumi-
nescence intensity of the phosphors rise significantly via
energy transfer between Bi’*" and Eu’" ions and the opti-
mal concentration of Bi*" ions is 1.5 mol%. The as-pre-
pared red phosphors by MSS method not only can be
excited by 254, 466 nm and the light in the range of
330-420 nm but also emit similar intensity of red light as
that of sample obtained by conventional SSR. Therefore,
the phosphor fabricated by MSS method in our study will
be a promising red phosphor in the field of white LEDs.
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