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Abstract

Highly efficient inorganic phosphors are desirable for lighting-emitting diode light sources, and increasing the doping
concentration of activators is a common approach for enhancing the photoluminescence quantum yield (PLQY).
However, the constraint of concentration quenching poses a great challenge for improving the PLQY. Herein, we
propose a fundamental design principle by separating activators and prolonging their distance in Eu*™-activated
RbsY(PO,4), phosphors to inhibit concentration quenching, in which different quenching rates are controlled by the Eu
distribution at various crystallographic sites. The blue-violet-emitting RbsY(POy4),:xEu (x = 0.1%-15%) phosphors, with
the occupation of Rb1, Rb2 and Y sites by Eu*, exhibit rapid luminescence quenching with optimum external PLQY of
10% due to multi-channel energy migration. Interestingly, as the Eu concentration increases above 20%, Eu®" prefer to
occupy the Rb1 and Y sites with separated polyhedra and large interionic distances, resulting in green emission with
suppressed concentration quenching, achieving an improved external PLQY of 41%. Our study provides a unique
design perspective for elevating the efficiency of Eu?"-activated phosphors toward high-performance inorganic
luminescent materials for full-spectrum lighting.

Introduction

Highly efficient inorganic luminescent materials are
crucial in realizing energy-efficient white light-emitting
diodes (LEDs), which are extensively used in modern
lighting, backlit displays, and near-infrared detection
technologies' ™. These materials typically consist of an
inorganic host and one or more doped activators, utilizing
the electronic transition of the dopants to covert photon
energy. Eu®" is a popular activator in doped luminescent
materials due to its electric-dipole-allowed 4f-5d transi-
tion, which enables highly efficient luminescence with
tunable emission wavelength and bandwidth®™'". The
distinctive optical tunability has motivated researchers to
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develop various Eu*"-doped phosphors, with a particular
focus on achieving high efficiency, to meet the diverse
application requirements of LEDs'>". It is well known
that doping Eu®" is achieved by reducing Eu®* with car-
bon or hydrogen, but the complete reduction is unat-
tainable. Thus, photoluminescence quantum yield
(PLQY) can be increased by enhancing the reduction to
eliminate luminescence “killer” Eu®", yet the maximum
achievable efficiency in the material essentially depends
on the doping concentration of Eu**'*72°, Generally, high
doping concentration can provide high-density lumines-
cent centers, thereby improving the efficiency of the
luminescent materials. Nevertheless, it can also trigger
appreciable quenching process that offsets emission gain
and ultimately lead to a falloff in overall emission inten-
sity”"?%, The effect of Eu>" doping concentration on
absorption, emission, and quenching processes in Eu**-
activated luminescent materials are shown in Fig. 1a. As a
result, the optimal doping concentration of Eu*"-activated
luminescent materials is typically limited to very low levels,
usually 107> — 107>M, beyond which the luminescence
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Fig. 1 Schematic diagrams of the concentration quenching in Eu>*-doped phosphors with different types of crystal lattice. a Effect of Eu>"™
doping concentration on absorption, emission, and quenching processes in Eu?*-activated luminescent materials. The inset shows the two processes
leading to quenching, namely long-distance energy migration to quenchers and inter-dopant resonance energy transfer. b Schematic representation
of normal quenching in heavily Eu?" doped host A with a single cation lattice site and small interionic distances. ¢ Schematic representation of
suppressed quenching in heavily Eu”" doped host B with multiple cationic lattice sites and large interionic distances. The thin orange arrows denote
the reduced rates and probabilities of the related energy migration/transfer processes
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intensity decreases rapidly, in consequence essentially
limiting the improvement of PLQY of doped phosphors®.
Therefore, the concentration quenching phenomenon
presents a significant challenge in the development of
bright Eu*"-doped emitters.

Concentration quenching is based on the migration of
excitation energy from one activator center to another
and eventually to a quencher (the inset of Fig. 1a)*®. The
process of energy migration primarily relies on the dis-
tance between the lattice positions occupied by the acti-
vator, which would be significantly accelerated at a short
distance®. In addition, when the doping concentration
exceeds a certain threshold, resonance energy transfer
would occur in the Eu**-doped phosphors due to electric
multipolar intercalation (the inset of Fig. 1a)%°. The rate
(k) of the energy transfer process for the dipole-dipole
interaction of Eu®" is inversely proportional to distance
(R), namely k R ©2326 Therefore, the shorter distance
between Eu*" ions would facilitate both the energy
migration from excited levels to the quenchers and the
inter-dopant resonance energy transfer, ultimately leading
to a loss in emission intensity. The elevated doping con-
centration would result in a shorter distance between
Eu”" ions, particularly in a host with a single cation lattice
site and small interionic distances (Fig. 1b). Based on
these principles, it is feasible to minimize the

luminescence concentration quenching independent of
the type of activators based on a host crystal featuring
multiple cationic lattice sites and large interionic dis-
tances (Fig. 1c), disfavoring the energy migration/transfer
processes.

Therefore, we screened Rb3Y(PO,), as the host matrix
to verify our design concept due to its structure features.
Rb3Y(PO,), has three cationic crystallographic sites
(Rb10O, Rb20;, and YOg4) with different interionic dis-
tances. The large interionic distances between certain
cations may facilitate high concentrations of Eu*" doping
with suppressed concentration quenching. Herein, we
demonstrated the control of the energy migration/transfer
in Rb3Y(PO,),:Eu®" by strategically changing the occu-
pation of Eu®" at different sites. When the Eu doping
concentrations are 0.1%-15%, Eu ions occupy all three
cationic sites in Rb3Y(POy),, resulting in a blue-violet
emission at 427nm. Due to multi-channel energy
migration, rapid concentration quenching occurs at 0.8%
Eu concentration. Interestingly, as the Eu doping con-
centration continues to increase, the samples tune to
green emission and inhibit the luminescence quenching
until reaching a high concentration of 70%, because of
Eu”" preferentially occupying Rbl and Y sites. The
separated Rb10,-Rb10; and YOg-YOg polyhedra with
large interionic distances contribute to the reduced rates
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and probabilities of the energy migration/transfer pro-
cesses, thereby achieving a high external PLQY (41%) at
such high doping concentrations, compared to 10% in the
blue-violet-emitting sample. This finding highlights that
the targeted selection of a suitable host crystal enables the
design of advanced phosphors with high luminescence
efficiency, expanding the potential applications in LED
technology for full-spectrum lighting.

Results
Eu®" site occupation and concentration quenching

The crystal structure of Rb;Y(PO,), host is represented
in Fig. 2a. Rb1, Rb2 and P cations are situated between the
layers formed by YOgq polyhedra. By comparing the ionic
radii of Eu and the host cations (Supplementary Table S1),
it is theoretically possible for Eu ions to occupy the Rbl,
Rb2 and Y cations. These cation sites are coordinated by
O% ions, forming three significantly distinct polyhedra
Rb10;, Rb20;, and YOg (Fig. 2b), providing diverse local
environments for Eu. Figure 2¢, d present the connections
between the polyhedra and the distances of the cations.
The Rb20;,-YOg and Rb10O,-Rb20;, polyhedra are
connected by shared faces with an interionic distance of
4.045 A and 3.816 A. The Rb20;,-Rb20,, and Rb1O,-
YOg polyhedra are connected by a common edge with
interionic distances of 5.654 A and 3.880 A, respectively. It
is worth noting that Rb10,-Rb10, and YO4-YOg4 poly-
hedra are not directly connected to each other, and the
distances of Rb1-Rb1 and Y-Y are 5.066 A and 5.654 A,
respectively. Some of the interionic distances are large,
exceeding 5A, which could inhibit energy migration/
transfer of Eu®", resulting in a reduced probability of
concentration quenching, as mentioned before***”. Thus,
it is possible to achieve high concentrations of Eu doping
in the Rb3Y(POy), host and further improve the photo-
luminescence efficiency. Consequently, we synthesized a
series of samples with variable Eu concentrations
(0-100%) without reducing the raw material contents, in
order to avoid artificial influences on the lattice sites
occupied by Eu.

XRD patterns of Rb3Y(POy),:xEu (x = 0-100%) samples
are shown in Supplementary Fig. S1, and all Bragg
reflections match well with the simulated pattern of
Rb3Y(POy),, which crystallizes in the trigonal crystal
structure with a space group P3ml (No.164). For the
samples with Eu doping concentration x > 40%, minor
Y,03 and Eu3(PO,), impurities are observed, but they do
not affect the luminescence properties of Eu*" in
Rb3Y(PO,),. The Rietveld refinements of RbsY(PO,)s:xEu
(x=0-100%) confirmed the structural parameters, as
shown in Supplementary Fig. S2 and Supplementary
Table S2. According to the trend of the cell volume (Fig.
2e), it can be subdivided into four parts, which will be
discussed in detail below. The nonlinear increase in cell
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volume suggests that the lattice sites occupied by Eu
change with increasing Eu doping concentration. To
further analyze the substitution mechanisms of Eu ions,
the representative samples (x =0%, 8%, 40% and 70%)
were selected to refine the Eu site occupancies. The bond
lengths and atomic coordinates of these samples are listed
in Supplementary Table S3 and Supplementary Table S4.
For the sample with low Eu concentration (x =8%), Eu
ions predominantly occupy the Y sites with a less portion
occupying the Rb1l and Rb2 sites. While for the high Eu
doping concentration samples (x =40%, 70%), Eu ions
occupy only the Rbl and Y sites, which could result in
different luminescence performances. According to the
lattice occupancy, the actual doping concentrations of Eu
ions were calculated to be 5.4%, 17.9%, and 36.5% for
x = 8%, 40% and 70%, respectively. Even though some Eu
ions do not enter the lattice, Eu elements are homo-
geneously dispersed in the particles (Supplementary Fig.
S3) and the achieved Eu concentrations are still significant
in terms of Eu doping levels. Surprisingly, the samples
with such high Eu concentrations (x =40%, 70%) exhibit
even higher luminescence intensities with different
emission, as discussed below.

Figure 2f, g show the emission spectra of RbzY(-
PO4)oxEu (x=0.1%-100%) phosphors under 365nm
excitation. For x =0.1%-15%, a blue-violet emission is
observed and the optimum Eu”" concentration is 0.8%.
Under 365 nm excitation, the external quantum efficiency
of the optimized phosphor at x = 0.8% is determined to be
10%. Nevertheless, the samples at x = 20%—100% present
a broadband green emission owing to Eu occupation at
different cationic sites. Compared to the samples with low
Eu doping concentration, the green-emitting phosphors
do not exhibit luminescence quenching until reaching a
relatively high concentration of 70%. Moreover, the
emission intensity is five times of the blue-violet-emitting
phosphor (x=0.8%) (Fig. 2h), and the external quantum
efficiency of x = 70% phosphor reaches up to 41%, which
can be ascribed to the lower probability of energy
migration/transfer from the lattice sites occupied by Eu in
the green-emitting samples. As shown in Fig. 2i, when Eu
ions substitute Rb1, Rb2 and Y cations, energy migration
occurs among Eu(Rb2)-Eu(Rb2), Eu(Rb1)-Eu(Y), Eu(Rb1)-
Eu(Rb2)-Eu(Rb1) and Eu(Y)-Eu(Rb2)-Eu(Y), leading to
rapid luminescence quenching. However, when Eu ions
occupy Rbl and Y sites, due to the lack of direct con-
nection between Eu(Rb1)O;-Eu(Rb1)O,; and Eu(Y)Os-
Eu(Y)Og polyhedra, along with the large interionic dis-
tances, the energy migration/transfer mainly exists
between Eu(Rb1)-Eu(Y) (Fig. 2j), which results in the
suppressed concentration quenching thereby realizing a
higher luminescence efficiency. The above results are
consistent with the previous structural analysis. The
emission spectra of the samples at x=8%-20% are
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Fig. 2 Crystal structure and concentration quenching analysis of RbsY(PO,),:Eu phosphors. a Crystal structure overview of RbsY(PO.),.

b lllustration of Rb10;, Rb20;, and YOg polyhedral subunits. Schematic diagram of the distance between (c) Rb2-Rb2, Y-Y, Rb2-Y, and (d) Rb1-Rb1,
Rb1-Rb2, Rb1-Y atoms. e Dependence of cell volume V with the Eu concentration x. f, g The emission spectra of RbsY(PO,),:xEu (x = 0.1%—-100%). The
insets are photos of RbsY(PO,),:XEu (x = 0.8%, 70%) under a 365 nm UV lamp, which show blue-violet and green luminescence, respectively.

h Dependence of Eu concentration x with the normalized integrated emission intensity. i The multi-channel energy migration among Eu(Rb2)-
Eu(Rb2), Eu(Rb1)-Eu(Y), Eu(Rb1)-Eu(Rb2)-Eu(Rb1) and Eu(Y)-Eu(Rb2)-Eu(Y) of the blue-violet-emitting Rb3Y(PO,),:XEu (x = 0.1%-15%) phosphors. j The
single-channel energy migration/transfer among Eu(Rb1)-Eu(Y) of the green-emitting Rb3Y(PO.),xEu (x = 20%—-100%) phosphors

displayed in Supplementary Fig. S4 to better observe the 538 nm (°D; — F;) and 593 nm (°Dy — ’F,), implying the
variation in the luminescence of the samples from blue-  presence of Eu®" in the host®®. To further investigate
violet (x=15%) to green (x=20%). Due to the low the characteristics of blue-violet and green luminescence,
intensity of Eu?t emission in these samples, two char-  the samples with x = 0.8%, 8%, 40% and 70% are selected
acteristic peaks associated with Eu>" are also observed at  for the study below.
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Fig. 3 Photoluminescence properties and mechanism of Rb3Y(PO,),:Eu phosphors. a The PL spectra under 365 nm excitation and PLE spectra
monitored at corresponding optimal wavelengths of RbsY(PO,),xEu (x = 0.8%, 70%) phosphors at RT. b, ¢ The low-temperature (80 K) emission
spectra and Gaussian fitting results of RbsY(PO,),:xEu (x = 0.8%, 70%). d Eu Ls-edge XANES spectra of Rb3Y(PO4),:xEu (x = 0.8%, 8%, 40%, 70%). The K-
weighted Eu [s-edge EXAFS spectra and corresponding Fourier transform fitting as a function of R of (e, f) RbsY(PO,),:8%Eu and (g, h) RbsY(PO,4),:4
Eu. The gray dashed area represents the data fitting area. i Schematic diagram of the luminescence mechanism for RbsY(PO,4),:Eu phosphors with
different Eu concentrations. The thickness of the straight arrow represents the amount of Eu content entering the cation sites

0%

Photoluminescence mechanism

The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra of Rb3Y(POg),:xEu (x = 0.8%,
70%) phosphors at room temperature (RT) are displayed
in Fig. 3a. Under 365nm excitation, Rb3Y(POy),:xEu
(x=0.8%) phosphor presents a blue-violet emission at
427 nm accompanied by a sub-shoulder peak, and

Rb3Y(POy)y:xEu  (x =70%) phosphor shows a green
emission at 514 nm, both of which are ascribed to the
5d — 4 f transition of Eu®" ions. Their asymmetric peaks
imply the presence of multiple luminescent centers in
these two phosphors. The PLE spectra of the two samples
monitored at their respective optimal wavelengths both
exhibit broad bands, ranging from 230-410nm for
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x=0.8% phosphor and 230-450 nm for x =70% phos-
phor, indicating that they can be excited by commercial
near-ultraviolet (n-UV) chips. The diffuse reflectance
spectra  of Rb3Y(PO,), host and Rb3Y(PO,):xEu
(x=0.8%, 70%) phosphors are shown in Supplementary
Fig. S5, indicating the excitation peak at 270 nm comes
from the Rb3Y(PO,), host and the other excitation peaks
come from Eu?' in RbsY(PO,),. However, because Eu**
occupies multiple cation sites, and the 54 energy level of
Eu”" is influenced by the host, leading to crystal field
splitting, it is difficult to assign excitation peak positions
to the crystallographic sites occupied by Eu*". The dis-
tinct shapes observed in the PLE spectra of the two
samples suggest that the luminescent centers of blue-
violet-emitting and green-emitting phosphors are not
identical.

To elucidate the relationship between their luminescent
centers and crystallographic sites, the emission spectra of
Rb3Y(POy)o:xEu  (x =0.8%, 70%) at low-temperature
(80 K) were measured, as shown in Fig. 3b, c. For the
blue-violet-emitting phosphor (x =0.8%), the PL spec-
trum at 80K can be deconvoluted into three Gaussian
emission peaks at 23287 cm ' (=429.4 nm), 21735cm ™!
(~460.1 nm), and 19482 cm™! (x513.3 nm). Meanwhile,
the emission spectrum of the green-emitting phosphor
(x="70%) at 80K is well separated into two Gaussian
peaks at 21384cm ' (=467.6nm) and 19745cm
(=506.4 nm). The origin of these emission bands can be
analyzed using Van Uitert's empirical formula®’, as fol-
lows:

v -
EQ[l <Z) *10”‘56“]

where E (cm™") refers to the emission peak position, Q
represents the position of the free ions at the lowest
energy d-band edge (Q =4.2 eV = 34000 cm ! for Eu?™),
V is the valence of the activator (V=2 for Eu*"), u is the
coordination of the activator, EA (eV) denotes the
electron affinity energy of the anion, and r (A) is the
radius of the cation substituted by the activator. There-
fore, E is positive correlation with n, EA and r. Here,
n(Rb20,) > n(Rb10;) > n(YOg), EA has the same values
for Rb1, Rb2 and Y, and r(Rb20,,) = r(Rb10-) > r(YOy),
thus E(Rb20;,) > E(Rb10-) > E(YOg). As a result, the
emission peaks at ~ 430 nm, ~ 465 nm, and =~ 510 nm
originate from the Eu®" ions occupying the Rb20;,,
Rb10;, and YOg sites, respectively. In summary, the blue-
violet emission observed in samples with low Eu-doping
concentration arises from Eu®>" in the Rb10, and Rb20,
sites, with a minor contribution from the YO sites that
causes a sub-shoulder peak. On the other hand, the green
emission of the samples doped with high Eu concentra-
tion is caused by Eu®>" in the Rb1O, and YOy sites.
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Furthermore, we measured the radiative decay curves of
Rb3Y(PO,4).:xEu (x = 0.8%, 70%) at 80 K. As shown in
Supplementary Fig. S6, the decay times (1) monitored at
430 nm, 460 nm, and 513 nm for the x = 0.8% sample are
determined to be 0.491ps, 0.549ps, and 0.677 s,
respectively. For the x=70% sample, the lifetimes
monitored at 468 nm, and 506 nm are measured to be
0.550 ps and 0.621 ps. These distinct radiative lifetimes
further confirm the existence of multiple luminescent
centers in blue-violet-emitting and green-emitting phos-
phors. The increase in decay time as the monitored
emission wavelength rises can be understood by 1 «
n|x(n) |\2,, where y(n) is a local field correction factor
that depends on the refractive index of the host
compound at the given wavelength Ae,,°”*'. In addition,
the emission band of the x =70% sample are different at
80K and RT. Consequently, the temperature-dependent
emission spectra of the phosphor in the range of 80 K —
305 K were measured, as depicted in Supplementary Fig.
S7a. The emission peak shifts from 470 nm at 80K to
515 nm at 305 K (Supplementary Fig. S7b), which may be
due to the energy transfer of different Eu®" centers at
Rb10O, and YOg sites. Subsequently, we performed the
time-resolved photoluminescence spectroscopy (Supple-
mentary Fig. S7c), which recorded the short-to-long
wavelength emission bands from 100 — 1500 ns. As the
recording time increases, the emission peak shift from
470 nm at 100 ns to 515 nm at 1500 ns, confirming the
presence of Eu(Rb1)-Eu(Y) energy transfer.

To investigate the intrinsic mechanism for the site
occupancy with the increase of Eu concentrations, we
performed density functional theory (DFT) calculations to
estimate the formation energy of different Eu doping
configurations, and the simulation results are shown in
Supplementary Fig. S8. The modeling of Eu substitutions
was simplified where extra vacancies for charge balance
were omitted due to the complex configurations. The
formation energies of single occupation were calculated
for Rb1-Eu, Rb2-Eu, and Y-Eu at low concentrations. It is
found that Y-Eu substitution has the highest formation
energy, followed by Rbl-Eu substitution, and Rb2-Eu
substitution exhibit the lowest formation energy. Theo-
retically, a lower formation energy indicates that the
corresponding atomic configuration represents a ther-
modynamically more stable state. Therefore, within a
relatively low Eu doping amount, Eu>" ions prefer to
occupy Rbl and Rb2 sites, with a lesser preference for Y
sites. Meanwhile, we calculated the formation energies of
dual substitutions of Eu ions in the cationic sites,
including 2Rb1-2Eu, 2Rb2-2Eu, Rb1-Rb2-2Eu, 2Y-2Eu,
Rb1-Y-2Eu and Rb2-Y-2Eu. Upon high Eu doping con-
centrations, it was observed that the formation energy of
Rb1Y-2Eu appears to be the lowest, indicating that Eu*"
ions prefer to occupy both the Rb1 and Y sites rather than
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other configurations. The DFT results evidence that the
preferential occupation of Eu®" ions is associated with the
doping Eu concentrations in this host.

The site occupation of Eu analyzed by spectroscopy and
DFT calculations are consistent with the above refine-
ment results. However, the refinement result of RbsY(-
PO,);:xEu (x = 8%) shows that a significant portion of Eu
occupies the YOy sites, while only a small amount of Eu*"
is present in the YOg site observed from the PL spectrum
(Fig. 3b), suggesting that there may be a large amount of
Eu®t in the YOg sites. Therefore, we measured the PL
spectra of RbzY(POy)y:wEu (x=0.8%, 8%, 40%, 70%)
excited at 254 nm, as shown in Supplementary Fig. S9. All
samples exhibit sharp emission lines at 593 nm and
612nm, except for the Eu*" luminescence, which are
attributed to the *Dy—"F; magnetic dipole transition and
Do — ’F, electric dipole transition of Eu*"*?, Interest-
ingly, the relative intensity of these two sharp peaks
changed with increasing Eu concentration. At low Eu
doping concentrations (x=0.8%, 8%), the emission
intensity of the ®Dy—’F; transition is higher than that of
°Dy—"F, transition, indicating that Eu*" primarily occu-
pies an inversion symmetry site, namely YOg site. Due to
the trivalent nature of Y>* ions, Eu®" is more stable at Y
sites and is less likely to be reduced to Eu*" under the
present reducing condition (20%H,/80%N,). When the
location of the Eu®" ion lacks inversion symmetry, the
°Do—’F, electric dipole transition becomes dominant
with a notable increase in emission intensity. Thus, the
Eu®" ions in the samples doped with high Eu con-
centration predominantly occupy the low symmetry
Rb1 sites. The coexistence of Eu*" and Eu®" in RbsY(-
PO,),:Eu phosphors is further demonstrated by magnetic
susceptibility measurement and Eu Ls-edge X-ray
absorption near-edge structure (XANES). The tempera-
ture (T) dependence of the molar magnetic susceptibility
(x) and the inverse molar magnetic susceptibility (1/x) of
Rb3Y(POy),:xEu (x = 8%, 40%) are shown in Supplemen-
tary Fig. S10. The valence of Eu ions has a significant
impact on the magnetic properties of materials, with Eu*"
materials exhibiting notable paramagnetism compared to
Eu®" materials®®. For paramagnetic materials, there is a
linear relationship between 1/x and T, following the
Curie-Weiss law. Thus, the linear sections in Supple-
mentary Fig. S10b-c are due to the presence of Eu®T,
while the curved sections are due to the presence of
Eu®"3% It can be observed that RbsY(POy).:xEu (x = 8%,
40%) samples contain a significant amount of Eu®>" and
the sample of x = 8% exhibits a higher proportion of Eu®"
compared to the sample of x = 40%. Despite the presence
of a large amount of Eu®" in the samples, the Eu*"
luminescence can be clearly visualized since 5d—4f
transition of Eu>" belongs to a parity-allowed electrical
dipole transition. On the other hand, the Eu-L; near-edge
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absorption spectra of Rb3Y(POy4),:xEu (x = 0.8%, 8%, 40%,
70%) samples exhibit two absorption peaks at 6974 eV and
6983 eV (Fig. 3d), corresponding to the 2p3,,—5d energy
level transitions of Eu?* and Eu®", which further verify
that the green-emitting samples (x =40%, 70%) have a
higher concentration of Eu®>" compared to the blue-
violet-emitting samples (x = 0.8%, 8%)'>*". Therefore, Fu
ions are more easily reduced in the green-emitting
phosphors thereby leading to higher luminescence
intensity. This is understandable because Eu®* occupies
both the Rbl and Y sites in the high Eu doping con-
centration samples (x> 15%), resulting in a balanced
charge distribution (Rb* + Y*>* — 2Eu®") that enhances
the stability of Eu*" ions in the lattice. Subsequently, the
local structures of Eu ions in the Rb3Y(PO,), lattice are
further verified by Eu L3-edge extended X-ray absorption
fine structure (EXAFS) measurement and analysis. To
ensure detection sensitivity and minimize the effects of
impurities, two typical Eu doping concentrations of
x=8% and 40% were chosen for the analysis. The k°-
weighted Eu L;-edge EXAFS spectra and corresponding
Fourier transform fitting as a function of R are presented
in Fig. 3e-h, and the fitting parameters are shown in
Supplementary Table S5. It is worth noting that the fitted
results include the Eu** and Eu®" ions, and R represents
the distance between atoms, which does not indicate that
the atoms are bonded. In the structure of Rb3Y(PO,),, the
coordination numbers of Rb1, Rb2 and Y are 7, 12 and 6,
respectively; the average bond lengths of Rb1-O, Rb2-O,
and Y-O are 2.9021 A, 3.3235 A, and 2.2737 A, respec-
tively. For the RbsY(POy),:xEu (x =8%) phosphor, the
fitted coordination number (C.N.) of 7.2+3.2 indicates the
presence of Eu ions in the Rbl sites. Actually, Eu also
occupies the Rb2 sites, but the fitted C.N. is less than the
Rb2 coordination number of 12. Because the Y sites are
occupied by a certain amount of Eu*" ions, resulting in
the small C.N. and R. On the other hand, for the RbsY(-
PO,),:xEu (x = 40%) phosphor, we fitted two Eu-O paths,
as shown in Fig. 3h. For the strongest amplitude, the fitted
C.N. (5.7%1.1) is similar to the Rbl and Y coordination
numbers, and the fitted R (2.28+0.01 A) is between the
Rb1-O and the Y-O bond length, which confirms that Eu
ions occupy the Rb1 and Y sites except for Rb2 site. For
the second significant amplitude, the fitted C.N. (6.8 + 2.2)
is similar to the Rb1 coordination number, but the fitted R
(3.73+0.02 A) is larger than the average bond lengths of
Rb1-O, Rb2-O and Y-O. Due to the relatively long dis-
tance of 3.7 A between Eu and O, it may be the distance
between Eu and O of the second shell layer.

Based on the analysis and demonstration above, Fig. 3i
presents the schematic diagram illustrating the lumines-
cence mechanisms of Rb3Y(PO,),:Eu phosphors. The
samples with low Eu-doping concentration (x =0-15%)
contain a significant amount of Eu®', which mainly
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Fig. 4 White LED application of Rb3Y(PO,),:Eu phosphors. a CIE color coordinates of RbsY(PO,),xEu (x = 0.8%, 70%) phosphors and the as-
fabricated white LED device. The insets are photographs of the luminescence of these phosphors under a 365 nm lamp. b The emission spectra of
white LED fabricated by the blue-violet-emitting RbsY(PO,),xEu (x = 0.8%) phosphor, the green-emitting RbsY(PO.,),xEu (x = 70%) phosphor,
commercial red-emitting KSF:Mn** phosphor and an n-UV LED chip (A = 375 nm) with a current of 20 mA. The insets show the photographs of the
white LED. ¢ The color render index (CRI) of the white LED device

occupies the Y sites, with the remaining small amount of
Eu”*" occupying the Rbl, Rb2 and Y sites. This overall
causes an increase in cell volumes V (Part I of Fig. 2e). As
the Eu content continues to increase, more Eu®" ions are
reduced to Eu** ions, which occupy the Rb1 and Y sites.
In contrast, Eu>" mostly occupies the Rb1 sites. For high
Eu-doping concentration (x =20%-100%), the variation
of in V can be divided into three parts. First, when x
ranges from 20% to 60%, the increase in V due to the
substitution of Eu®" for Y*' is largely offset by the
decrease in V due to the substitution of Eu*" and Eu*" for
Rb", leading to a very slow increase in V (Part II of Fig.
2e). Then, as x increases from 60% to 90%, a large amount
of Eu*" occupies the Y site, resulting in a dramatic
increase in V (Part III of Fig. 2e). Lastly, from 90% to 100%
of x, very little Eu enter the lattice, so V is almost
unchanged (Part IV of Fig. 2e). The trend of the variation
of the cell volumes V in Rb3Y(POyu).:xEu (x = 0-100%)
phosphors provides valuable insight into the distribution
of Eu ions in the Rb3Y(PO,), lattice.

White LED application

To evaluate the practical performance of the obtained
phosphors for LED applications, Rb3Y(PO,),:xEu
(x=0.8%, 70%) were utilized to construct a white LED
device with the commercial phosphors and #-UV LED
chips (A =375 nm). The corresponding CIE chromaticity
diagram calculated from the PL spectra of the two
phosphors and their luminescence photographs are
shown in Fig. 4a. Moreover, Rb3Y(PO,),:Eu phosphors
exhibit good chemical stability, because the emission
intensity of the two phosphors is basically unchanged
after being exposed to the ambient atmosphere for 7 days
(Supplementary Fig. S11). The blue-violet-emitting

Rb3Y(PO,)»:0.8%Eu and green-emitting Rb3Y(PO,4),:70%
Eu phosphors can be combined with the commercial red
phosphor K,SiFeMn** (KSF:Mn*") and an #-UV LED
chip (1 =375nm) to fabricate the LED device, as pre-
sented in Fig. 4b. The LED device emits a bright white
light with a correlated color temperature (CCT) of
5393 K, and the CIE color coordinate of (0.3121, 0.3217) is
located on the Planckian locus (Fig. 4a). Furthermore, the
white LED has an excellent color render index with a high
R1-R15 (Fig. 4c), resulting in a high R, of 96, which can
meet the demands of full-spectrum lighting. For com-
parison, we fabricated a white LED (blue LED
chip + Y3Al50;5:Ce®" + KSE:Mn*") with similar CCT
(5393 K), and the normalized emission spectra of the two
white LEDs are shown in Supplementary Fig. S12. Because
of the cyan gap between the blue and yellow peaks in the
470-510 nm region, the R, is only 80.7, which is lower
than the R, of 96 achieved by the as-fabricated white LED.
Furthermore, we compared the performance of various
white LED reported in papers with the as-fabricated white
LED, as presented in Supplementary Table S6. The R, of
most white LEDs fabricated by blue, green, and red
phosphors with #-UV chips are lower than R, of the as-
fabricated white LED, and some even require the use of
more than three types of phosphors. The above results
indicate that Rb3Y(POy),:xEu (x = 0.8%, 70%) phosphors
can be applied to full-spectrum lighting as the blue and
green components, respectively.

Discussion

In summary, we present a design principle for eluci-
dating concentration quenching by investigating the
connectivity and distance among activators in Eu** doped
phosphors. The varying concentration quenching rates in
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Rb3Y(PO,),:Eu phosphor were compared by manipulating
the occupation of Eu at different lattice sites, thereby
providing a comprehensive understanding of the
mechanism for suppressing concentration quenching to
achieve high luminescence efficiency. At low Eu doping
concentrations of 0.1%-15%, Eu*" occupy three cationic
sites (Rb10,, Rb20;, and YOg). The probability of energy
migration increases due to the direct or indirect con-
nection of the cations, leading to a blue-violet lumines-
cence quenching at very low Eu doping concentrations
(0.8%). At high Eu concentrations of 20%—100%, Rb3Y(-
PO,),:Eu phosphors exhibit green emission due to the
preferential occupation of Rbl and Y sites by Eu*". The
large interionic distances and the lack of direct connec-
tion between Rb10,-Rb10, and YOg-YOg greatly reduce
the rate of concentration quenching, which occurs at Eu
concentrations as high as 70%. Finally, the white LED
device was fabricated to demonstrate the potential
application for full-spectrum lighting. These results sug-
gest the beneficial role of the multiple cationic lattice sites
and large interionic distances in alleviating concentration
quenching, allowing for the achievement of Eu*'-acti-
vated phosphors with high luminescence efficiency.

Materials and methods
Synthesis

Rb3Y(PO,), samples doped with different concentra-
tions of Eu (ranging from 0% to 100%) were synthesized
using the high-temperature solid-state reaction method.
The raw materials of Rb,CO3 (99.99%, Aladdin), Y,0O3
(99.99%, Aladdin), NH,H,PO, (99%, Aladdin), and Eu,O;
(99.99%, Aladdin) were weighed in stoichiometric ratios
and homogeneously ground for about 30 min. The mix-
tures were pre-sintered in a chamber furnace at 700 °C for
2h and then ground into powders. The as-prepared pre-
cursors were transferred into alumina crucibles and sin-
tered at 1300 °C for 4 h under a reducing atmosphere of
80%N,/20%H, in a tube furnace. The obtained products
were naturally cooled to room temperature (RT) and
reground for further characterization.

Characterization

The powder X-ray diffraction (XRD) data were recorded
by PANalytic X-Pert diffractometer, operating at 45 kV
and 40 mA with monochromatized Cu Ka radiation. The
Rietveld refinement analysis was performed using Fullprof
software. High-angle annular dark-field imaging
(HAADF)-scanning transmission electron (STEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping
images were obtained by FEI Titan Themis G3 operated at
300kV. The photoluminescence (PL) and photo-
luminescence excitation (PLE) at RT were collected by
FLS1000 fluorescence spectrophotometer (Edinburgh
Instruments Ltd., UK.) with a 450 W Xe900 lamp as the
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excitation source. The low-temperature (80 K, cooled by
liquid nitrogen) PL spectra were measured by FLS1000
with an Oxford Instrument. The decay curves and time-
resolved emission spectroscopy (TRES) were measured by
FLS1000 with a 375 nm pulse laser diode as the excitation
source. Magnetization measurements were performed
with an MPMS3 (Quantum Design) at applied fields (H)
up to 10000e. The X-ray absorption fine structure
(XAFS), including X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectra, were obtained at the Beijing Synchro-
tron Radiation Facility on the 1W1B beamline. The
EXAFS data was processed in Athena (version 0.9.26) for
background, pre-edge line and post-edge line calibrations.
Then Fourier transform (FT) fitting was completed in
Artemis (version 0.9.26). The k*> weighting, k-range of
2-11 A~'and R range of 1-3 A were used for the fitting of
Fe foil; k-range of 3.5-8.5 A~'and R range of 1-3 A were
used for the fitting of Rb3Y(POy,),:xEu (x = 8% and 40%).
Coordination number (C.N.), bond length (R), Debye-
Waller factor (62), and E, shift (AE,) were fitted without
anyone being fixed, constrained, or correlated.

White LED fabrication

White LED was fabricated with the blue-violet-emitting
phosphor Rb3Y(PO,4),:0.8%Eu, the green-emitting phos-
phor Rb3Y(PO4),:70%Eu, the commercial red-emitting
phosphor KSF:Mn*" and a commercial #-UV LED InGaN
chip (A = 375 nm). The optical properties of the fabricated
white LED, including emission spectra, correlated color
temperature (CCT), CIE color coordinate, color rendering
index (CRIL R,), and luminous efficiency, were measured
using an integrating sphere spectroradiometer system
(OHSP-350M, Hopoocolor).

Computational methodology

The geometry optimizations for determining the defect
formation energy (E;) were calculated by Vienna ab initio
simulation package (VASP) simulation code with a plane-
wave energy cutoff of 400eV>**’. For the exchange-
correlation functional, Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) was selected
and the projector augmented wave (PAW) potentials have
been used to determine the wavefunctions. In order to
compare the occupation preference among the low dop-
ing and high doping concentration schemes that might
lead to concentration-induced luminescence tuning, a
2x2x1 Rby,Y,PgO3, supercell was established before
introducing 1 or 2 Eu dopants into the desired atomic
sites, corresponding to the low Eu concentrations and
high Eu concentrations, respectively. For instance, the
case where one Rbl site was replaced by Eu is referred as
Rb1-Eu in the low concentration scheme, while two Eu
replacing one Rb2 and Y site, respectively, is noted as
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Rb2-Y-2Eu in the high concentration scheme. All the
geometry optimization convergence energy tolerance was
set to 0.05 eV/A, while the self-consistent field (SCF) for
regulating the electronic minimization was set to
5x 10 *eV. A 3x3x3 Monkhorst pack k-mesh was
employed to sample the Brillouin zone. Based on the
optimization results, E; can be then calculated by the
following equation:

Ey = Eo(defect) — E,,(pristine) — Z ni;

where E, (defect) and E,; (pristine) are the total energy of
the corresponding defected model and the perfect cell,
respectively. >, m;u; represents the total energy variations
in the chemical potentials induced by the formation of
defects, where y; is the referencing chemical potential of
the corresponding element in its conventional phase (y,
is -4.27 eV from bcc Eu, pp, is -2.31 eV for bec Rb, and
is -9.12 eV from hcp Y), and #; is the number of different
atoms between the defected and perfect structures.

Acknowledgements

This research was supported by the National Natural Science Foundations of
China (52202160), Beijing Municipal Natural Science Foundation (2232041),
National Key R&D Program of China (2023YFB3507900), China Postdoctoral
Science Foundation (BX20220027, 2021M700298), Beijing Postdoctoral
Research Foundation (2022-77-065), Chaoyang District Postdoctoral Research
Foundation (202277-015), Beijing University of Technology “Urban Carbon
Neutral” Science and Technology Innovation Foundation.

Author details

"Institute of Information Photonics Technology, School of Physics and
Optoelectronic Engineering, Beijing University of Technology, Beijing 10083,
China. *College of Materials Science and Engineering, Key Laboratory of
Advanced Functional Materials, Education Ministry of China, Beijing University
of Technology, Beijing 10083, China. *State Key Laboratory of Luminescent
Materials and Devices, Guangdong Provincial Key Laboratory of Fiber Laser
Materials and Applied Techniques, Guangdong Engineering Technology
Research and Development Center of Special Optical Fiber Materials and
Devices, School of Physics and Optoelectronics, South China University of
Technology, Guangzhou 510641, China

Author contributions

M.Z. conceived and designed this study. M. Z. and Y.P.G. performed the
experiments and wrote the manuscript. Y.RL. and X.Y.S. collected the XRD data.
ZGX. and XP.Z. discussed and revised the manuscript. All authors discussed
the results and commented on the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https:.//doi.org/10.1038/541377-024-01607-x.

Received: 14 April 2024 Revised: 23 August 2024 Accepted: 26 August 2024
Published online: 20 September 2024

References
1. Hariyani, S. et al. A guide to comprehensive phosphor discovery for solid-state
lighting. Nat. Rev. Mater. 8, 759-775 (2023).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

Page 10 of 11

Zhao, M. et al. Emerging ultra-narrow-band cyan-emitting phosphor for white
LEDs with enhanced color rendition. Light Sci. Appl. 8, 38 (2019).

Zhang, D. et al. Highly efficient phosphor-glass composites by pressureless
sintering. Nat. Commun. 11, 2805 (2020).

Sun, C. et al. Perovskite light-emitting diodes toward commercial full-colour
displays: progress and key technical obstacles. Light Adv. Manuf. 4, 272-291
(2023).

Qiao, J. W. et al. Near-infrared light-emitting diodes utilizing a europium-
activated calcium oxide phosphor with external quantum efficiency of up to
54.7%. Adv. Mater. 34, 2201887 (2022).

Li, S. X. et al. Small-sized nitride phosphors achieving mini-LED backlights with
superhigh brightness and ultralong durability. Mater. Today 70, 82-92 (2023).
Joos, J. J. et al. Broadband infrared LEDs based on europium-to-terbium
charge transfer luminescence. Nat. Commun. 11, 3647 (2020).

Dong, H. et al. Metal halide perovskite for next-generation optoelectronics:
progresses and prospects. ELight 3, 3 (2023).

Qin, X. et al. Lanthanide-activated phosphors based on 4f-5d optical transi-
tions: theoretical and experimental aspects. Chem. Rev. 117, 4488-4527 (2017).
Zhao, M, Zhang, Q. Y. & Xia, Z. G. Structural engineering of Eu”fdoped
silicates phosphors for LED applications. Accounts Mater. Res. 1, 137-145 (2020).
Hu, T. et al. Glass crystallization making red phosphor for high-power warm
white lighting. Light Sci. Appl. 10, 56 (2021).

Wang, J. H. et al. Facile synthesis of highly efficient and thermally stable
BaAl,Sb,0;Eu*t phosphor in air. Adv. Funct. Mater. 33, 2214611 (2023).

Li, S. X. et al. Efficient near-infrared phosphors discovered by parametrizing the
Eu(ll) 5d-to-4f energy gap. Matter 5, 1924-1936 (2022).

Zhao, M. et al. Tailoring of white luminescence in a NaLizSiO4Eu*" phosphor
containing broad-band defect-induced charge-transfer emission. Adv. Mater.
33, 2101428 (2021).

Qiao, J. W. et al. Divalent europium-doped near-infrared-emitting phosphor for
light-emitting diodes. Nat. Commun. 10, 5267 (2019).

Hoerder, G. J. et al. St{LibALOsN,LEU? ™A high performance red phosphor to
brighten the future. Nat. Commun. 10, 1824 (2019).

Zhao, M. et al. Next-generation narrow-band  green-emitting
RbLi(LisSiO)»Eu*™ phosphor for backlight display application. Adv. Mater.
30, 1802489 (2018).

Li, S. X. et al. Achieving high quantum efficiency narrow-band S-Sialon:Eu**
phosphors for high-brightness LCD backlights by reducing the Eu*" lumi-
nescence killer. Chem. Mater. 30, 494-505 (2018).

Tang, Z. B. et al. Single=site occupancy of Eu*" in multiple cations enables
efficient ultra-broadband visible to near-infrared luminescence. Laser Photon.
Rev. 17, 2200911 (2023).

Yang, Z Y. et al. Competitive site occupation toward improved quantum
efficiency of SrLaScO,Eu red phosphors for warm white LEDs. Adv. Opt. Mater.
10, 2102373 (2022).

Chen, B. & Wang, F. Combating concentration quenching in upconversion
nanoparticles. Accounts Chem. Res. 53, 358-367 (2020).

Wen, S. H. et al. Advances in highly doped upconversion nanoparticles. Nat.
Commun. 9, 2415 (2018).

Dexter, D. L. & Schulman, J. H. Theory of concentration quenching in inorganic
phosphors. J. Chem. Phys. 22, 1063-1070 (1954).

Wang, J. et al. Enhancing multiphoton upconversion through energy clus-
tering at sublattice level. Nat. Mater. 13, 157-162 (2014).

Jiang, L. et al. Concentration quenching of Eu’t in Ca;MgSi,O,Eu”" phos-
phor. Mater. Sci. Eng. B 103, 271-275 (2003).

Xiao, W. G. et al. Suppressed concentration quenching brightens short-wave
infrared emitters. Adv. Mater. 35, €2306517 (2023).

Zhao, F. Y. et al. Structural confinement for Cr** activators toward efficient
near-infrared phosphors with suppressed concentration quenching. Chem.
Mater. 33, 3621-3630 (2021).

Liu, Y. J. et al. Dependence of luminous performance on Eu" site occupation
in SNy (P,0),: the effect of the local environment. Inorganic Chem. 60,
17219-17229 (2021).

Van Uitert, L. G. An empirical relation fitting the position in energy of the lower
d-band edge for Eu*™ or Ce*™ in various compounds. J. Lumin. 29, 1-9 (1984).
Ruegenberg, F. et al. Chasing down the Eu”* ions: The delicate structure-
property relationships in  the ultra-narrow  band  phosphor K
Na2.1Lips[LisSiOLEU*". Adv. Opt. Mater. 9, 2101643 (2021).

Toptygin, D. Effects of the solvent refractive index and its dispersion on the
radiative decay rate and extinction coefficient of a fluorescent solute, J.
Fluor13, 201-219 (2003).


https://doi.org/10.1038/s41377-024-01607-x

Zhao et al. Light: Science & Applications (2024)13:266 Page 11 of 11

32, Zhang, J. et al. Tuning of emission by Eu** concentration in a pyrophosphate: 35. Zhao, M. et al. Li substituent tuning of LED phosphors with enhanced effi-

the effect of local symmetry. Inorganic Chem. 59, 2241-2247 (2020). ciency, tunable photoluminescence, and improved thermal stability. Sci. Adv.
33, Wang, J, Zhang, Z. J. & Zhao, J. T. A novel facile room temperature chemical 5, eaav0363 (2019).
lithiation for reduction of Eu** in NASICON crystal structure. Z. Anorg. Allg. 36. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
Chem. 641, 1527-1532 (2015). augmented-wave method. Phys. Rev. B 59, 1758-1775 (1999).
34, Martinez, A. et al. Effects of the Sr/Ba and Eu”/Eu**/Dy”" ions content on the 37. Kresse, G. & Furthmdiller, J. Efficient iterative schemes for ab initio total-
luminescent emission of Mg, goEUo14DY,Zr4(PO.4)s Nanophosphors with M = Sr energy calculations using a plane-wave basis set. Phys. Rev. B 54,

or Ba and x=0, 0025, 0050 and 0.075. J. Alloy Comp. 960, 170927 (2023). 11169-11186 (1996).



	Suppressed concentration quenching and tunable photoluminescence in Eu2&#x0002B;-activated Rb3Y(PO4)2 phosphors for full-spectrum lighting
	Introduction
	Results
	Eu2&#x0002B; site occupation and concentration quenching
	Photoluminescence mechanism
	White LED application

	Discussion
	Materials and methods
	Synthesis
	Characterization
	White LED fabrication
	Computational methodology

	Acknowledgements




