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Abstract: Establishing an effective design principle in solid-
state materials for a blue-light-excited Eu**-doped red-emitting
oxide-based phosphors remains one of the significant chal-
lenges for white light-emitting diodes (WLEDs). Selective
occupation of Eu’" in inorganic polyhedra with small coordi-
nation numbers results in broad-band red emission as a result
of enhanced crystal-field splitting of 5d levels. Rb;YSi,O,:Eu
exhibits a broad emission band at A,,,, = 622 nm under 450 nm
excitation, and structural analysis and DFT calculations
support the concept that Eu** ions preferably occupy RbO,
and YOy polyhedra and show the characteristic red emission
band of Eu?". The excellent thermal quenching resistance, high
color-rendering index R, (93), and low CCT (4013 K) of the
WLED:s clearly demonstrate that site engineering of rare-earth
phosphors is an effective strategy to target tailored optical
performance.

Introduction

Phosphor-converted white-light-emitting diodes (pc-
WLEDs) have brought about a new revolution in lighting.!"
Presently, the combination of the blue chip (440-470 nm) and
Y;ALO,:Ce*" (YAG:Ce) yellow phosphor is still the com-
mon manufacturing method for pc-WLEDs.!"! However, the
insufficient emission in the red spectral region (600-700 nm)
of YAG:Ce leads to a high correlated color temperature
(CCT>4500 K) and a low color rendering index (CRI < 75)
for WLEDs.?! Realizing illumination-grade lighting requires
WLEDs with a high color rendering index (CRI > 90) and low

correlated color temperatures (2700-4000 K),! and, as such,
extensive research has been conducted on different com-
pounds to exploit new red-emitting phosphors. For example,
the red-emitting CaS:Eu’" phosphor can achieve a high color
rendering index for pc-WLEDs, but the poor thermal and
chemical stabilities restrict its applications.! Thereafter, Eu®*
doped nitride-based red phosphors, including (Ca,Sr)AlSi-
N;:Eu’" and (Ba,Ca),SisNg:Eu*!, have attracted significant
attention, which show broad-band red emission in 590-
660 nm depending on the chemical compositions, and Sr-
[LiAL;N,]:Eu*" has been reported as the next-generation
narrow-band red phosphor for WLEDs.F* However, these
nitride phosphors are normally prepared in oxygen/water free
glovebox conditions and then fired at high pressure (ca.
1 MPa) and temperature (>2000 K). Recently, Mn*" doped
fluoride phosphors have been extensively studied for pc-
WLEDs to improve the color rending owing to its sharp red-
emitting lines.”! Nevertheless, the chemically instability and
toxicity of HF used during the synthesis should be carefully
considered.”! Compared with sulfides, nitrides, and fluoride
phosphors, oxide-based phosphors including silicates, alumi-
nates, borates, and phosphates, have the advantages of low
cost and being environmentally friendly, as well as having
versatile crystal and local structures. Surprisingly, there are
few reports concerning Eu®" doped oxide-based red phos-
phors that can be excited by blue light.["! Therefore, discovery
of new oxide-based red-emitting phosphors excited by blue
light with good performance is urgent and also requires the
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establishment of an effective design principle during materi-
als exploration.

Normally, the energy gap between the 4f ground state and
the 5d excited state for free Eu®" ions is about 4.2 eV
(34000 cm™").”) When the Eu?* ions are doped into a given
host lattice, the 5d excited state will interact with the
coordinating environment, leading to spectroscopic red-shift
as a result of crystal field splitting and centroid shift."”) For
nitride-based red phosphors, such as CaAlSiN;:Eu,
Sr,SisNg:Eu, and Sr[LiALN,]:Eu, Eu*' ions are surrounded
by a network of condensed MN, tetrahedra (M =Si, Al, Li)
and the coordination numbers for the activators are 5, 8, and
8, respectively.”**"! The polarizable nitridic surroundings
lower the 5d excited state of Eu’" owing to the strong
nephelauxetic effect, and thus result in red emission. For
CaS:Eu”*', one Ca and six S atoms form a symmetric
octahedron,! and the occupation of Eu?* ions in polyhedra
CaQOg4 with small coordination numbers results in a large
crystal field splitting and contributes to red emission.
Accordingly, an effective strategy to reduce transition energy
from 5d to 4f levels is to increase the centroid shift of 5d
levels. However, it is difficult to achieve this goal in oxide
phosphors owing to the weak covalent interaction between
the Eu** and O*" compared with that of Eu** and N°~."" The
other way to achieve red emission in Eu*'-doped oxide
phosphor is to find new oxide hosts with strong crystal field
strength.l” Typically, transition-metal and main-group ele-
ments have coordination numbers (CNs)=2-6, while rare-
earth ions have CNs >6. The design principle on the
discovery of Eu*"-doped oxide-based red-emitting phosphors
has been applied to the screening of the site occupation of the
activators located in the polyhedra with small CNs. The novel
oxide-based Rb;YSi,O; host possesses three different poly-
hedra, YOs Rb1O,, and Rb20, Importantly, Eu®" ions
selectively occupy the YO, and Rb2O; polyhedra with small
CNs that brought about a large crystal field splitting of 5d
levels. Therefore, the as-prepared Rb;YSi,O;:Eu phosphor
shows a broad-band emission from 550 to 750 nm in the red
spectral region, and the fraction of near infrared emission is
very small compared to the dominant red emission. Photo-
luminescence properties and Eu*'/Eu’" site occupation
mechanism in single-phased Rb;YSi,O;:Eu were studied in
detail by Rietveld refinement and density functional theory
(DFT) calculations, respectively. Our research will initiate
and guide more exploration on discovering new red-emitting
oxide phosphors.

Results and Discussion
Crystal and Local Structure Analysis

To characterize the phase purity and structure of
Rb;YSi,0,:0.02Eu powder, Rietveld refinement was conduct-
ed with the high-quality synchrotron XRD data by using
TOPAS 4.2, as shown in Figure 1a. Almost all peaks, except
for tiny peaks of Y,0; impurity (weight ca. 0.26 %), were
indexed by hexagonal cell (P6;/mmc) with parameters close
to K;YSi,0,.' Therefore, K;YSi,O, structure was taken as
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Figure 1. a) Rietveld refinement of the synchrotron XRD profile of
Rb,YSi,0,:0.02Eu phosphor to determine the crystal structure of
Rb;YSi,O;. b) Comparison of the powder XRD pattern and the calcu-
lated profile from synchrotron XRD. c) Crystal structure of Rb;YSi,O,
and the coordination of the [YOg], [Rb10,] and [Rb20Oq] polyhedra.

the starting model for Rietveld refinement with K* sites
occupied by Rb" ions. A comparison of the measured and
calculated XRD patterns is shown in Figure 1b, also suggest-
ing the successful preparation and phase purity. The refine-
ment for Rb;YSi,0,:0.02Eu gave low R-factors, and the
derived unit cell parameters are listed in the Supporting
Information, Table S1. The crystallographic information file
(CIF) of this new phase Rb;YSi,O, is presented in the
Supporting Information.” Coordinates of atoms in the unit
cell and the main bond lengths are listed in Table S2 and
Table S3, respectively. The unit-cell crystal structure of
Rb;YSi,0; is given in Figure 1c¢ with the sites of Rbl, Rb2,
and [YOy] indicated, and two silicon tetrahedra form bent
Si,0; pyrosilicate units with bridging Si-O-Si linkages of
108.58°. Moreover, the [YOg4], [Rb1Oy] and [Rb20g] poly-
hedra are also given in Figure 1c.

The initial model for the refinement to determine the Eu
doping site was applied in all the three cation (Y**, Rb1*, and
Rb27) sites, but the result showed nonzero Eu occupancy only
at the Y*' site (Supporting Information, Table S2). It should
be pointed out, however, that this does not exclude the
existence of tiny quantity of Eu occupying the Rb" site that
cannot be easily detected. The estimated standard deviation
(esd) for refinement of Eu occupancy at each site is about
0.0008 (0.08 %), which means that the Rietveld refinement
cannot determine Eu occupancy less than 3 esd =0.24 %.""
Indeed, Eu’" ions are present at Rb' sites, giving red
luminescence even stronger than that from Eu’', as will be
shown later. On the basis of comparison between the ionic
radii of Eu*", Eu**, Rb*, and Y in the same fold of
coordination (Supporting Information, Table S4), it is ex-
pected that the Eu ions located at Y** sites are mostly Eu’",
while those, if any, at Rb sites are Eu**.") Minor Eu*" doping
at Rb™ site can be charge-compensated by the Rb vacancy or
Eu’" doping at Y*' site, as discussed below, and the intrinsic
charge balance will be more stable compared to the extrinsic
one realized by introducing impurities (or codoping). Eu-L3
edge X-ray absorption near-edge structure (XANES) spectra
of Rb;YSi,0,:0.02Eu and Eu,0;, respectively, are shown in
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the Supporting Information, Figure S1. Rb;YSi,0;:0.02Eu
demonstrates a strong peak at 6982 eV, similar with the peak
of Eu,0,, being ascribed to the 2p;,—5d transition of Eu®'.
Moreover, the long tail on the low-energy side signifies the
presence of a small amount of Eu*" in Rb;YSi,0,:0.02Eu."”
Thus, most Eu ions are presented as Eu*" in Rb,YSi,0; with
a tiny amount of Eu*", in line with Rietveld refinement results
discussed above. The SEM and elemental mapping images of
Rb;YSi,0,, respectively, are shown in the Supporting Infor-
mation, Figure S2a,b. Clearly, the morphology of microcrys-
tals is similar with a size range around 50 um, and the rough
surface will limit luminous efficiency to some extent. The
elemental mapping images (Supporting Information, Fig-
ure S2b) certify that Rb, Y, Si, O elements are homogeneously
distributed in the phosphor particles. Moreover, the atomic
percentage of Rb, Y, Si is about 38.75:13.16:22.28, which is
very close to the theoretical percentage of 3:1:2 (Supporting
Information, Figure S2c).

Photoluminescence Properties

Normally, it is hard to achieve red emission of Eu*" in
oxide phosphors, especially upon the excitation of blue light,
owing to the weak covalent interaction between the Eu*" and
O?". Thus, the special local structure and Eu*" occupancy as
discussed above can account for the as-observed red emission.
Accordingly, Figure 2a displays the excitation and emission
spectra of Rb;YSi,0,:0.02Eu measured at room temperature.
The inset shows that the sample exhibits a uniform light red
tint under natural daylight, and a bright red-light emission
under NUV light (365 nm) excitation. Under 450 nm blue-
light excitation, the PL spectrum consists a broad band (red
curve) ranging from 575 to 800 nm and peaking at 622 nm
with a full width at half maximum (FWHM) of 124 nm. This
emission band is obviously attributed to 5d—4f transition of
Eu®" ions. When monitoring the 622nm emission, the
excitation band (black curve) extends from 300 to 550 nm
covering NUV-blue spectral region with maximum at around
450 nm. Sharp lines are superimposed upon the 4f—5d band
spectrum on the long-wavelength side and can be attributed
to intra-configurational 4f—4f absorption of Eu*'. This is
understandable since the monitored emission at 622 nm also
contains contribution from (4f°)°D,—(4f°)’F, transitions of
Eu’". To demonstrate this, the emission spectrum under
254 nm excitation corresponding to O*~—Eu’" charge trans-
fer (CT) transition was measured and also displayed in
Figure 2a (green curve). The typical emission pattern of Eu*"
was observed corresponding to *Dy—F transitions within the
4f° configuration, with the highest-intensity emission being at
592 nm corresponding to *D,—’F, transition. Moreover, the
excitation spectrum (blue curve) of the 592 nm emission
exhibits a spectral profile similar to that of the 622 nm
emission except for the more obvious presence of the CT
band at 254 nm. Furthermore, comparison of the emission
spectra for Eu’" and Eu®" shows that, although most Eu ions
in Rb,;YSi,O; exist in the form of Eu** located at Y*' sites,
relatively very low level of Eu?" are indeed present in the host
displaying stronger red luminescence than that from Eu*"
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Figure 2. a) PLE and PL spectra of Rb;YSi,0;:0.02Eu phosphors mea-
sured/monitored at room temperature (300 K) under different excita-
tion (254, 450 nm) and emission (592, 622 nm) wavelengths, and the
inset shows the as-prepared phosphor images under natural daylight
and 365 nm UV light. b) Decay curves of the 622 nm emission from
Rb;YSi,0,:0.02Eu at room temperature (300 K) and low temperature
(80 K), under excitation at 450 nm.

under blue-light excitation. This is because the 5d—4f
emissive transitions of Eu®" are spin- and parity-allowed,
and its transition line strength is at least 10* times larger than
those of the (4f°)°D,— (4f°)’F, transitions of Eu*" which are
spin- and parity-forbidden.™¥!

The emission (excitation) spectra measured (monitored)
under different excitation (emission) wavelengths are pre-
sented in the Supporting Information, Figure S3. The max-
imum of the emission spectrum (Supporting Information,
Figure S3a) shows a slight red-shift with increasing excitation
wavelength, which could be due to a change of relative
contributions of Eu?" and Eu*' transitions to the emission
spectrum with excitation wavelength. Besides, the onsets of
the excitation spectra of the emissions at 700-740 nm display
a slight red-shift with respect to those of the 550-620 nm
emissions (Supporting Information, Figure S3b). This indi-
cates the presence of another type of Eu?" activators that
account for the long-wavelength tail of the emission, with the
coordination environments different from those responsible
for the major portion of the emission spectrum.

To further investigate this point, the decay behaviors of
the emissions at different wavelengths were measured. Fig-
ure 2b shows the decay behaviors of the 620 nm emission at
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80 and 300 K can be well fitted by single exponential functions
with the derived lifetimes of around 1.41 ps. This indicates
that there is only one dominant type of Eu*" activators in
Rb;YSi,0,, in agreement with the above spectral analysis. To
certify the existence of another type of Eu?" activators giving
rise to the emission tail, the decay curves of the emissions at
700-760 nm were also monitored at 80 K (Supporting In-
formation, Figure S4), and the fitting results are listed in the
Supporting Information, Table S5. The decay curves of the
700, 720, and 740 nm emissions can be fitted by double-
exponential functions with the fast and slow components of
the decay time denoted by 7, and 7, respectively. With the
increase of monitored emission wavelength, the values of t;
and 7, remain nearly constant at around 1.41 and 2.74 ps, with
their contributions to the average decay time becoming
relatively less and more important, respectively. For the
emission at 760 nm, the decay curve becomes single expo-
nential again with the fitted decay time of 2.75 ps. Therefore,
the decay behaviors of the emissions at different wavelengths
reflect also the presence of two different types of Eu*' centers
in Rb;YSi,0,. One type is dominant with a shorter lumines-
cence decay time than the other type which is the cause of the
long-wavelength emission tail.

Eu** Site Occupations by DFT

A comparison of the ionic radii of Eu*", Rb", and Y*"
(Supporting Information, Table S4) would suggest that Eu*"
were located at Rb1 and/or Rb2 sites. To check this point, we
have investigated Eu®" site occupation in Rb;YSi,O, with
DFT calculations. Two types of defect complexes, Eug,-Vg,
and Eug,-Euy, were considered, and the corresponding
substitution scenarios can be represented as:

Eu+ Rb;YSi,0, =Rb;YS1,0;: Eug,-Vg, +2Rb

and

Eu+ Rb;YSi,0;, =Rb;YSi,0,: Eugy-Euy+Rb+Y

The defect formation energies were calculated, respectively,
by

E;= E(doped)—E(undoped) + tigy + Uy —fieu

and

E;= E(doped)—E(undoped) + 2 g, — Uy

where E(doped) and E(undoped) denote the DFT total
energies of the undoped and doped supercells. x4 is the
chemical potential of Rb, Y, or Eu and was approximated by
the energy of the corresponding metallic atom in view of the
reducing atmosphere used during the material synthesis.

All of the symmetrically different Eug,-Vg, and Eug,-Euy
configurations within the 2 x2 x 1 supercell have been taken
into account, including 15 Eugy;-Virpi, 8 Eugyi-Viees, 16 Eugy,-
Vrois 7 EUgpo-Vie, 16 Eugy-Euy, and 8 Eug,,-Euy. The calcu-
lated defect formation energies per Eu*" are listed in the
Supporting Information, Table S6, where the negative E;
value indicates that the configuration is thermodynamically
stable. To further quantify the relative preference of the
substitutions, the occurrence probability for each defect
complex was evaluated according to P; = %exp(f,f—‘r), (i=
1, ..., 70), where z, is the partition function, E; is the defect
formation energy, k is the Boltzmann constant, and T
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Figure 3. Calculated occurrence probabilities for different Eug,-Vg, and
Eugy-Euy defect complexes in Rb,YSi,O,.

(=1423 K) is the synthesis temperature of the material. By
summing the values of P; for each kind of configurations
(Figure 3), we found that the Eu?' has a much higher
tendency to be at the Rb2" site than at the Rb1" site (0.93
versus 0.07), with the excess charge compensated by Vg, and
Euy substitutions in the order of decreasing probability.
Moreover, Eu?" has a non-negligible probability (0.091) of
occupying the Y*' site, acting as a charge compensator for
Eu®* substitution at the Rb2" site. Therefore, from a thermo-
dynamic point of view, dopants Eu®" are predicted to be
mostly located at Rb2" sites with a small fraction at Y** sites.

Here, we discuss further the site origin of the red emission
in Rb;YSi,0,:0.02Eu. The 4f-5d transition energy of Eu*"
ions can be described as:["!

Ecm(A) = Efree — (:'L.(A) - —AS (1)

where E. is the 4f-5d transition energy of the free Eu*' ion
and ¢.(A) and e.(A) are the centroid shift and the crystal
field splitting of the 5d orbitals, respectively. r(A) represents
the ratio of the crystal field contributing to the red-shift, and
AS is the Stokes shift. For oxide phosphors, the factor ¢.(A)
has a small contribution to red-shift due to the weak
covalence between Eu** and O* ions.”! AS is related to
distortion of polyhedra occupied by Eu** ions.*!! Usually,
a higher distorted environment will induce a larger Stokes
shift due to a significant reorganization of the coordinating
atoms around Eu®" in the 5d excited state.”?! In Rb;YSi,05,
the distortion indices are 0, 0.0309, and 0 for the YO, Rb10,,
and Rb,0Oq polyhedra, respectively (Supporting Information,
Table S7). The selective occupations of Eu®" in the highly
symmetrical polyhedra, Rb20O, and YO, are expected to
result in a small AS, which is 3434 cm ™! in Rb,YSi,O,. Thus,
the red emission of Rb;YSi,0,:Eu" can be ascribed mainly to
the large crystal-field splitting, as a result of the small CNs and
the small bond length. To further confirm this, the CNs and
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average bond lengths of Rb-O and Y-O polyhedra in
Rb,YSi,0,:Eu®" are compared with other Rb and Y based
phosphors (Supporting Information, Table S8). Obviously,

the CNs and bond lengths of Rb-O polyhedra in
Rb,YSi,O,:Eu** are smaller than those of RbLi-
(Li,SiO,),:Eu*", RbNa,(Li;SiO,),:Eu*", and RbBaSc-

Si;0y:Eu*". The same trend is observed for Y-O polyhedra
when compared with that of Sr;Y,(Si;O,),:Eu*" and Ba,Y;-
(SiO,);F:Eu’" phosphors.” Thus, it is reasonable to conclude
that small CNs and small bond lengths contribute to the
unique red emission in Rb;YSi,0,:Eu*" phosphors. Moreover,
the much smaller polyhedral size of YO than that of Rb2Oy is
consistent with the assignment of the long-wavelength
emission tail to Eu*" at Y* sites.

Temperature Quenching Property and Application for WLED

As one of key parameters to evaluate a new phosphor
used for WLEDs, the temperature quenching properties of
Rb;YSi,0,:0.02Eu powders were investigated. The temper-
ature-dependent PL spectra (Figure 4 a) measured from room
temperature to 500 K show that the emission intensity
decreases slowly and the emission peak blue-shift slightly as
the temperature increases. The blue-shift is due to the
different sensitivity response to temperature for the Eu®"
ions at Rb2" and Y*' sites. Figure 4b shows the temperature
dependent  integrated  luminescence  intensity  of
Rb;YSi,0,:0.02Eu. At 423 K (150°C), the integrated intensity
remains about 80% of the initial intensity at 300 K (27°C)
with robustness towards thermal stability, which is better than

Forschungsartikel

that of commercial silicate phosphors, such as Ba,SiO,:Eu*"
and Sr;SiOs:Eu*" (Supporting Information, Figure S5).%* The
excellent temperature-quenching behavior indicates that
Rb;YSi,0,:0.02Eu can be employed as a desirable phosphor
for WLEDs. Under 445 nm excitation, the measured internal
quantum efficiency of Rb;YSi,0;:0.02Eu is about 32.6%
(Supporting Information, Figure S6).

The CIE chromaticity coordinates for the Rb;YSi,O;:Eu
phosphor excited at 450 nm and the digital image upon the
365 nm UV lamp radiation are shown in Figure 4c. The CIE
coordinates are calculated to be (0.653, 0.346) in the red
region. To verify the potential application of
Rb;YSi,0,:0.02Eu red phosphor in solid-state lighting, the
pc-WLEDs was fabricated by coating the mixture of
Rb;YSi,0,:Eu red and Ba,SiO,:Eu*" green phosphor on the
460 nm InGaN chip. Figure 4d shows the PL spectra, color-
rendering index (Ra), color-correlated temperature (CCT),
and luminous efficacy of as-fabricated WLED operated at
3.0 V with drive current 60 mA of the LED chip. The high
color-rendering index (R,=93) and low color-correlated
temperature  (CCT=4013K) values indicate that
Rb;YSi,0,:Eu has potential to act as red-emitting phosphor
for high quality WLEDs lighting. The PL spectra were also
measured under different forward bias currents (60-160 mA ;
Figure 4 ¢), and the detailed optical parameters for the wLED
are shown in the Supporting Information, Table S9. The color
coordinates of Rb;YSi,O;:Eu based LED almost unchanged
(Figure 4 f) even at the high flux current of 160 mA. However,
the measured luminous efficacy of as-fabricated wLED is
only 33.96 Im W', which may be improved in the future by
synthesis optimization techniques and chemical substitution.
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Figure 4. a) Temperature-dependent spectra of Rb;YSi,0,:0.02Eu measured from 300 K to 500 K. b) Temperature-dependent normalized emission
spectra of Rb,YSi,0,:0.02Eu. c) CIE chromaticity diagram of the Rb,YSi,0,:0.02Eu red phosphor, Ba,SiO,:Eu*" green phosphor and the fabricated
WLEDs. d) PL spectrum and photograph of WLED devices fabricated with the commercial green phosphor Ba,SiO,:Eu®" and red phosphor
Rb;YSi,0;:0.02Eu on a blue LED chip (460 nm) under a current of 40 mA. e) EL spectra and f) CIE chromaticity coordinates of the fabricated

WLED under various forward bias currents.
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Conclusion

In summary, following the weak covalent interaction
between Eu*" and O*7, red emission from Eu*" in oxide
phosphors can hardly be found, and thus the selective
occupation of the inorganic polyhedra with small CNs can
come into play. As found here that Eu*" are located at Rb2*
and Y** cation sites of Rb;YSi,O, both with CN =6, a new
oxide-based phosphor, Rb;YSi,O,:Eu has been discovered
demonstrating a broad-band red emission under 450 nm blue-
light excitation. Relatively weak sharp line red emission was
also observed and ascribed to Eu®" located at Y*" sites. The
fabricated WLEDs based on Rb;YSi,0,:0.02Eu and
Ba,SiO,:Eu*" phosphors showed high CRI (R,=93) and
low CCT (4013 K), indicating that Rb;YSi,O,:Eu can be used
as an ideal red phosphor for high-quality pc-WLEDs. This
finding on the screening of the site selective occupation
toward the design of red phosphors can initiate more research
to explore the synergetic effect on tailoring the emission color
of Eu**-doped inorganic solid-state materials for WLEDs.
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